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W
hen a local failure is not con-
fined to the area of initial dis-

tress, but spreads either horizontally or
vertically through the structure, it is
termed a progressive collapse.

More accurately, it may be defined
as a phenomenon in which the spread

of a local failure eventually results in
the collapse of a whole building, or a
disproportionately large part of it.

Abnormal loading conditions and
effects which can be structurally sig-
nificant1 -3 include:
1 Service system (gas) explosions
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Explosive bombings
^► External explosions from accidents

involving transportaton of hazardous
materials
Ground vehicular collisions with
buildings
Aircraft collisions with buildings
Tornados
Flooding
Foundation settlements, and
Errors in design and construction.

Traditionally, it was assumed by the
profession that if established practice
and codes were followed, the resulting
building would automatically have a
degree of structural integrity which
would assure an alternate path for the
load when a load-carrying element
failed (Fig. 1).

This belief was justified for some
traditional forms of construction which
have continuity and ductility; however,
it was not valid for every form of con-
struction 4-'2

In 1968, attention of the engineering
community was focused on the problem
of lack of structural integrity in certain
precast structures in a tragic way. In
May of that year a progressive collapse
of an apartment building occurred at
Ronan Point in London (Figs. 2 and 3).

A gas explosion in an apartment on
the 18th floor caused an exterior panel
to be blown out (Fig. 4a); this initiated
a progressive collapse upwards to the
roof, and then almost down to the
ground, as debris fell on succeeding
floors (Fig. 4b).

In terms of hazard, the initial dam-
age was of minor consequence. The
progressive collapse which occurred,
however, was the result of the inability
of the structure to bridge over the local
failure, that is, its lack of integrity.

Therefore, it is not merely the hazard
of abnormal loading—it is also the sus-
ceptibility of a structure to progressive
collapse which presents the real risk.

Synopsis
The paper reviews the various
methods to reduce risk from
abnormal loads.

To limit the occurrence of
progressive collapse in large
panel residential structures, a
philosophy for establishing
General Structural Integrity is
developed to assure bridging
of local damage while main-
taining overall stability, thus
eliminating the need to design
for any particular abnormal
load.

{n this approach, tensile con-
tinuity and ductility of the ele-
ments and their connections,
as well as of the overall struc-
ture, is stressed.

The rationale for a minimum
tie system consisting of trans-
versal, longitudinal, vertical
and peripheral ties to estab-
lish this General Structural In-
tegrity is developed.

The objective of this approach
is not to afford absolute safety
in regard to every exceptional
event in any part of every
building; rather, the intention
is to limit and substantially re-
duce the general risk of col-
lapse, as compared to that
existing if no such measures
were taken.
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Fin. 1. Schematic d'agram of design process with adequate detailing
standards.

Fig. 2. Collapse at Ronan Point. Fig. 3. Collapse at Ronan Point.

48



Failure	 due to –/loss of supports

Failure due to
debris loading i :_1

F--

r--I
•-7

(a) Immediate local damage	 (b) Progressive collapse

Fig. 4. Failure modes of Ronan Point collapse.

Reducing the Risk of
Progressive Collapse

Three alternative approaches, widely
varying in concept, can be used to re-
duce the risk of progressive collapse:13

1. Eliminate the hazards which cause
local failures (e.g., elimination of gas
installations in multistory buildings, as
has been done in France).

2. Design the structure so that the
hazard does not cause any local failure
(e.g., 5 psi gas explosion load require-
ment initiated in Great Britain).

3. Allow the local failure to occur but
design the structure so that progressive
collapse does not occur (ensure an al-
ternate path for the load).

Elimination of hazards
Regarding the first approach, it can be
assumed that certain abnormal loadings
could actually be elminated: gas in-
stallations could be disallowed in large
panel buildings; barriers could make
vehicular collision avoidable; and con-

struction in flood zones could be regu-
lated.

However, with the above exceptions,
abnormal loads can hardly be elim-
inated; also, most of them defy quanti-
tative determination. Since any realistic
solution must deal with all abnormal
loading conditions to some extent, this
method of eliminating the hazards can-
not be deemed an overall solution.

