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CHAPTER 1: BUILDING SAFETY AND THE BUILDING DESIGN PROCESS

1.1 Introduction

Since the failure of the Ronan Point apartment building in
London, England in 1968 most industrialized nations have been obliged to
reconsider their regulatory conceptions of structural safety. The phe-
nomenon of progressive collapse and how to accomodate those forms of
loading not normally considered in design have been of primary concern.
In particular, the structural implications of an unexpected explosion or
accidental impact have had to be evaluated. In some countries where the
problem was of immediate and vital concern, separate interim provisions
or guidelines to supplement existing building codes and specifications
were issued. The repercussions of these criteria had, in at least one
case, a significant effect on the building industry while the question of
how to avoid progressive collapse has continued to be a controversial
issue within the design profession.

Recent studies [1.1, 1.2, 1.3] suggest that in the United
States the frequency and severity with which abnormal loadings such as
gas or bomb explosions occur is relatively significant. During the last
few years there have also been a number of well-publicized building
failures. Moveover in at least two sets of design recommendations,
namely the Operation Breakthrough Guide Criteria (Volume 1) and the HUD
draft document on "Criteria for Structural Design of Buildings to Avoid
Progressive Coilapse", specific design provisions are recommended. In
each case the provisions have been based largely on the British recom-
mendations prior to release of their new unified Code CP 110. 1In August,
1973, an amendment was made to the City of New York Building Code that
specifically required the avoidance of progressive collapse. It is
evident that some form of regulatory action at a national or industry-
wide level is urgently needed. There is understandable concern among the
various sectors of the industry that any action taken should be profes-
sionally, structurally and economically viable.

Several countries have recently issued new or updated versions

of their relevant building codes. These take into account the statistics,



the research, the many technical developments and the experience that
has accumulated since 1968. In particular, the revised codes of the
United Kingdom, Canada, Germany and the Scandinavian countries attempt
in different ways to address the problem. Various international organi-
sations such as the Comité Européen du Béton (C.E.B.), the International
Council for Building Research (C.I.B.) and the Nordic Concrete Association
(N.E.U.) have studied and elaborated upon this topic. Revised recommen-
dations must reflect the experience of the six years since Ronan Point.
These revisions presumably consolidate the positive and eliminate or
moderate the contentious aspects of previous provisions. There is
obviously much to be gained from the experience of others even if only
in avoiding their mistakes. An up-to-date summary and synthesis of
foreign codes and design recommendations should be of value to those
responsible for formulating regulations and the design profession in
general. This study is therefore an attempt to review, compare, and
evaluate those regulatory provisions that are directed at abnormal
loadings and the avoidance of progressive collapse. The relevant codes
of practice or building regulations of all those countries that have
attempted to address this aspect of structural safety will be considered.
Of course the issue of avoiding progressive collapse is only
part of the much larger problem of ensuring structural integrity.
While safety may be the main concern, the problem must be viewed ini-
tially in the broadest possible context. To sustain this generality of
perspective it is necessary to develop a consistent and systematic basis
for discussion. Accordingly the nature and mechanics of the structural

design process will be considered.

1.2 The Structural Design Process

The structural design process encompasses both conception and
execution. The computational aspect of the latter can be considered to
be the systematic satisfaction of a series of performance criteria
whereby the structure, at the material, section, element, sub-system and

system levels of response, is required to perferm in a manner that is



better than or at least consistent with that required by the client or
user or the relevant building authority. This process may be represented

as follows:

where the term

- RB represents the behavioral response of the structure (as
represented by the mathematical models and assumptions permitted by the
relevant codes)

- RP represents the required performance normally specified by
the relevant building authority or client or user

- B represents benefit

$ represents cost

- and the subscript c represents the structural criterion
involved. These criteria may be classified as either serviceability
(e.g., crack width, deflection) or safety (e.g., flexural resistance)
criteria. ZC indicates that all criteria must be individually considered

- w represents the loading situation under consideration. Each
and every relevant loading level and combination must be considered,
hence Zw.

Thus, for each criterion this performance equation must be
satisfied for all pertinent levels and combinations of loading within
the general framework of minimum cost and maximum benefit. While it
may be relatively simple to define the process, design is in reality a
complex, multi-stage, and iterative procedure. For example, quantifying
benefit is difficult enough without attempting simultaneously to maxi-
mize benefit and minimize cost. To reduce all significant structural
design requirements to algebraic criteria is not always possible and
sometimes unnecessary. Moreover, there are many problems associated
with the actual loadings; for example, their relative significance,
thelr nature and their magnitude.

This study has some bearing on all of the parameters involved



in the performance equation and it is therefore instructive to discuss
each of these parameters in relation to abnormal loadings and the avoi-

dance of progressive collapse.

1.2.1 Structural Safety (c,B,$)

Most structural design criteria may be classed as either ser-
viceability or safety related. This study is primarily concerned with
considerations of bullding safety.* There are at least three aspects
of safety that should have some influence on structural design;

i) life safety: human injury and death
1i) economic safety: property damage, the short-term costs (shoring,
repair, loss of income, etc.) and the long-term costs (demolition, invest-
ment considerations, reputation, etc.) thereof
iii) social safety: both the short-term (disruption, loss of shel-
ter) and the long-term (relocation, re-zoning) consequences.

To some extent these aspects can be quantified and all have a
significant influence on the cost-benefit trade-off. In North American
building design practice, it is customary to reduce any explicit consider-
ation of structural safety to the simple requirement that the estimated
"ultimate' load carrying capacity of the structural system (i.e., Wu)
be greater than or at least equal to the code specified overload (i.e.,

WO). This oversimplified deterministic requirement can be expressed as

follows:

* This is perhaps unduly restrictive since abnormal loadings may be of
consequence insofar as serviceability is concerned, e.g., accidental
impact in parking structures. The performance of buildings with
regard to abnormal forms of loading could therefore be viewed in a
much wider context. An additional limitation is that this study is
largely concerned with structural considerations. It should however
be borne in mind, especially for abnormal forms of loading, that the
form, appearance and utilization of a building also have an inter-
active influence on the demands imposed upon and the behavioral
response of the structure of a building.



where s indicates that the above is a system level strength criterion
and W, indicates that the load level concerned is the specificed overload.
Simpler still, this performance criterion is, for design purposes,

usually reduced to:

For this criterion it is evident that:
i) limited explicit consideration can be given either to benefit
or cost,

ii) risk is not involved although, presumably, the value of the
overload factors specified in the codes do somehow provide for the pro-
bability of application of individual loads or critical combinations
thereof,

iii) considerations of risk or benefit are largely obviated by
ensuring that provided the actual loads are similar to and never
exceed the normally specified overloads, structural failure cannot
occur.
There are obviously good reasoﬁs for re-examining existing considerations

of design safety.

1.2.2 ILoading (W)

Recent events and currently available studies [1.1, 1.2, 1.3]
suggest that the various forms of loading specified in existing North
American Codes of practice may not necessarily be the most significant.
Moreover, the coverége and detail provided by these codes may be inade-
quate especially where structural safety is concerned. At a more funda-
mental level there is some doubt as to which loads are covered in most
building regulations.

A recent study by the author [1.4] attempted to develop a
comprehensive classification system for all forms of loading that may
influence a completed building. This is summarized in Table 1.1 and

Figure 1.1. Relative to current North American practice it is possible
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to group these loadings as follows:
i)  Those loadings that existing codes and standards require to
be considered in the design process either directly or indirectly.

ii)  Those loadings that could be considered but in practice are
usually neglected, minimized, eliminated, or only implicitly included
in design.

iii) Those loadings for which there are no explicit or implicit
design requirements and which are rarely, if ever, considered in design.
These forms of loading are:

Variable gravity loading: accidental

Overpressure: sonic boom

Overpressure: explosion

Collision: vehicular

Collision: aircraft

Collision: other

Service system malfunction: explosion

Service system malfunction: flooding

Pressure variation: explosion

Flooding

This last group of loadings is of particular interest in that

they are all the consequence of either an accident or some abnormal
situation. They will collectively be referred to as abnormal loadings*

and they may be re-grouped by type, as follows:

* The phrase "abnormal loading' appears to be the least misleading col-
lective title. It has a dual meaning in the sense that (i) these loads
arc not normally considered and, (ii) they may also be accidental or
extraordinary or localized or excessive or extreme.



1. Pressure loading resulting from:

i) an explosion e.g., related to the service system (natural gas,
steam, etc.), stored gas (butane, propane,
oxygen etc.), stored liquid (gasoline,
liquefied natural gas), hazardous material
in transit, or bombing due to civil or
criminal action, or combustion.

'11) wind-induced localized overpressures due to a tornado, hurri-

cane, etc.
2. Impact loading due to:
i) ground vehicle collision
ii) aircraft collision
iii) missile, e.g.: wind or water-borne object (debris), military
weapon, failure of adjacent building, construc-
tion accident, falling debris caused by some
internal structural failure.
3. Static loading due to:
1)} water or other service system malfunction;
ii) debris resulting from some incident, e.g., flooding, that 1is
structurally significant.

A ‘series of studies on the incidence and consequence of the
following forms of abnormal loading have been completed and are currently
available:

Gas service system explosion [1.5]
Bomb explosion [1.6]

Vehicular collision [1.7]

Aircraft collision [1.8]

Sonic boom [1.9]

Hazardous materials in transit [1.10]

For the U.S. it has been demonstrated [1.1] that at least the
first three phenomena occur often enough with structural consequences
severe enough to warrant serious consideration. There are of course
problems in that the loads or representative levels of load have to be

defined and that considerations of risk, even relative risk, are difficult
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to resolve. Moreover, our conception of safety in design is rather
limited especially where explosive or impactive loadings are concerned.
As a first step, it is evident that some knowledge of how other coun-

tries view abnormal forms of loading would be helpful.

1.2.3 Structural Response (RB, $)

Given that gas or bomb explosions or vehicular collision are
(individually or collectively) structurally significant forms of
loading, it will be necessary for the designer to have (i) some knowledge
of the actual response of the structure to these loadings, (ii) an accep-
table behavioral model and (iii) a design methodology. Some level of
damage is usually involved and clearly the building should be able to
accommodate reasonably severe but representative values of the loading
concerned.

For economic reaéons the behavioral model should not be overly
conservative; for example, a simple elastic approach would be both econo-
mically expensive and behaviorally unrealistic. A failure theory involving
large deformations and possibly permitting membrane and/or catenary
action is probably required. Current U.S. building design practice with
regard to failure theories, design methods or detailing procedures, makes
little or no provision for explosive or impactive loading. Changing
current practice to take into account such loadings would have wide-
spread repercussions on both the design process and construction prac-
tice. It is, therefore, very important that before any regulatory
changes are made serious consideration be given to experiences elscwhere.
Considerations of response are also of importance because it is probably

in this area where the most research and development will be required.

1.2.4 Structural Performance (RP)

The simplistic strength safety criterion that the structure
at least be able to resist the maximum anticipated loading, i.e.,
Wu 3>wo, merely reduces the performance aspect, i.e., the right hand
side of the inequality, to a specified series of overload values. With
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explosive or impactive loading and, for that matter, seismic or wind
loading, the performance demanded of the structure should take into
account the following factors:

i) Short term considerations, i.e., during and immediately after
application of the critical loading and prior to failure. These concern
the avoidance of a brittle or instantaneous failure, the extent and
nature of the indications or warning signs of impending failure, the
period of time required to evacuate the building, the extent of initial
damage, etc.

ii) Longer term considerations, i.e., post incident but prior to
repair or demolition. These involve the performance of the damaged
structure, i.e., the loads that may have to be sustained and the stress
levels that may be permitted.

To provide explicitly for all or even some of these considera-
tions would require significant changes to current building design prac-
tice. In any attempt to establish priorities and precedents, to quantify
the relevant requirements and then to develop acceptable code clauses, a
study of the comparable situation outside the United States should be of

considerable assistance.

1.3 Objectives and Scope of Study

The primary objective of this study is, therefore, to examine
the regulatory situation in those countries where sustained consideration
has been given to abnormal loadings and building safety. Those measures
taken to avoid the phenomenon of progressive collapse are of special
interest. In each case the pertinent sections of the latest building
code or regulations will be considered. The impact of these regulations
on the building industry, especially on the structural design process
and on the building itself, i.e., its configuration and structure, will
be evaluated. Where possible some background to the formulation of the
regulations as well as likely developments will be provided. .
While the perspective is necessarily and unavoidably North

American, every attempt will be made to evaluate relevant regulations
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within the prevailing economic, social and technical context of the
country concerned. This, of course, is easier said than done. Because
the Western European countries and Canada do have much in common with
the U.S., this study will largely be devoted to these countries.

In order to provide constructive input to the development of
regulations in the U.S. an attempt will be made to synthesize the
approaches and provisions studied. A flow-chart will be developed to
indicate all possible regulatory options. An attempt will also be
made to develop values for the forces, regions of acceptable damage,
overpressure values, etc., that represent an acceptable consensus of
the regulations studied. Consideration will also be given to problems
faced by the structural designer.

This study is mainly concerned with structural concrete, in
particular precast panelized construction. This does not mean that
structural steel or timber or masonry buildings are not subjected to
abnormal loadings or are invulnerable to progressive collapse. Indeed
a comparable study for masonry buildings, both clay and concrete masonry,
would be of considerable value.[1.14] The scope of this study is therefore
somewhat limited but nonetheless does have some relevance for materials
and builldings other than those involving concrete. It should be noted
that less detailed but similar studies have been performed by Lewicki and

Olesen [1.11], Granstrom and Carlsson [1.12] and Pume and Witzany [1.13].
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UNITED KINGDOM

Since the Ronan Point collapse on May 16, 1968, numerous

amendments and revisions to the various building regulations and recom-

mended codes of practice have been made.

The more significant documents

as far as structural design and progressive collapse are concerned, are

listed chronologically in Table 2.1. !

DATE OF ISSUE

TITLE OF DOCUMENT

October, 1968

November, 1968

April, 1970

1970

1970

January, 1971

1971

June, 1972

November, 1972

"Report of the Inquiry into the Collapse of Flats
at Ronan Point, Canning Town'", Griffiths, H.,
Pugsley, A., and Saunders, 0. [2.1].

Circular No. 62/68 Ministry of Housing and Local
Government [2.2].

Fifth Amendment (1970) [2.3] to the Building Regu-
lations (1965).

London Building (Constructional) Amending By-Laws
1970 [2.4] and the Related Notes for Guidance
(prepared in consultation with the District
Surveyors' Association) [2.5].

Addendum No. 1 (1970) [2.6] to British Standard
Code of Practice CP116 (1965) and CP116: Part 2
(1969) [2.7].

"The Resistance of Building to Accidental Damage',
Statement RP/68/05 by the Institution of Struc-
tural Engineers [2.8].

Seventh Amendment (1971) [2.9] to the Building
Regulations (1965).

The Building Regulations (1972) [2.10].

British Standard Code of Practice CP110 (1972)
"The Structural Use of Concrete" [2.11] and the
Related Handbook Produced by the Cement and Con-
crete Association [2.12].

Table 2.1 - List of Significant Documents Subsequent

to the Ronan Point Failure
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In addition there exists a plethora of documentation on pro-
gressive collapse, abnormal loadings and building safety. This is not
surprising given the economic and social impact of Ronan Point; con-
tributing factors have been the number of building authorities, the
multiplicity of relevant codes and the active involvement‘of various
non-governmental organizations such as the Institution of Structural
Engineers (I.S.E.), the Cement and Concrete Association (C. & C.A.},
the Brick Development Association and the Construction Industry Research
and Information Association (C.I.R.I.A.). Probably the most significant
document has been the Fifth Amendment [2.3] which has now been incor-
porated in The Building Regulations (1972) [2.10] as regulations D.19,
D.20 and D.21. The best guide to the regulations and their structural
impiications is probably the London Building (Constructional) Amending
By-Laws 1970: Notes for Guidance [2.5]. The development of the Uni-
fied Code CP110 [2.11] is particularly significant since it will pro-
bably replace the three codes CP114 [2.13], CP115 [2.14] and CPl16 [2.7]
and be '"deemed to satisfy" the: majority of Building Authorities.* CP110
attempts to be completely general in its treatment of structural con-
crete and clearly is a re-evaluation and consolidation of the events,
regulations, controversies and experience of the four years after
Ronan Point. Summaries, both technical and historical, of the events,
regulations and design recommendations prior to the release of CP110
[2.15 - 2.19] have been published. This study therefore will be restricted
to an evaluation of CP110 insofar as the sections pertaining to pro-
gressive collapse or abnormal loadings influence structural design and

building practice.

* The main obstacle to immediate acceptance appears to be the fact that
CPI110, unlike the other codes, is expressed in limit state terms. At
present CP110 and CP114, CP115 and CP116 have dual validity.
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2.2 CP110: Relevant Code Clauses Plus Comment

2.2.1 Philosophy

The basic philosophy of the unified code is expressed under
the heading '"Design: Objectives and General Recommendations', as

follows:

2.2.2 Ultimate limit state, The strength of the structure should be sufficicut to withstand the design loads
taking due account of the possibility of overturning or buckling. The design strengths of materials and the
design loads should be those defined in 2.3, as appropriate for the ultimate limit state. This assessment
should ensure that no ultimate limit state is reached as a result of rupture of one or more critical sections,
by overturning or by buckling caused by elastic or plastic instability, having due regard to the effects of
sway when appropriate,

The layout of the structure on plan, and the interaction between the structural members, should be such
as to ensure a robust and stable design: the structure should be designed to support Joads caused by normal
function, but there should be a reasonable probability that it will not collapse catastrophically under the
effect of misuse or accident. No structure can be expected to be resistant to the excessive loads or forces
that could arise due to an extreme cause, but it should not be damaged to an cxtent disproportionate to
the original cause. _ '

In addition, due to the nature of a particular occupancy or use of a structure (e.g. f.lour mill, chemical
plant etc.), it may be necessary in the design concept or a design reappra'isal to consider the cﬂ“ef:t. of a
particular hazard and to ensure that, in the event of an accident, there is an acceptable probability of
the structure remaining after the event, even if in a damaged condition.

Significantly CP110 acknowledges the existence of normal and
abnormal situations and the fact that, in the latter case, absolute safety
may not be possible. The second paragraph is particularly interesting 1in
that terms such as '"normal function' and ''reasonable probability' are used.
While neither ''reasonable probability" nor the criterion '"that damage
should not be disproportionate to the original cause'" are quantified, the
intent and scope of the code is clear.

Section 2.3 of CP110 specifies values for the partial safety
factors associated with the normal applied loads and the material properties
when considering the effect of excessive loading or localized damage, i.e.,

1.05 for the loads and 1.3 and 1.0 for the concrete and steel respectively.

* These sections of CP110 are reproduced with the permission of the
British Standards Institution.

|
|
|
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2.2.2 Continuity Criteria

These requirements are contained in a section of CP110 under
the heading "Design and detailing: reinforced concrete'" and are as

follows:

3.1.2.2 Stability. To accord with the criteria of 2.2.2 the layout of the structure in plan and the interaction

between the structural members should be such as to ensure a robust and stable design. It is recommended
that:

(1) in the design for ultimate wind loads the horizontal force taken into account be not less than 1} %
of the total characteristic dead load above any lcvel; this force may be shared by the parts of the structure
depending on stiffness and strength;

(2) to obviate the possibility of vehicles running into and damaging or removing vital loadbearing
members of the structure in the ground floor, the provision of bollards, walls retaining earth banks, etc.,
be considered;

(3) in buildings of five or more storeys an effectively continuous vertical tie be provided from foundation
to roof level in ali columns and walls. The area of this tie should be at least equal to the minima given in
3.11.4.1 for their main reinforcement, but see 5.1.2.4 for walls designed as plain concrete.

(4) all buildings be provided with effective horizontal ties round the periphery and internally. At
re-entrant corners or at substantial changes in construction care should be taken to ensure that the ties
arc adcquately anchored or otherwise made effective.

Preferably, the ties should be so placed as to provide the bast assistance in resisting, by cantilever, catenary
or other actions the results of extreme damage by accidental causes. The horizontal forces to be resisted
by the tics should be derived from a, b and ¢ below using as the value of F, the lesser of the values
obtained from

F, = (20+4n,) where n, is the number of storeys in the building, or
F =60

In providing the ties in a, b and ¢, it may be assumed thai no other forces are acting and that the rein-
forcement is acting at its characteristic strength. Reinforcement provided for other purposes may be regarded
as forming a part of, or the whole of, these ties.

a. Peripheral tie. At each floor and roof level an effectively uninterrupted peripheral tie should be provided
capable of resisting a tensile force of F, kN, located within 1.2 m of the edge of the building or in the
perimeter wall.

b. Internal ties. In addition to the peripheral tie, internal ties should be provided at each floor level in
two directions approximately at right angles. The internal ties should be effectively uninterrupted
throughout their length and should, unless they continue as column or wall ties (see ¢), be anchored to
the peripheral tie at both ends. The ties should be capable of resisting a tensile force in each direction
respectively of

(ik'*“h)i
75 5

but not less than F, kN per metre width;

kN per metre width

* Characteristic strength means the yield or proof stress of the rein-
forcement.
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where (g, +4,) is the sum of the average characteristic dead and imposed loads per unit area of the
floor in kN/m?,

! is either the greatest distance in metres in the dircction of the tie under consideration
between the centres of the columns or other vertical load bearing members whether this
distance is spanned by a single slab or by a system of beams and slabs, or

5 times the clear storey height (under beams, if any), whichever be the lesscr.

Where the vertical loadbearing members are walls which on plan occur in one direction
only (e.g. cross wall or spine wall construction) then the ties provided parallel to the walls
should be capable of resisting a force of ¥, kN per metre width,

Part or all of the internal ties may be spread evenly over the width of the structure or may be grouped
at beams, walls or other appropriate intervals. The ties may be in the floor slab, in beams or in walls;
where they are in a wall they should be located within 0.5 m of the top or bottom of the floor slab.

¢. Column and wall ties. Each external column and every metre length of external wall should be anchored or
tied horizontally into the structure at each floor level with a tie capable of developing a force equal to the
creater of:

(i) 2F, kN, or (~2£°—5> F, kN, whichever be the lesser, where /, is the floor to ceiling height in metres.

(i) 3 % of the total ultimate vertical load at that floor level for which that member has been designed.

Corner columns should be tied into the structure at each floor level in each of two directions approxi-
mately at right angles, with ties capable of developing a force equal to the greater of (i) or (ii) above.

Column and wall ties may be partly or wholly the same reinforcement as that provided for the peripheral
or internal ties.

These stability or, more precisely, continuity criteria, do
not require much elaboration. Apart from the references to minimum
lateral design loads and the desirability of avoiding vehicular impact,
Section 3.1.2.2 is primarily concerned with the provision of minimum

tie requirements. The following comments are pertinent.

2.2.2.1 Vertical Ties

Without stating why five stories should be so significant,
sub-clause (3) specifies that in buildings of five or more stories the

following minimum tie reinforcement must be provided:

31141 Minimum avea of main reinforcement. The arca of tension reinforcement in a beam or slab should
not be less than 0.15 %7 bd when using high yield rcinforcemznt, or 0.25 % b.d when mild steel reinforcement
is used, where by is the breadth of the section and dis the effective depth. For a box, T- or I-scction, &, should
be taken as the average breadth of the concrete below the upper flange.

The minimum number of longitudinal bars provided in a column should be four in rectangular columns
and six in circular columns and their size should not be less than 12 mm. Except for lightly loaded columns

(sce 3.5.1.1) tiwe total cross-sectional arca of these bars should not normally be less than I 9 of the cross-
section of the column.
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A wall cannot be considered as a reinforced conerete wall unless the percentage of vertical reinforcement
provided is at Jeast 0.4 %. This vertical reinforcement may be in one or two layers.

It should be noted that for fire resistance purposes, a wall coataining less than 1.0 % of vertical reinforce-
ment is classed as a plain concreie wail.

Thus for cast-in-place reinforced concrete construction,
regardless of the height of the building, normal good practice
should suffice for vertical continuity. These requirements are of
practical consequence for plain concrete and, although not clearly
stated, for buildings with precast components. In both of these caseé
the necessity for vertical continuity applies only to buildings of five
or more stories but the provisions of code section 5 (see Section 2.2.3
of this report) must also be satisfied.

