PREVENTING PROGRESSIVE COLLAPSE
OF SLAB STRUCTURES

-~

By Denis Mitchell,' M. ASCE and Wiiliam D. Cook’

AssTRACT: The response of slab structures after initial failure is investigated in
order to determine a means of preventing progressive collapse. Analytical models
for predicting the post-failure response of slabs are presented and the predic-
tions are compared with experimental results. These analytical models along
with an experimental investigation enabled the development of simple design
and detailing guidelines for bottom slab reinforcement which is capable of
hanging the slab from the columns after initial failures due to punching shear
and flexure.

INTRODUCTION

Collapses of slab structures at Bailey’s Crossroads (16), Boston (17),
Kalamazoo (10) and Cocoa Beach (15) indicate the need to carefully de-
sign and detail reinforced concrete slabs to prevent progressive collapse
in the event of a local failure. A description of initiation of failures and
propagation of collapse in flat plate structures can be found in Ref. 11.

The key in preventing progressive collapse may be to design and de-
tail slabs such that they are able to develop secondary load carrying
mechanisms after initial failures have occurred. Fig. 1(a) shows an ideal-
ized load-deflection response for a slab fully restrained at its edges and
containing continuous reinforcement well anchored into the supports. If
the continuous reinforcement is properly anchored, then the slab, after
initial failure and after experiencing extremely large deflections, starts
to develop tensile membrane action. In this region of response the rein-
forcing mat acts as a “hanging net” and provided the reinforcement is
well anchored, final collapse will occur due to rupture of the reinforce-
ment. Fig. 1(b) gives the idealized load-deflection response of an interior
panel of a two-way slab structure. After initial failure has occurred the
reinforcement must be designed and detailed such that the slab will be
able to hang off of the columns. The secondary load resisting mechanism
that forms must be capable of developing after punching shear failures
have occurred around the columns and general flexural yielding has oc-
curred in the slab. If the final collapse load is higher than the initial
failure load then a means of preventing progressive collapse has been
provided. The behavior of these slab systems together with the special
design and detailing requirements for the reinforcement will be dis-
cussed in this paper.
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FIG. 1.—Idealized Response of Slab Panels

ANALYTICAL MODELS FOR PREDICTING TENSILE MEMBRANE REsSPONSE

Membrane Equation.—Park (18
logd versus central deflection res
reinforced slab fully restrained

) derived an equation describing the
ponse of a uniformly loaded rectangular
at its edges. This relationship is given:

2
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in which w = uniformly distributed load, per unit area ;0 =
central deflection corresponding to load, w?lx, I, = the clfaihsiazifﬁ 8the
short and long directions respectively; and T,, T, = yield force of the
remfgrcemeqt per unit width, in the [, and l, directions respectively
This equation assumes that all the reinforcement has yielded, that the
reinforcement has a bilinear, elastic, fully plastic stress-strain,relation-
shfl:p and that the concrete carries no tension.
or an isotropically reinforced square panel the dimension -
eter (wl2/(T,8)) in Eq. 1 becomesql3.56.pPark suggested thatlet;sePS;ngf
Eq. 1 together with an assumed deflection equal to (.10 times the shorter
clear span would give a conservative estimate of the tensile membrane
strength. Black (4) in 1975 suggested that a more accurate prediction of
strength could be obtained by using Park’s equation with a dimension-
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less parameter of 20.0 rather than 13.56 together with a limiting deflec-
tion of 0.15 times the shorter clear span.