Local resistance
In the second approach, providing lo-
cal resistance, explicit loading require-
ments are established in an effort to
provide sufficient strength to resist any
local failure. In lieu of a probabilistic
approach, it has been suggested that a
minimum design load of 5 psi for gas
explosions be used.

However, the approach of providing
resistance to one specific abnormal load
has been challenged on a number of
grounds. It is not reasonable to assume
that adequate resistance for one ab-
normal loading condition will necessari-
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Iy provide sufficient strength to resist
all other abnormal loading conditions.

From an economic viewpoint, addi-
tional costs to provide certain safety
against local failure may not be justifi-
able in light of the small number of
cases where progressive collapse of
large panel structures has occurred.

Alternate path through
structural integrity
Since the nature and magnitude of most
abnormal loads are unpredictable, the
third approach of allowing local failure
to occur but providing an alternate path
within the structure to avoid an over-
all collapse appears to be a sound con-
cept. In this approach, a local failure is
accepted as an inevitable consequence.

When a structure has the ability to
bridge over local failure it has what will
be termed in this article General Struc-
tural Integrity (GSI), the principal ele-
ments of which are continuity and duc-
tility of members and connections and
of the structure as a whole.

The General Structural Integrity ap-
proach can be implemented in two dis-
tinct manners: the design engineer can
be required to apply a rational proce-
dure to establish the necessary integrity;
or, alternatively, code writers can de-
velop the necessary minimum detailing
practice (as has been done for other
forms of construction) to establish a de-
gree of continuity and ductility. In
either case it is necessary to identify
the special sensitivity to abnormal load-
ings that the particular structural form
possesses.¢ -10

Minimum detailing as code require-
ments is recommended as the most vi-
able alternative. * Although it is some-
times more complex, and by its nature,
more general, it has several advantages:

1. Code writers and researchers have
a general responsibility to evaluate de-

Most recently this approach has been adopted
by the PCI Committee on Precast Bearing Wall
Buildings 14

tails to assure the safety of structures.
2. Design engineers should not be

required to directly consider the effects
of abnormal loads for one form of con-
struction and not for another.

3. Experience in other building forms
has shown that minimum detailing re-
quirements based on good engineering
judgment can establish an adequate de-
gree of structural integrity.

While, by its very nature, LP con-
struction does not lend itself easily to a
design with moment continuity, it is
possible to develop force continuity and
ductility of the connections as well as
of the overall system through minimum
details specified as recommended prac-
tice.

Since such minimum requirements
cannot possibly encompass all situa-
tions, substantial reduction in the risk
of progressive collapse in all future de-
signs could be achieved if the detailing
requirements are supplemented with an
educational program for the engineer-
ing profession.

Prototype Structure

The cross wall and spine wall type of
large panel residential structures (Fig.
5) have been selected as the representa-
tive prototypes for this study since they
are the most popular types used in the
United States.

The reasons for their popularity are
the economic advantages of a low wall-
to-slab ratio, resulting from the com-
paratively large slab spans of up to 42
ft utilized until now. The large dis-
tance between the concrete bearing
walls permits an open, flexible archi-
tectural layout using light partitions.

An added advantage of the cross wall
type is the architectural freedom in
handling the longitudinal elevations.
With individual variety for each build-
ing made possible, the uniformity in-
herent in industrial production can be
avoided.
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Isometric view of typical large panel structure

IL[IIII
.	 _	 Lj ------ [-]1_

Cross wall system	 Spine wall system

Fig. 5. Typical large panel structures.

Rationale for General
Structural Integrity

Connections between the precast ele-
ments of LP structures are recognized
as the weak link in this structural sys-
tem. This weakness is attributable to
the lack of continuity through the con-
nections, and to their brittle nature.

Friction-type connections can the-
oretically provide sufficient stability for
gravity loads within an LP structure;
however, such connections offer little
resistance to the effects of abnormal
loadings.

Recent studies and discus-
sions 7-12,15-25 on the performance of
structures under normal and abnormal

loads have concluded that the integrity
of a structure, regardless of the type of
construction, depends on its connection
characteristics; and that the strength of
the elements cannot be utilized if the
connections have inadequate strength.

Therefore, as stated earlier, a de-
gree of continuity across the connec-
tions and ductility within the connec-
tions should be ensured to achieve Gen-
eral Structural Integrity.