One criticism is the choice and use of the five story cri-
terion in Section 3. It is clearly unnecessary for cast-in-situ con-
struction. It perhaps would have been more appropriate to introduce
this criterion in Section 5, if indeed there is any need to introduce
it at all. In any event CP110 implies that in buildings (and by default
this can only apply to the plain concrete or precast parts thereof) of

less than five stories vertical continuity is unnecessary.

2.2.2.2 Horizontal Ties

Compared to the provisions for vertical ties those for hori-
zontal ties are much more precise and comprehensive. Firstly, the
minimum magnitude of the required tie force rather than a minimum amount
of steel is specified. Secondly, horizontal tie requirements, unlike
vertical tie requirements, apply also to buildings of less than five
stories. Thirdly, the magnitude of the horizontal tie force reflects
the fact that the probability of occurrence of an abnormal loading
increases with building height, see Figure 2.1. Fourthly, some pro-
vision is made for the influence on risk of variations in the magnitude
of the dead and superimposed load, floor span and floor-to-ceiling height.

One omission is that, while a peripheral tie is required

at all floors and the roof, the intermal tie is only required at each
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floor. Apparently, CP110 does not require internal ties at roof level
even though roof members may be more vulnerable than floors since they
are more susceptible to weathering, temperaturé and, possibly, abuse.*

Table 2.2 provides some evolutionary background for these
values while Table 2.3 summarizes sub-clause (4) and attempts to illus-
trate, by way of an example, the relative impact of compliance with these
provisions. It is evident that for the average cast-in-place R.C.
building these tie forces are quite nominal and do not add to the rein-
forcement content although they may affect the detailing [2.15]. How-
ever, these explicit continuity requirements do have a significant
impact on buildings involving precast or plain concrete elements. In
this case, the additional provisions of Sections 5.1.1 and 5.1.2.4 also
apply.

It should be noted (see note a.in Table 2.2) that the tie
force values given in CP110 are limiting or 'ultimate' values whereas
in previous documents a service load force was specified. The service
load force of 1700 pounds per foot used in both Addendum No. 1 [2.6] and
the I.S.E. document RP/68/05 [2.8] is based on a beam or floor span not
exceeding 17 feet (5 m) and on a gross weight of floor and imposed loads
not exceeding 150 p.s.f. (7.2 kN/mZ). The magnitude and derivation of
the various tie forces will be further discussed in Section 2.2.3 but
note that CP110 requires internal tie forces to be increased for spans
in excess of 5 m and total loads in excess of 7.5 kN/mz. This is

achieved by the expression

(g + a) o
7.5 ‘5

or, in more familar units and terminology, [

(wD + wL)-&_
150 17"

* A recent letter from Mr. Eric Bunn indicated that amendments to CP 110
are about to be issued in order to remedy this omission.
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2.2.3 Precast, Composite and Plain Concrete Construction

Design and detailing provisions pertaining to structural

satety for these forms of construction are given in Section 5.1 of CP110.

5.1,1 Scope of Section 5. This Section is concerned with the additional considerations which arise in design
and detailing when precast members or precast components including large panels are incorporatea into a

structure or when a structurc in its entirety is of precast concrcte construction. It also covers the use of
plain concrete for walls,

5.1.2.4 Srability. The recommendations regarding stability given in 3.1.2.2 apply also to precast, composite
and plain concrete construction. '

The tic forces referred to in 3.1.2.2 should normally be provided by reinforcement or prestressing tendons
embedded in precast or in situ structural elements.

Ties should generally be joined by one of the methods described in 5.3.2, 5.3.3 or 5.3.4 except that simple
lapped joints should only be used when their adequacy has been proved by relevant tests.

Ties connecting precast panels should be so arranged as to minimize out of balance effects.

Ties should only be located in the joints between precast panels if those joints are of sufficient size and
detail to transmit the forces from the reinforcement into the precast units and to develop the required
strength at any lapped joints. '

Column and wall ties should not, for their anchorage at either end, rely solely on the bond of a straight
bar. Bars should be bent or hooked so as to provide the required anchorage in bearing on sound concrete
unless welded or mechanically anchored to the main reinforcement in a precast member.

For a normal building which is five or more storeys in heicht where the vertical tying together does not
comply with (3) of 3.1.2.2 or where in a building supported by plain concrete walls the area of the effective
vertical ties frem foundation to roof level is less than 0-2 %/ of the cross-sectional area of the walls or where
all the precast floor and roof units are not effectively anchored in the direction of their span either to each
other over a support or dircctly to their supports in such a manner as to be capable of resisting a horizontal
tensile force of F; kN per metre width:

(1) the structure should be so designed that, at cach storey in turn, any single vertical loadbearing cle-
ment (other than one complying with (2)) can become incapable of carrying its load, without causing
collapse of the structure or any siguificant portion of the structurc. In designing the structure for this
condition, account may be taken of any building components which are otherwise non-loadbearing. When
reliance is placed on catenary action, allowance should be made for the horizontal reactions necessary
for equilibrium,

In the case of a wall, the length considered to be a single Joadbearing element should be taken as the
length between adjacent lateral supports or between a lateral support and a free edge. For the purposes of
this definition of wall length only, a lateral support may be considered to occur at

a. a stiffencd scction of the wall (not exceeding I m in length) capable of resisting a horizontal force of

1.5F, kN per metre height of wall, or

b. a substantial partition at right angles to the wall, provided that it is tied to the wall with a tic force

equal to 0.5F kN per metre height of wall (a2 substantial partition may be taken as one having an
average weight of not less than 150 kg/m?).
except tha
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(2) any vertical loadbearing element, which cannot be allowed to become ineflective, may be designed,
together with its connections, to withstand a load of 34 kN/m? applicd to it from any dircction. Apy
horizontal member, or part of a horizontal member, which provides lateral support vital to the stability
of that vertical loadbzaring element must be designed, together with its connections, to withstand a load
of 34 kN/m? applied to it from any direction. Any member or lateral support so designed must also be
capable of supporting the reaction from any attached building components also subject to a loading of
34 kN/m? or such reaction as might reasonably be transmitted having regard to the strength of the attached
component and the strength of its connection. .

To accord with 2.3.3.1 and 2.3.3.2, when a structure is designed in accordance with (1) or a vertical
loadbearing element is designed in accordance with (2) the partial safety factor for loads (y;) should be
taken as 1.05 and the partial safety factor for strength (y,,) should be taken as 1.3 for concrete and 1.0 for
steel.

The initial clauses of Section 5.1 relate to tie placement,
lapping and anchorage and this aspect will be discussed later in this
study. Of principal interest are the two alternate design procedures
that must be applied to all those buildings

i)  that involve plain concrete walls where there is either no
continuous vertical tie or where the amount of vertical tie steel is
less than 0.2 per cent of the area of the related wall section.

ii) that involve precast concrete components or composite construc-
tion and are five or more stories high where either the vertical tie is
not effectively continuous or the amount of tie reinforcement is less
than specified in 3.11.4.1.

iii)  where all the precast floor and roof units are not effectively
anchored (i.e., the horizontal tie force is less than Ft per unit length)
onto or across their perimeter or support members.

Before discussing the two alternate design procedures the
following comment regarding vertical ties may be appropriate.

In general, the language and style of CP110 is admirably pre-
cise but the seventh paragraph of Section 5.1.2.4 is ambiguous and the
above interpretation complies with that in the Handbook [2.12]. It is
evident that the five story or more criterion only applies to precast
or composite construction. No reason is given why there should not be
any vertical tie requirement for precast buildings of less than five

stories nor is any argument concerning the level of risk put forward.

It is quite possible that a good risk-benefit case could be made for
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ignoring low-rise buildings. On the other hand, there are various
reasons, structural, professional and/or economic, why the low-rise
residential situation could be considered to be significant. For example,
any three-story walk-up apartment building assembled from precast floor
units and load bearing masonrywalls that is serviced with gas is both
prone and vulnerable to abnormal loading. Specifically to exclude any
vertical tie requirement from this type of building would appear to be

a serious omission.

The two design procedures namely (1) the alternative path
method and (2) the equivalent static pressure approach, are alternatives
only as far as the individual elements are concerned. All vertical load
bearing elements must comply with at least one of these procedures with
the result that, insofar as the overall building is concerned, the check
on structural safety is really a two stage process whereby

i) all vertical load bearing elements are each in turn notionally
removed. If significant or overall failure, i.e., collapse, were to
occur then procedure (2) must be adopted. In the Fifth Amendment [2.3]
it was necessary to limit structural damage following the removal of a
member to the story above and the story below that in which the incident
occurred, and horizontally localized to 750 square feet or 15 per cent
of the relevant floor area. It is worth noting that CP110 does not
attempt to define a permissible damage volume or quantify the term
"significant portion of the structure'. In applying method (1) much is
left to the discretion of the designer and, as far as behavioral response
is concerned, the designer is explicitly permitted to utilize catenary
action.

11) in the event that there are any single vertical load bearing
elements whose removal would result in extensive structural failure then
these elements, their boundaries and all interdependent elements must be
designed to accommodate a static pressure of 34 kN/m2 (5 psi). Although
in CP110 there is no explicit reference to a gas explosion this loading
is intended to be equivalent to a severe gas explosion and was formally

introduced in November, 1968 [2.2]. There has been considerable debate
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concerning the choice of this model; for example, an explosion is a dyna-
mic load, no provision for venting has been made, and the magnitude of

5 psi could be overly conservative. The magnitude and nature of this
particular forcing function has probably been the single most contentious
issue in the drafting and subsequent application of the British regula-
tion. It is significant that in spite of all the debate and criticism
the 5 psi criterion was retained in CP110. 1In fact, its influence is
much greater than would appear merely from the wording of paragraph
5.1.2.4.(2). Consider, for instance, a multistory building with a floor
to ceiling story height of 2.5 m (8§ ft.). If an explosion were to occur
between floors, equivalent horizontal forces would be generated at the
wall to floor joints, at transverse partitions and over the vertical
walls. As shown in Figure 2.2, these forces have a direct relationship
with the horizontal tie force provisions of CP110. It is worth emphasizing
the fact that for a 5 psi loading and an 8'-0" high vertical wall, the
equivalent service level wall-floor force equals 1584 pounds per foot
(i.e., 720 x 4 x 1 x 55%) . This equivalent load is comparable to the

1700 pound per foot tie force specified in previous regulations.
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C.LOADED AREA FOR
HORIZONTAL TIE B.LOADED AREA

F ARTITION
A. LOADED AREA ON OR P
STIFFENED SECTION7 (n+N' FLOOR
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i
NIT /[ PARTITION
YIELD LINES =~ WDTH
C.LOADED AREA

STIFFENED SECTION FOR HORIZONTAL TIE
OF WALL -

$ 1 m WIDE

A. Stiffened Section

Average force = (1.0+1.25)34 = 76.5 kN/m

Per unit height (5.3 k.per foot)
of wall

Refer to CP110 Section 5.1.2.4.(1) a. which specifies an avefage
force of 1.5 Ft for Ft < 60 kN/m, 1.5 Ft < 90 kN/m

B. Partition

Average force = (0.625X34)= 21.25 kN/m

per unit height (1.5 k.per foot)
of wall

Refer to CP110 Section 5.1.2.4.(1) b. which specifies a tie force of
0.5F_ for I' < 60 kN/m, 0.5 IF_ < 30 kN/m.
t t — t —
C. Horizontal Tie (Wall to Floor)

Force = 1.25x34 = 42.5 kN/m
(2.9 k.per foot)

This force is comparable to the internal horizontal

tie force required by CP110 in a six story building

(See Table 2.2) Also note that the 1700 pounds per foot value

(See Table 2.2a) in "ultimate'" terms is equivalent to 3.1 k.per foot

Figure 2.2 - Effect of Equivalent Explosion (34 kN/m2 or 5 psi)
Within Building. (After [2.15]).
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There is another approach to the evaluation of the internal
tie forces which can be derived from the "alternative path approach"
i.e., design procedure (1), rather than the equivalent static pressure
approach. This procedure is documented in a Technical Instruction
issued by the Ministry of Public Building and Works* [2.20]. The approach
is illustrated in Figure 2.3 and is based on the assumption that catenary
action is developed when a support is removed such that vertical equili-
brium is maintained. For the loads and dimensions assumed in Figure 2.3,
it is evident that the resultant tie forces are equal to the maximum
values required by CP110. A further point to note is that certain dimen-
sions and loads namely 8'-0" (2.5 m) clear height, 17'-0" (5 m) span,
and 150 psf (7.2 or 7.5 kN/mz), crop up fairly regularly in the British

literature.

2.3 Detailing

Provided that the structural member does not have to be
designed to accommodate an overpressure of 5 psi, it would appear that the
provisions of CP110, in terms of quantities of reinforcement, are not
particularly onerous. Of real significance, especially for precast or
plain concrete elements, is the distribution and nature of the reinforce-
ment, 1.e., the detailing. In particular, considerable attention is
directed at the inter-connection of structural components.

For example, sub-sections 3.1.2.2 (3) and (4) call for effec-
tively continuous ties in the vertical and all horizontal directions.

In providing these ties it may be assumed that no force other than the
specified tie force is acting and the reinforcement operates at its
characteristic strength, i.e., fy' As the reinforcement provided for
other purposes may be regarded as forming either a part or the whole of
the tie it will be found that for most structures the flexural reinforce-
ment provided for the usual dead, imposed and wind loads will, with minor

additions and/or modifications, fulfil these tie requirements [2.21].

* Currently the Department of the Environment.
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It is therefore suggested [2.21] that the structure be designed for the
normal loadings and then checked to ensure both sufficiency and continuity
of reinforcement. Not only must the ties be effectively uninterrupted,
i.e., connected, within and across all structural elements but in certain’
circumstances (e.g., 3.1.2.2.b) the ties in different directions must
be anchored together, e.g., the internal tie must always be anchored to
the horizontal peripheral ties. These requirements affect detailing
because
i) the tie steel in one direction will often be at a different
level or at an inconvenient location relative to other tie reinforcement.
According to Somerville [2.21] it is not permissible to vary levels e.g.,
to go from top to bottom bars, if the tie is to be continuously effective.
ii) maximum prefabrication of reinforcement cages is usually

desirable,.

It is, of course, implicit that careful attention is paid to
splice and development length, i.e., bond provisions. Significantly,
the requirements of Section 3.11.6, 'Bond, Anchorage and Bearing' appear
to be more stringent than current North American provisions and con-
siderably more stringent than the more readily comparable requirements
of ACI 318-63 or the 1970 National Building Code of Canada.

Some detailing requirements are illustrated in Figures 2.4,
2.5 and 2.6. Figure 2.4 shows methods of anchoring internal and peri-
pheral ties; Figure 2.5 shows the junction of peripheral ties at a corner
column while Figure 2.6 demonstrates one method of ensuring an effec-
tively continuous horizontal tie. Both directly and indirectly the
stability provisions of CP110 and before that the Fifth Amendment [2.3]
have had a considerable effect on detailing practice. For a more com-
prehensive overview of this impact reference should be made to the pub-
lication, '"Designed and Detailed [CP110: 1972]'" by Higgins and Hollington
[2.22].

Most of the examples quoted above apply specifically to cast-
in-place construction. The problem is obviously compounded in the case

of precast construction. The difference between pre- and post-Ronan
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Point detailing is perhaps exemplified by Figure 2.7 and Figure 2.8 which
illustrates the vertical and horizontal tie situation. In addition,
internal ties are required at each floor level in two directions at
right angles (sub-section 3.1.2.2.b) which means that with precast
floor panels effectively continuous ties must be provided in the trans-
verse direction. Little imagination is required to appreciate that the
adoption in North America of CP110's tie requirement would have con-
siderable repercussions with probably greatest impact on three story
walk-up residential construction where very little if any provision

for behavioral continuity is made (except in earthquake zones). Merely
to emphasize the importance of detailing where abnormal loadings are
concerned, reference should be made to the paper by Rhodes [2.23] which
summarizes his experience in monitoring bomb explosive damage to

buildings in Northern Ireland.

2.4 Concluding Comment

Undoubtedly the issues of accommodating abnormal loadings
and/or the avoidance of progressive collapse have had considerable impact
on the building industry in the United Kingdom. This discussion of CP110
may give some idea of the problems faced by the design profession but
does not, nor was it intended to, cover the economic or social conse-
quences of Ronan Point. In order to obtain a measure of the possible
direction and nature of future developments some of the current R and D
activities in the U.K. should be mentioned.

In particular, reference should be made to the final report
[2.24] of the Structural Stability Panel of the Construction and Housing
Research Advisory Panel (CHRAC) which indicated that the three main areas
requiring research were:

i) the incidence, consequences and risk associated with explosives.
Most importantly incident surveys were undertaken with the intention of
also evaluating structural response to abnormal loadings;

i) the performance of structural joints; and
111) structural analysis with particular consideration for struc-

tural safety.
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That this committee, since October 1970, has directly authorized expen-
diture on research of approximately $180,000 and has given its support
to the expenditure of a further $450,000 is some indication of the con-
tinuing importance of these aspects of structural integrity. Gifford
[2.18] has provided a list of a number of the major studies done to date.
Special mention should also be made of the R and D activities involving
masonry. The research results and latest draft of the new Masonry Code
are of particular interest to North America and for completeness the

latter should have been included in this study.
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CHAPTER 3: SWEDEN

3.1 Introduction

The current nationally valid building regulations, Svensk
Byggnorm 67, SBN 67 [3.1] have been in effect since January 1; 1968*.
Supplementary regulations to deal with abnormal loadings, and progres-
sive collapse were introduced on July 1, 1973 [3.3]. This document,
SBN 22:35, supplements Chapter 21, ''Load Conditions'", and Chapter 22,
"General Demands on Loadbearing Building Components' and comprises
mandatory regulations, advisory clauses and commentary. Translations
[3.3A, 3.3B] exist and a complete English text is incorporated in this
report. ; v

A companion or explanatory document [3.4]** has been drafted
to expand upon SBN 22:35 and provide, by means of illustration and cal-
culation, specific design guidelines. Sune Granstrom and Martin Carl-
son who were responsible for writing this document, have also compiled
a comprehensive survey of lbadings and their effect on_building safety
[3.5]. 1In this study various failure theories and related experimental
work are reviewed. |

The Swedish Building Regulations are currently being revised
and are due for re-issue in mid-1975. The 1973 supplement SBN 22:35
has been incorporated into the draft of the new Building Regulation and
this draft, [3.6] is being reviewed. As the new version exists only in
draft form, discussion will largely be restricted to the current regu-.
lations.

From a professional standpoint Sweden has possibly the most
comprehensive regulations dealing with abnormal loading and related
problems. 1In fact, the general topic of structural‘safetybwith regard
to abnormal loading has been under close and consisteht'study since

1970. This is reflected in the nature of the regulations as well as

* For a comprehensive discussion (in English) of the regulatory aspects
of the Swedish Building Control System, see reference [3.2].

**The author is indebted to Dr. Paul Regan for a translation of this
document.
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the existence of extensive documentation [3.4, 3.5].
An English translation of the regulatory and the advisory
~ clauses in SBN 22:35 follows, while a translation of the commentary

to these clauses is provided in Appendix S at the end of this Chapter.
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3.2 Translation* of the Supplements** (Dated July 1, 1973 to Chapters

21 and 22 of the Svensk Byggnorm SBN 22:35 Statens Planverk, Pub-

lication No. 63, Fortskridanda Ras (Progressive CollapSej

21:93 Exceptional, Unpredictable, Additional and/or Accidental
Loads and Effects

Buildings shall be designed and built with regard to the risk
of progressive collapse as a consequence of local damage caused
by exceptional, unpredictable additional and/or accidental
loads and effects (see 22:352 and 22:353); exceptions are made
however for one-family houses and for buildings where the risk
of casualties caused by progressive collapse s low.

1931 Below are listed some examples of 'exceptional, unpredictable
and/or accidental loads and effects that are not normally
accounted for in design'. ***

a) Explosions of town gas, natural gas, volatile liquids, sol-
vents, dust-air mixtures or explosives.

b) Impact by road vehicle, aircraft, ship, machines, etc.,
blows from swinging or falling loads, e.g., from building
cranes, factory cranes, etc. The magnitude of impact will

be greater than that ordinarily covered in design specifi-
cations.

¢) Unforeseen settlements causing the structure to behave in a
manner not envisaged in normal design.

d) Overloading due, for example, to carelessness.

e) Unforeseen weakening of individual building components
caused by fire.

General regulations for the design of buildings with regard to
excessive loadings are given in SBN 22:35.

* This translation 1s a composite of that made and provided by Paul
Regan [3.3B] and that prepared by Statens Planverk [3.3A]. Altera-
tions were made by the author largely to avoid inconsistencies.

**Mandatory Regulations are in italics.

*%**The collective phrase “excessive loadings" will be used instead of
"abnormal loadings' in the remainder of the translation. This is in
deference to Dr. Granstrom who regards this term as being closest to
the intent of the Swedish regulations.
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Design for the Prevention of Progressive Collapse
Introduction
References

All Swedish Building Standards (SBN) and their contents are
listed in the Register of Swedish Building Standards (SBN-R).
For the significance of regulations and advisory notes, see
Section 0:11 of SBN 67. For "Excessive Loadings" see SBN 21:93
above. -

Definitions

By "‘progressive collapse'" is meant a structural failure that
occurs when localized primary damage in a building leads to
severe damage of parts of the building other than in the imme-
diate vicinity of the region of primary damage. ‘

"Primary damage'" is damage produced directly by the "excessive
loadings', e.g., the hole made by a vehicle breaking or pushing
out parts of a building. In the event of an explosion, the
primary damage is considered to be the structural damage that
occurs in the building during the first fraction of a second

.due to the pressure and shock waves produced by the explosion.

When failure occurs in a floor or a wall, the primary damage is
assumed to include the damage due to debris down to the next
floor below.

By the ''region of primary damage' is meant the volume or area
that originally contained the components constituting the pri-
mary damage.

""Severe damage' is taken as involving damage or dislocation
sufficient to occasion serious risk of human injury. Cracks
and local deformations are not viewed as severe damage in this’
context.

By the 'region in the immediate vicinity of the region of pri-
mary damage' is meant a volume or area, the extent of which is
related to the volume or area of the region of primary damage.
Thus, for example, if the region of primary damage were a room
unit or its equivalent, the immediate vicinity could comprise

one or two or possibly three or four similar units.

An "overall stabilizing function' is the action of a building
component ensuring the stability of a building as a whole.

The '"main loadbearing direction' (after damage) of a structural
element is to be taken as the shortest span for a slab, the span
for a beam, the longitudinal direction for a column, and the in-
plane horizontal direction for a wall. '
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General

The risk of progressive collapse due to.excessive loadings shall
be accommodated either by taking measures to limit the extent of
failure in the event of local damage in accordance with 22:352,
or by reducing the level of risk in accordance with 22:353.

Measures for Limiting Collapse as a Consequence of Local Damage

Buildings shall be designed so that local primary damage, which
may be caused by excessive loading in any part of a building,
shall not produce severe damage other than in the region of
primary damage and its immediate vieinity.

Buildings with loadbearing walls and of height not exceeding
five times the breadth of the building can be assumed to satisfy
the requirement of limiting collapse, if the two principles of
22:35211 and 22:35212 are applied simultaneously.

With regard to a building as a whole the overall stabilizing
function shall be distributed so that local damage due to
excessive loading will not endanger the overall stability of the
building. The adequacy of this distribution shall be assessed
on the assumption of a cubic volume of damage with a side length
equal to the greatest of the following dimensions:

1 story height including two floors
1/10th of the height of the building
1/20th of the length of the building

The cubic volume of damage shall be assumed to be positioned in
the most unfavorable way, but with its sides parallel to the
floors and walls of the building.

With this volume assumed to be damaged, the building shall be
able to resist at least half the design wind load, acting simul-
taneously with the other loads. The stresses in the stabilizing
components may correspond to yielding (or its equivalent).