Simplified Iterative Method.—Hawkins and Mitchell (11) reported on
a simplified iterative method for determining the tensile membrane re-
sponse of slabs having in-plane restraint at their edges. The method as-
sumes that the membrane takes a circular deformed shape and that the
concrete carries no tension. The complete load deflection response can
be predicted by using Eqs. 2 and 3, are given, together with the stress-
strain relationship of the reinforcement:

2T, sin Ve, 2T, sin V6e,
= +

lx ly

in which w = predicted load, per unit area; I;, I, = the clear span in the
short and long directions, respectively; T, = the force in the reinforce-
ment per unit length in the x-direction corresponding to a strain, €.; T,
= the force in the reinforcement per unit length in the y-direction cor-
responding to a strain, ¢,; €, = the strain in the x-direction; and ¢, =
the strain in the y-direction assumed to be equal to €,/Z/I. The rela-
tionship between the central deflection, 3, the geometry of the panel and
the strain in the reinforcement is:

5o 3l e, 3)
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The complete load versus central deflection response can be obtained by
using the following solution technique: (1) Choose a value of €,; (2) cal-
culate ¢, ; (3) determine T, and T, corresponding to €, and ¢, respectively,
using the actual stress-strain relationship for the reinforcement; (4) cal-
culate the load, w, using Eq. 2; and (5) calculate the deflection, 8, using
Eq. 3. These steps give one point on the predicted load-deflection re-
sponse. By repeating the steps for different values of €., the complete
tensile membrane response up to the rupture of the reinforcement can
be predicted.

Nonlinear Computer Program.—A computer model was developed
(7) to predict the post-failure response of slabs. The slab reinforcement
mesh is modeled by a grid of truss elements. In order to predict the
response of the grid which experiences large deflections, the program
accounts for the nonlinearities arising from the changes in geometry
(nonlinear geometry) as well as the nonlinearities arising from changes
in element stiffnesses (nonlinear material). The computer program which
utilizes the stiffness method of analysis takes account of the nonlinear-
ities by employing a step-wise iterative solution technique.

Three different types of stress-strain relationships are available for the
steel reinforcement. These include: (1). A linear relationship; (2) a line
segment model capable of modeling the true stress-strain relationship
of typical reinforcing steel; and (3) an Inverse Ramberg-Osgood Poly-
nomial to enable curved stress-strain relationships to be modeled.

Since the elements possess axial stiffness only and are horizontal when
the applied load is zero, the idealized slab has no initial vertical stiffness.
In order to overcome the numerical instability this creates, a vertical stiff-
ness is formed by one of two methods: (1) By imposing an estimated

w
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deflec’ciop~ configuration corresponding to the initial load increment; or
(2) by utilizing fictitious elasto-plastic vertical springs at all nodes. If the

area of each spring is chosen to be proportional to the tributary area of
each node then bprovided all Af +h ; | N R

en, provided all of the springs yield at an early stage, the
applied vertical load, w, can be corrected by subtracting the fictitious

uniform load created by the “yielded springs.”’
The complete tensile membrane response can be predicted by solving
for the displacements for a number of load increments.

ResPoNses oF FuLLy RESTRAINED SINGLE PANELS

Tests on single panel slabs have been reported by Wood (22), Park
(18), Powell (20), Brotchie and Holley (5), Keenan (14), Black (4), and
Ritz, Marti and Thurlimann (21). A summary of the membrane response
of slab panels can be found in Ref. 19.

Fig. 2(a) compares the load versus central deflection response of Park’s
Specimen A3 with the predictions from the three methods of analysis
described in the previous section. This slab was 40 in. (916 mm) by 60
in. (1,524 mm) by 2 in. (50.8 mm) thick and contained continuous bot-
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FIG. 2.—Comparisons of Predicted and Observed Responses for Fully Restralned
Single Paneis Tested by Park (Ref. 18) and Brotchie and Hoiley (Ref. 5)
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tom steel percentages of 0.590 and 0.161 in the short and long directions,
respectively. This specimen also contained top reinforcement around the
edges of the slab.

Fig. 2(b) compares the predicted and measured responses of Speci-
mens 46 and 48 tested by Brotchie and Holley. Specimen 48 was 15 in.
(371 mm) by 15 in. (371 mm) by 0.75 in. (19.1 mm) thick and contained
a mat of bottom reinforcement only, with a steel percentage of 1.49 in
each direction. Specimen 46 was 15 in. (371 mm) square by 1.5 in. (38.1
mm) thick and contained a bottom mat of reinforcing with a steel per-
centage of 0.747.