Continuity is essential to develop the
bridging capabilities needed for trans-
mission and redistribution of loading
(alternate paths). Ductility is necessary,
not only to sustain the deformations
that may be associated with conditions
of partial stability (stability of the struc-
ture in the damaged state), but also to
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establish some measure of energy ab-
sorption under the dynamic effects of
both normal and abnormal conditions.

The magnitude of required continu-
ity can be determined by assessing the
forces acting within the connections
under various conditions of local fail-
ure. Because of the nature of LP struc-
tures, these forces occur only as com-
pression, tension, and shear. ' Adequate
compression and shear capacity in LP
connections will usually be provided
by design under normal loads.

However, little tensile capacity is
found between elements in LP struc-
tures; therefore, tensile capacity be-
tween elements across the connections
(both horizontally and vertically) must
be provided. This required tensile con-
tinuity across and within the connec-
tions can be effectively achieved by
providing the ties shown in Fig. 6.

The rationale for GSI should en-
compass the following:

1. Extent of damage—An assessment
of the nature and extent of local dam-
age that is likely to occur under abnor-
mal loadings;

2. Alternate paths—Evaluation of al-
ternate structural actions which can
develop as a consequence of a local
failure to re-establish load flow in the
remaining undamaged structure—stabil-
ity analysis of the partially damaged
structure; and

3. Tie requirements-Quantitative de-
termination of requirements for trans-
versal, longitudinal, vertical and peri-
pheral ties to bridge local failures and
to ensure stability of the partially dam-
aged structure.

Extent of Damage

The extent of local damage which the
structure must be capable of bridging

° Development of significant moment continuity
between individual elements is not considered
essential technically nor easily attainable eco-
nomically in usual American-type LP systems.

affects the amount of ties needed to
establish alternate structural action.
Code writing bodies in the United
Kingdom26 and Sweden27 have ack-
nowledged that a certain amount of lo-
cal structural damage is considered in-
evitable and acceptable by specifying
the extent of local failure which the
structure must be able to bridge. The
specified amount of damage load-bear-
ing wall is to be assumed as "notionally
removed" from the structure at any
location within a given building.

The main premise when using the
"notional removal" approach is that an
element or portion of the structure has
been totally removed. In LP buildings
with brittle joints which depend pri-
marily on friction and bond under com-
pressive loadings, the "notional remov-
al" concept may be a realistic repre-
sentation of their response to abnormal
loadings. However, as vertical and hor-
izontal ties are introduced within and
between the wall elements and floor
components, it becomes less likely that
the elements can be literally removed.

Therefore, with ductility and contin-
uity in the form of ties between struc-
tural elements specified as recommend-
ed practice in American LP construc-
tion, the "notional removal" approach
becomes somewhat questionable.

With LP structures tied together hor-
izontally and vertically it is reasonable
to assume that in most instances wall
panels become "ineffective" as a result
of abnormal loadings. They will no
longer function as load-bearing mem-
bers as oricinally intended, but will re-
main in place in their damaged con-
dition.

Whether wall panels become inef-
fective or are notionally removed is
actually of minor consequence, since in
either case the original load flow is
interrupted and an alternate path must
be available. In fact, differentiation be-
tween the two concepts is not required
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Fig. 6. Suggested system of tensile ties in large panel structure.

at all with regard to the main alternate
paths available, that of cantilever and
beam action.

The concept of ineffective behavior
is introduced here primarily because of
its effect on debris loading and slab be-
havior in the damaged state. Specifical-
ly, the requirements for the slabs to
"hang together" over the damaged
(buckled) wall differ from the require-
ment to develop full catenary ac-
tion over the double span when the
supporting wall is notionally removed.
As a result, the tie requirements for the
slabs using the "ineffective member"
rationale will be different from those
required if the "notional removal" ap-
proach is adopted.

When estimating damage extent, the
following should be taken into account:

1. Probability of occurrence of an

abnormal load for each element of the
structure;

2. The consequence of failure of a
particular element within the structure;
and

3. The influence of a particular struc-
tural configuration and layout of the
walls.

Element Vulnerability

Since the probable damage caused by
abnormal loads differs in various parts
of a building,' damage criteria which
do not delineate the damage location,
if applicable in one area, may not apply
in other portions of the building. As a
result, it is appropriate to define an ele-
ment's vulnerability by its location
within the structure, considering the
consequence of its failure.
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Fig. 7. Extent of assumed maximum wall damage under abnormal loads.