With regard to those parts of the building structure whose failure,
separation or removal could cause progressive collapse, it shall
be ensured that local damage can be bridged over by membrane
action in the floors and beams or by cantilever action of the
walls, and that satisfactory connections exist through the compo-
nents and across the joints between them. The necessary connec-
tion can be assumed to be achieved if the following tensile

forces can be resisted at every section through such components

or across the joints between them.

Buildings with four stories or less

The requirements for connections applies only to horizontal
tensile forces and not to the vertical direction. Each such
section (or joint) shall be able to resist a force of at least
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20 KN per metre length of section (or joint). In the main load-
bearing direction the sectional resistance (or joint resistance)
shall also be at least equal to the self weight of the component
in question, and for floor slabs at least equal to the self
weight plus the permanent live load according to 21:3. For
walls the load calculation is to be based on a length equal to
twice the story height.

Buildings with more than four stories, but not more than eight
stories

The minimum requirement is similar to that for buildings with
four stories or less. However, the requirement of resistance

in the main loadbearing direction is increased by 10 per cent
for each per story in excess of four stories, and this increase
is to be applied to all the stories of the building. In addi-
tion vertical ties (horizontal sections and corresponding joints)
are required in all exterior loadbearing components, i.e.,
within or connected to the facades. The vertical resistance
shall be at least 20 KN per metre length of section (or joint).

Buildings with more than eight stories

Connection or tie requirements are similar to the above except
that vertical ties are required in all vertical loadbearing compo-
nents and not only in facade walls. However, for buildings of
more than 16 stories, the additional requirement for connections
in the main loadbearing direction shall be decided for each
individual case in consultation with the relevant authorities.

Irrespective of the number of stories, tie requirements are to

be considered to be fulfilled only if all joints and structural
components outside of the primary damage region possess sufficient
ductility to function properly and resist specified forces even

in the event of large deformations caused by localized damage.

With the special permission of the relevant authorities, means
other than those given in 22:3521 may be used to satisfy the
requirement of limiting the extent of damage due to an excessive
loading. In such cases, the results of investigations or tests
shall be presented to show that either the proposed type of con-
struction does not have a greater tendency to progressive collapse
than one designed according to 22:3521, or the probability of
progressive collapse is especially low for some reason.

Measures for Reducing the Risk of Damage Due to Excessive Loading

The butlding shall be designed and constructed in such a way that
i1t can satisfactorily withstand every conceivable excessive
loading or effect.

This provision can be met either by giving the building such
strength and form as to reduce its vulnerability or by lowering
the risk. The latter can be done by reducing the probability of
occurrence of an excessive loading to a sufficiently low level.
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3.3 Discussion

The extensive commentary that accompanies the regulations in
SBN 22:35 has been translated and is included as Appendix S to this
report. This discussion is intended to supplement the commentary and
has been limited to analyzing the nature and evaluating the impact of
the Swedish regulations. |

The regulations approach the whole question of abnormal
loading and related building safety in a very direct manner; the risk is
acknowledged, the various types of loading phenomena are enumerated,
the structural generality of the problem is emphasized, and a specific
methodology for structural design is suggested. Indeed, the regulations
are remarkably concise and rational.

The design alternatives are clear cut. Option 1: Limit the
extent of damage (i.e., avoid overall failure) when an abnormal loading
occurs or, option 2: Reduce risk to a satisfactory level. Acceptable
levels of risk or even relative risk are never stated but the regulations
do recognize that for small buildings (e.g., single family dwellings) or
low-occupancy buildings (e.g., transformer buildings), considerations of
progressive collapse are meaningless.

A possible criticism is that the emphasis here appears to be
restricted to the safety of the building occupants. If structural safety
is considered also to encompass property damage and the economic and social
consequences of structural failure, then consideration of abnormal
loadings in small or low-occupancy buildings may be necessary. While
the problem may have to be solved in non-structural terms e.g., by revising
regulations for the distribution of gas, some action may be necessary to
lower risk (i.e., the second design option).

The mandatory regulatory clauses (i.e., 21:93, 22:351, 22:352,
and 22:353) are completely general in that all building types and all
forms of abnormal loading are considered. The companion document [3.4]
is also very general in terms of its coverage and intent. However,

Clauses 22:3521, 22:35211 and 22:35212 virtually limit the application
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of the first design option to load bearing wall structural systems with
a height of not greater than 16 stories or five times the breadth of

the building. This would appear to apply to most multi-story buildings

in Sweden.

3.3.1 Option 1

Clause 22:35211 accomplishes the following:

i) suggests that the stabilizing elements of a building, e.g.,
cores, shafts, etc., should be distributed throughout the building.

This conceptual aspeét is particularly important when planning the layout
of the building and is expanded upon in [3.4].

ii)  quantifies what is meant by damage volume. This is the struc-
tural volume that is assumed to be incapable of taking load, i.e.,
effectively removed. At the very least the volume 1s'a cube of side
equal to the story height plus the thickness of one floor. Apparently
[3.7] the concept is also intended to "

- quantify the requirement that stabilizing structural elements
be advantageously distributed throughout the building.

- provide some idea of possible debris loading although there
is no mandatory requirement to accommodate loads of this nature.

This volumetric definition does acknowledge the three-dimensional nature
of the consequences of phenomena such as an explosion and may avoid

some of the ambiguities inherent in the one-element ‘''damage' definition
used in, for example, the British Code CP110. The volume involved'is a
cube of side at least équal to the story height plus the thickness of one
floor element. This damaged or notionally removed volume is much greater
than that in any other regulation and can be a particularly démanding
criterion. To illustrate this aspect consider the following examples:

a) the situation at the ground floor of a large multi—story office
building where the actual story height may be of the order 20 to 30 feet.
In North America there would typically be a single central core region
which would almost certainly be in structural difficulties if a 20 to 30

foot damage volume were to be removed.
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b) Since the minimum dimension is specifically one story height
plus the floor depth, this means that not only the basic element but
also all the related joints could be removed. As illustrated in Figuie
3.1, the removal of a cube of side (h + t) from a multi-story, multi-
bay structure effectively eliminates the continuity of all members
across the joints involved and for all loadbearing purposes a structural
volume much greater than (h + t)3 should be considered to have been
damaged or removed.

These criticisms may not be warranted in a Swedish context in
view of the differences between North American and Swedish building prac-
tice. One intended use of the damage volume concept is to provide gui-
dance in planning the location of laterally stiff cores or sections in a
building. Further reference should be made to [3.4] for guidance as to
the use of this concept. | _

Clause 22:35212 complements 22:35211‘and is primarily concerned
with the interconnection of elements rather than the overall-structure.
Clause 22:35212 accomplishes the following:

i) quantifies minimum tie force values: see Table 3.1 and Figure
3.2. These values reflect the variability of risk with building height
as well as with the relative importance of different elements.

ii) the tie forces to be provided are numerically small and even
for a 16 story building entail only small quantities of reinforcement.
It must, however, be emphasized that these tie forces are to be accommo-
dated across all horizontal joints. For example, a precast concrete
floor slab would have to be effectively tied across all four edges.
There are various ways of accomplishing these connections and one way,
observed on a construction site, is illustrated in Figure 3.3. Figures
3.4 and 3.5 respectively show details of novel lateral and support connec-
tions for precast concrete floor slabs. It is evident that in terms of
labor, supervision, complexity and thus time (but not necessarily mate-
rials),.the provision of ties will involve some additional cost.

ii1) specifies that tie provisions also extend to buildings with

less than four stories. In North America, a comparable regulation would
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Table 3.1 - Minimum Tie Force (SBN 22;35)

Connections to be Tied

All Horizontal Elements**

For all Horizontal Ele-
ments Whereas all Exterior
Vertical Elements must
Resist 1400 Pounds/Foot

For all Horizontal Ele-
ments Whereas All Vertical
Elements must Resist a
Minimum Tie Force of

1400 Pounds/Foot

Minimum Tie
No. of Force in
Stories Pounds/Foot
1 - 4 1400%
5 | 1540
6 1680
7 1820
8 1960
9 2100
10 2240
11 2380
12 2520
13 2660
14 2800
15 2940
16 3080
* 20 kN/m = 1370 Péunds/Foot, and
2 T/m = 2000 kg/m
Therefore,

1344 Pounds/Foot,

use 1400 pounds/foot as minimum force.

** In addition, the tie force must be greater than specified

dead and live load requirements.
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CONTINUOUS CONNECTION
SEE Fig. 3.5

S, WD R ..I._._..._.._L.__
% |1 REPRESENTATIVE FLOOR

—~ LATERAL CONNECTION
_‘L /\ SEE Fig. 3.4a and 35b

7SR

Fig-3.3 PANELIZED FLOOR LAYOUT"
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2 ANCHOR BARS WELDED TO PLATE AND
CAST IN SLAB ELEMENT :

WELDED CONNECTION PLATE
— PLATE

BUILT -UP STRUCTURAL
STEEL MEMBER

{SPECIAL TO MINIMISE
FLOOR DEPTH)

Fig. 3.5 DETAIL OF A FULLY CONTINUOUS FLOOR
PANEL SUPPORT JOINT *
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have serious consequences especially for walk-up buildings with masonry
walls and precast concrete floors.

iv) clearly establishes that alternate path and tie force require-
ments cannot be separated. The provision of tie forces is an essential
element-related criterion whereas alternate path considerations involve
the overall but damaged structure. This combined requirement is essen-
tial as the performance of the damaged structure is very dependent upon
the adequacy of the interconnection of those elements not initially damaged
by the abnormal loading.

v)  introduces the topics of membrane action in floors and canti-
lever action on the part of the walls of the locally damaged structural
system. SBN 22:35 however does not elaborate upon these aspects and apart
from the requirement that the ductility of a floor slab should permit
an in-plane deformation of two per cent of the span, one has to refer to
[3.4] and [3.5] for elaboration. In fact, the minimum tie forces are
deemed to satisfy these requirements and in most instances explicit con-
sideration of the mechanics of membrane or catenary action is presumably
unnecessary.

Clause 22:3522 is an important clause because it provides a
non-specific alternative to the joint application of Clauses :35211 and
:35212. Thus the building designer or relevant authority retains some
freedom to make decisions. Clause 22:3522 both engenders the development

and permits the use of new information and expertise.

3.3.2 Option 2

The intent of Clauses 22:353 and :3531 is unambiguous and
reduces to the following choice:

i) either eliminate or reduce the probability of occurrence of an
abnormal loading to an acceptable (but unspecified and presumably satis-
factory) level, or

ii) design, where necessary, elements and their connections to
withstand the abnormal loading or loadings involved. This requires that

the loadings be quantified and the behavioral response of the structural
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elements be amenable to analysis. In SBN 22:35 neither of these aspects
are dealt with except that

a) overpressures due to explosion equivalent to a static pres-
sure of from 30 to 40 kN/m2 are mentioned, and

b) reference is made to the specifications for impact loads on

highway bridges.

3.4 Summary Comment with Regard to the Existing Regulations

It is evident that the abnormal loading supplement, SBN 22:35,
has had and is still having, a significant impact on the design profes-
sion and the building industry in Sweden. While evidence is necessarily
subjective the following comments are pertinent:

i) a consensus opinion seemed to be that to comply with these
regulations, structural costs would be increased by approximately 7 1/2
per cent but not more than 10 per cent provided the regulations were
imposed at the conceptual design stage.

ii) in Sweden, as in much of Furope, there is a trend to use more
cast-in-place construction. Whether SBN 22:35 is having an adverse influ-
ence on the use of precast concrete is not directly evident, but the '
whole problem of structural ductility and safety of precast, particularly
industrialized, buildings'is obviously controversial.

1ii) the masonry and light weight concrete (e.g., Siporex, Y-Tong)
industries have not yet provided any significant input or response to
the regulations.

iv)  there is a general awareness of the risk associated with abnor-
mal loading and in particular vehicle impact. Columns in at least two
buildings, one of them the new international terminal at Arlanda Airport,
were being designed either to reduce the risk or accommodate the impact

of a vehicular load.



59

3.5 SBN 75

Given the nature of the abnormal loading/progressive collapse

| problem and the inherent conservatism of the building industry it is
likely that any regulatory action, particularly if it is enforced, will
generate controversy. One inevitable charge will be that the regulétibns
go too far (i.e., in behavior and generality), too fast (i.e., relative
to available information and existing design practice). On the other
hand advantage can be taken of the inevitable controversy especially if
the regulations attempt to be general in scope and reasonably ambitious
in intent. For instance:

i) the next or second set of related regulations are likely to be
more representative of the industfy as a whole and therefore more accep-
table and probably more enforceable.

1i) the more "advanced" (i.e., in behavioral and design terms)
the next set of related regulations are likely to be, and

iii) the educational aspect of the problem is largely taken care of.

This would appear to be the case with the forthcoming revised

Swedish regulations. A draft of the relevant sections of SBN 75 [3.6]
has been made available by Dr. Johansson of Statens Planverk but it
would be premature to comment on these in any detail. However, the fol-
lowing general aspects of these revised regulations are significant.

i) With the issue of a new code the need for a special supplement
to deal with progressive collapse disappears. It becomes easier to
define terms, to provide the appropriate context and maintain a consistent
perspective.

ii) In SBN 75 the question and definition of abnormal loads* is dealt
with in Chapter 7 'Design Loads'. Two important features are
é) the explicit and fairly comprehensive treatment of vehicu-
lar loading both within the building and at its exterior
perimeter. In the event that a precise dynamic analysis
is not performed it is required that, where necessary, a
specific horizontal force be accommodated. The forces

involved vary with the distance between vehicle carriageway

* In the translation prepared by Statens Planverk the phrase Abnormal
Loading is specifically and consistently used. '
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and the element concerned. The forces involved are:

P = 1500 v¥1-S/25 kN - for buildings adjacent to a
traffic route

P = 400 v1-S/5 kN but > 150 kN - for cases other than the
above but where vehicular
traffic can occur

P = 150 ¥1-S/2 kN - for vehicular traffic within

the building

where S is the distance in metres between the limit of
the roadway and the building component under consideration.

b) the following equivalent static gas loadings are specified:

- 50 kN/m2 (7.5 psi) in rooms without windows,
- 25 kN/m2 (3;75 psi) in rooms where the window area is
20% of the area of the smallest wall.
Linear interpolation between these values is suggested.
The relative magnitude of the load coupled with the recog-
nition of venting is particularly significant.
iii) The regulatory requirements regarding progressive collapse
are contained in Chapter 22, Section 33. The intent and approach of this
section is essentially the same as that in the supplement SBN 22:35.
The main differences between the earlier and revised regulations relate
to detail and completeness. For example in the revision
a) the damage volume concept is to some extent de-emphasized
and made less explicit and less severe.
b) Instead of the requirements illustrated in Figure 3.1, the
simpler criterion of a minimum tie force of 20 kN/m (1400
pounds per foot) in both the horizontal and vertical direc-
tions is specified.
To summarize these brief comments concerning SBN 75, it could

be said that in comparison with the previousregulations any loss in
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generality is compensated for by some simplification and additional detail.

The intent and even the procedures to be followed are essentially unchanged.



62

CHAPTER 3: REFERENCES

[3.

[3.

[3.

[3.

[3.

[3.

[3.

[3.

[3.

1]

2]

3]

3A]

3B]

4]

5]

6]

7]

STATENS PLANVERK, Svensk Byggnorm 67; SBN67, Publication No. 1,
Stockholm, Sweden, Statens Planverk, 1968, 523 p.

"The Swedish Building Control System in View of the Technical
Development and International Efforts to Harmonize Building
Regulations', National Response Paper, Fourth Seminar on
the Building Industry, Economic Commission for Europe,
London, October, 1973, 6 p.

STATENS PLANVERK, Fortskridanda Ras: Svensk Byggnorm, SBN67:
22: 35, Publication No. 63, Stockholm, Sweden, Statens Plan-
verk, 1973, 22 p.

"Design to Avoid Progressive Collapse', Translation into English
of the Draft Supplement and Commentary to Chapter 21 and 22
of Svensk Byggnorm 67, Stockholm, Statens Planverk, August,
1971. (This is not a complete translation of SBN22: 35 as
issued).

"Progressive Collapse', A Translation into English by Paul Regan
of SBN22: 35 [3.3]. Private Communication from Dr. Regan,
Department of Civil Engineering, Polytechnic of Central London,
England.

STATENS PLANVERK, 'Utformning for Undvikande av fortskridanda
Ras vid Overpauerkninger’, (Design for the Prevention of Pro-
gressive Collapse in the Case of Accidents), Remissutgava,
Stockholm, Statens Planverk, Juni, 1974, (Draft Form Only).

GRANSTRaM, S. and CARLSSON, M., Byggnaders beteende Vid Over-
paverkninger, Byggforskingen T3: 1974, Stockholm, Svensk
Byggtjanst, 1974, 279 p.

STATENS PLANVERK, An English Translation of extracts from Chapters
21 and 22 of the Draft (1974 - 11 - 20) of the new Swedish '
Building Regulations, SBN75. (This document was kindly supplied
by Dr. Bernt Johansson of the Building Division of the National
Board of Urban Planning). :

Private Correspondence with Sune Granstrom, (November 20, 1974).



63

. _
APPENDIX S: ENGLISH TRANSLATION OF THE COMMENTARY ON THE SUPPLEMENT
CHAPTERS 21 AND 22 IN SBN 67. (SWEDISH BUILDING CODE)

21:93K Exceptional Effects

The requirements of 21:93 with regard to abnormal loadings
means that provision must be made for events with very low
probabilities of occurrence, namely accidents. In the

event of such an incident, a building is not required to
withstand intact as for normal loadings and a certain level
of damage is acceptable. '

The concept of 'progressive collapse'" (see also 22:3502) is
such that the requirements do not apply if a building is so
small that the region of primary damage would include the
major part of the structure. Single family houses lie within
the category of building thus excluded.

"Regard for the risk' implies not only a judgement of the
possibility of a progressive collapse occurring but also an
assessment of its consequences. The primary intention of
the regulations is the protection of human life. Buildings
which are entered or approached only occasionally and then
only by small numbers of people are thus exempted from the
regulations. '

An example would be a transformer station closed to the
public and visited only for inspection and maintenance.

" Buildings regularly occupied, even by small numbers of
people, should be designed with regard for the risk of
progressive collapse, as should buildings which are occu-
pied only occasionally but by large numbers. Examples of
the former type are cement factories and boiler houses and
examples of the latter are sports stadia.

The requirements of 21:93 are not new in intention but
follow from paragraph 42 of the building regulation which
states ""The building's foundations and structure, and also
‘other components which may be subjected to loading, shall
have satisfactory strength, stability and durability'.

The formulation of requirements concerning the behavior

of damaged structures does however deviate from thé general
approach of SBN, where the load conditions considered are
those that a building should withstand without failure.

The basis for measures to satisfy 21:93 should be of a
statistical nature and involve assessments of the behaviour

*
Except for minor altcrations, this text is essentially Paul Regan's
translation [S3B].
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of damaged structures. The present regulations arc based
on currently available data, and further research is
necessary to provide date for a better understanding and
revision of the present provisions.

Examples of abnormal loadings are given. They include
phenomena with differing probabilities of occurrence. Fur-
thermore, the risk associated with any one phenomenon varies
greatly from building to building and with time.

Other types of incident can also produce local damage and
with it the risk of progressive collapse. Examples are
undetected faults in materials, errors in design and con-
struction and unexpected deterioration of materials due
to, for example, corrosion or weathering. Such eventuali-
ties are however not included in the term abnormal loading
in the sense given in 21:93, and damage due to them should
be prevented by care in design and construction, by the
necessary control at all stages, and by continuing inspec-
tion and maintenance. Thus even if the building has been
designed with due regard for abnormal loading there is
neither reason nor excuse for reduced caution. )

a) Explosions can occur in connection with fire, but can also
be initiated in other ways. A spark in a switch can be
sufficient to ignite an explosive mixture. Explosive
mixtures can be formed in various ways. Leakages can
occur in gas installations. Liquid gas and volatile
liquids such as gasoline arec often stored even in ordin-
ary dwellings in quantities sufficient to cause powerful
explosions in untoward circumstances.

Solvents and hardeners for certain types of lacquers and
adhesives and mixtures of dust and air have caused severe
explosions on a number of occasions.

The strength of an explosion can vary depending, amongst
other things, on the ratios of the components of the explo-
sive mixture, and on its temperature, as well as on the
shape and airtightness of the room. It is worth mentioning
that the pressure in the well known explosion at Ronan Point,
London, has been estimated at between 30 to 40 kN/mz. In
certain circumstances the pressure in a gas explosion can

be about ten times this value. See also the report from

the Nordic Concrete Society Congress of May, 1970, pp.
159-169.

Section (a) above does not restrict the application of those
sections in SBN Chapters 65 and 77 concerned with compartments
where the risk of explosion is high and with the handling of
explosives.
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b) The risk of accidental impact by vehicles exists for many

d)

e)

structures. Sections 21:341 and 21:342 take account of
those everyday incidents involving a vehicle moving at
low speed - e.g., careless reversing, parking maneuvres,
snow clearing, €tc.

The force produced by vehicle impact can be difficult to
determine. It is however evident, with current vehicle
weights and speeds, that when the impact is caused by
accident, such as one due to the driver's losing control
over the vehicle, the force can be greater than those
envisaged in Sections 21:341 and 21:342. (See also Section
13.26 of the Specifications for Highways Bridges of the
Swedish National Road Administration, which is concerned
with damage to intermediate columns in bridges.)

The risk of impact from aircraft is generally very small,
but does exist, particularly near air fields. It should
be noted that for smaller buildings, the zone of primary
damage in the event of such an accident would encompass
the whole structure, and consideration of progressive
collapse would be meaningless.

The risk of impacts from working machines or from swinging
or falling loads is common during construction operations.
Especially at civil engineering sites involving heavy trans-
port and large machines, the risk of impact extends to
buildings adjacent to the actual sites.

Unforeseen settlements are those which in spite of careful
soil investigation are larger than or different from those
calculated. The term refers primarily to sudden changes

in ground conditions, but with some structures slower changes
involving differential settlement can significantly affect
the load distribution. Plastic deformations and cracking
often allow load effects to redistribute over a period of
time, but if buildings are inadequately constructed (brittle)
sudden failures can occur. When the foundations are on
anything other than solid rock, the structure must hav suffi-
cient toughness to eliminate the risk of a progressive col-
lapse due to settlements of unexpected magnitude under parts
of the building.

Overloading that occurs as a result of carelessness involves

a variety of different phenomena, e.g., the application of a
live load much greater than that foreseen in design, consider-
able excesses of maximum loads on lifting gear, and serious
damage to the structure caused during alterations.

Unforeseen losses of strength in connection with fire can
arise for example with the introduction of unexpected flam-
mable materials or unexpected unevenness of fire loading.
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Design for the Prevention of Progressive Collapse

Introduction

The regulations of 22:3502 mean that progressive collapse
need be considered only when: (1) the structure has an
extent greater than that of the region of primary damage,
and (2) there are risks of injury to human beings. The
commentary on 21:93 gives guidance on the types of bulldlngs
affected by the regulations of 22:35.

The direction of primary bearing for a structural element
is defined with regard to behavior of a damaged building:
Thus a wall may be thought of as acting in a horizontal
direction to bridge over a damaged area by cantilever,
beam or arch action. Beams and slabs may be assumed to

* function as membranes spanning primarily in respectively

the directions of their spans and shortest spans. The
direction of bearing of a column is taken as its length.

General

It should be noted that the regulations of 22:35 are not
intended to give complete safety in regard to progressive

.collapse following any possible exceptional effect in any

part of every building. Their intention is limited to a
reduction of the general risk of such collapses, as com-
pared to that existing if no such measures were taken.

Alternatively 22:352 can be fulfilled by designing the
building in such a way that localized primary damage does
not result in progressive collapse. Large deformations
can be accepted, and membrane actions in slabs and beams
and cantilever actions in walls can be taken into account.
Indispensable elements, e.g., some columns, may need to be
designed to withstand the abnormal loading in accordance
with 22:353.

Measures for Limiting Collapses

The intention of this regulation is that if local damage
is produced by an abnormal loading, subsequent failure
shall be limited to those parts of the building within
and adjacent to the region of primary damage. Other parts
of the building are allowed to be severely deformed, but
shall hold together so that human life can be saved.