The estimated strengths corresponding to deflections of 0.15 times the
clear span, [,, are also shown in Fig. 2(a) and 2(b). It can be seen that
the predictions of the three methods are very similar. The conservative
predictions shown in Fig. 2(a) for Park’s specimen are probably due to
the considerable amount of residual flexural stiffness and resistance around
the fully restrained perimeter of the slabs due to the negative moment
reinforcement which was neglected in making the predictions. All three
predictions agree reasonably well (see Fig. 2(b)) with the response of
Brotchie and Holley’s slabs which did not contain negative moment re-
inforcement around the perimeter.

RoLe oF BoTTom REINFORCEMENT ANCHORED INTO SUPPORTS

In order to prevent progressive collapse typical two-way slabs without
beams must be capable of providing post-failure resistance in the pres-
ence of punching shear failures and severe distress around the columns.
Fig. 3 demonstrates the marked difference in post-failure resistance of
slab-column connections with and without continuous bottom reinforce-
ment properly anchored into the columns. After shear failure has oc-
curred the top reinforcement “rips-out” of the top surface of the slab
(9,11) and becomes ineffective in carrying the load. A slab-column con-
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FIG. 3.—The Role of Bottom Reinforcement Anchored into Supports
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(b) Elevation View

FIG. 4.—Post-Fail

cheres Bt Bal:;e( g:fr.\:l)tlon of a Slab Hanging from an Edge Column by An-
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umn would therefore have ne
would result in the colla
sive collapse of the struc
ment well anchored int
provides significant do
resistance. If these bot
continuous then they

TC properly anchored into the col-
gligible post punching shear resistance which
pse of the slab and would likely cause progres-
ture (see Fig. 3(a)). In contrast bottom reinforce-
0 supports does not rip-out of the slab and thus
wel action, providing some post-punching shear
tqﬁ\bbars ar;lbot? well anchored and effectively
will be capable of hanging the da

of the columns as tensile membrane action deg\l/elgops (seer;?geg(;)l)abT(})\fef
photograph (6) shown in Fig. 4 of an edge slab-column connection hav-
ing well anchored bottom bars illustrates the role of these bars in hang-
ing up the slab. The severity of distress in this region after final colla sge
emphasizes the need to carefully detail these bottom bars. P

Post FaiLure Response oF SiLas STRUCTURES

The response of a slab structure after initial failure

gr'n.ount and details .of the steel reinforcement, the vertigaip::;;o?tn c:)l::
1tions and the horizontal restraint conditions at the panel edges. The

posslt-fallure responses of various slab structures are described l%elo.w

R t:b's Simply Supported on all Sides without External Horizontal Edge
estraint. —Tests done by Brotchie and Holley (5) demonstrated the ability
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FIG. 5.—Effect of Edge Restraint on Response of Single Panel Slabs Tested by
Brotchie and Holley (Ref. 5)

of a slab, simply supported around its edges but with no external hor-
izontal restraint to develop tensile membrane action. The responses of
their specimens 34 and 35 (without horizontal edge restraint) are com-
pared in Fig. 5 with the responses of their specimens 46 and 48 (fully
restrained at their edges). Although the responses of similarly reinforced
specimens are different before initial failure due to the boundary con-
ditions, they are essentially the same after large deflections have been
attained. This effect has also been observed by Ritz, Marti and Thurli-
mann (21) in the testing of prestressed slabs which had a variety of edge
support conditions. This is due to the ability of a slab which is vertically
supported around its edges to provide its own in-plane edge restraint
by forming a compressive ring of concrete around its perimeter. This
compressive ring of concrete equilibrates the tensions in the tensile
membrane. It is noted that if a single panel were allowed to deflect ver-
tically around its edges (i.e., supported on four corner columns) then
this compressive arching action could not develop at large deflections
and therefore the internal horizontal edge restraint would not form., It
is important to provide continuous bottom reinforcement well anchored
around the perimeter of the slab in order to develop tensile membrane
action.