Exterior (flank) wall panel

The wall panels along the perimeter of
an LP building are the most susceptible
elements to abnormal loadings. Al-
though the sizes of typical flank wall
elements range from 25 to 45 ft in
length, it is reasonable to assume that,
as an outside limit, an entire unit of a
flank wall assembly can become in-
effective (Fig. 7).

This assumption can be somewhat
relaxed, however, if measures are taken
in the design to ensure that only a part
of the wall panel becomes ineffective.
Such measures may include "weak
planes," or additional stiffening ele-
ments in the form of bracing walls or
integral columns (Fig. 8).

Under the above conditions, "inef-
fective" indicates that the wall, al-
though physically damaged and possi-
bly buckled, is still "strung" in place,
not allowing the slab units to drop to
the level below to create impact load-
ing.

Interior wall panel

Interior wall panels, being farther re-
moved from the periphery of the struc-
ture than flank wall elements, are sub-
jected to a somewhat lesser degree of
risk from specific abnormal loadings.
However, it is assumed as an outside
limit that an entire wall panel can be-
come ineffective as shown in Fig. 7.

As in the case of flank wall assem-
blies, this assumption can be relaxed if
similar measures are taken in the design
to ensure that the entire wall panel can-
not become ineffective (Fig. 8).

Floor/roof panel

Floor/roof systems typically consist of
side-by-side members (planks) up to 8
ft wide. As a result, full continuity of
the system perpendicular to the span is
interrupted at each joint.

It is reasonable to assume, therefore,
that in case of an abnormal loading,
only a few floor/roof planks would be-
come ineffective for a full span length.
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As the floor slab consists of individual
planks, there is little tendency for the
failure to spread beyond the planks
affected by the abnormal loading.

For floor/roof elements, "ineffective"
suggests that they are physically dam-
aged and substantially weakened, and
no longer capable of providing lateral
support of wall units or of participating
in the required diaphragm action. How-
ever, they are still strung together and
capable of supporting their own dead
loads within their original spans.

The most critical condition for floor/
roof panels occurs when they lose their
stability due to partial loss of one of
their end supports, i.e., a wall panel.
The loss of such support would be due
to the ineffectiveness of the wall ele-
ment below, resulting in large displace-
ments at the original support. Such
conditions require adequate tensile

continuity between adjacent slab spans
for the slab elements to hang together
in their deflected shape.

Tie Functions and
Alternate Paths

Structural design for "normal" load-
ings (those specified in codes) begins
with an assessment of the loads on the
building. These loads should be safely
transferred from the point of applica-
tion to the final resisting point through
a logical load flow.

If a panel becomes ineffective as a
consequence of an abnormal loading, a
new load flow must be established in
the remaining undamaged structure,
i.e., an alternate path must be created.

To avoid progressive collapse which
may occur if the structure is unable to

Additional
stiffening
element

connection

Plan Detail of Stiffening
Element

Integral
column	 .'

Plan Detail of
Alternate Stiffening
Element

plane

Possible locations of
Partial Plan	 C--3 ineffective wall panels

Fig. 8. Extent of assumed wall damage under abnormal loads with limiting
measures taken.
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Fig. 9. Cantilever mode—Two adja-
cent wall panel stacks.

Partial Wall Elevation

bridge local damage, alternate load
paths should be available for any load-
bearing wall or portion thereof that
might become ineffective. For the slab
elements such alternate paths are not
essential. However, to avoid uncon-
trollable debris loading, provisions
should be made to effectively tie (or

string) the floor/roof elements together.
Tying the large panel structure to-

gether horizontally and vertically makes
it possible to utilize the following struc-
tural mechanisms to bridge local fail-
ures:

(a) Cantilever action of wall panels;
(b) Beam action of wall panels;

re

Keiurn waii or
integral column

Section A - Wall Elevation
'y+

E

Partial Plan

Fig. 10. Cantilever mode—Single vertical wall panel stack.
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Fig. 11. Cantilever mode—Partial element ineffectiveness.