The extent of the primary damage depends on the type and
magnitude of the exceptional effect. It is also influenced
by the type of structure and the location of the effect
within it. In principle, a statistical approach should be
employed to judge the reliability of a structure under
several different exceptional circumstances. In order to
facilitate design the demands of 22:352 can be considered
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to be fulfilled by compliance with the adhoc requirements
of 22:35211 and 22:35212. Such solutions can also serve
as guidance as to the performance criteria of 22:3522.

The recommendations of Section 22:3521 are primarily
concerned with current types of multi-story buildings,
irrespective of whether or not they are prefabricated. It
is intended that as soon as research and development makes
it possible, the regulations will be complemented by fur-
ther practical recommendations. These will deal in a more
detailed way with special types of structures, e.g., wall-

'slab frames, column-beam frames, halls, etc. 1In this way

designers will be given more detailed advice on various
building materials and structural systems.

The measures of 22:3521 are intended for use principally
in buildings with normal story heights (up to 4 m) such as
dwellings, offices, schools, hospitals, etc., and princi-
pally in structures with load bearing walls so arranged
that local damage can be bridged over by membrane action
in the floors and beam or cantilever actions in the walls.

22:3251 is applicable even for other structural systems with
well distributed vertical supports and the ability to with-
stand the horizontal forces arising in membrane actions,
although in many cases further consideration of probable
behavior will be necessary. For example, the effects of

the loss of a corner column cannot normally be controlled

by membrane action. The general conditions required for
membrane action may be absent in some buildings.” The problem
can arise particularly in column-beam frames with only two
rows of columns in one direction and floors supported on
beams in the facades. Such structures and other similar
types must therefore be subjected to the special considera-
tions of 22:3522 or 22:353.

Single story buildings with column frames (e.g., halls) can
normally be assumed to fulfill the requirements of 22:352
if the columns are encastre at their bases.

The recommendations of 22:35211 require that the overall
stabilizing function should be shared between two or more
systems, so that if either of them is damaged, the other can
ensure overall stability. If the building already has dis-
tributed wind stiffening, for example with several separate
stairwells, 22:35211 generally imposes no extra requirements.

If separate overall stability systems cannot be distinguished,
the overall stabilizing function must be ensured in some
other way, so that local damage to the defined volume/area
will not jeopardize overall stability.
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For overall stability systems or components with stabilizing
functions to be considered separate they must be clearly
separated in such a way that they could not reasonably be:
expected to be damaged simultaneously by the same exceptional
effect. As a criterion of clear separation a volume of damage
is defined with a cubic shape and a side length equal to the
greatest of certain specified dimensions.

In checking total stability after local damage, it is permissi-
ble to exploit available safety margins. The allowance of the
use of yield stresses or their equivalents indicates the possi-
ble extent of such exploitation. For some structures, this
indication is clearly not comprehensive and a more detailed
analysis of ultimate behavior may be necessary.

In the control of total stability, the wind loading is taken

as half the normal design value, and acts simultaneously with
other effects including those due to inclinations of "vertical"
components as described in 21:91.

The object of 22:35212 is to stipulate certain minimum require-
ments regarding the connections (ties) in loadbearing components
and in the joints between them, irrespective of the building
material and structural system. This creates possibilities of
alternative loadbearing actions if parts of a building collapse
due to exceptional effects.

These instructions correspond to the general CEB recommendations
for "preventing buildings behaving like card houses', which have
been adopted by a number of foreign standards with various values
or tie forces, and by the Nordic Element Committee. (See the
article in "Statens planverk aktuellt Nr. 2/1970".) Relatively
small tie forces, of the order of magnitude in question, have
been found to give an ability to resist collapse by the develop-
ment of alternative loadbearing systems - see '"Byggnaders
stabilitet efter katastrof skador, Modellforsok betraffande
krafter i elementfogra'. (The stability of buildings after
catastrophic damage, Model tests on forces in element joints.)
Report No. R20:1971 from Byggforsknings Radat (BFR).

The concurrent requirement of strength in the main loadbearing
direction is additionally intended to lessen the risk of damaged
parts falling. The loading conditions assumed mean in principle
that a structural element loaded with its whole self weight (and
for floor slabs with a specified part of the live load) should
be able to hang from the reinforcement (or equivalent) providing
the joint strength in the main loadbearing direction. This
creates the basic requisites for membrane actions, which become
effective even at support rotations of 1:5 in slabs with rein-
forcement in two directions.



69

For walls the choice of a loaded length equal to twice the
story height is an adhoc assumption to allow a reasonable

cantilever action in wall panels proportional to the distance
between bearing floors.

The requirement of strength in the main loadbearing direction.
is related to the height of the building, since greater safety
vis-a-vis progressive collapse is warranted in high buildings.
Even when the minimum requirement (20 kN/m) is decisive for
the ties in the main loadbearing direction, the required tie
force increases with increasing number of stories.

The reasoning behind the increased tie requirements for higher
buildings is as follows:

It is desirable that it should be no more dangerous to live in
a high building than in a lower one. If the threshold of
damage at which a progressive collapse would commence were as
low for a high building as for a lower one, the risks in the
former would be greater because the probability of initial
damage is greater. Furthermore, the magnitude of possible
forces in an exceptional effect generally increases with
increased building height. The demand for stronger ties in
high buildings is aimed at increasing the load level necessary
to produce the primary damage at which a progressive collapse
can develop. Thus as far as possible risk should be equalized.

The same intention lies behind the rules given in 22:35211 for
distances between local stabilizing systems related to building
heights and lengths. By dividing the total stabilizing func-
tion between several sub-systems and increasing the level of
damage at which overall stability should be maintained as a
function of building length, the intention is to ensure that
the risk of progressive collapse should not be increased for
lengthy buildings.

These rules are now based on certain general judgements and
rcasoned assumptions. The requirements should be adjusted in
the light of statistical data, as and when these become avail-
able.

"Parts of the building frame, whose failure, separation or
removal could cause progressive collapse' include balconies,
stairflights, etc. In such cases care should be taken to
ensure that the collapse of such a component cannot start

a continuous collapse of similar elements below it (balconies
below one another, etc.)

Ductility of connections at joints is necessary for the ties
to function as intended. This point is commented on in the
NEU statement, which includes a note that '"the following
example can give some indication of the possibility of mem-
brane action and the requirements of deformations at joints".
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A slab, which has its flexural stiffness greatly reduced

by damage, can still carry its load by membrane action if
certain conditions are fulfilled. The average deformation

in the plane of the slab at the level of the reinforcement

is required to be of the order of two per cent. A considera-
ble part of this deformation must occur relatively locally at
the supports, unless the slab has specially favorable material
characteristics.

This places considerable demands on the ductility of ties at
joints, in cases where deformations must be accommodated in

short lengths, so that only materials with high ultimate strains
can be used. The good bond of deformed bars can be a disadvan-
tage so far as strain distribution is concerned, especially in
dynamic loading conditions which can arise in the present context.
Unless special measures are taken to destroy bond or supporting
test data can be cited, it is suitable to use plain bars (or
their equivalents) as ties at joints.

The requirement for ties in the vertical direction applies only
to buildings with more than four stories (basements largely
above ground included in accordance with the definition of a
story in paragraph 37 of the building law), and the requirement
of strength (corresponding to a minimum) is dependent on the
number of stories above four. Up to and including eight stories
the requirements apply only to components in the facade, external
loadbearing walls, external columns, edge beams, etc. The
reason for these limited demands applying only to the exterior
walls is partly that these are generally the most significant

in regard to stability after damage, and partly that they are
commonly the most liable to suffer a number of types of ex-
ceptional effects.

This section concerns cases where 22:352 is applicable, but a
strict application of 22:35211 or 22:35212 is not possible.
In such cases it must be shown that for the chosen type of
building the stability after damage is satisfactory in regard
to the general requirements of 22:352. 1In determining this,
the cubic volume of damage defined in 22:3521 can be used as
a guide to the connections (ties) needed between "components
of the building frame'.

In principle it is to be assumed that all building components
within the volume of damage lose their loadbearing capacities.
Under certain circumstances however, indispensable components
can be designed to resist exceptional effects (see 22:353).
Also, to some extent, measures reducing the probability of
exceptional effects can be accepted. It is however not in-
tended that the use of this section should involve an analysis
of the total situation with regard to risks and preventive
measures. The "approval of the relevant authorities' can, in
some cases, be replaced by a general approval of a type of
construction shown to be reliable.
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Measures for Reducing the Risk of Damage Due to Exceptional
Effects

The measures of 22:353 are intended, for example, for buildings
or parts thereof with exceptionally strong frames or for special
purpose buildings or such a configuration that collapse subse-
quent to local damage cannot be limited by the measures of 22:352.
Examples are towers, buildings without conventional loadbearing
systems such as cantilever and suspended structures, some column
frames and industrial bu11d1nos used for the handling of explo-
sive substances.

The rules of Chapters 65 and 77 SBN are to be applied to the
design of areas where there are special risks of explosions.
That a building is designed with regard to the risk of pro-

gressive collapse does not affect their applicability.

The vulnerability of a building is to be judged with regard to
the actual risk of exceptional effects in accordance with 21:93
and when possible in the light of information which future
research work may give on the order of magnitude of conceivable
consequences. As a general principle, all the components that
are required to remain intact, if a serious collapse is to be
avoided, are to be made of sufficient strength to render negli-
gible the risk of failure due to exceptional effects. It should
be noted that columns are relatively insensitive to explosions
but need considerable stiffness, strength and mass to resist
impact. In structures where loads are supported by tension’
special consideration should be given to the possibility of
reducing the risk of collapse due to local damage by distributing
loading between several tension members.

It is intended that 22:3531 should be applied only after consulta-
tion with the relevant authorities during which the assessment

of vulnerability and/or risks of exceptlonal effects should be
investigated.
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DENMARK

4.1 Background and Pertinent Regulations

In September, 1968*, a committee was set up by the Danish Asso-

ciation of Engineers to investigate the safety of buildings against

local overloading. At the request of the Ministry of Housing this

Committee developed a number of design requirements and these were pub-

lished as

Supplement No. 3 (dated February, 1969) to the then

existing Building Regulations [4.1]. The Building Regulatiomns have since

been revised but in the most recent version, dated June, 1972, the clauses

pertaining to abnormal loading remain essentially unchanged. A transla-

tion of these clauses follows:

BYGNINGSREGLEMENT (Building Regulations)
BOLIGMINISTEREIT .(Ministry of Housing)

5.2 Design (Dimensioning) of Building Structures

Clause 1. Building Structures shall be designed on the basis
of the Codes for Building Structures of the Danish Association
of Engineers.

a) Load Specification, DS140

b) Conerete and Reinforced Concrete Construction, DS411

e) Steel Construction (DIF Code No. 15)

d) Timber Construction, DS413

e) Masonry, DS414

f) Foundations, DS415

g) Hollow Core Floor, DS416

h) Horizontal bearing elements of reinforced Zzghtwezght
autoclaved foam conerete, DS420, 1

1) Load Bearing Panels of "Wood-Concrete" Comstruction, DS422

J) Conerete Hollow Block (DIF Code No. 67)

Clause 2. Buildings of more than six stories shall be designed
and executed in such a manner that either requirement (a) or
requirement (b) below is satisfied. Usable roof areas and cel-
lars, whose ceilings lie more than 1.25 metres above ground
level, are to be counted as stories:

a) in any room bounded by an exterior wall, the floor or the
roof and/or the exterior wall shall be able to fail com-
pletely without leading to the failure/collapse of any

* The building system used at Ronan Point was essentially of Danlsh

orlgln,

1 e., Larsen and Nielsen.
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:  other story divider (floor or roof) other than those
- bounding the room in question. = Where the floor area ts
divided by non-load bearing znterzor walls perpendicular to
the span of the floor, the area between onor supports
shall be considered as a single room.

b) every normal eross-section in-the load bearing exterior
wall or in the story divider (floor or roof) shall be
designed to resist a tensile force of 20 kN/m (2Mp/m)
without exceeding ordinarily permissible stresses. The
mitigating or beneficial effects of compressive loads
normal to the section shall be disregarded but, in sections
subject to tension, the combined tensile effects must not
exceed the ordinarily permissible level of stress. The
necessary reinforcement may be’partially COmprised of the
reinforcement within the element or in the joint but the
reinforcement in the joint must be deformed bars in accor-
dance with DS411.

Splices and anchorage lengths shall be in accordance with
DS411. In the event that at any. cross-section more than
50 per cent of the reznfbrcement is lapped, the lap or
-anchorage lengths requtred by DS411 shaZZ be increased by
50 per cent o , Lo

4.2 Design Procedures

Without specifying cause these regulations, in order to avoid
overall structural: failure due to a localized loading, prescribe either
the use of the alternative path approach or the provision of tie rein-
forcement to resist a tensile force of approXimately'14OO pounds per foot
width. Because of the lack of design guidelines, the novelty of the alter-
nativg_pa;h,approach,‘the,relatively low value of the tie force and the
self evident desirability_gfnstructural continuity,«the;first‘option is
rarely chosen ' T

In phy51ca1 terms the 1400 pounds.per foot tie force is approxi-
mately equlvalent to one #2 reinforcing bar at 2'0" intervals or a #6 bar
every 10 feet of,101nt or wall or floor slab. .. It is estimated that the
economic impaét of these regulations has been slight - of the order of
less than one per cent and certainly:less than two .per cent: of structural
cdsts; While the quantitative requirements: of -these ‘regulations are by

no means onerous the specification of :minimum. tie forces -and thus, a datum
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for structural continuity, has had the effect of compelling the designer
to consider in some detail the structural performance of exterior walls
and all floor joints. The joint illustrated in Figure 4.1 is one example
of a joint providing vertical and horizontal continuity. Two related
and beneficial developments are:
i)  the apparent tendency for buildings with less than six stories

also to be designed for minimum tie forces, and

ii)  the probability that when Danish building systems are exported
particularly to those countries without safety requirements specifically
for abnormal loading, Danish practice will prevail.

While the alternative path option may be chosen only rarely to
design a building, the very fact that this approach is mentioned and per-
mitted is of considerable consequence. For example, the effects of loca-
lized loading are enunciated, the vulnerability of exterior walls is
emphasized, the concept of avoiding progressive collapse is stated and
the limits of acceptable damage are to some extent quantified. Clause 2a
provides an incentive to investigate failure theories and undertake
research. Probably the most important influence is on the layout of the
load bearing structural system. In Figure 4.2 is shown the layout of a
representative apartment building while in Figure 4.3 are shown some of
alterations that may occur as a consequence of considering the alterna-

tive path approach. For example:

- to reduce the vulnerability of the flank wall and limit the
extent of actual or stipulated damage some form of cross-wall perpendicu-
lar to and integral with the flank wall may be provided;

- returns on load bearing walls are advantageous when considering
the behavior of the system minus either a wall or a floor element;

- the use of transverse walls or strategically placed beams is
also advantageous in avoiding progressive failure as a consequence of a
localized incident.

One possible criticism of Clause 2a is that the extent of damage
i.e., the portion to be considered removed, is imprecisely defined. For
example, in Figure 4;2, the damaged floor area of the "room" could be the

whole floor area between the flank and the first interior row of transverse
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Fig. 4.1 - REPRESENTATIVE JOINT DETAIL [D3]
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walls. While only those 'rooms'" bounded by an exterior wall need to be
considered it is possible for the local failure of an interior load bearing
member to have serious consequences and in a Committee Report dated May 1,
1969 [4.2] it was suggested that the load bearing walls adjacent to stair-
wells also be treated as exterior walls.

Neither stress nor load levels are specified when considering
the alternate path approach but in the Committee Report [4.2] it was
stated that after local overloading the building must avoid overall
failure long enough to evacuate the inhabitants. Evidently, life
safety is the principal requirement and by implication somewhere between
two hours (or the fire rating) and 48 hours (to permit inspection and
propping) is the length of time the building should remain intact.
Accordingly, the Committee suggested that an 80 per cent increase in
permissible (i.e., normal service load) stresses be permitted and only
one third of the gravity live load and one quarter of the service wind
load be used for post-local failure considerations.

These regulations apply essentially to bearing wall systems
over six stories in height. Because very few masonry buildings of this
height are built and because cast-in-place concrete will, in most instances,
automatically comply with Clause 2b of these regulations, in practice only

precast systems will be significantly affected by these clauses.

4.3 Summary

The Danish regulations are of particular interest in that, with
a modicum of words,

i) the consequences and, thus, the existence of abnormal loadings,
(presumably explosion and impact) are acknowledged but issues such as
their magnitude, nature, incidence and associated risk are completely
avoided.

ii) the desirability of effective continuity and the tying
together of structural elements is emphasized and pragmatically assured
by the specification of a nominal tie force criterion.

1ii) the larger and much more complex issue of the performance of
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the damaged structure is brought to the attention of the designer.
Having permitted the alternative path approach the impetus to consider the
overall stability problem, to undertake more detailed design and to do
additional research and development is maintained.

These regulations could be criticized on a number of grounds.
However, they do constitute a viable interim specification. They are
neither an overly complex nor an unduly simplistic attempt to cope with
the structural implications of abnormal loadings, progressive collapse

and building safety.
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CHAPTER 5: WEST GERMANY

5.1 Introduction

The principal code of practice for the design and construc-
tion of reinforced concrete buildings is DIN 1045, '"Beton und Stahl-
betonbau; Bemessung und Ausfuhrung' [5.1]. A revised version of this
"Deutsche Normen" was issued in January, 1972.

In Section 15.8.1 which is concerned with the general require-
ments for spatial stiffness and stability, it is stated that:

"Special comstideration must be given to the spatial stiff-
ness and stability of buildings. Structures in which the
fatlure of one element can lead to the progressive collapse
of other elements, are to be avoided 1f possible. If the
stiffness and stability of a structure is not immediately
obvious, calculations must be made to ensure the ability
of the horizontal and vertical stiffening elements to
'stand up'; with due regard for tolerances and vertical
load eccentricities in accordance with clause 15.8.2."

The remainder of Section 15.8 is concerned with more familiar
aspects of stability but it is significant that, without specifying
cause, the structural phenomenon of progressive collapse is recognized
and its avoidance recommended. This statement appears to be the only
explicit reference to progressive collapse in any of the pertinent regu-
lations. On the other hand there are numerous statements and require-
ments that implicitly have a direct bearing on the ability of buildings
to accommodate abnormal loadings and avoid progressive collapse. As a
number of codes or norms are involved it is advantageous to consider
loadings first, i.e., cause, and then to consider the structural require-

ments to accommodate their effect.

5.2 Loading

Section 19 of DIN 1045 applies specifically to buildings uti-

lizing precast elements and in Section 19.1 the following 1is stated:
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"Design in accordance with clause 15.8.1 is espectally impor-
tant in buildings composed of precast elements. Load carrying
and stiffening precast elements are to be connected to each
other and to cast-in-place elements by reinforcement or other
equivalent means such that extreme loading (settlement, severe
vibration, fire loading, ete.) does not cause instability.”
Thus the progressive collapse aspect of stability is empha-
sized. While the existence of an extreme loading is recognized the
example loadings listed are, in terms of the loading classification sys-
tem of references [1.1], [1.4], extreme values of normal forms of loading.
Neither explosion nor vehicular impact are mentioned although, of course,
it could be presumed that the '"etc." also incorporates all abnormal
forms of loading.
As far as buildings or building loads are concerned there is
apparently no explicit mention of service system-or bomb explosion
loading in any of the relevant codes. However, vehicular impact is dealt

with in considerable detail. For this reason, the regulatory treatment

of vehicle collision will be considered separately.

5.3 Vehicular Impact

DIN 1055 '"Lastannahmen, Blatt 3 - Verkehrslasten'" (Load speci-
fication, Section 3 - Live Loads) [5.2] issued in June, 1971, is particu-
larly relevant. Usually the design load is specified as an equivalent
static force acting horizontally. A variety of situations are covered
in Section 7 and the following, freely translated, clauses are illustra-

tive of the scope and nature of this Section of DIN 1055.

7.4.1 Horizontal Impact on Load Carrying Columns and Walls
7.4.1.1 Near Streets and Roads

In built up areas those buildings within Im (3'-3") of the curb
are to be designed to accommodate horizontal impact at a height
of 1.2m (4'-0") above ground level acting once in the direction
of travel and, separately, once perpendicular to the direction

of travel. The equivalent static force involved is 500 kN (112 X)
at all projecting cormers and 250 kN (56K) on all other vulnerable
load bearing elements. If it can be shown that the failure of
the load bearing element under consideration does not impair the
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stability of the overall structure then it is not necessary for

the element to be designed to take the above impact loads.

Similar requirements are specified for service stations,
parking garages, warehouses, churches, stadiums, etc. Even scaffolding,
non-loadbearing elements and parapets are covered. In addition, sub-
section 7.4.3 specifies permissible stress levels for reinforced concrete,
structural steel and masonry buildings.

Of comparable interest is the addendum dated January, 1972, to
DIN 1072 - "Strassen - und Wegbriicken'" (Road and Highway Bridges) [5.3]
where Section 7.2 requires that:

Loadbearing columns, framing members, end members of trusses,
etc., are in general to be designed for vehicular impact or
provision must be made to avoid impact. For roads in built-up
areas (maximum speed 80 km/hour) the impact loading, acting

in concert with the most unfavorable combination of the other
loads, occurs at a level 1.2m (4'.0") above the pavement and
should be taken as:

*+ 1000 kN (225 K) in the direction of travel, and/or

500 kN (112 X) perpendicular to the direction of travel.

As in Section 7.4.1.1 of DIN 1055 an exception is made if the
reinforced columns or walls are sufficiently massive to accommodate some
impact damage without impairing the overall stability of the bridge.

Between the various West German codes of practice the design
problems associated with vehicle collision are treated in considerable
detail. The prevalence of this particular abnormal loading is recognized,
equivalent loadings and performance requirements are specified and by
providing upper bound stress levels the nature of behavioral response is
tied in with normal design procedures. Moreover, by implication, for
vulnerable columns in both buildings and bridges the alternative path
approach is effectively specified as an alternative to designing for a
specified impact load.

Two points worth emphasizing are:

i) the magnitude of the collision loads to-be resisted (between
225 and 56 K) 1is large;
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ii) whether buildings or bridges are involved the West German speci-
fications are much more specific, detailed and onerous than existing U.S.

regulations for vehicular collision.

5.4 Tie Requirements (DIN 1045)

The collision of vehicles with buildings is dealt with in DIN
1055. DIN 1045 does not differentiate between the various forms of
abnormal or the extreme forms of normal loading. Because specific loadings
are not identified, these loads must be accommodated indirectly and in a
general and collective manner. DIN 1045 attempts to Satisfy clause 19.1
by prescribing minimum tie forces and limiting the use of precast ele-
ments. The intent of the reélevant clauses will be discussed with refe-
Tence to wall and then floor elements. For a more detailed discussion
of the relevant sections of DIN 1045 reference should be made to a paper
by Manleitner [5.4].

5.4.1 Precast Walls

Section 19.8.1 makes the following general provisions:

- the regulations pertaining to cast-in-place construction also
apply to precast construction unless otherwise stated.

- structural elements must be made up of story height elements
only, except in the neighborhood of stairways.

- if the precast elements are required to withstand vertical
loading, horizontal loading or both, then the ability of the joints to
resist and transfer the forces involved must be demonstrated by calcula-
tion. _

- precast wall elements of width less than the story height and
narrower than the spacing of stiffening walls, may be used to comprise
shear walls in buildings of more than three stories only if adequate
proof is provided.

A high-rise building is defined as one in which the floor of at
least one room is more than 22m (72 feet) above ground level. Section

19.8.6 then specifies that in high-rise buildings all exterior structural
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wall elements must be connected at both their upper and lower edges to
the adjoining floor slab via reinforcement or other steel means. These
connections are to be designed for a tensile force of at least 700 kp/m
(470 pounds/foot) of wall acting perpendicular to the plane of the wall.
Interior structural wall elements need only be connected at their upper
edge by means of reinforcement with a cross-sectional area of at least
0.7 cmz/m (0.033 insz/foot). In non-high rise building only the exterior
structural wall elements need be connected at their upper edges to
adjoining floor slabs. Tie reinforcement is to be fully anchored and the
allowable stresses are not to be exceeded. The horizontal distance
between‘connegtions must not exceed 2m (6'-7'") and any connection should
not be more than 1lm (3'-3") from a vertical edge.