Two-Way Slabs Supported on Extremely Stiff Beams.—A two-way
slab panel supported on four sides by extremely stiff beams develops a
two-way tensile membrane which “hangs-off” the beams as shown in
Fig. 6(a). This type of structure is not sensitive to the region that is over-
loaded because of the ability of each panel to form its own tensile mem-
brane. An interior panel, if overloaded would be capable of forming a
tensile membrane restrained by adjacent regions of the structure. An
edge or corner panel is capable of providing its own horizontal in-plane
restraint provided that the free edges are supported by beams that are
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{a) Slab supported by
“stiff" beams

FIG. 6.—Development of “Hanging Nets” In Panels of Two-Way Slab Structures

capable of preventing significant vertical displacements throughout the
entire tensile membrane response. It is essential to provide sufficient
bottom reinforcement well anchored into the stiff supporting regions.

The behavior of a nine panel slab structure supported on encased steel
beams which was tested by Huff (13) demonstrates the ability of struc-
tures with extremely stiff beams to develop tensile membrane action.
This heavily reinforced structure was designed for blast resistance. Fig.
7(a) gives the predicted and measured load versus central deflection re-
sponses for the central panel while Fig. 7(b) shows the typical reinforce-
ment details on the plan view of the structure. The slab was loaded over
its entire area.

In predicting the tensile membrane response, it was assumed that the
edges of the central panel were fully restrained. Fig. 7(a) shows the sig-
nificant tensile membrane response that was obtained. The tensile mem-
brane predictions, which are conservative, agree reasonably well with
the measured response. The loading of the slab was discontinued due
to rupturing of the reinforcing bars in a corner panel which contained
a smaller amount of reinforcement than the central panel. The nonlinear
computer analysis and simplified iterative analysis give reasonably good
predictions of the load corresponding to a deflection of 0.15 I,. The

membrane equation gives more conservative results since no strain
hardening of reinforcement was assumed.
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FIG. 7.—~Two-Way Slab Structure Supported on Stiff Beams Tested by Huff (Ref.
13)

ical Two-Way Slab Structures.—If a two-way slab structure is
ovzx}',llz)aded over itsyentire surface it would probabl)f not be_capable of
developing the necessary in-plane horizontal restraint required to de-
velop tensile membranes even if it contained well-anchored, continuous
bottom reinforcement. The vertical displacemepts along column lines do
not allow significant internal horizontal restraint to develop. However,
if only a portion of the structure is overloaded, then the remaining re-
gions of the structure which do not experience significant vertical dis-
placements and therefore remain essentially in a horizontal plane could
offer horizontal in-plane restraint. An overloaded well detailed interior
panel would form a two-way membrane whif:h is suglported b},’, one-way
catenaries along column lines which must in turn “hang-off” the col-

ee Fig. 6(b)). .

ung\gs (65(b) al?o sl(icz\)/vs the likely post-failure resisting mechanism fo;Ii a;'t1
overloaded edge panel. The edge panel forms a one-way membrane v:rl ;1
spans between adjacent edge panels taking advantage of the availa le
horizontal in-plane restraint of these panels. This one-way membrane is
supported by one-way catenaries which hang-off of the columns and are
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FIG. 8.—Predicted Load versus Central Deflection Response for a Typical Interior
Flat Plate Panel

perpendicular to the free edge. The post-failure resisting mechanism for
a corner panel (see Fig. 6(b)) involves folding of the slab across the cor-
ner and the development of one-way catenaries diagonally across the
corner of the slab seeking the edge restraint offered by adjacent panels.