(c) Partial membrane action of suc-
cessive spans of floor planks;

(d) Vertical suspension of wall pan-
els; and

(e) Diaphragm action of the floor
planks.

Transverse ties and
cantilever action
When, at a given floor level a wall
panel or portion thereof becomes in-
effective, the wall panels above that
level lose their support.

The most effective method of trans-
ferring the loads is through cantilever
action of the remaining panels above.
However, to obtain cantilever action,
the means to transfer the vertical load
at the supported end of the cantilever
must exist. Vertical support at the canti-

lever root can be provided by:
(a) A vertical connection designed

to carry the shear in each story in a
wall assembly consisting of two or more
adjacent vertical stacks (Fig. 9);

(b) A vertically continuous return
wall or a vertically continuous integral
column at the interior edge of the wall
assembly consisting of a single vertical
stack (Fig. 10); or

(c) The remaining portion of the wall
(Fig. 11); special detailing should en-
sure that only a portion of the wall be-
comes ineffective.

Although cantilever support can be
assured through proper panel design
and layout, the cantilever moment can
be developed only if adequate tensile
continuity in the form of a reinforcing
tie exists in the transverse horizontal
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(a) No shear capacity in
	

(b) Adequate shear capacity
horizontal joints
	

in horizontal joints

Fig. 12. Modes of cantilever action.

connection between the wall panels. To
assess these tie force requirements the
behavioral mode must be determined.

Depending on the horizontal con-
nection properties, two modes of canti-
lever action can be defined as giving
upper and lower bounds to the trans-
verse tie force requirements. In the
cantilever action shown in Fig. 12a, no
horizontal shear is transmitted between
story-high cantilevers. The strength of
this build-up cantilever is equal to the
sum of the strengths of the individual
cantilever panels.

In practice, this type of action is un-
likely, since the joint is filled with dry-
pack or grout, and some vertical rein-
forcement (in the form of vertical ties)
is used to interconnect successive wall
panels. Both the concrete and the ver-
tical ties act to provide shear resistance
across the connection by shear-friction,
and consequently, enhance the canti-
lever strength. This behavioral mode
provides a lower bound in predicting
cantilever strength.

If adequate shear capacity can be

achieved between successive stories,
the entire wall panel assembly will act
as a monolithic cantilever as shown in
Fig. 12b. This behavior can be
achieved when there is no relative slip
between stories.

Such an idealized condition is ques-
tionable as some slip will most likely
occur within the vertical tie connection
details. Therefore, this behavioral mode
should be considered an upper bound
in predicting the cantilever strength.

In practice, the behavior will be
somewhere between the two modes de-
scribed above, and the tensile force
requirements for the transverse tie in a
multistory cantilever will depend pri-
marily on the details affecting shear
characteristics of the horizontal con-
nections.

The transverse tic within the connec-
tion can be in the form of mild steel or
unstressed prestressing strand. To en-
sure its effectiveness, the tie should
extend the full width of the structure,
and be adequately secured to the peri-
pheral tie system (Fig. 13).
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vindicates location of transverse tie

Flank wall assembly

Interior wall assembly

Fig. 13. Suggested extent and location of transverse ties.
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Fig. 14. Beam mode—Single vertical wall panel stack.

Transverse ties and
beam action

Although cantilever action through the
use of transverse ties is the single most
important element in establishing alter-
nate paths in LP buildings, in some in-
stances of local damage the transverse
ties can also be very effective in devel-
oping "beam" action of the wall panels.

However, to develop beam action, a
capacity to transfer the vertical load to
each of the supported ends must exist.
Such supports are available in the cases
shown in Fig. 14.

As in the case of cantilever action,
the vertical supports for beam action
are provided through proper panel de-
sign and layout. The beam's flexural re-

s:stance can be developed only if ade-
quate tensile capacity in the form of
reinforcing ties exists in the transverse
horizontal connection or within the wall
panels themselves.

The factors affecting the overall be-
hav'or of this alternate load flow are
similar to those examined under canti-
lever action. Vert'cal load-carrying ca-
pacity at each end must be assured and,
as before, the shear characteristics of
the horizontal connection between suc-
cessive wall panels substantially influ-
ence the behavior.