The prescribed force of less than 500 pounds per linear foot
is not quantitatively onerous and leads to much less reinforcement than
the British CP 110 for example. Although it is not stated, the tie force
requirement is presumably additional to any other function that the joint
reinforcement may be required to provide. Perhaps more emphasis could
be placed on the need for continuity of .the tie within the elements as
opposed to that between elements.

DIN 1045 requires that wall elements be connected to floor
elements but there is no explicit provision for tie reinforcement in
the vertical plane between vertical elements. This could be a serious
deficiency. For instance, Section 19.8.6 calls for wall to floor con-
tinuity only and it would be possible merely to provide the tie reinforce-
ment illustrated in Figure 5.1. Apart from the inadequacies of joiﬁts
of this type in accommodating explosive loading (see Rhodes [2.23], the
possibility of obtaining joint details such as Figure 5.1.B is potentially
dangerous. Particularly so for uplift due to an explosion, or for that
matter, seismic action. Even more serious is the fact that if the lower
~wall element were somehow to be removed or damaged, the floor elements
above would collapse since they are not tied to the upper wall element
and extensive damage could result. In order for bridging or catenary

action to develop in the damaged structure (alternative path approach)
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it is essential that vertical continuity be ensured. Although this is
not explicitly required in DIN 1045 at least two major panelized building
systems in West Germany, Compta and Dressler Spannbeton BmbH, provide wall
to wall as well as the required wall to floor continuity.

Section 19.8.3 deals with the possible interconnection of wall
elements that are perpendiculér to each other. If for reasons of sta-
bility the continuity provided along the upper and lower edge of the wall
element is inadequaté and it is necessary to tie this element to a trans-
verse wall element, then it is recommended that:

i)  the tie reinforcement be provided at third points within the
vertical joint,

ii) each of these ties should be capable of resisting a tension
force of one per cent (1%) of the vertical loading taken by the wall
element involved.

It is obviously good practice to tie all vertical structural
precast elements together. However as no specific extreme normal
loading or abnormal loading is mentioned or quantified it is difficult
to evaluate stability precisely. Thus it is probable that designers
comply merely with specified tie reinforcement requirements. Explosive
loading could not have been uppermost in the minds of the code writing
body when compiling Section 19 of DIN 1045. In this qualitative sense

these regulations have some shortcomings.

5.4.2 Precast Floor and Roof Slabs

Section 19.7.1 prescribes in considerable detail where precast
horizontal elements'may or may not be used. The principal intention appears
to be to limit the use of panelized floors and roofs to those buildings with
essentially static and uniformly distributed loads or low magnitude dynamic
or non-distributed (e.g., passenger car) loading. In addition to a sugges-
tion that floor panels be as wide as the room involved, in large panel
buildings it is required that floor panels be not less than 2m (6'-7'") in
width. This would appear [5.4, 5.5] to be an indirect measure to avoid pro-

gressive collapse. In general room sized floors would span in two directions
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and in the event of the failure of any support the probability of the
floor collapsing is much less.than would be the case with narrower
panels.

Sections 19.7.4.1 and 19.7.4.2 are concerned with the intercon-
nection of floor elements and the need for the floor system to act as a
diaphragm. For example, section 19.7.4.2 requires that, in addition to
any other reinforcement, reinforcement be provided within the joint
between floor elements over all interior structural walls. This tie
force must be able to sustain a tensile force of at least 1.5 Mp or 15
kN (3300 pounds). In the event that the floor element is less than room
size, reinforcement must also be provided in the joints (presumably within
the infill joint parallel to the main span). This reinforcement must
resist a total tension force of 15 kN (3.3K) and must be connected to
other reinforcement in the.floor slab. Thus the continuity of the tie
within and between floor elements is preserved. This aspect is emphasized
by a statement in 19.7.4.2 to the effect that this continuity must be
maintained at corners, recesses or holes, etc.

Section 19.7.4.1 attempts to ensure that a 'ring anchor' or
continuous tie is provided around all floor areas of not greater than
150 m2, i.e., not more than 10m, (33 feet) on the shorter side and a
longer side of not more than 1 1/2 times the length of the shorter side.
The tie force to be resisted is 3Mp or 30kN (6600 pounds) and it is further
suggested that at least two 12 mm (2 #4) reinforcing bars would be satis-
factory. Figures 5.2 and 5.3 illustrate the requirements of these sec-
tions of DIN 1045.

It is evident that the tie requirements for the floor system
are reasonably comprehensive but not particularly onerous in terms of
quantity. One point to be ndted is that all the tie reinforcement can
be placed in the joints between floor elements, i.e., in the '"matural”
joint. This is coupled with the requirement that these floor elements
be wider than 2m (> 6".0") so that joints parallel to the span and hence

the tie reinforcement will be at least this far apart.
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5.5 Summary

Taken together, the relevant sections of various West German
codes of practice do recognize the significance of ektreme normal loads,
if not abnormal loadings, and suggest that progressive collapse should be
avoided.

The only abnormal load that is identified and treated fairly
comprehensively is vehicular collision. Probably DIN 1055 is the most
detailed of all Western European codes in this respect. The impact
forces are specified as static equivalents, permissible stress levels
are stated and, by implication, even the alternative path method and the
performance of the damaged structure are prescribed as an alternative
design approach. This aspect of the German regulations deserves more
detailed study.

As far as extreme and/or abnormal loadings in precast panelized
buildings are concerned, DIN 104S treats the problem in an indirect but
explicit manner by dealing éollectively with all loadings and requiring
tie reinforcement to resist specific tensile forces. The fact that the
regulations are impreéise with regard to the vertical tie between wall
elements and that explosive loading does not appear to have been con-

sidered, may detract from the adequacy of these regulations.
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CHAPTER 6: NETHERLANDS

6.1 Background and Pertinent Regulations

Under the section entitled "General Considerations and Loading"

in the Dutch Building Regulations, NEN 3850, explicit mention is made of

the possibility of explosion and vehicle impact and the attendant need

to avoid catastrophic failure. A translation of the pertinent clauses

and related commentary is as follows:

NEN 3850 "Technische grondslagen voor de berekening van bouwconstructies -

TGB 1972" (Regulations for the design of building structures).
3.  Spectal Influences

a.

The loadbearing structure should be constructed in such a
way that localized damage cannot have catastrophic conse-
quences. Local damage to a structure can be caused by
fire, exploston, vehicle collision, vibration, etc.

b. In some of these cases the distribution of forces in the
loadbearing structure may be also influenced by temperature
differences, shrinkage, creep, freezing, unequal settle-
ments, ete.

Commentary
3. Structural damage is frequently caused by an accident such

as fire, explosion and collision; also excessive loading or
faults in the materials can result in local damage (see

F.K. Ligtenberg: "Veiligheid en Catastrofen'", TNO-Nieuws
1969, No. 3) [6.1]. Damage of limited extent can in some
circumstances lead to great havoc or cause extensive property
damage. In many cases this can be foreseen and may be
avoided by relatively simple structural measures. There

are instances where the magnitude of the forces that are
exerted on the bearing structure are dependent upon the
strength of secondary structural elements that will, in

any event, fail (e.g., in the event of an explosion or in

the case of imposed deformations). In buildings of some
importance the loadbearing structure should be so strong

that failure of a secondary structural element (such as an
infill wall or roof deck) does not result in disproportionately
extensive damage.

While the need to avoid catastrophic failure due to abnormal

loading is explicitly stated, no guidance is provided nor are the abnormal
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loading types, explosion or vehicular impact, quantified. Clause 3.a
furthermore implies that there should be zero probability of catastro-
phic failure. It is evident that while the building regulation does
identify the problem, its resolution is left largely to the discretion
of the structural engineer. Fortunately, a considerable amount of

work on building safety has been done. For example, the Netherlands is
one of the few countries to have quantified the relative significance of
various loadings that influence the safety of buildings [6.2]1 [6.3]. The
frequency with which incidents involving explosion and collision occur
and their relative significance is documented and, presumably, well
known. The general topic of dynamic problems associated with buildings
is well covered in a study published by the Institute TNO for Building
Materials and Building Construction [6.4]. Insofar as specific types

of abnormal loadings are concerned the following are covered in some
detail. '

6.2 Gas Explosion

Subsequent to the Ronan Point failure a Committee (Bl6 of
the Building Research Foundation) was set up to study and investigate
the structural consequences of gas explosions in high-rise apartment
buildings. The research and findings of this Committee are summarized
in Report No. 29 of the Stichting Bouwresearch (Building Research Foun-
dation) entitled: "Constructieve maatregelen tegen aardgasexplosies in
hoge woongebouwen' ("Structural measures against natural-gas explosions
in high-rise blocks of flats" [6.5]). |

‘ The recommendations of this Committee are particularly
significant and may be briefly summarized as follows:

1) Domestic appliances and pipelines from which gas could
inadvertently be allowed to escape should be made safe, and efforts to
achieve this should be promoted.

ii)  Rooms to which gas may have access should be adequately venti-
lated in order to obviate accumulation of gas (for a relatively slow rate

of gas escape, anyway). Central heating boilers should preferably be
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located beside or on rather than inside the building. Gas supply pipe-
lines to a building should be made flexible so as to avoid fracture due
to differential settlement.

iii)  The most effective procedure is to design the structure in
such a way that, following the occurrence of local damage, the load-
bearing function of a member which has failed can temporarily be per-
formed by the rest of the structure (alternative path), so that progres-
sive collapse is thus avoided. This means that the designer must take
account of the pattern of forces (usually very much altered) after struc-
tural damage has taken place.

iv) . The "alternmative path'" design principle often runs into prac-
tical difficulties. Besides, there remains the question as to what degree
of damage would have to be taken into account. It is therefore recom-
mended that the structural members be designed so that the risk of their
failure in consequence of special loads is acceptably reduced. The pheno-~
menon chosen, on more or less intuitive'grounds, was the explosion of
natural gas. This is the domestic gas used most widely in the Nether-
lands. The loading associated with a gas explosion is defined in Figure
6.1. It depends largely on the strength and size of the blow-out or
venting wall areas, i.e., the relatively weak non-structural walls which
may, and must, fail when an explosion occurs and whose failure will not

produce serious consequences for the loadbearing structure.

6.3 Vehicular Collision

An excellent bulletin dealing with both vehicle loading and
structural response has been published by the Spanbeton Company entitled
""Botsingsbelasting'" (Collision Loading) [6.6]. This publication is pri-
marily directed at bridges. While these guidelines may not have the
authority of a gdvernment publication they would be invaluable to any
designer attempting to satisfy Clause 3.a. in the Dutch Building Regula-
tions.
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Figure6.1 - Explosion Loading Pressure* Plotted

The meaning of

p =

P, =

as a Function of p and y. [6.5]

the symbols employed in Figure6.l are as follows:
explosion loading, to be regarded as a uniformly
distributed static loading on a structural member;
uniformly distributed static loading at which
failure of the venting wall({s) occurs;

F/V = ratio of the area F(in m2) of the venting
wall(s) to the volume V(in m3) of the room in which

an explosion may occur.

* These are equivalent pressures as some provision for dymamic
structural response has been made [6.5].
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6.4 Summary

If it is assumed that in addition to NEN 3850 these documents
on abnormal types of ioading are representative of acceptable practice,
then the Dutch approach could be summarized as follows:

-  The building regulations merely enunciate the problem. Struc-
tural iﬁtegrity is emphasized but neither guidelines nor minimum stan-
dards (e.g., minimum tie forces) are specified.

- The alternate path approach is advocated but the practical
problems associated with this approach are recognized. Data on failure
theories, catenary action, etc., do not appear to be available and it
would appear that in most cases where abnormal loading is considered to
be significant the element or system must be designed to accommodate
equivalent explosive or impactive loads.

- An expression for explosive loading is provided. The develop-
ment of this equivalent static loading and the argument for its use are
very well presented in [6.51. ‘

- Information is available relating to the equivalent vehicular

loading and related structural response.
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CHAPTER 7: CANADA

7.1 Introduction

In Canada the Building Research Division of the National Research
Council has been notably active in dealing with problems related to progres-
sive collapse. Records of structural failures are maintained and two of
their reports are especially pertinent [7.1, 7.2]. In addition, this
agency has largely been responsible for formulating the Code provisions
on structural integrity first introduced in the 1970 National Building
Code of Canada (NBC). A new edition of the NBC [7.3] is due to be issued
in early 1975 superseding the 1970 edition. The NBC is truly a national
code and as such is the single most important document relating to Cana-
dian building practice. '

Both the 1970 and 1975 editions approach the problem of the
avoidance of progressive collapse in a similar manner. The following
discussion will, however, be limited to the later edition. Article 4.1.1.8
entitled '"Structural Integrity', which appears in the 1975 NBC, states
that:

"Buildings and structural systems shall provide such

structural integrity, strength, or other defences that

the hazards associated with progressive collapse due to

local failure caused by severe overloads or abnormal

events not specifically covered in this section are

reduced to a level commensurate with good engineering

practice.

Immediately following this statement is a note to the effect
that reference should be made to Commentary C on '"Progressive Collapse
and Structural Integrity" [7.4] for further information. Apart from
Article 4.1.1.8 and Commentary C there does not appear to be any other
regulation that deals with the topics of abnormal loading or progressive
collapse or any related aspect of structural integrity.

While Article 4.1.1.8 is couched in general terms it is very
specific in intent and places all responsibility squarely, if not fairly,
on the design engineer. It requires, somewhat optimistically, that the

building be designed for the same level of risk (presumably risk to
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property as well as to life) irrespective of whether the building is
subjected to normal or abnormal loading. It is difficult to evaluate
levels of risk for normal, i.e., code specified, forms of'loading. It

is even more difficult to quantify "good engineering practice". ' Abnormal
loadings, by definition, are not specified in the code and, by virtue of
their abnormality, are not readily amenable to quantification. For these
reasons, explicit compliance with Article 4.1.1.8 is difficult, if not
impossible. Since Commentary C is the only regulatory assistance pre-
sently available it will undoubtedly determine Canadian practice with
regard to abnormal loadings and their consequences and must therefore be

examined in some detail.

7.2 Commentary C to the 1975 NBC

Because Canadian practice is in many respects similar to that
in the U.S. the full text of Commentary C is appended (see Appendik Q).
The purpose of the Commentaries to the NBC is to provide both background
and detailed design information and, in certain cases, to suggest design
approaches. While the recommendations in the commentaries are not manda-
tory, their precise legal status is not very cleaf.

The Commentary is helpful in providing the following background
information:

i) a list of the abnormal events that are referred to in Article
4.1.1.8. Unfortunately neither the nature, incidence or risk associated
with any one of these phenomena are quantified.

ii) a list of 27 relevant references.

iii) a review of the historical precedents for considering progres-
sive collapse and the current relevance of the problem to Canadian prac-
tice.

As far as design guidance is concerned the commentary discusses,
in general terms and without quantification or numerical illustration, the
following topics:

1. Ductility and its benefits are briefly mentioned. In reality

the question of the nature, amount and distribution of reinforcement both
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within and between structural elements is of crucial significance. Duc-
tility is only one aspect of the detailing problem. Continuity, tie
forces, catenary action, etc., are all interdependent considerations and,
for design purposes, the coverage and guidance provided by the Commentary
is less than adequate. Moreover, the Figure C-1 that is used to idealize
and generalize various points could be misleading.

2. As far as designing for a specific abnormal loading is con-
cerned, reference is made to the British Fifth Amendment [2.3] which
requires that critical elements be able to withstand a 720 psf equivalent
static overpressure in lieu of a gas loading. As the British regulations
have been considerably revised since the Fifth Amendment was issued, the
approach adopted in CP 110 [2.11] might well be preferred. Nevertheless
is should be evident that two sentences in a commentary cannot adequately
do justice to this particular topic. The mere fact that reference is
made to British practice leaves the designer in the position of being
unable to plead ignorance but without any meaningful assistance in meeting
his professional and legal responsibilities. Presumably if the designer
acknowledges that gas explosions are significant he is then under some
obligation to design the building to accomodate this abnormal loading.

He is not obliged to follow British practice. Nevertheless, because this
approach is specifically mentioned, a standard is set for both the
designers as well as the building authority. Given the economic realities
of North American practice, the designer is likely to be under considerable
. pressure largely to ignore the problem of designing the structure to
accommodate any particular abnormal loading.

3. Probably the most useful section of the Commentary is the dis-
cussion concerning floor layout and the prerequisites for a '"good" floor
plan. The advantages of spine or longitudinal bearing walls and returns
are emphasized although the emphasis is somewhat weakened by the use of
a non-typical illustrative example, Figure C-2. To deal with the behavior
of the structure when a vertical element has notionally or otherwise been
removed, it is mentioned that, with appropriate detailing, catenary
action in the slabs and cantilever action in the walls can be utilized

for the purposes of avoiding progressive collapse. Unfortunately, the
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use of this alternative path approach and subsequent consideration of

the damaged structure under large deformations begets more problems than
can readily be resolved. For instance, most designers have had little or
no experience of the performénce of damaged buildings and insufficient

data exist to exploit catenary action with any degree of confidence.

Because no mention is made of any simple alternative, e.g. a set of minimum
tie forces, the responsible designer is faced with a problem that he may

not be equipped to solve properly.

7.3 Summary

The Canadian building regulations acknowledge that abnormal
loadings occur and that structural failure, particularly progressive col-
lapse, should be avoided. Formal recognition and definition of the prob-
lem in a code does, however, presuppose either its resolution or its solu-
tion. In North America this may not neceséarily follow since the average
designer and the industry has had little or no experience with:

i) considerations of abnormal forms of loading,
ii) the evaluation of risk or damage,
iii)  design for explosive or impactive loading,
iv) the behavioral mechanics of damaged structures where deformations
may be large,
V) debris loading.

Commentary C to the NBC attempts to provide baékground and con-
ceptual advice. If the actual code provision were merely a cautionary
statement the Commentary would perhaps be adequate but Article 4.1.1.8 is
stated in positive, albeit general, terms. It is from this standpoint
that the Canadian regulations have been examined. It is evident that,
because of the nature of the problem and the intent of the code provision,
it would be practically impossible to write an adequate Commentary. More-
over, the Commentary itself suffers from one serious flaw. By default, it
is implied that the British regulations should be followed. This poses a
dilemma for the designer that should have been resolved by the code

writing agency. In brief, why should the designer be asked to absorb the
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cost of the design effort involved in order to solve a problem for which
he may have no 'feeling', little sympathy or knowledge and which is
likely to increase building costs? Given the subjective and ill-defined
nature of the problem, it may be much more expedient for him to ignore
or dismiss the issue completely. This, however, does leave the designer
and probably the public in a rather vulnerable position.

The problem (economic, educational and professional) of dealing
with abnormal loadings on buildings must be faced and at least the Cana-
dian regulations do pose the problem. Commentary C is of value because
of the dearth of other pertinent North American guidance and information.
Moreover, a supplementary report is being prepared by Dr. D.A. Taylor
of the Division of Building Research of the National Research Council and
research adviser to the Code Committee. This report [7.5] is eXpected
to enlarge considefably upon the Commentary and provide numerical examples

of some of the techniques mentioned therein.
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COMMENTARY C

Progressive Collapse and Structural Integrity

Progressive collapse is the phenusmenon in which the spread of an initial local failure from
clement to element eventually results in the collapse of a whole building or disproportionately
large parts of i,

[t is desirable to make a distinction between general and progressive collapse with regard o
the consequences of the initial “local™ damage. For example, the failure of a column ina 1-, 2. 3-,
or possibly even 4-column structure could be expected to precipitate general eollapse because the
local ruptured clement is such a significant pait of the total support of the structure at that level.
Such structures or parts of structures are beyond the scope of the present provisions puarding
against progressive collapse, although some of the requirements to ensure their safety might be the
same as those suggested in this Commentary,

The present clause in Section 4.1 of the Code dealing with progressive collapse and structural
integrity, the coherence of a structure which limits the spread of focal collapce. i
4.1.1.8- Buildings and structural cvatems shatl pevade such stzaciuial ulegrity, strengin, or other
defenses, that the hazards associated with propressive collapse due to tocal tailure caused by severe
overloads or abnormal events not specifically covered in this Section are reduced to a level commensu-
rate with good engineering practice.

Abnormal Events
1 is not possible to design structures for absolute safety, nor is it economical to design for
foresceable abnotmal events unless they have a reasonable chance of occurrence. However. when
an event is reasonably foresecable. Clause 4.1.1.8 requires the design o incorporate sufficient
structural integrity. strength or other defenses to minimize the probability of progressive collapse.

Some of the incidents causing abnormal foads might be: explesions due to gas. boiler failures,
ignition of some industrial liguids or bombs: vehicle tmpact: fulling or swinging objects, usually
during construction or demolition: adjacent excavation or flooding causing severe local founda-
tion failure: defects arising from extreme construction or design errors: very high winds such as
tornadoes: and, sonic booms.

Most of the foregoing events would not be ordinary design considerations: however. events
such as fires, carthquakes and corrosion, which the Cade requires to be taken into account during
the ordinary design process should also not cause progressive collapse at the specified load levels.

Major disaster can result from an incident where final damage in a structure withou! ade-
qualtc integrity may be totally disproportionate to the initial local damage. A prominent case
which focussed world attention on this problem was that of a 22-storey apartment block of Luge.
preeast conerete, foad-bearing panels at Renan Point! Cannine Town, Faghind. in 1968, where o
domestic gas explosion w an 15¢h storey apariment blew out the hvmgroom wall. The explosion
led 1o the collapse of the whole corner of the huilding, wien the apartments above, suddeniy los-
ing support from below, and being insufficienthy ticd and reintarced. collapsed one after the other.
The falling debris ruptured successive floors and walls below the 18th storey and the tatlure prog-
ressed rapidly to ground level. Although no one was killed by the explosion, 4 persons died i the
other apartments which collapsed.

After the tragedy a Commission of Inquiry mvestgated the incident and made a number of
controversial recommendations. ! some of which are discussed in this Commentary, Subsequentiy,
further gnidelines and discussions were published'™ " 1o elarify the design problems and resolve
doubts about the economic cilects of the Commisston’s recommendanony, and o preat deal of
rescarch on the behaviour of building systenis™ ™ aud on the effects of pas explosiops!! e
was initiated.
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Progressive collapse is heing studied elsewhere in Europe,” the United Staes™ & and in
Canada PHm0e0 A an analysis of newspaper articles shows, 75 incidents were reported here in the
10 years from 1962 10 1972, of which almost 50 per cent occurred during construction, A well-
known case®’ oceurred in February 19589 in Listowel, Ontario, where the local arena collapsed
under high snow loads during a hockey game, and resulted in 8 deaths and many anjunies. Frac-
e of one of the laminated timber roof trusses led 1o a lateral progressive collapse of the whole
roof and side walls. ‘

Present Sitwation
The incidence of progressive colfapse in Canada has, it seems, been acceptable: however,
although itis difficult to determine whether the number of such incidents will be creasing it may
be, for a number of reasons,

(1) There is a lack of awareness that structural inteprity against progressive collapse is impor-

tant enough to be regularly considered in design.

(2) The number of high-rise buildings with loadbearing walls is increasing.

(3) In attempting to achieve economy in building through greater speed of erection and less site
labour, there is a teadency to build systems with the minimum of reinforcing and tying steel
in walls. slabs and joints,

In order to have more lexibdity in Onar plans and (o kerp clote doacn Tnanad wadis ana
partitions are often pon-lo
pressive collapses,

i roof wusses and aches there mav not be silicient streneth (o cainy the exira loads, or
sulicient diaphagm action o mainton latere! stzbility of the adjueent members i one
collapses.

(4

<

hearing

anng and honce wie wnable 1o oassist i prevenung pro-

(5

DESION CONSIQURATIONS FOR PUEVENTING PROGRESSIVE COLVAPSE

To ensure structural integrity, good ductilny and energy absorption capacity are desisable,
Trurther, if the structure cannot be designed to bridge across missing elements, then these clenients
should be designed to remain functiional under the abnormal conditions being considered. In cases
of explosions, the risk can be mitipated somewhat by preventing the use of pas or storage of explo-
sive materials, and the risk due to vehiele impact can be reduced by providing fenders. However,
some measure of structusal integrity should still be ensured.