The nonlinear computer program presented in this paper is capable
of predicting the tensile membrane response of slabs having a wide va-
riety of boundary conditions. The computer program was used to ana-
lyze the tensile membrane response of a typical interior square panel of
a flat plate structure. The span length, center-to-center of the 16 in. (406
mm) square columns, is 19'-0" (5.8 m), and the slab thickness is 8 in.
(203 mm). The additional dead load is 10 psf (0.48 kPa) and the live load
is 40 psf (1.95 kPa). The reinforcement assumed to be effective in the
tensile membrane was 50% of the reinforcement required for tempera-
ture and shrinkage over the entire panel. In addition 3-#4 (12.7 mm
diam) continuous bottom bars along each column line were assumed to
be well anchored into the columns. The predicted response is shown in
Fig. 8.

Fig. 8 also shows a prediction using a model which assumes that the
load is carried by a two-way tensile membrane which “hangs-off”” one-
way catenaries which, in turn, hang from the columns. This simplified
model requires that both the membrane and the catenary be capable of
resisting the loads. The two-way membrane response for an interior panel
can be obtained by using Egs. 2 and 3.

It is assumed that the one-way catenary is subjected to a uniform load
equal to 0.5 wi, per unit length. This arises from the vertical components
of the forces in the bars of the two-way membrane(s) which are hanging

off of the one-way catenary. Thus, from Eq. 2 the one-way catenary re-
sponse can be described as:
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FIG. 9.—Flat Slab Structure Tested by Criswell (Refs. 8 and 9)

w= M ................................................ 4)
lnIZ

in which T. = force in the anchored bottom reinforcement in thg one-

way catenary; I, = clear span of the one-way catenary; and [, = distance

measured from the centerline of the panel on one side of the catenary

to the centerline of the panel on the other side of the catenary.

The deflection in the one-way catenary corresponding to this w is given
by Eq. 3. For a given value of w, the panel central deﬂechon can be
approximated by adding the calculated maximum deflection of the one-
way catenary to the calculated maximum deflection of the two-way
membrane. As can be seen from Fig. 8, the simplified model agrees rea-
sonably well with the computer prediction. Although practical designs
result in relatively small amounts of reinforcement in the middle regions
of a panel, it can be shown that the post-failure capacity for .typlcal struc-
tures is governed by the capacities of the one-way catenaries.

The nine panel flat slab structure tested by Criswell (8,9) offers some
insight into the likely response of such structures. The structure shown
in Fig. 9 contained both drop panels and column capitals. Uniform load
was applied to the entire surface of the slab by water pressure. Tension
lap splices were used to provide continuity of the top and bottom re-
inforcement. However at some drop panel edges all the top and bottom
reinforcement was lap spliced. Although these lap splices performed well
up to and beyond the initial failure load they failed before the full tensile
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membrane capacity could be reached. The large deflections obtained be-
fore final collapse (see deflection profiles of slab in Fig. 9) indicate that
tensile membrane action was beginning to develop. The results of this
test emphasue the need to carefully choose the location of tension lap
splices in order to achieve effectively continuous bottom reinforcement.
Criswell reported (9) on the presence of “portions of the slab . . . which
acted, along with the top of the wall as deep horizontally-placed beams
spanning the side lengths of the slab structure.” The presence of the
perimeter wall which prevented vertical edge displacements of the slab
enabled the slab to develop its own horizontal in-plane restraint in the
form of these deep ring beams.

Hopkins and Park (12) reported the results of testing a nine panel two-
way slab supported on beams. The slab structure had continuous bottom
reinforcement in the slab and the beams. This experiment illustrated the
ability of sqch a structure to fully develop tensile membrane action.