The necessary ties to resist the ten-
sile forces from the bending moment
will be less than those required under
similar span cantilever action; how-
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ever, this structural behavior will usual-
ly require more return walls or integral
columns to assure vertical supports.

The transverse ties to effect beam ac-
tion can be either of mild steel rein-
forcing or unstressed prestressing strand.
The ties should be continuous the full
width of the building and anchored to
the peripheral tie system (Fig. 13).

Longitudinal ties and
partial membrane action
(large deflections of slabs)
Catenary action of the continuous slab
spans due to loss of supports has been
investigated in Europe.28 Although full
catenary action is accepted as an ap-
propriate and functional means of re-
establishing the load flow in European
LP structures, in this study it is not con-
sidered a suitable method for American
LP construction for the following rea-
sons:

1. The typical slabs for European sys-
tems, which span from 10 to 18 ft, are cast
for a particular building, and are joined to-

gether by interlacing loops protruding from
the slabs. LP systems used in the United
States have floor spans which range from
20 to 40 plus ft. The U.S. slab systems are
generally prestressed hollow-core slabs
produced in long beds and cut to shorter
lengths according to the required span. In
this fabrication technique, reinforcement
protrusions at the ends are not feasible, and
tensile continuity between adjacent spans
must be developed by other means. Since
the span of the necessary catenary in U.S.
construction (double the slab span) is
about twice that of its European counter-
part, the problems related to physical de-
velopment of the necessary longitudinal
tensile forces are greatly magnified.

2. To develop the necessary catenary
action, the floor systems must undergo
large deflections. With 40 to 80-ft catenary
spans in U.S. construction, the necessary
deflection may approach a total story
height. Such large deflections can be ac-
commodated only when the panel below is
totally removed; this is, in turn, contrary to
the concept of walls becoming ineffective.

The major element of resistance and
stability in the damaged wall-type
structure is provided by cantilever and

Fig. 15. Partial membrane action of floor elements at ineffective wall panel.
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— — — indicates location of longitudinal ties

Typical floor/roof panel assembly

Fig. 16. Suggested extent and location of longitudinal ties.

beam action. The function of the slab is
to ensure an adequate degree of partial
catenary action to effect a stringing of
the elements to inhibit progressive col-
lapse from debris loading should an in-
terior wall become ineffective. The
wall's ineffectiveness is suggested as a
limited displacement (Fig. 15), say up
to 24 in.

Thus, to string the slab elements to-
gether in this deflected shape, adequate
tensile continuity must exist between
them, above the ineffective wall. Duc-
tility of the connection must be en-
sured to permit the large deformations
and to resist any dynamic effects that
may occur.

Continuity can be developed with
reinforcing placed in the longitudinal
horizontal keyways between floor pan-
els, or in the topping slab if one is used.
These ties must provide tensile con-
tinuity between adjacent spans and, to
ensure integral behavior, the ties of the
end span should be anchored into the
peripheral tie system.

Since floor elements are well rein-

forced, the ties need not be continu-
ous for the full length; the tie force
should be transferred by bond or me-
chanically from an element in one span
to the one in the next span (Fig. 16).

Vertical ties and
suspension action
The primary functions of vertical ties
between wall elements in the damaged
structure are to:

(a) Provide vertical suspension of in-
effective wall panels and thus avoid
debris loading;

(b) Furnish resistance against "kick-
ing out" of the walls sideways, thus
fostering "ineffective" behavior of wall
elements, rather than total removal un-
der abnormal loading; and

(c) Assure clamping and dowel ac-
tion in the horizontal connections for
shear-friction to resist horizontal shear
and thus develop cantilever and beam
action.

If an alternate path for the load
transfer around an ineffective wall pan-
el has been established either through
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Flank wall assembly

...^—indicates location of vertical ties

Interior wall assembly
Fig. 17. Suggested extent and location of vertical ties.
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Fig. 18. Suggested peripheral tie in typical floor/roof panel assembly.

cantilever or beam action, the damaged
panel should be suspended from the al-
ternate supporting mechanism. To en-
sure this suspending action, vertical
continuity in the form of tensile ties
must exist between and through all wall
panels.