While the following discussion applics primarily to buildings with loadbearing walls, precast
column and beam structures and precast beam and floor skab sysiems should be considered in the
same manner.

Ductility
Generally. connections between structural components should be ductile and capable of large
deformations and energy absorption under the effect of abnormal conditions (see Figure C-1),
Joints relying on [rictron due to pravity onlyv are brittle in natvre and their ultimite bebaviover
unpredictsble, hence they are generally not adequate.
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3 la——— L OADBEARING PANEL
OR MASONRY WALLS
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.....

Figure C-1  |dealized example of ductile connections showing continuity steel: longitudinal bars
providing cantilever and beam action in walls are also shown. (Dirgrammatic only.)
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Design for Abnorinal Loads
If the removal of a structural member by a foreseeable abnormal event will initiate prog-
ressive collapse, the member should be designed to remain just functional under that condition.
For example, in apartments containing gas appliances, British regulations'™ require design of the
critical components for a 720 pst’ explosive pressure plus Dead Load +% Live Load+% Wind
Load with a “safety” factor of 1.05.

Design for Alternate Paths by Which the Load May be Supported

Usually, the safest and most economical method of coping with progressive collapse is to
design the structure in such a way that it can bridge the gap left when a structural component is
removed. There are a number of ways of achieving the required integnty to carry the loads-around
missing walls, trusses. beams, columns and floors.!™"

Good Floor Plan. Probably the most important is the proper plan layout of walls (and col-
umns). In bearing-wall buildings there should be an arrangement of longitudinal spine walls to
support and reduce the span of long sections of cross-wall (see Figure C-2). thus enhancing the
stability of individual walls and of the building as a whole. In the case of an explosion or vehicle
impacl, this will also decrease the length of wall likely to be affected. British regulations indicate
that for properly designed and constructed loadbearing masonry it is unlikely that a length of wall
more than 2% times the storev height will be blown out®

SLAB SPAN Ef?ﬁ, i E : ,
DIRECTION -§~ ( ;
E O

1

L
il

PLAN
- BAD LAYOUT
= 3 SPINE
i WALLS
[ € [t L

—
ke

BETTER LAYOUT

Figure C-2  Use of spine walls

Note: Only loadbearing walls (heavy lines) and external eladding are shown.
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Return on Walls, Returns on internal and external walls will make them more stable.

Changing Direction of Span of Floor Slab. Where a floor slab is reinforced in order that it can
with a safety factor of 1.05, for instance, span in another direction f a loadbearing wall 1s
removed, the collapse of the slab will be prevented and the debris loading of other parts of the
structures minimized. Often shrinkage, temperature and distribution steel will be enough to enable
. the slab to span in a new direction (see Figure C-3).

Loadbearing Internal Partitions. In order to achicve the change of span in the floor slabs, the

internal walls must be capable of carrying enough load to support the edge of the slab as shown in
Figure C-3.

WALL
?EMOVED
4 ? o SPAN AFIER INCIDENT
/ { Il _SpAN BEFORE (NCIDENT

" —]|__ INTERNAL PARTITION STRONG
ENOUGH AT ULTIMATE TO

- CARRY SLAB IN NEW SPAN
DIRECTION

¢ ¢ -

Figure C-3  Loadbearing internal partitions and change of slab span dircction

Catenary Action of Floor Slab. Where the slab cannot change span direction, the span will
increase if an intermediate supporting wall is removed. In this case if there 1s enough reinforang
throughout the slab 2nd enough continuity and end restraint, the slab may be capable of carrymng
the loads by catenary action. though very large deflections will result.

Beam Action of Walls. Walls may be assumed capable of spanning over an opening if
suflicient tying steel at the top and bottom of the walls (usually in the slab as shown in Figure C-1)
allows the wall to act as the web of a beam with the slab above and helow as flanges (Figure C-4).

o T c
b c T-TENSION
= S C-COMPRESSION
é —.-C s e
f .__.‘,.C -@-—T —-

HOLE (HOLE‘E :ih
o 22h ]
ELEVATIONS

Fipure C-4  Beam action of walls showing flange forces in floors
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CHAPTER 8: FRANCE

8.1 Introduction

Apparently the principal statement concerning safety that appears
in a structurally oriented building regulation in France is the following:
Art. 10 - La construction doit étre telle qu'elle résiste dans son

ensemble et dans chacun de ses éléments & l'effet combine

de son propre poids, des charges climatiques extrémes et

des surcharges correspondant a son usage normal.

This is taken from a document entitled "Construction - general regulations

for the construction of residential buildings'', No. 69-88 dated June, 1969

[8.1]. A translation is as follows:

Art. 10 - "Normally the entire building as well as each of its compo-
nents must be able to withstand the combined effects of load

due to climatic extremes and the overloads of normal usage'.
Insofar as structural considerations are concerned the French building
regulations do not appear to consider abnormal forms of loading. There
appear to be no explicit recommendations or guidelines to accommodate
local damage or avoid progressive failure. In the words of M. Kavyrchine
of the Centre Experimental de Recherches et d'Etude du Batiment et des
Travaux Publics, 'The philosophy is that a building has to be well tied
in all directions and some recommendations are given concerning the
importance of ties (horizontal reinforcing bars at each floor level for
instance); it is considered that a building designed following what we
call 'Regles de 1'Art' affords sufficient safety against abnormal loading"
[8.2].

This situation is remarkable since the regulation quoted was
issued well after Ronan Point and there is a considerable amount of indus-
trialized building construction in France. Moreover the use of gas is
widespread and in recent years there have been a number of spectacular
explosions, e.g., at Argenteuil on 21 December, 1971, and at Auch on
4 January, 1971. Neither the C.E.B.T.P. (Centre Experimental de Recherches
et d'Etudes du Batiment ct des Travaux Publics) nor the C.S.T.B. (Centre
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Scientifique et Technique du Batiment) are doing research directly
related to abnormal loading or the avoidance of progressive collapse.
Apparently there is little pressure, either governmental or professional,
to initiate revisions to current structural design procedures.

From a purely structural viewpoint the French attitude to
abnormal loadings and progressive collapse seems to be very different
from that of most other countries in Western Europe. This is not to
imply that the problems have been ignored, nor is it intended to suggest
that the French accept a higher level of risk in building. The situation
in France is unique and considerations of structural safefy must be
examined in a broader context than that provided by the formal regulations

alone.

8.2 Public and Professional Awareness

The Ronan Point disaster occurred on 16th May, 1968. It is
generally believed that this incident had international impact on both the
public and the design profession because of the extenéive news coverage it
received. This was not the case in France which, at precisely this period,
was undergoing both student and labor unrest if not revolt. France was
virtually cut off from the outside world at that time and its economic
life paralyzed. Under the circumstances it is unlikely that the Ronan
Point incident attracted much public attention. In due course this inci- .
dent and related issues did receive professional consideration and the
three papers by Robinson [8.3], Despeyroux [8.4] and Saillard [8.5], pub-
lished in November 1969, provide an excellent review of French attitudes

and practice which, for the most part, still prevail.

8.3 Gas Usage

There are non-structural procedures for reducing risk due to
abnormal loadings. For example one could reduce the probability of occur-
rence to a suitably low level. This, in fact, is what has been done in
France with regard to explosions from domestic gas, probably the most

prevalent of all forms of structurally significant abnormal loading.
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Regulations governing the distribution, installation and use of piped gas
are much more restrictive in France than say in either the U.S., Canada, or
Britain. For example the fire regulation 67.216 [8.6] states that in high-
rise buildings (higher than 92 feet, 9 to 10 floors, for all buildings
except those used solely for residential purposes where the limiting

height is 166 feet) the storage and use of gas (as well as other combus-
tible liquids or solids) is forbidden. If a gas boiler is to be used it
must be located on the roof of the building and, in addition, all gas

lines must be external to the building. In Article GH7 of these regula-
tions it is stated that provision must be made for explosion if it can
occur. In non high-rise buildings the regulations do permit gas supply
lines in the building but, especially if a high pressure supply is used,
these must be enclosed in vented shafts [8.7]. Apparently as a consequence
of the explosion in a l4-story building at Argenteuil the regulations con-
cerning the use of gas have been amended [8.8] and it would appear that,
subsequent to 1 July, 1972, all apartment buildings (batiment d'habitation)
with gas boilers must have them mounted on the roof with the gas supply
lines mounted exterior to the building. Without going into too much detail
it is evident that both gas and fire related regulations have obviated the
need for major revisions to a structural code. Figures for gas explosion
frequency or the acceptable level of related risk are not available but,

as evidenced by the 1972 amendment [8.8], the French have chosen to mani-

pulate the load side rather than the response side of the design equation.

8.4 Nature of the Regulatory System

Another unique aspect of French practice is the number and nature
of agencies involved in the regulation of building design, construction and
usage, especially where industrialization or innovation is concerned. For
example the insurance business is an active and important component in the
building control process. Large companies, e.g., Socotec, not only cover
financial risk but are also directly involved in the technical monitoring of
both design and construction. To do so they must provide specialist consul-

ting service and a high level of supervision. Thus a non-governmental
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agency with direct financial authority and responsibility can and does
have a real influence on the building components and systems. The cen-
tralization of research effort, at C.S.T.B. and C.E.B.T.P. for example,
the emphasis on development, plus the existence of the C.E.B. provide a
professional environment that, if not unique, is rather different from
that in North America. While the C.E.B. has no governmental or formal
authority it undoubtedly has considerable influence and it may be of
interest to document their activities with regard to abnormal loadings

and progressive collapse.

8.5 Comité Européen du Béton (C.E.B.)

As early as July, 1967, the C.E.B. published recommendations
for the design and construction of large-panel structures [8.9]. In
emphasis and choice of language these recommendations had and still have
considerable merit and the following items are particularly pertinent:

i) Overall Considerations: In the introduction to the recommenda-
tions explicit mention is made of the desirability of avoiding progres-
sive collapse (in their words, the '"house of cards" effect). Reference
is also made to the need for mechanically continuous ties and the fact
that, in a panelized structure at or close to failure, there is little
possibility of a redistribution of forces.

ii) Loading: Apart from a reference to exceptional errors of exe-
cution (R73.4) there is no attempt to identify or specify any abnormal
loading. However there is a requirement (R22) that all members be
designed to accomodate a horizontal force of 1% of the load* on the member

iii) Horizontal Joints and Ties: Section R14 requires that:

Within the thickness of each floor, or close to the floor,
mechanically continuous steel ''ties'" should be provided
in both directions; these ties should interconnect the
walls or facades on opposite sides of the building,

should include all the vertical panels, and should be
connected to each panel.

* In the English translation the term 'weight' is used but thlS would
appear to be an interpretive error.
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Peripheral Ties: The total cross-sectional area of the longi-
tudinal reinforcement provided over a story height in,a
peripheral wall must not be less than 2 cm” [0.31 ins™]
irrespective of the grade (strength or class) of steel
employed.

Internal Ties: The total cross-sectional area of the tie rein-
forcement inter-connecting two opposite external walls
should be able to absorb a tensile force equal to 1% of
the direct force acting (at the level considered) on the
external wall in question, and equal to not less than
500 kg. per metre (336 pounds per foot) of external wall.
This cross-sectional area may be concentrated at the cross-
walls or it may be distributed in the floors.

Well before the Ronan Point incident a set of recommendations
were available which made specific mention of progressive collapse and,
albeit in an indirect way, made some provisions for the structure to be
laid out and detailed to avoid this sort of failure. Saillard [8.5]
commented that the Ronan Point building did not meet the C.E.B. recommen-
dations and also stated that detailed examination of the British inci-
dent did not result in any changes in the C.E.B. document. While this
last statement is indeed true, it is significant that in 1971 an Appendix
[8.10] to the recommendations was prepared and published but neither
accepted nor adopted by the C.E.B. Despite being stillborn this appendix
is significant in that:

i) specific reference is made to abnormal loadings. In particular
gas explosions and vehicle impact are identified and mention is made of
the type of initial damage likely to be caused.

ii)  without any possible ambiguity it is required that both vertical
and horizontal tie forces of 8000 N/m (548 pounds per foot) be provided.
This force, while somewhat larger than originally recommended, is not par-
ticularly onerous even when designed on the basis of service stress values.

Evidently the major intention of this appendix was to identify
- specifically the causes and delineate the issues involved without neces-
sarily altering the intent of the actual recommendations. However by
spelling out its nature the structural problem and the attendant profes-

sional responsibilities are given a relative significance that may not be



117

warranted. Given the fact that in France the probability of a structurally
significant gas explosion is relatively low and that, to date, no compre-
hensive abnormal loading surveys have been done, it is not too surprising

that the original C.E.B. recommendations were considered to be sufficient.

8.6 Summary

At an official level there appear to be few, if any, regulations
that concern the structural consequences of abnormal loading and the
avoidance of progressive collapse. The need for structural regulation is
largely obviated by the existence of restrictive regulations governing
the installation and utilization of gas in buildings. Moreover, some
fairly comprehensive recommendations for the design of large panel struc-
tures do exist. While there does appear to be some consensus to the
effect that the British over-reacted to the Ronan Point incident [8.3],
[8.5], there is apparently some support (as evidenced by the tentative
Appendix to the C.E.B.‘Recommendations) for a more detailed and compre-

hensive treatment of the whole question of abnormal loadings.
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CHAPTER 9: EASTERN EUROPE

9.1 Introduction

The nature of the building process and its product in Eastern
Europe is very different from that in North America. Nevertheless the
intent of those regulations that govern the design and construction of
buildings is of interest and in this chapter an attempt will be made to
review certain building regulations in both Poland and C;echoslovakia
insofar as they pertain to abnormal loadings or progressive collapse.
Relevant extracts from the 1970 Comecon recommendations will also be
considered.

No attempt will be made to evaluate considerations of implemen-
tation or practice with regard to these regulations. In each case, the
recommendations involved relate specifically to panelized concrete construc-
tion. Therefore the perspective of this discussion is somewhat limited
and the situation with regard to other building materials or types of
construction is not considered. To do this adequately and comprehensively

(i.e., include the U.S.S.R.)} is beyond the scope of this particular study.

9.2 Poland

Dr. Bohdan Lewicki and his colleagues at‘the Center for Building
Systems Research and Development in Warsaw have done and are currently
involved in a number of studies concerned with progressive collapse [9.1],
[9.2]. In addition, Dr. Lewicki, as Chairman of CIB Working Commission
23A cn load bearing walls, has been instrumental in having published a
policy document on limiting progressive collapse [9.3]. It would appear
[9.4] that informed opinion in Poland is largely in agreement with this
CIB document. To obtain some idea of the nature of the regulations con-
sider the following pertinent extracts* from the code of practice for the

design and construction of Large Panel systems [9.5].

* The author is indebted to Dr..S. Zieleniewski for this translation but
has taken the liberty of altering some of his wording.
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All structural elements that contribute to the stability and
structural integrity of the structure in service shall be
interconnected in order to ensure their interaction and
their advantageous response to both horizontal and vertical
loads. dJoints should not increase the risk of progressive
collapse due to gas explosion, vehicular impact, etec.

Those floor slabs supported by the walls of the topmost story
shall be connected either directly or by means of a tie beam
with these vertical wall panels. The connection shall be able
to resist vertical forces applied to the underside of the floor
[roof]* slab e.g., caused by a gas explosion. The amount of
tensile reinforcement across such a joint shall not be less
than 1 cm? per metre [0.47 ins? per foot] of wall support.

The interconnections of floor slabs at a support shall permit

the transference of tensile forces and prevent and protect
against the sudden collapse of a floor element if, for example,

a support wall were to be removed as a consequence of some
exceptional action. In addition, to increase the flexural stiff-
ness of the floor slab and to ensure the uniform transfer of
vertical load the interconnection of two floor panels across

the support should be designed for negative moment. Such a
connection 18 strongly recommended when lightweight concrete
wall panels are used.

When monolithic tie beams are used they shall be connected to
both wall and floor elements. These connections shall limit
the possibility of sudden collapse of floor elements under
exceptional loads. Moreover they shall limit the possibility
of the extension or spread of failure by creating favorable
conditions for the external wall element to behave as a canti-
lever [see Figure 9.1].

The vertical reinforcement joining structural walls shall also
be anchored in these tie beams.

The tie beams should be designed so that when subject to a
catastrophic loading the structure performs in a manner similar
to that of a monolithic [cast-in-place] building.

The cross-sectional area of tie-beam reinforcement i.e., F_

irrespective of the type of steel, shall meet the beZowmng
conditions:

- Fop > 2.3 cm2 fo.3567 insZ] when the floor slabs are supported
along three of four edges i.e., reinforced in two directions,
or along two edges 1f the length of wall panel along the tie-
beam is not greater than 4.80 m. [15.75 ft.].

* Items in square brackets i.e., [ ], have been inserted by the author.
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- Fop238.4 cm [0.527 ins ] when floor slabs are supported along
o edges and the span of floor slabs along the tie beam is greater
than 4.80 m [15.75 ft.] but not greater than 6 m. [19.7 ft.].

- Foy > 0.08L cm? [.0038L insZ] where L 1s the length in metres
[feet] of the tie beam under consideration.*

When the floor slabs are interconnected to take negative moment
moment over a support, F 10 in the tie-beam paraZZeZ to the sgan
of the floor slabs shall?¥ot be lese than 2.3 cm?® [0.357 ins
independent of the value of L.

The approach could be summarized as follows:

- identification but without quantification, of the problem. In
this case the solution is to reduce the probability of progressive col-
lapse due to abnormal loads.

- the use of tie beams is encouraged.

One criticism is that two distinct issues appear to be confused,
namely, the avoidance of progressive collapse irrespective of type of
loading, (i.e., normal and abnormal) and the accommodation of abnormal
loadings. The wording of the regulation apparently reduces the objec-
tive to avoiding progressive collapse due to abnormal loading only.

There are four aspects which are of particular interest:

i)  the explicit mention of the fact that uplift can occur in the
topmost story. The amount of steel required (of the order of #3 at 24
inches) is not onerous but the obligation to provide this connection is
significant.

ii)  particular attention is given to the connection of floor elements
at a support in an attempt to avoid dislodging floor panels.

iii) the use of tie beams, hidden or otherwise, is dealt with some-
what more explicitly than in other codes. These effectively constitute
the peripheral and internal ties in the horizontal direction and, given
the amounts of steel specified, the tie force (on a per width or span of
slab basis) is relatively low and comparable to that required by the CEB

recommendations [8.9].

* It would appear that either .8L or .OBL2 would be a more appropriate value
and, pending clarification by Dr. Zieleniewski, this value should be
treated with caution.
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iv) the concept of removal of at least one external room-sized ver-
tical element and the development of alternative support paths is raised
(see Figure 9.1) but, apparently, as a behavioral model and not as a

specific design requirement or option.

9.3 Czechoslovakia

Large panel construction is fairly common in Czechoslovakia and
it is understood that a study of abnormal loadings and their consequences
is currently being undertaken. In a recent text '"Design of Joints in
Panel Buildings; Volume 1 - Load-Bearing Joints' by Pume and Witzany [9.6],
considerable attention is given to the topic of progressive collapse and
various codes of practice are summarized. It is of interest to consider
those Czech regulations that relate either to abnormal loadings or to pro-
gressive collapse. The following is a translation of pertinent sections
of the "Recommendations for the structural design of panel buildings"
dated 1970 and edited by VUPS (the Research Institute for Building Con-
struction) [9.7]:

Other extraordinary loads

2.20 The effects of extraordinary loads, the character of which may
be unfavorable, (e.g., gas explosions im rooms, air pressures
caused by airplanes, impacts due to heavy vehicles, local fires)
must be prevented by means of certain structural (assembling)
details.

2.21 If the assembling reinforcement, connecting the panels, s
arranged according to Chapter IV of Recommendations [see below]*
it 18 not necessary to calculate the effects of extraordinary
loads. :

Horizontal stiffening of the butlding

4.5 In the plane of every floor longitudinal and transverse rein-
foreing ties must be arranged for the purpose of stiffening
the floor structure, and in addition, reinforcing ties must
connect the load bearing walls together with the floor struc-
ture at i1ts perimeter in accordance with Paragraphs 4.6 to 4.9.

4.6 Reinforced tie-beams are obligatory in the region of each inter-
section of the bearing wall and the floor. The reinforcement
of the tie beam is to be designed [at service levels] for a ten-
sile force equal to 1.5 4/Mp/, where % is the distance between
the bearing walls, expressed in m. [% kips for & in ft.].

* Items in square brackets i.e., [ ], have been inserted by the author.
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4.7 The ties connecting the opposite outer bearing walls (gable
walls, staircase walls, etc.) must be arranged parallel to the
span of the floor panels. The tie reinforcement is to be
designed for a tensile force [at service levels] equal to 1.5
Mp per 1 m. [1 kip per foot] of the width of the floor, pro-
vided that a larger force is not otherwise required.

The distance between the ties must not exceed 120 cm. [4 feet].
Tie bars are to be inserted into either the vertical joint
between the floor panels or in the floor panels.

If the bearing wall provided with the reinforcement in accordance
to Para. 4.6 is situated in the direction of the span of the
floor panels, one is allowed to consider this requirement to be
part of the ties required in para. 4.7 within the 120 cm width.

4.8 If the directions of the spans of the adjacent floor panels are
perpendicular to each other, the reinforcement parallel to the
extended over two bays and connected with the reinforcement
required by Para. 4.6.

4.9 The connections between the outer bearing walls and floors must
withstand the forces specified in Para. 4.7.

Vertical stiffening of the building

4.10 It 1s recommended that vertical reinforcement be inserted into
the vertical joints between the wall panels of the load bearing
walls. The cross-sectional area of this reinforcement is to be
designed for a tensile force equal to the weight of the story
height panel and this tie should be continuous across the joint.

Without mentioning progressive collapse, the intent of these
clauses is to accommodate abnormal or extraordinary loadings in general.

Paragraph 2.21 permits and, since no loading is actually quantified,

ensures that the indirect solution procedure implied by paragraphs 4.5 to
4.10, is followed. These effectively specify the location and amount of I
tie reinforcement required. The formation of peripheral and internal tie
beams is emphasized. Tie force requirements are not particularly onerous.

In common with both the CEB and Polish requirements tie forces are based

on service load as opposed to '"ultimate' or elastic limit considerations.

It should be noted that the vertical tie requirement (para. 4.10) is not
mandatory and that the tie force is presumably required to support a

freely hanging wall panel in the event of some structural damage.
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9.4 Comecon Recommendations

The following extract* from a ''Draft recommendation for the
choice of design schemes for large panel buildings in Socialistic
Countries'" [9.8] is reproduced in full.

o

6. Design Requirements for Accidental Loads

6.1 In the design of multi-story large panel buildings in which
the possibility of an accidental explosion (gas or other explo-
sive substances) is not excluded, it is not necessary to calcu-
late all elements of the building for the direct load of an
explosive wave. Instead, for premises in which explosions have
some chance of occurring, the possible collapse of separate
elements of walls (see Para. 6.2) is assumed, provided further
collapse of the remaining building structure is not allowed.

In this case significant deformation and cracks affecting the
serviceability of the building can be allowed in the remaining
structure.

6.2 As a result of an explosion inside of one of the premises
of the building, the following collapse is conditionally assumed:

a) one panel of an inner cross wall of the premises, not
adjoining the end of the building, or,

b) one panel of the external end wall.

For the collapse scheme of panels indicated above, the remaining
structure of adjacent walls and floors must be calculated under
only the vertical loads from dead weight and live loads on
floors, without overload coefficients. In this case the limiting
values of material resistances of walls (for concrete - design
prismatic strength; for reinforcing - yield point) must be used
for caleculation. Redistribution of loads between the remaining
elements of the building should be considered in the calculation,
as well as possible plastic deformations in the panel reinforcing
and connections as well as formation of cracks in the concrete.