An experimental program was carried out at McGill University (3,6,7)
to study the post-failure response of flat plate corner panels. Corner panels
were tested in order to determine whether or not post-failure resistance
could be obtained in a region of a structure having the least amount of
honzontgl restraint. The one-quarter scale test structure, shown in Fig.
10, consisted of four panels (59 in. (1,500 mm) square) supported on
nine 4 in. (100 mm) square columns. The slab thickness was 1.9 in. 47.5
mm). Ong panel at a time was loaded with up to 36 point loads to col-
lapse.whxle the remaining three panels had a uniform loading applied
by bricks to correct for the modeling of the self weight of the slab. The
uniform pressure versus central deflection response for three of the cor-
ner panel tests are given in Fig. 10. All three specimens had identical
spans, column sizes and slab thicknesses and similar concrete material
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FIG. 10.—Flat Plate Corner Panels Tested at McGilit University (Refs. 3 and 6)
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properties. The slabs were detailed in accordance with the ACI Standard
318-77 (1) with the exception of the bottom reinforcement. The bottom
bars were extended to within the clear cover distance at the free edges
of the slab and every second bottom bar was lapped with the bottom
bars of adjacent panels in order to fully develop the capacity of these
bars. In addition the bottom bars were lap spliced over columns to hang
the slab from the columns after initial punching shear failure.

Corner panels CP1 and CP2 contained 2-D2 and 4-D2 [area of one D2
is 0.02in? (12.9 mm?)] continuous bottom bars respectively, which were
anchored into the columns. All other reinforcement was identical. The
additional anchored bottom bars in panel CP2 resulted in a larger initial
failure load and a larger collapse load than was obtained in panel CP1.
Corner panel CP3 which had a 4 in. X 4 in. (101.6 mm X 101.6 mm)
spandrel beam had 3-D4 [area of one D4 is 0.04 in.” (25.8 mm?)] bottom
bars well-anchored into the columns. The beneficial effects of strength-
ening and stiffening the free edges of a corner panel are evident if the
responses given in Fig. 10 are compared.

Fig. 11 shows panels CP2 and CP3 after final collapse. The corner col-
umns in both structures did not offer significant in-plane horizontal re-
straint. After initial failure of CP2 the slab folded across the corner (see

T
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(b) Panel CP3 with Spandrel Beams (Reference 3)

FIG. 11.—Photographs of Fiat Plate Corner Panels at Final Collapse
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Fig. 11(a)) and develgped a tensile membrane diagonally across the cor-
ner panel as shown in Fig. 6(b). Maximum capacity was reached when
the bottom bars ruptured at the edge of the panel at the locations of

folding, The crackine which Teil 1 a1 e its e .
& CKIng wnicn firougn tne entire thickness ot

anol ja avidam s ~f o1

! g L alicl 15 ©ViIgence o1 tensi -
brane action. The severe cracks in adjacent edge panels (see Filge. rlnle(fzr;)
are evidence of the transfer of tension into the region of the structure
which is providing the horizontal in-plane restraint. Figs. 4 and 11 show
g:ﬁ se;vte;e dlis}t)ress ;round the columns as the top reinforcement rips-

of the slab surface and -

anchored popo Surfac the slab hangs-off of the columns by the

Fig. 11(b) shows the large deformations of corner panel CP3 having
spandrel beams. This panel also showed signs of tensile membrane ac-
tion in the central regions of the corner panel. Maximum capacity was
reachgd as the bottom bars ruptured in the spandrel beams.

Design and Detailing Recommendations.— An initial failure in a slab
structure may be caused by an overload, a design error, a construction
error, the loss of a supporting member or a combination of these. The
ablhty of a structure to develop post-failure resistance and prevent pro-
gressive collapse depends on the extent of the initial failure region, the

t}t/pe1 of slab structure, and the amount and details of the reinforcing
steel.

TABLE 1.—Determination of

Typical two-way slab structures cannot develop sulfficient horizontal
restraint at the edges to enable full tensile membrane action when the

membranes and catenaries in order to appreciate the flow of forces. In
general the membranes form a path towards vertical supporting mem-
bers and regions of horizontal restraint (See Fig. 6).