Tensile continuity from foundation
to the roof can be assured by providing
vertical ties proportioned to resist
(within each story) the dead loads of
the wall plus those loads superimposed
by the floor panels. In addition, the ver-
tical tie must resist the stresses from
shear-friction clamping in the horizon-
tal connection.

Because of the increased vulnerabil-
ity of exterior wall panels (as com-
pared to interior wall panels) with re-
gard to abnormal loadings, greater ver-
tical continuity is desirable in flank wall
assemblies in order to afford them in-
creased protection against removal from
the structure. The vertical tie of the
flank walls should be placed within the
peripheral tie system to improve its
integral connection with the slab sys-
tem.

The vertical ties may take the form

of mild steel, prestressing rods, or pre-
stressing strand, stressed or unstressed.
They should be continuous for the full
height of the panel assembly (Fig. 17).
The ties can also function as reinforce-
ment required for service and erection
loads.

Peripheral ties and
diaphragm action
The main functions of peripheral ties
in the damaged building are to:

(a) Establish the necessary dia-
phragm action to resist the effects of
wind, torsion, and unequal load distri-
bution throughout the structure;

(b) Anchor the longitudinal and
transverse tie forces at the periphery;
and

(c) Help create membrane action in
corner slabs when the corner support
becomes ineffective.

These functions can be accomplished
by employing a ring beam at the peri-
phery of the structure at each floor and
roof level.

To assess the force level required in
such a ring beam in a structure is a
difficult, if not impossible, task. In the
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damaged state the entire slab or roof
may act as a membrane, with its peri-
phery subject to large ring beam forces.
It is suggested that the peripheral tie
forces be based on the diaphragm ac-
tion necessary to resist normal lateral
loads, assuming the customary load fac-
tors and capacity reduction factors.

However, for purposes of continuity
and anchorage requirements in the
damaged state, the transversal tie forces
required in the flank wall assemblies
should be continued in the longitudinal
faces (if larger than those required for
diaphragm action) for the design of the
complete periphery (Fig. 18).

These continuous ties, which should
be located as close to the actual peri-
phery as possible, may be of mild steel
or prestressing strand or mechanical
connectors between ends of planks in
adjacent spans.

Loads and Safety Factors
in the Damaged Structure

To determine the quantity of ties need-
ed for stability of the damaged struc-
ture, the necessary loads to be resisted
must be established. Consideration
should be given only to those loads
likely to occur before temporary or
permanent measures are taken to repair
the damaged area.

Included in this category are the full
dead load and part of the design wind
and live loads. It is sufficient to assume
one-third of the design live load and
one-third of the design wind load.

Reduced live load is based on the as-
sumption that a building will be evacu-
ated after an abnormal incident has
caused local damage. The reduced
wind loading is based on the supposi-
tion that the building will have partial
stability for a limited period of time.

Since the rate of occurrence of local
damage due to abnormal loadings is
relatively low, and since the intent is to

assure the stability of partially dam-
aged structures, it is assumed that the
above loads are resisted at a level close
to the ultimate strength of the sections,
say 90 per cent of ultimate capacity.

Therefore, for the determination of
minimum tie forces, liberal load factors,
y, are appropriate. However, the ca-
pacity reduction factors, (A, which ac-
count for variations in material
strengths, workmanship and dimension-
al errors combining to result in under-
capacity, must still be used. Since the
ties are utilized to resist axial tension
and tension due to bending, a 0 factor
of 0.9 can be used.

Combining the loads (D, L, W) and
load factor, y the required strength
equation may be expressed as:

U = 1.10 (D + L/3 + W/3)
Incorporating the capacity reduction

factor, 0, the safety factor of the dam-
aged structure becomes:

— y	 "'0
S.F. — ^ = 09 = 1.22

Specifying Tie Forces-
Unstressed Strand

Specifying tie requirements in terms of
forces rather than amounts of steel per-
mits flexibility in the choice of tie type,
while fostering a better understanding
of the issues involved. Specifying forces
allows the use of unstressed prestressing
strand, which has the advantage of
large tensile capacity with a relatively
small diameter.