6.3 To prevent progressive collapse of the structure of large-
panel buildings as a result of local eaplosions and other unfore-
seen loads, besides the calculation requirements in Para. 6.2

the following should be considered in choosing structural solu-
tions for the building: :

a) the general arrangement of components of the building must
provide the strength, general stability and spatial immova-
bility of the building in case of local collapse of separate
load-bearing elements. It is rreferable to have a cross-

* T am indebted to Dr. David Allen of the National Research Council of
Canada for this document.
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system of walls, including transverse load-bearing walls,
with a closed cellular plan and slab floors supported along
the perimeter. Structural building schemes consisting of
longitudinal load-bearing walls and floors in the form of
planking supported along two sides, are not recommended.

b) prefabricated elements of floors must be safely inter-
connected by the use of welding of reinforcing continuity
bars, by the use of continuous ties along the joints so as
to create slabs which allow continuous horizontal redis-
tribution of forces between the walls in failing situations.

e) 1in considering explosive loads, the most disadvantageous
conditions can be shown to be the end walls; to increase
overall stability of end walls they should be safety con-
nected to the floors and adjoining longitudinal walls.

d) when non-~load-bearing longitudinal external walls are used,
they should be in the form of light hinged panels;

e) structures of load-bearing elements, as well as their con-
nections, must be capable of developing plastic deformation
under the action of random short-term loads (explosion-type)
thus increasing their resistance to these kinds of loads.

It is preferable to have continuous* connections, without stress

concentrations and not susceptiblz to brittle failure.

These clauses should not be taken to be representative of the
regulations or practice in the U.S.S.R. or any other country in Eastern
Europe. Regardless of the probably 'academic' nature of these regulations,
they are of considerable interest because of their comprehensive nature
and the emphasis and priority given the various issues involved. The
following comments are pertinent.

i) The use of terms such as 'accidental loads', 'local explosion'
and 'unforcseen loads', is indicative of the problem of identification and
classification that exists in dealing with what, in this study, have been
collectively called 'abnormal loadings'. Nonetheless explosions (gas or
otherwise) have been identified as being an important, if not the most
important, form of abnormal loading in multi-story large-panel buildings.

ii) At the outset-direct design to withstand the explosive wave is
mentioned. Alternatively and preferably the 'alternative path' approach
(notional removal of any single vertical wall element) is recommended. It
is rather conservatively suggested that the notionally damaged structure

withstand the full, i.e., service level, normal dead and live loads, i.e.,

*Appurently the connection should be completely filled with infill
concrete or mortar,
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verticle, but not wind loads.

iii) Significantly the design choices are either to design all ele-
ments and the structural system to withstand the loading or, if‘this is
not reasonable, to ensure that any element likely to fail under the explo-
sive load, can fail (i.e., be rendered inoperative) without progressive
failure of the remainder of the structure.

iv) Section 6.3 merely states a number of guidelines to be followed
in addition to complying with Sections 6.1 and 6.2. The guidelines are of
a non-quantitative nature and refer to layout and connection, i.e., tie
requirements.

What, of course, is significant is that these general specifi—
cations recommend an approach somewhat different from that actually
adopted in Poland and Czechoslovakia and recommended by the CIB Commission
23A. Perhaps even more significant is the recommendation in Clause 6.3(a)
to avoid using building schemes consisting of 1ongitudinai load-bearing
walls and floors in the form of planking supported along two sides, i.e.,

typical North American residential construction practice.
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CHAPTER 10: REGULATION, DESIGN AND SYNTHESIS

10.1 The Regulatory Problem and the Design Process

There are at present no generally accepted building regulations
or design guidelines in the U.S. for the avoidance of progressive collapse
or resistance to abnormal loadings. While the responsible structural
designer may acknowledge and even attempt to resolve problems associated
with abnormal loading, the primary initiative and responsibility for
definition, quantification and guidance belongs to those groups or
agencies charged with drafting codes of practice and building regulations.
These groups are usually committees with members drawn from the design
professioh, the construction industry, government agencies and universi-
ties. Regulatory provisions dealing with abnormal loadings must satisfy
two sets of criteria: those related to structural performance, particu-
larly safety considerations, and those reflecting the economic, political
and procedural realities of the building business. The latter are usually
resolved by consensus but, in order to provide a framework for construc-
tive discussion, the issue of structural safety has to be clearly deli-
neated and, at the very least, qualitatively understood.

This study has set out to evaluate pertinent non U.S. building
regulations. While there may be significant differences in the approach
and intent of the building regulations in each country it is possible to
generalize the problem facing any regulatory body by means of a flow chart
identifying all the significant decisions, stages and alternatives involved.

The flow chart in Figure 10.1 attempts to illustrate this common problem.
The structural designer is faced with a dilemma similar to that

confronting the regulatory agency. In the absence of regulation he 1is
professionally responsible for pursuing the solution procedure shown in
Figure 10.2, the Design Flow Chart. This is very similar to the flow
chart in Figure 10.1. Because of this procedural similarity the fol-
lowing discussion will attempt to cover aspects of implementation and
~compliance, i.e., the design viewpoint, in addition to those of regulation.

The terms used to categorize the structural design process in Chapter 1
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Figure 10.1 - Regulatory Flow Chart
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are also employed in this attempt to generalize the abnormal loading
problem.

Unlike the designer, who is usually involved with only one
building at a time, a regulatory agency will be concerned with classes
or sub-classes of buildings. For ekample, low-rise, multi-unit residen-
tial; high-rise, multi-unit residential and high-rise commercial are
three sub-classes of building for which the consequence of an abnormal
loading may be significant. Whatever the sub-class of building, it is
necessary that consideration be given to both the structural system as
well as all individual components. Similarly in design the structural
- integrity of structural components, sub-systems and the overall struc-
tural system must be ensured.

The decision must be made whether or not to consider abnormal
forms of loading, i.e., D1 in Figures 10.1 and 10.2. The regulatory
agency must make this crucial decision. There are only two possible argu-
ments to justify a decision to ignore all forms of abnormal loading and
their consequences. These are:

i) convincing statistical and economic grounds for doing so.
Existing data, although limited, do suggest that relative to normal forms
of loading, abnormal loading requires design consideration.

ii) given the possible economic, professional and political conse-
quences of any regulatory action it could be argued‘that the possible
costs would outweigh the probable benefits and that the existing levels
of risk are socially acceptable. An extension of this argument is the
possibility that one sector of the industry may be inequitably affected.
Given the fragmented nature of the building industry and the procedural,
behavioral and other differences that exist in the clay masonry, concrete
masonry and structural concrete sectors of the industry, it is possible that
any material or product oriented regulatory action might initially penalize

the more responsive and progressive sector.
70.1.1 Problem Evaluation

Having decided, i.e., D1 in Figures 10.1 and 10.2, that abnormsl

loadings arc to be considered, it follows that the extent and nature of
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the problems, if any, should be evaluated as comprehensively as possible.
The lack of reliable data and experience may compel the designer to accept
a qualitative evaluation. FHowever to determine and justify any action by
a regulatory agency it is essential that, for each sub-class of buildings,
serious consideration be given to quantifying and evaluating the following:

i) Structural safety insofar as this performance criterion involves
human, economic and social considerations. The cost of death and injury
as well as short term economic losses areto some extent measurable. The
building engineering profession may not be accustomed to collecting and
evaluating information of this nature, nevertheless these factors must be
considered in conjunction with the structural integrity of the building.

ii) For each of the abnormal loadings listed in Table 10.1, the
frequency of occurrence, structural consequences, and related probabilities
should be ascertained. Much work on loadings, both normal and abnormal,
has been done in recent years. Although much remains to be done there is
sufficient information available to permit comparative decision making and
the definition and specification of various loadings. One very useful
service that a regulatory body could perform would be to provide encourage-
ment, incentive and direction for future work in this area.

iii) In evaluating the cost aspects of the risk-cost-benefit tradeoffs
both the pre-construction and the post-construction costs must be con-
sidered. The latter are costs incurred by an abnormal loading incident,
i.e., human, property and possibly social damage. Pre-construction costs
are considered to be those additional costs involved in designing buildings
to avoid progressive collapse and to accommodate abnormal loadings.

iv) The measurement of benefit is relatively difficult and somewhat
subjective. To justify whatever regulatory action is taken there must be
some indication that the relative level of risk‘as a consequence of abnormal
loading is reduced, made comparable to or made less than that due to normal
loading.

Having defined and evaluated the overall problem it is then
possible to make a rational decision as to whether abnormal loadings
constitute a design problem or not, i.e., D2. Structural provision against

abnormal loadings may be unnecessary, for example:
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GENERAL TYPE

OF SUB-CATEGORY SPECIFIC
ABNORMAL EXAMPLES
LOADING
Explosive Solid, Liquid or| natural gas (ser-
Gaseous vice system)
steam,
TNT, dynamite
. liquefied natural
Explosive as
Material §4s,
propane,
oxy-acetylene, etc,
Impactive Vehicular, car, truck, or
.. other vehicle,
Missile, or .
crane accident,
Aircraft wind borne debris,
vandalism, etc.
Static Gravity or flooding, (i.e.,

Hydrostatic

service system
malfunction),
debris loading,
etc.

Table 10.1 - Identification of Abnormal Loadings
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i) in those instances where (because of geographical location or
occupational hazard) the severity of "normal" loadings such as earthquake,
wind, blast etc., provides the building with sufficient strength and
deformability presumably to withstand or accommodate an abnormal loading.

ii) in those instances where, irrespective of the level of risk,
structural provisions to avoid collapse or failure are not economically
feasible etc., single family dwellings; small, non-engineered buildings,

etc.

10.1.2 Strategies

Having decided to consider abnormal loading effects it remains
to decide upon strategy. A decision (D3) must be made whether to attempt
to control the loading or, in some manner, to accommodate the loading or both.
The frequency and severity of the relevant abnormal loading can be con-
trolled in one or more of the following ways: |

i) by eliminating the cause, e.g., by specifying that the use of

a gas service system within the building be avoided, by the use of crash
barriers to avoid vehicle impact, etc. Zero risk, like perfect safety,
is not practically attainable and it may not be possible to eliminate
completely the cause of the loading. All that is realistically required
is that the probability of severe structural damage due to abnormal
loading and hence the risk level be reduced below some specified datum.

ii) by reducing the effect of the abnormal loading e.g., by the
provision of venting for an explosion, by the use of shock absorbers for
vehicular collison, etc. In this manner the resulting forces and their
effects due to abnormal events may be reduced to a satisfactory level e.g.,
below that of norma} forms of loading.

iii) by protecting the structure of the building, for example by
enclosing any natural gas or steam or fuel lines within specially designed
distribution ducts. These services are then isolated and any incident
would be prevented from affecting the building's structure. In planning
the layout of the building, particularly the ground floor and parking

areas, the intelligent designer can do much to lessen the probability of
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occurrence as well as the risk associated with an abnormal incident,
especially vehicular collision. The building can also be protected in
other ways; for example the probability of a bomb explosion can be

reduced by the use of security personnel or selective tenancy. Conversely
various buildings may be more prone to certain forms of abnormal loading
as a consequence of the tenant or their use. Clearly the designer should
be aware of the social as well as the technical implications of design
decisions.

The role and authority of the regulatory agency in attempting
to control the loading is very different from that of the individual
designer. The regulatory agency is able to influence and alter building
practices whereas the designer usually operates within the context of existing
practice. An example of this authority is the situation in France with
regard to the use and location of gas service systems (see Chapter 8). It
must be emphasized that in seeking to control the loading both the regula-
tory agency and the designer are attempting to ensure that the satisfac-
tion of the performance equation is unnecessary and that the structure
need not be designed to accommodate abnormal loading.

If the decision (D3) is made to accommodate each significant
abnormal loading or a single representative abnormal loading, the regula-
tory agency must then decide (D4) whether to do so directly or indirectly.
If it opts for the latter the agency must decide (D5) upon implicit or
explicit regulation. For the designer these decisions relate to the
nature of compliance. Whatever the choice (2, 3 or 4 in the flow charts)
it follows that the behavioral response of the structure must be affected
by the provisions to accommodate abnormal loading.

The regulatory authority could decide that indirect accommoda-
tion without explicit structural design criteria is adequate provision
against progressive collapse. This choice would be made after having
carefully evaluated the abnormal loading problem. In some circumstances,
for instance, in certain earthquake zones this could be a responsible and
valid approach. Presumably in a code of practice some comments regarding
the benefits of continuous ties and ductility and attention to anchorage

details would constitute good practice advocacy and would imply that, if
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and when an abnormal loading should occur, the structure will behave satis-
factorily.

Alternatively it could be decided (D5) that while an indirect
approach to accommodating or resisting abnormal loading is acceptable,
some explicit structural designbcriteria are necessary. These, in order
of priority, are likely to specify that:

i) certain minimum tie forces are to be resisted at various hori-
zontal and vertical locations within the building,

ii) continuity of resistance is to be preserved within and
between certain important components of the structure,

iii) returns be used on isolated vertical walls and that vertical
cores be distributed throughout the building,

iv) the choice of both the type and location of walls has some
bearing on the nature and magnitude of an explosion and certain materials
and floor layouts are to be preferred.

The main feature of this latter approach is that the behavior of
the structure and its component parts are adjusted in an essentially
empirical manner to accommodate some form of abnormal loading that does
not necessarily have to be quantified. The fact that it is difficult to
define and quantify any of the abnormal loadings is one reason for adopting
this sort of approach to cope with the abnormal loading problem. There
will be instances where, for certain sub-classes of building or particular
buildings, it may be désirable or necessary (i.e., unavoidable) to design
the structural system and possibly some or all of its components to be
able to withstand specific abnormal loadings. In other words the perfor-

mance equation

may have to be satisfied for the structural system and for those compo-
nents where it is deemed necessary. In these circumstances the permissible
performance conditions (i.e., RP) and the acceptable behavioral assumptions
{(1.e., RB) must be explicitly and comprehensiveiy specified. Moreover

both sides of the performance equation should reflect the economic and
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behavioral realities of the situation. For example large deformations
are involved, structural damage does occur and, subsequent to an abnormal
event, the building may only have to be safe for a period long enough to
permit evacuation or repair. Since conditions, procedures and concepts

" are involved that are not customarily used in structural design there
will, not unnaturally, be some reluctance on the part of the regulatory
agency as well as the designer to adopt these approaches. Whatever is
specified here is important since it is likely to have considerable
impact on the analysis and configuration of buildings and on the likeli-
hood and direction of future research and development work.

There are essentially two different but related approaches to
strategy 4 in Figures 10.1 and 10.2. In the one approach the structural
integrity of the overall system is assured by designing all or critical
components to withstand the actual application of the abnormal 1oading,
thus limiting damage and localizing loading effects. The other approach
must be used when the extent or nature of the damage due to the abnormal
loading is such that structural components are caused to fail. Damage
may be extensive but the system can be designed to "bridge over" or some-
how accommodate this damage by the development of an alternative path of
resistance for the forces formerly resisted by the failed components;
hence the concept of notional removal of building elements, i.e., a
damaged system approach. In either approach a realistic behavioral model
should be used to evaluate structural response. Failure theories should
incorporate post-elastic material response, large deformations and, where
necessary, catenary action in horizontal components.

It should be appreciated that in any building it may be neces-
sary to utilize both approaches. For example, the flank walls in residen-
tial buildings are often critical for purposes of overall stability and may
have to be designed to resist the relevant abnormal loading. It may never-
theless not be economically feasible to design internal walls in a Similar
manner. To ensure system stability the damaged system approach may be
adopted.

The flow chart in Figure 10.3 both summarizes and demonstrates

the nature of the problem of designing a building to accommodate directly
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a specified abnormal loading. This is merely an extension of Figure 10.1.
In concluding this outline of the regulatory problem it must be
emphasized that none of the strategies (i.e., 1, 2, 3 or 4 in Figure 10.1)
is mutually exclusive. The linkage illustrated in Figures 10.1 and 10.3
clearly shows that once the decision is made to consider abnormal loadings
(D2), the regulations must, in some manner, provide for the possibility
that loading control (1), indirect but explicit accommodation (3), and
direct explicit design (4) may all have to be specified. Moreover in
attempting to cover all sub-classes of building within one set of regula-

tions all four alternatives may have to be utilized.

10.2 Comparative Evaluation and Synthesis

The purpose and content of structural regulations dealing with
the related problems of avoiding progressive collapse and accommodating
abnormal loadings differ from country to country. Nonetheless the various
regulatory responses to the problem do all fit into the general framework
of the flow chart shown in Figure 10.1. Following this format the regula-
tions in the countries previously considered are categorized and summarized
in Tables 10.2 to 10.12. Thése tables emphasize the degree of comprehen-
siveness of the regulations and the various strategies adopted. More
specific details are found in the earlier chapters.

These fairly recent regulations do demonstrate some recognition
of the fact that abnormal (or localized, exceptional, accidental, extreme,
etc.) forms of loading do occur and can have structural conséquences.

This. acknowledgment has very important legal and professional implications,
particularly if it is stated explicitly. Even if no other information or
guidance is provided one must infer that the regulatory agency is presuming
the problem to be tractable and the designer to be able and willing to
resolve it. It is highly significant that countries such as Sweden and

the United Kingdom, which have collected information on incidence and con-
sequence and have studied the risk associated with abnormal loadings, have
formulated the most stringent and comprehensive regulations and the most

extensive design guidelines.
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Country United Kingdom

Relevant Building
CP110 (1972)

Accoumodation
- Conponent

S psi (34kN/m”) as a representative static loading based!
on a gas service system explosion.

Regulation
Sub-Classes of ' Structural concrete
Building or Type of buildings
TABLE 10.2 Construction
Tvpes of Abnormal Sufficiently general to
Lgading incorporate all forms of
abnormal loading
®
1 ' . ]
Loading Recommended approach for vehicular impact
Control D C
A4
i ,
o 1
I S
Y ~—=) Indirect
e Implicit
kay Accommodation
h . J
o)
el
2 To generallv ensure stability irrespective of
A 3 type of loading, minimum hnrizontal (in all buildings)
H Indirect and vertical (in buildings with 5 or more stories)
o) c . : cs s A
~ Explicit —#» | tie forces are specified. In addition a minimum
P Accommodation | ! ultimate lateral loading (> 1.5% of the dead
° : loading) is specified.
o L
3 4T
& = Additional requirement applicable only to buildings of
LA - 5 or more storeys that are tied horizontally but not
! Direct verticall d 11v i . .
| Explicit d y and usually 1nvolving precast elements--in
1{Accommodation —3- | damaged sysFem assume the extent of damage is the removal
(1 - System of one vertical component. Large deformations are
L permitted.
- SR .
1 Additional requirement applicable only to buildings of 5
4R I or more storeys that are tied horizontally but not ver- |
Direct || tically and usually involving precast elements--assume
Explicit riJ)
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Country Sweden

Relevant Building
Regulation

SBN 22:35 (1973)
SBN 67 (1967)

Sub-Classes of All buildings but load

/4

4}1

Direct

Explicit
Accommodation

- Strn +nm
yorenm

4B Direct
Explicit

Accommodation

- Coumponent

>

Table 10.3 ,
Building or Type of bearing wall structures
Construction ' in particular (£ 16 stories).
Types of Abnormal Most of the relevant forms of
Loading abnormal loading are
specifically mentioned.
3
1
Loading This type of approach is mentioned as an alternative to
Control > the[3]and [%A] combination.
¢
® !
]
o
50
b | '
o i “2-Indireet
a i Implicit
—_ i Accommodation
&
o
w !
¢ :
A i
5 - To ensure integrity of structural components and their
~ 3 ] joints, irrespective of the abnormal loading type,
" indirect minimum horizontal and vertical tie forces are specified.
o Explicit .
° Accommodation
i
3
80
[
[

To ensure integrity of the structural system use
alternative path approach
Extent of damage in damaged :structure -—- a cubic volume
of not less thanp
i) story height + floor depth or
(iig H/10, or
(i1iiy L.720.

Large deformations are permitted and utilization of
catenary action is recommended.

In the event that a particular abnormal loading is
identified and defined, then critical components and
their joints could be designed to withstand this
loading.
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Country Denmark
Relevant Building Bygnings reglement (1972)
Regulation
Sub-Classes of All buildings of more tha
Building or Type of 6 stories. :
Construction
Types of Abnormal Not specified - general
Loading coverage.

Regulatory (or Design) Strategiés

Loading
Control

Indirect
Implicit
Accommodation

Indirect
Explicit
Accommodation

Irrespective of abnormal loading, a minimum tie force
is specified in both the vertical and horizontal
directions for all exterior wall and floor or roof
components. '

4A

Direct

Explicit
Accommodation

- Q1o Fom
oy el

System damaged to the extent that any wall and floor

or roof components (panel or, slab) in any room that is
adjacent to the exterior can be rendered non-functional.
Abnormal loading not specified. Little guidance
provided on behavioral aspects of this alternative

path approach.

4% Direct

Explicit
Accommodation
- Cowpounent
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Country

West Germany

Relevant Building

DIN 1045 (1972)

Regulatory (or Design) Strategies

Lol Indirect
Iwmplicit

Accommodation

Indirect
Explicit
Accowmmodation

4A

Direct

Explicit
Accommodation
.~ Syctenm

4B X
Direct
Explicit
Acconmodation
- Cemponent

Regulation
Table 10.5 gy [b1N 1055 (1971)]
Sub-Classes of ?tructurai.concreti buitding?
Building or Type of in gineia ; precast systems in
Construction particular. |
Types of Abnormal With the exception of vehicular
Loadi impact no explicit reference
cading is made to any abnormal loading.
[
1
Loading
Control

General Loading: For

buildings with precast elements
and more than 72'0" in height,
minimum tie forces are
specified in both vertical and
horizontal directions.

Vehicular Impact:

If the
functional removal of any

vertical element does not

impair system stability

then the element does not

have to be designed as

per 4B.

Vehicular Impact:

Vertical load bearing

elements are to be

designed to accomodate
an equivalent static

force.
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Country

The Netherlands

Relevant Building
Regulation

NEN 3850 (1972)

Sub-Classes of
Building or Type of
Construction

Building structures in general

Regulatory (or Design) Strategies

TABLE 10.5 Types of Abnormal General reference to localized
Loading loading - fire, explosion,
collision, etc,
1
Loading
Control

I“Z:}Indirect

Implicit
Accommodation

Unless a special abnormal loading is identified and
then quantified, it is presumed that normal good
practice will ensure structural integrity.

Indirect
Explicit
Accommodation

4a Direct

Explicit
Accommodation
.- System

4% Direct
Explicit
Accommodation
- Component

While neither load nor response are specified within
the code design for abnormal loads is required. In-
formation on gas explosion and vehicular collision are

available and the designer is presumed to be competent
enough to ensure adequate performance of structural
components and hence the system.
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Country Canada
Relevant Building NBC (1975)
Regulation
Sub-Classes of All forms of building
Building or Type of construction, i.e., general
Construction
Types of Abnormal All forms of abnormal loading,
Loading i.e., general

Regulatory (or Design) Strategies

|

|
|

|~3:]Indirect

Loading
Control

Tmplicit
Accomnmodation

Indirect
Explicit
Accommodation

Abnormal loadings are not in any way specified or
quantified; to avoid progressive collapse and ensure
stability "good engineering practice" is advocated.

No explicit directives are provided but useful guidance
and information is given in a Commentary.

LA

Direct

Explicit
Accommodation
.~ Syctem

;By default, the commentary to the code recommends that
British practice to be followed.

4B Direct
Evplicit

Accommodation

- Component
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Country. France

Journal officiel:

Relevant Building No. 69-88 Construction
ti No. 1299 Installations de Gaz.
Regulation No. 67-216 Securite contre
L' incende
Table 10.8 Sub-Classes of Buildings in general but

with particular reference

ildi r Type of
Bullding or lype to residential building.

Construction

Types of Abnormal See below.
Loading

Gas Service System Explosion:

1 Probability of occurrence and therefore risk
Loading reduced by regulation of gas usage and distribution,
Control B independent of structural regulation.