Analyses indicate that a portion of the bottom reinforcement required
for flexural design must extend into and be well anchored in each col-
umn such that the slab is capable of hanging off of the column after a
punching shear failure. If a limiting deflection of 0.15 [, is used for the
one-way catenary, then from Egs. 3 and 4, the area of continuous bot-
tom steel, Ay, required in the direction I, can be written in the form of
a design equation as:

_0.5w,l,l,
bfy

in which A,

sb

A, for Various Slab Systems

= minimum area of effectively continuous bottom bars in

Additional
Live load, in | dead load, in w,, in
pounds per | pounds per pounds per
square foot | square foot square foot
(kilonewtons | (kilonewtons Thickness (kilonewtons
Type of structure per square | per square h, in inches per square
and span meter) meter) (millimeters) meter)
(1) (2) (3) {4) (5)
(a) Flat plate 40 10 7.5 187.5
18 ft x 18 ft (1.92) (0.48) 1§1 )
(5.49 m X 5.49 m) D &%
(b) Flat slab with 100 10 8 (203) plus 214
fgofr;) >}Za{\gelft (4.79) (0.48 3 (76) drop (10.25)
1
(549 m X 5.59 m) pane
(c) Flat slab with drop 100 20 7.5 (1.90) 218
ggz;flxplztasfcapital (4.79) (0.96) plus 3 (76) (10.43)
t
d
(7.62m x 6.10 m) rop panel
(d) Flat plate post-ten- 40 15 6.5 162.5
sioned unbonded (1.92 0.72 .
25 ft x 20 ft ) 072 e 779
(762 m x 6,10 m)

‘?alculations given for larger span direction only.
Note: f, assumed to be 60 ksj (414 MPa); f,, assumed to be 170 ksi (1,172 MPa).
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A, ANCHORED INTO REACTION AREA
Dimensions of reac- -
tion area, in inches Interior Span Edge Span
(millimeters) A, Bar choice Ag Bar choice
(6) 7 {8) 9 (10)
16 (406) square 0.52 in.? 3-#4 0.28 in.? 2-#4
columns (335 mm?) (2-#15M) (181 mm?) 2-#10M
16 (406) diam 0.60 in.? 3-#4 0.32 in.? 2-#4
circular columns (387 mm?) (2-#15M) {208 mm?) (2-#10M)
60 (1,524) diam 0.83 in.*? 5-#4 0.44 in.® 3-#4
interior capital (536 mm?) (3-#15M) (285 mm?) (3-#10M)
54 (1,372)
x 35 (889)
exterior capital
18 (457) square 0.25 in.** | 2-0.5 in. 0.13 in.® | 1-0.5in.
columns (161 mm?) (13 mm) (87 mm?) (13 mm)
strands strand
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direction /, placed through reaction area of supports; w, = the load to
be carried after initial failure, assumed to be the larger of the total service
load acting on the slab or twice the slab dead load; I, = clear span, in
the direction being considered, measured face-to-face of supports; I, =
distance measured from the centerline of the panel on one side of the
catenary to the centerline of the panel on the other side of the catenary;
y = specified yield strength of non-pretressed reinforcement; and b=
capacity reduction factor, 0.9 for tension.

The bottom bars having an area of A, may be considered effectively
continuous if: (1) They are lap spliced within a support reaction area
with reinforcement in adjacent spans with a minimum lap length of I;;
or (2) they are lap spliced immediately outside of a support reaction area
with a minimum lap splice of 21, provided the lap splice occurs within
a region containing top reinforcement; or (3) are bent, hooked or oth-
erwise anchored at discontinuous edges to develop the yield stress at
the support face. When the calculated values of Ay differ for adjacent
spans (due to unequal spans or unequal loading) then the larger value
of Ay, must be used in each of these spans to enable the transfer of
tension across the supporting member.

The loading in Eq. 5 should not be taken less than the total unfactored
service loading for the intended use of the structure. However, since
most progressive collapses have occurred during construction it is sug-
gested that the loading not be taken less than twice the slab dead load
which corresponds to typical load levels during construction (2). It is
emphasized that these design recommendations are not intended to pre-
vent progressive collapses of typical two-way slab structures that are
grossly overloaded over a large portion of the structure.