Flexible strand also offers the ad-
vantage of easy placement in mis-
aligned connections where a normal
mild steel bar cannot be placed due to
its rigidity. While unstressed prestress-
ing strand cannot be used for resistance
at service load levels, since it would re-
sult in unacceptable crack widths, the
large strains of the strand 'are not ob-
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(a) Undesirable core layout

Stabilizing cores

Longitudinal
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distributed

II

throughout building

(b) Desirable core layout

Fig. 19. Possible core layouts in typical cross wall structure.

jectionable under catastrophic condi-
tions.

Plant arm

Proper structural planform, i.e., the lay-
out of the structural walls, improves the
overall rigidity and stability of the
structure, thereby increasing its struc-
tural integrity. Effective planform is
best accomplished by arranging walls
in both orthogonal directions of the
building.

Since current connection details
make frame action between adjacent
slab spans and between slabs and walls
almost impossible, lateral resistance of
LP buildings is provided economically
only by cantilever action of the stacks
of wall panels in their own planes.

Therefore, where possible, longitud-
inal spine walls or segments should be
used to enhance the stability of the lon-
gitudinal direction. They will also im-
prove the stability of individual trans-
versal walls, while decreasing the
length of wall likely to be affected by
an abnormal load.

For exterior walls, returns or integral

columns are desirable to enhance their
resistance to abnormal loadings. If ver-
tical stabilizing cores are the only ele-
ments for lateral stability, it is desirable
to distribute them throughout the
building (Fig. 19) so that if one is
damaged, total stability of the structure
under lateral loads is not forfeited.

Shrinkage, temperature and distribu-
tion steel placed in the topping can
also be used to enable the slab to span
in a perpendicular direction and pre-
vent collapse where a support config-
uration is favorable for two-way action
(Fig. 20).

Building Protection

Protecting the structure from abnormal
effects is one of the basic methods to
avoid progressive collapse.

When an abnormal load can be con-
trolled, such control is recommended;
e.g., provision of venting to relieve ex-
plosions, use of shock absorbers for
crash barriers against vehicular collis-
ion, prohibiting construction in flood
plains, etc.

In this way, the forces and their ef-
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Direction of span
before incident

Direction of span
after incident

Fig. 20. Change of slab span direction under the effects of abnormal
loadings.

fects due to certain abnormal events
can be reduced or eliminated, thus low-
ering the overall risk from abnormal
events.

Concluding Remarks

It is technically very difficult and eco-
nomically prohibitive to design residen-
tial-type buildings for absolute safety.
On the other hand, there is no justifica-
tion for constructing buildings which
do not afford a certain degree of safety
with regard to abnormal loads.

To reduce the risk of progressive col-
lapse of large panel residential build-
ings, a philosophy is developed to as-
sure bridging of local damage while
maintaining stability of the partially
damaged structure by tying the com-
ponents of large panel structures to-
gether horizontally and vertically.

Based on this philosophy, explicit re-
quirements for a minimum tie system of
transversal, longitudinal, vertical and
peripheral ties will be developed. It is
intended that these requirements estab-
lish a General Structural Integrity for

the building to minimize the effects of
abnormal loadings.

The provision of General Structural
Integrity eliminates the need to design
for any particular abnormal load, since
the ability to bridge local damage is
provided.

In establishing structural integrity,
the need for tensile continuity and duc-
tility of the elements, as well as of the
overall structure, is recognized. This
will be accomplished through a rational
arrangement of tensile ties and through
connection details which will assure al-
ternate structural behavior of the dam-
aged building.

This combination of system continu-
ity and ductility should enable the
structure to either absorb the abnormal
loads with minimal damage, or bridge
localized damage as a result of the ab-
normal load. The provision of General
Structural Integrity will bring the safe-
ty of LP structures closer to that of the
traditional cast-in-place reinforced con-
crete buildings.

The objective of this approach is not
to afford absolute safety in regard to
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every exceptional event in any part of
every building; rather, the intention is
to limit and substantially reduce the
general risk of collapse, as compared to
that existing if no such measures were
taken.

Based on experimental results per-
formed thus far, it appears that the
amount of ties required to achieve the
desired level of General Structural In-
tegrity will have a minimal effect on the
economics of LP structures.

With the philosophy established,
subsequent experimental tests and an-
alytical studies will focus on develop-
ment of purposeful details to optimize
the effectiveness of the ties in the struc-
ture.
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