Presumably normal good practice is satisfactory

Regulatory (or Design) Strategies

2 - once the risk or gas explosion has been reduced.
Indirect -

Implicit (P
Accommodation

Indirect
Explicit
Accommodation

G A

Direct
Explicit
Accommodation
- Syctem

4B

Direct
Explicit
Accommodation
- Component
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Country C.E.B.
Relevant Building International recommendatioms
Regulation for the design and comstruction

of large panel structures (1967)

Table 10.9 Sub-Classes of Large panel buildings
" Building or Type of
Construction
Types of Abnormal Not Specified Apart From
Loading Exceptional Errors of
S Execution
1 »
Loading
Control
2 -
~—=~! Tndirect
o Implicit
gt Accommodation
©
I
-
&
. To avoid a "House of Cards' effect both peripheral and
5 3 internal Horizontal tie requirements in both walls and
o Indirect floors are specified. A nominal’lateral load requirement
A Explicit is specified and various general provisions are also
. Accommodation relevant.
o] }
>
¥}
o]
4
g ; ,
& A Direct
= Explicit
Accommodation
.~ System
41
~dDirect
Explicit
Accommodation
~ Component
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Country

Poland

Relevant Building
Regulation

The design and construction of
buildings made from large panel
prefabricated elements. 1975.

Sub-Classes of
Building or Type of
Construction

Large panel, precast concxete
systems

Types of Abnormal
Loading

Gas explosion, vehicular
collision, etc.,:

Regulatory (or Design) Strategies

]_‘. - - = T"_—“'_

Loading
Control

-l Indirect
Implicit
Accommodation

B

Indirect
Explicit
Accommodation

Both vertical and horizontal tie forces are specified;
tie beams being emphasized. Specific provision is
made for wall to floor connections

A .
4 Direct

Explicit
Accommodation
.- Syctem

Mention is made of the possible removal of a member,
in particular a flank or wall or roof element, and the
need to develop both cantiliver and/or catenary actic+.
The approach adopted in above is assumed to ensure

this response.

4D Direct
Explicit

Accommodation

- Cempornent
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Country

Czechoslovakia

Relevant Building
Regulation

”Recommendations on the struc-
tural design of panel buil-

dings' VUPS 1970

Sub-Classes of Buil-
ding or Type of
Construction

Large panel, precast
concrete systems

Types of Abnormal
Loading

Abnormal (extraordinary)

loads in general; impact and
explosion identified.

(or Desizn) Strategies

Regulatory

Loading

Control

~-=3Indirect
Implicit
Accommodation

3

ndirect
Explicit

Accommodation

Horizontal tie forces are specified.
Vertical tie forces are recommended.

Tie beams are emphasized.

4A

Direct

Explicit
Accommodation

- System

43

Direct

Explicit |
Accommodation

~ Component

Provided the requirements of[ijare satisfied
it is not necessar- to calculate the effect of an

abnormal loading.
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Authority Comecon

Draft design recommendations

Relevant Building for large panel buildings in

Regulatory (or Design) Strategies

Regulation Socialistic countries (Moscow)
Feb. 1970 :
Table 10.12 sub-Classes of Large panel, precast concrete
Building or Type of systems
Construction
Types of Abnormal Accidental loads in gereral but
Loadin gas or other explosions in par-
g ticular '
@
1
Loading
Control
7

-~~~ Indirect

Implicit
Accommodation
3
Indirect
Explicit
Accommodation
4 .
A Direct
Explicit

Accommodation

Syctem

4p

Alternative path approach for notional removal of one
wall panel Tecommended. Design based on service level
gravity dead and gravity live loads at limiting material
strengths. Large deformations (cracking, inelasticity)
may be considered. Continuity, deformability and layout
considerations are advocated.

Direct

Explicit {
Accoxmodation
- Component

Permissible but not mandatory except where the alterna-
tive path approach is inadequate. Actual design loadings
are not specified in the regulation.
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COUNTRY

TYPE OF REGULATION CONCERNING OVERLOADING

A. Functional
reguirements
intended to
reduce the
risk associa-
ted with pro-
gressive
collapse due
to local
damage below
an acceptable
level

B. Strength
requirements
(design for
special forces)
Design for loss
of carrying
capacity in
specific parts
of the building
(alternative
path approach).

C. Rules of thumb
concerning the
strength and
layout of
structural
connections.

Nordic Conc. Assoc.
Sweden

Denmark

United Kingdom

Canada

France (CEB/CIB)

Holland

Poland

Czechoslovakia

M 1970

il 1973

1970

M 1972

Applicable
Applicable
Applicable
Applicable

i Applicable

to all buildings

to concrete buildings

Table 10.15

the commentary to the

regulations envisages

only to large panel structures

only to framed structures

b)

to all bearing wall structures

certain exceptional
circumstances

In the absence of
specific regulations
the relevant British
recommendations are
adopted.

Comparative Summary of Abnormal Loading

Regulations (See Ref.[l.12]By Granstrom and Carlsson).
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While the various regulations may acknowledge the incidence of
abnormal forms of loading and the related possibility of progressive
collapse there is little consistency in their treatment of the problem.
The nature and relative significance of the problem within each country
either differs or is seen to differ and, as a consequence, it is diffi-
cult and perhaps not even valid to compare regulations. Tables 10.2 to
10.12 provide a fast and efficient means of comparing the various regula-
tions. However, oversimplification can lead to distortion or error as is
evident in Table 10.13, taken from Granstrom and Carlson's report [1.12],
where the regulatory situation in the U.S. is clearly misrepresented.
Table 10.13 is instructive in that although most regulations have been
revised since 1973, it does provide some historical perspective. Accor-
dingly an attempt will be made to evaluate the various regulations with

regard to a number of common criteria.

10.2.1 Scope

The CIB Commission W23A made the point that the problem of
progressive collapse is of a general nature and should be taken into
account in all types of buildings regardless of material, type of struc-
ture and construction methods used [1.11]. The various regulations do
seem to differ on this point. Consider the following:

i) Material of Construction: |

While the probability of an abnormal loading occurring may be
independent of the construction material, this is not true of the vulnera-
bility of a building to abnormal loading and its propensity to collapse
progressively. In other words structural response may be>great1y dependent
upon construction material. Any truly comprehensive study of building
regulations must therefore include both clay and concrete masonry con-
struction. Furthermore the avoidance of progressive collapse during con-
struction is of particular significance for both structural steel and timber
buildings. The generality of code clauses is closely related to the
overall regulatory system that exists in each country. In those countries

where code criteria involving loading and performance are independent of
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material, e.g., Sweden and Canada, requirements for the accommodation of
 abnormal loading and the avoidance of progressive collapse apply to all
buildings. Where the regulations are material dependent, as in the United
Kingdom, there is no generality of application and as a result buildings
constructed in different materials are likely to have different levels of
risk against abnormal loading. There is also the possibility that in
being progressive and professionally responsible a sector of the building
industry could economically and otherwise penalize itself. Therefore in
order to avoid this type of economic inconsistency any regulatory action
should be as general as possible. It is perhaps for this reason that regu-
latory action in some countries, e.g., Denmark and the U.K., applies only
to buildings over a certain height. It is not coincidental that the low-
rise or walk-up multi-unit residential building is unaffected by most

code provisions for abnormal loadings or progressive collapse.

ii)  Type of Construction:

The level of risk associated with any‘abnormal loading will
depend upon the nature and quality of both construction and engineering
input (if any) as well as building use and occupancy. There is some degree
of consistency in that most regulations do recognize the potential vulner-
ability of bearing wall, particularly precast concrete, construction.
While large panel bearing wall systems may be regulated, no specific men-
tion is made of the propensity of structural systems with cast-in-place
flat slab floors to collapse progressively and their vulnerability to
debris and impact loads. The safety of unbonded post-tensioned floor
systems is especially perfinent in North America [10.1].

Many regulations do recognize that the risk level may vary with
building height. While the maximum height chosen to identify low rise
buildings may vary between 30.0' (4 stories) and 72.0' there does appear
to be a consistent attempt to exclude low rise buildings from regulation.
Precautions are however usually taken with medium and high-rise buildings.
This may owe as much to political and economic considerations as to logic;
for example, a 3 or 4 story walk-up type residential building is probably

much more vulnerable to progressive collapse than a multi-story commercial
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building.

To define satisfactorily the scope of any regulations requires
a much better understanding of relative risk and benefit than is pre-
sently possible. The inadequacy of data coupled with a general lack of

experience precludes completeness or consistency in this regard.

10.2.2 Intent

The two principal issues that should be but are not generally
spelled out, are:

i) that the avoidance of progressive collapse is a general design
requirement irrespective of the '"normality' or '"abnormality'" of the
loading. Normal loadings can have localized effects and conversely abnormal
loadings are not the only forms of localized or for that matter accidental
or extreme loads. |

ii) that abnormal loadings may have to be accommodated in the overall
sense that structural performance be safe and, if necessary, serviceable.
The British and Swedish regulations are reasonably unambiguous
in this regard but several of the codes do tend to blur these issues.
A related consideration is that the intent of any regulation, whether
explicitly stated or not, must make some provision for the realities of
existing practice. The Canadian code is an example of this dichotomy

between regulatory intent and its practical resolution.

10.2.3 Loading Control

One advantage of at least identifying various forms of abnormal
loadings is that the control of this loading then becomes an explicit
design option. This is of course a very important consideration from at
least three viewpoints: o

i) the structural designer is made aware of the problem and then
has the option of reducing risk either by elimination of the loading, or
by reduction of the forces involved or by protection of the structure in .

some manner.

ii) the regulatory agency responsible for structural considerations .
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can ensure that the designer 1is madg aware of and given responsibility for
resolving the problem. In addition this agency can identify high risk
situations and make suggestions as to how the risk can be reduced.

iii) regulatory authorities or planning agencies not directly con-
cerned with structural considerations, e.g., gas distribution authorities,
security or civil defence agencies, etc., can act or be caused to respond.
In France, for example, the structural risk associated with the use of gas
in building was reduced by means of regulations for the use and distribu-
tion of gas.

One important consideration is that of venting. It is common
industrial building practice to reduce the effects of an explosion by
means of deliberate venting. This may be more difficult to accomplish in
residential or commercial buildings. While work has been done on the
venting capabilities of glass windows, little is known of the venting
capabilities of typical lightweight partitions, non-load bearing walls,
etc. Whether the intent is to control or to accommodate an explosive
loading it is necessary for reliable data on the venting characteristics

of typical building components to be developed.

10.2.4 r1ndirect Accommodation

Irrespective of whether the provisions are implicit or explicit
this approach requires neither mention nor consideration of either loading
or performance criterion. The presumption is that by following certain
rules or practices the probability of structural failure is reduced to an
acceptable but unspecified level. '

This study has not sought to evaluate the meaning of 'good
normal practice" in each country. Even if this were possible ''good prac-
tice'" is a subjective criterion and in most countries it is apparently
.recognized that normal practice may not be good enough to sustain abnormal
loads or avoid progressive collapse. This is particularly true of novel or
different structural systems, construction methods and building materials.
A much better argument could be made in the case of buildings in severe

earthquake zones where normal practice could be considered to be adequate
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practice with regard to most abnormal forms of loading. None of the codes
studied makes this argument presumably because, with the exception of
Canada, seismic action is not ordinarily a significant consideration.
Given that the indirect accommodation strategy is to be used
(either as an option or the only design procedure), it remains to evaluate
and compare those criteria that have been explicitly stated in the various
regulations. Certain provisions such as those that relate to building
layout, continuity, anchorage and detailing are important and of general
value. A number of these regulations or, more often, their commentaries
devote considerable space to these issues. In each chapter, especially the
British, Swedish, Danish and Canadian chapters, an attempt is made to
emphasize and illustrate many of these aspects of what could be called
""good abnormal loading/anti-progressive collapse practice''. Of particular

concern however are the tie (force or steel area) provisions of the various

codes.

10.2.5 Tie Considerations

Table 10.14 sﬁmmarizes tie requirements either as forces or areas
of reinforcement, insofar as they can be categorized. It is evident that
the force 20 kN/m (1370 pounds per foot) is the only tie force requirement
with any degree of universality (see the British, Swedish and Danish
provisions). This value may be related to the proposed amendment to the
CEB recommendations [8.9] where a service load tie force of 8 kN/m is
suggested. For a limiting stress value this tie force would be equiﬁalent
50 ksi the
equivalent area of steel required for a 1370 pound per foot tie force is

0.027 insz/foot (or 0.58 cm2 per metre). For L = 6m (19.7 feet) this

to 20 kN/m, i.e., for a working stress level of 0.4 fy' For fy

would resﬁlt in 3.48 cm2 or .162 ins2 of steel reinforcement which, in
turn, is comparable to the tie beam requirements in the Polish regulations.
The West German requirements are not necessarily less stringent than a

20 kN/m requirement and this value could be presumed to be a consensus
lower bound for the magnitude of the tie force.

Only the British and Swedish regulations attempt to provide
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Surmary of specified tie requirements.
See notation on following page.
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Notation to Table 10.14

number of stories or floors .

width of element (section) considered

effective depth of the section concerned

dead loads

live loads

total vertical load at the level concerned

tie force value

cross-sectional area of reinforcement

total area of tie reinforcement (usually in the tie beam)
the allowable steel stress at service or working load

the yield stress of the steel
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for the fact that risk will vary with building height and both these
requirements are illustrated in Figure 10.4. Clearly for a building of
approximately 16 floors or less the British and Swedish tie requirements
are comparable. In addition their tie provisions are much in excess of
those specified by the other regulations considered (see Table 10_14),

Further comments that arise from a comparison of tie force
Tequirements are:

i} in general tie provisions in the vertical direction leave some-
thing to be desired. For example only the Polish and Danish regulations
focus on the need for a roof to wall connection. All of the regulations
either ignore or avoid vertical tie considerations in building of less
than 5 or 6 stories. The Czech regulations do make the good point that as
a lower bound the amount of vertical reinforcement should at least be
able to sustain the self weight of the wall element involved.

ii) it would seem to be preferable to specify tie requirements in
terms of forces rather than amounts of steel. This does permit flexibility
of bar placement and fosters a better understanding of the issues involved.
Most regulations adopt this approach and relate these forces to yield
rather than to service level steel stresses.

iii) even allowing for the fact that the translation may be at fault
the precise intent of some of the tie requirements is sometimes ambiguous.
The use of terms such as peripheral, internal, and longitudinal in conjunc-
tion with vertical and horizontal elements can give rise to some confu-
sion. Because different forms of construction are involved it is not
always clear where the tie reinforcement is to be placed. For example
does the term '"tie beam'" refer only to the junction of the floor and walls
or are vertical tie beams (e.g., at the junction of wall panels) also
implied? Another regulatory item that often seems in need of clarifica-
tion and comment is the precise location of the interior tie reinforcement
when precast floor elements are used. In many instances a few illustrated
examples would be of interpretative assistance.

iv) the West German requirements do stress the fact that the smaller
the precast floor unit, the more likely it is to be supported at two

edges only. A minimum width of 2m (6'-7'") is quite restrictive but it is
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important that the benefits of three or more edges of support be recog-
nized. This concern is also reflected in the Polish regulations but the
emphasis is not directly placed on the width of the floor element.

v) one approach which can, but does not necessarily, improve the
abnormal loading/progressive collapse capabilities of the structure, is
the specification that a minimum lateral force be applied to the
building. This is usually some proportion of the vertical loading at the
level concerned and is, in effect, an indirect but explicit means of
ensuring general structural stability under lateral loads. This provi-
sion does not necessarily affect tie requirements in either the vertical
or horizontal direction. Various percentages of the vertical dead load
are specified e.g., in the U.K. 1 1/2% of the total dead load at the
level concerned.* A similar approach but applied to individual components
rather than to the building as a whole, does have a better chance of
influencing tie reinforcement. For example the CEB recommendations
require that all members be designed to accommodate a horizontal force
of 1% of the load on the member. Section 19.8.3 of DIN 1045 is rather
more explicit and requires that the tie be capable of resisting a tension
force of 1% of the vertical load (dead plus live) on the element involved.
Similarly for column or wall ties in the horizontal direction CP 110,
Section 3.1.2.2.c., requires 3% of the total ultimate vertical load to be
taken by the ties. This latter approach does at least ensure that tie
reinforcement is provided.

In discussing the relative merits of the tie reinforcement provi-
sions of the various regulatidns one should not lose sight of the principél
issues involved. A crucial decision is whether or not to specify the rein-
forcement. Outside of moderate to severe earthquake zones such specifica-
tion is tacit admission of the fact that abnormal loadings need to be
accommodated. Consequently this reinforcement, in addition to any normal
loading function, must be able to contend with explosive and impactive
effects. Accordingly the quantity and the detailing (i.e., considerations
of distribution; location, continuity, anchorage, etc.) of this tie rein-
forcement is important. Given that ties are required it is evident that

the amounts of steel involved in the various regulations are not particularly

* This is a minimum "ultimate' value that is roughly equivalent to 1%
at scrvice levels of loading.
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onerous. What is significant is that it is necessary and that it has to be
correctly detailed. Since this reinforcement must either resist the
abnormal loading or contend with its after-effects its detailing will not
necessarily be the same as ekisting 'good' practice. It is only necessary
to refer to the recent paper by Rhodes [2.23] to appreciate that, in a
number of respects, existing North American detailing practice is inade-
quate against explosion. In the U.K. where the most experience in
designing against abnormal loading and progressive collapse has beén
accumulated, it was found to be necessary fo produce a special text [2.22]
to elaborate on the detailing aspects of CP 110. Reference should be made
to Chapter 2 for further comment on this aspect of both the regulatory and
the design problem.

10.2.6 Direct Accommodation

Three sets of regulations namely the British CP 110, the Swedish
and the Comecon recommendations, advocate the design strategies that are
generalized and summarized in Figure 10.3. In each the interrelationship
between the ''damaged system approach', (i.e., 4A or the alternative path
method) and the "limiting damage approach”, (i.e., 4B) is acknowledged.
Since most buildings will have one or more critical components whose
failure will always have disastrous consequences (e.g., flank walls) it
is likely that these approaches will usually have to be used in combination.
For instance, any potentially c¢ritical component will have to be designed

to withstand the abnormal loading in order that, for system integrity, an

alternative path/damaged system approach can be used to ensure acceptable
post-abnormal loading response.

It is somewhat paradoxical that the West German regulations
adopt the design approach outlined in Figure 10.3 to accommodate vehicular
impact. However when it comes to abnormal loadings in general and their
effects on precast concrete buildings in particular, the West German regu-
lations evidently prefer the indirect approach involving explicit sta-
bility criteria.

Tt is also interesting that although both the Danish and Polish

regulations refer to the damaged system/alternative path option they do
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i Country Load Factor g Stress Factor

| and Dead | Live | Wind Remarks

i Regulation W W W Concrete . Steel

3 D ; L W

f : a) a) ! See Section

o 105 '<1.08 [<1.05 | .s2¢ £ 2.3.3.1.

CP 110 Lo P— - ) cu . y fcu=cube strength

A ; i

: ] .

; b) c) See Appendix S
‘Sweden v ¥ i.e., Commentary
SBN 22.35 1.0 1.0 0.5 - fy to Chapters 21 §

. (See [3.4]) 22 of SBN 67.

f ,f are

| Denmark 33 ; 8 f 1.8 £ exvics load

i 1.0 ! .25 1. 8 fgy service loa
(See [4.2]) } v stress levels.

i c)

Comecon
1.0 1.0 0 - f
[9.8] y
i
Table 10.15 - Loads and Stress Levels to be

Used in Considering the Performance

of the Damaged Structural System
Notes:
a) the load factor values depend on the period of time involved and

the probability of occurrence of individual loads or combinations

thereof.
b)
value

this load factor is not explicitly stated.

January 1970 [10.3] is to be followed.

to be used.

Apparently [3.3A] the
specified in the Nordic Concrete Association Report of

apparently the equivalent "yield" or the usual limiting strength is
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10.2.6.2 Limiting Damage Approach

The two principal issues are:

A. the abnormal loading or loadings to be considered, and
B. the behavioral theory to be adopted.
A.1 Explosion:

In CP 110 an equivalent static overpressure of 5 psi (720 psf or
34 kN/mz) is specified. The draft of the new Swedish regulations simi-
larly specifies 7.5 psi or 3.75 psi depending on the window area or natural
venting involved. The Dutch have proposed a rather more comprehensive
and rational approach [6.5]. This not only justifies the use of an
equivalent static overpressure but also makes provision for venting and
suggests that, in most instances, the peak overpressure is probably much
less than 5 psi [see Figure 6.1].

All the above loadings are intended to simulate a representative
gas service system explosion. How representative this is of explosions in
general is debatable [10.2]. Moreover the magnitude and nature of the
representative explosive loading has been the subject of some confroversy.
Given the frequency of gas explosions relative to bomb or other types of
explosions [1.1] it is probably more 1ogicai to use gas as the datum
abnormal explosive loading. |

Only a small number of walls in relatively few buildings are
ever likely to be designed to individually withstand an explosive loading.
It is unlikely that any floor or roof elements need to be designed to
directly resist an abnormal loading of this nature. While this may have-
been implied by earlier British regulations, CP 110 is quite explicit on
this point. Given that only a relatively small number of wall components
are involved it should also be appreciated that the amount of reinforcement
and its placement is not really of much economic consequence. Even for
S psi the quantities of reinforcement required within and around the ver-

tical components comprising a flank wall are not particularly significant
(see Chapter 2).
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A detailed review and assessment of explosions and their effects
is obviously beyond the scope of this report but two points are worth
making: ‘

i) anyOne‘with some familiarity with the readily available North
American literature on explosive loadings and their effects will appre-
ciate than an incident involving a peak overpressure of less than 10 psi
is categorized as a low pressure explosion and is comparable to the
threshold of ear damage [10.4].

ii) in some respects the explosive loading valueis a false issue.
Its value is of secondary importance in a design or an economic sense but
because most building designers have little or no experience of explosive
effects and because whatever value is chosen is much greater than, say,
normal wind or live load values, there is a tendency for this abnormal
loading to generate anxiety and thus receive relatively more attention
than it warrants.
A.2 Vehicular Impact:

The new Swedish [3.6] and the German regulations [5.2] both
specify vehicle impact loads. Both codes specify various equivalent static
horizontal loads of reasonably comparable magnitude. A number of related
studies are available [6.6] and there should be no difficulty in assessing
these specified loads from a North American standpoint.

Vehicular impact and explosion are the only abnormal loadings
that are quantified in the regulations considered. Their significance is
confirmed by the findihgs of loading studies [1.1] but the possibility
of debris loading, especially the impact load due to falling structural
debris, should not be overlooked. This loading is not quantified in any
of the regulations but, if only to establish tie forces, this form of

loading deserves more attention.
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B. Behavioral Theory:

The behavioral model to be used in analyzing the fesponse of
the wall section that is subjected to abnormal loading, depeﬁds upon the
nature of the load prescribed and the performance desired. None of the
regulations considered are particularly explicit on either of these two
issues. If however the abnormal loading involved is specified as an
equivalent static force then the specification of limiting stresses can
automatically prescribe the behavioral model and the requisite performance
criterion. CP 110 is the only regulation to expand upon this issue and
the stress factors shown in Table 10.15 apply. On applying these values
it becomes evident that there is some ambiguity in the use of fy as the
limiting stress value. In designing the wall to withstand the abnormal
loading fy could be used as an upper bound value that ensures elastic
response, i.e., the function is in no way impaired. Using the same factors
to analyze the alternative path/damaged structure situation it must be
presumed that, while fy may not be exceeded, the steel at certain loca-
tions will be yielding in a plastic manner.

Clearly this equivalent static approach oversimplifies a situa-
tion which really involves a dynamic forcing function, large deformation
and possibly damage. Once the abnormal loading has been withstood it is
necessary that the wall continue to function but for a limited time
(i.e., until the building is shored or repaired) in a limited manner (under
full dead load but with reduced service live and wind loads). While
undue sophistication should be avoided it should be borne in mind that in
North America there is considerable experience in designing for dymamic
loads. For example, the Department of the Army, Navy and the Air Force
are jointly responsible for a design manual entitled "Structures to
resist the effects of Accidental Explosions' [10.4] and numerous other
relevant publications. Many basic texts deal with the nature and struc-
tural consequences of both explosive and impactive loads. For the rela-
tively rare occasions when this design approach has to be used there are
behavioral as well as educational advantages in specifying the representa-

tive dynamic load and the deformation and/or damage limit. For practical
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