In providing the required area of steel, A,,, the area of continuous
draped prestressing tendons passing through the columns or reaction
areas can be considered effective. In order to calculate the required area
of prestressing, f, should be replaced with fps in Eq. 5. In lieu of more
detailed calculations the stress in the prestressing steel may be assumed
to be equal to the value of f,, used in flexural strength calculations [e.g.
Section 18.7.2 of ACI 318-77 (1)].

The top reinforcement in regions close to vertical supports is consid-
ered ineffective since it rips out of the top surface of the slab. However
in regions away from supports the top reinforcement does not rip-out
of the slab. In addition this reinforcement has a significant overlap with
the bottom bars and therefore participates in the transfer of tension be-
tween bottom reinforcing bars in adjacent panels. Analyses indicate that
standard slab reinforcement details in regions away from supports, with
a minimum amount of bottom steel in the middle regions of the slab,
together with the proposed requirements for effectively continuous bot-
tom bars anchored into the columns should provide a secondary defense
mechanism capable of preventing progressive collapse.

Bottom bars which are well anchored and effectively continuous pro-
vide not only a means of arresting progressive collapse but also provide
a means for preventing initiation of punching shear failures in slab-col-
umn connections transferring significant moment (11). A connection
transferring significant moment can develop tensile cracking on the bot-
tom surface of the slab adjacent to the column which would lead to a
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i i inforcement.
brittle failure without the presence of anchored bottorp rein
Table 1 summarizes the calculations of A, for a variety of structura}
slab systems. Fig. 12 shows the special details of the bottom bars, o
area Ay, in one direction only for cases (a) and (c) from Table 1.

SuMMARY AND CONCLUSIONS

isting methods of predicting the tensile membrane response of slab
pal;:::lsshhgving fully res}Zrained egdges are discussed and the predxctula.ns
of these methods are compared with single panel test results. A ;on 1tn—
ear computer program capable of simulating both geometric and ma e;
rial nonlinearities was developed to predict the post-failure response o

i nt types of typical slab structures. .

dlféi;iﬁm}éital reszl}:s of slab structures having @mproved remforcemerit
details which were loaded well beyond initial failure and up to total col-
lapse are described. Resisting mechanisms which develop after the 03
currence of initial failures are described along with simple design an
detailing recommendations necessary to enable the Qamaged slab to .hanfg
from its supports. These design and detailing requirements result 1ln ef-
fectively continuous bottom bars along column lines that are well an-
chored into the column or support regions. The result of applying these
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requirements to a variety of two-way slab structures is presented. It is
felt that the secondary load carrying mechanism which can develop is
the key in preventing progressive collapse of slab structures.
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AprpPeENDIX Il.—NOTATION

The following symbols are used in this paper:

A, = minimum area of effectively _continuous bottom.bars in di-
rection I, anchored into reaction area of support; .
f, = specified yield strength of nonprestressed reinforcement;
fis = stress in prestressed reinforcement;
l; = tension development length;

—
3
|

clear span; o ' '
clear sgan/ in the long and short directions respectively;

= distance measured from the centerline of the panel on one1
’ side of the one-way catenary to the centerline of the pane
on the other side of the catenary;

N
£23
N
—
I

i i inforcement;
T = force per unit length in the rein .
T. = force in the reinforcement in the one-way catenary; 4 di
T,,T, = force per unit length in the reinforcement in the x and y di-
xXsty

rections respectively; . '

uniformly dl:i,stributed load per unit area of the slab;

w, = unfactored service loading per unit area of the slab, but not
’ less than twice the slab dead load;

g
It
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€, €

I

central deflection of the slab;

strain in the reinforcement of the one-way catenary;

strain in the reinforcement in the x and y directions, respec-
tively; and

capacity reduction factor.
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