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the collapse of the exterior walls can precipitate a catastrophic col=-
lapse of the entire building. Since one of the primary uses of a build=
ing evaluation procedure is to provide input for predicting the survival
of people located in buildings subjected tc nuclear air blast, the
initial research effort was directed toward development of a method for
determining the response and collapse of exterior wall elements. The
three basic types of exterior walls considered were unreinforced concrete
or masonry unit walls without arching, unreinforced concrete or masonry
unit walls with arching, and reinforced concrete walls. With minor
modification, the analytical procedures for exterior walls also apply

to interior partitions of similar construction,

As noted in Ref. 7, there was a need to develop interim procedures
for predicting the collapse of floors over basement areas in existing
NSS buildings. Therefore, mathematical models for the behavior of
reinforced concrete floor systems were formulated, based on readily
avallable technical information. During the current research effort it
was possible to modify the previously developed analytical expressions
to include the effect of longitudinal edge restraint on the resistance
of reinforced concrete slabs. Compressive membrane forces occur in con=
crete slabs that are restrained from outward movement at the edges as a
result of adjacent floor panels, or such other restraints as heavy
spandrel beams. Since compressive membrane forces can be a controlling
factor in determining the magnitude of slab resistance, its inclusion in
the floor prediction schemes enhances the ability to make realistic

collapse predictions for floors in existing buildings.

Although collapse predictions have been made for blast=loaded wood=
joist floors on an individual basis in this program, the procedure was
not systematized. During the current effort, a large body of analytical

and experimental information on wood and wood=joist floors was reviewed



and a resistance function developed for modelling the complex structural

behavior of wood=joist floors,

A continuing concern in this program has been the relative strength
of the exterior walls and frames of multistory buildings. To investigate
the relative strength of the walls and frame would require a comprehensive
computer program that included the inelastic response of the frame under
dynamic loading, as well as realistic frame collapse mechanisms. Since
no such program could be developed during this study, an available
computer program for analyzing the elastic and inelastic dynamic response
of two=dimensional structural frames (Ref, 8) was used to estimate the
blast strength of an eight=story steel=frame office building. Although
the frame program does not include frame collapse mechanisms, the results
of the analyses provided considerable insight into the relative collapse
strengths of the exterior walls and frame of a typical multistory

building.

The analytical method used in the research study has been to establish
the resistance function for each structural element of interest by con=-
sidering the approximate response mode, and by assuming that the element
is subjected to a uniformly distributed static load. To analyze the
dynamic response and collapse of the member, it is transformed into an
equivalent single-degree=of=freedom system by the use of transformation
factors for the load, resistance, and mass. The equation of motion is
then solved on a computer using a numerical integration procedure. Al=-
though established analytical procedures have been used wherever possible,
it has been necessary to modify and adapt current procedures as well as
develop new procedures for specific use. Relatively simplified analytical
models have been used for wall and floor element analysis to prevent the
evaluation of a structure from beco 'nz unwieldly as a result of excessive

computation.
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I1 LONGITUDINALLY RESTRAINED REINFORCED CONCRETE SLABS

Introduction

Interim analytical procedures for calculating the resistance function
for reinforced concrete slabs 1s presented in Ref. 7. In that study,
the yield-line theory was used to predict the ultimate flexural strength
of the slab. For slabs with continuous reinforcement, a tensile membrane
mode was also included in the resistance function, but such refinements
as compressive membrane action in slabs with restrained edges were not

included in the interim techniques.

However, several investigators (ec.g., Refs. 9, 10, 11, and 12) have
fourd that the yield-line theory grossly underestimates the strength of
slabs with longitudinal edge restraint, such as that provided by surround-
ing floor panels, or by heavy spandrel beams or walls. When a slab with
edge restraint deflects under load, significant compressive membrane
forces are induced in the slab that result in ultimate moments at the
yield lines considerably higher than when the forces are not present.
Since the ultimate strength predicted by the yield-line theory is too
conservative for longitudinally restrained slabs, the resistance function
for reinforced concrete slabs presented in Ref. 7 has been modified to
include the compressive membrane mode. The analytical procedure developed
in this report for calculating the resistance function of longitudinally
restrained slabs was based primarily on the investigations presented in

Refs. 9 and 10,

As shown on Figure 1, the resistance function for longitudinally

restrained slabs consists of three phases:
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FIGURE 1  RESISTANCE FUNCTION FOR LONGITUDINALLY
RESTRAINED REINFORCED CONCRETE SLAB
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¢ Compressive membrane resistance
¢ Secondary resistance

¢ Tensile membrane resistance.

The development of the analytical expressions for determining the slab
resistance for each of these phases is presented in the following sub=
sections, The analytical methods uzed for predicting the ultimate
flexural strength for the compressive membrane resistance phase are based
primarily on the investigations summarized in Refs, 9 and 10, The methods
used for determining the slab resistance during the secondary and tensile
membrane resistance phases are based on the expressions previously de-

veloped in this program (Ref. 7).

Compressive Membrane Resistance

The ultimate resistance during the compressive membrane phase 1is
determined by assuming the slab to fail along the yield lines shown in
Figure 2, The value of 8, defining the location of the yield lines, is

determined from the following equation, previously given in Ref. 7:

Myz Yo [Ls)? Yz )3 Mgy [Li\®
p.tue¥e (Ll [fYe) o Ra L) (1)
2 M, vy \L A2 wz \Iy Yy
where
Yy = ZN1 + M/M,, (1a)

Yo = 241 - MM, . (1b)

Each segment of the pattern is assumed to rotate as a plane surface.,

For a slab with edges restrained against longitudinal movement, both
thrust and moment act on sections along the yield lines, These thrust

forces significantly increase the moment resistance of the slab cross
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FIGURE 8 GEOMETRIC RESTRAINTS FOR STRIP 4-2
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Because of ¢,, the shortening of the middle portion 2-2' of the strip
will be ¢, (I - 2x) and, because of symmetry, the ends of the portion
2-2 will approach the center of the strip by 0.5 ¢, (I, = 2x). Also, due
to ¢,, the lengths of portions 4-2 and 4’-2' will decrease to (1 =~ €, ) Xe
The distance between points 4 and 2 (Figure 8) is given by

8y Iy
X+ + 0.5 ¢, (Iy - 2x)|sec ¢ = (1 ~ ¢,)x

+ (h, - k,d,)tan @

- kdztan @

or

i

h, - k,dp - k,d; = sixlxcp [(2 sin® g)x + e.(x cos :p+-21£-x)

+ . (5)

Since ¢ is small (thus sin ® = 2 sin ?x 'E and cos 9= 1), Eq. 5 reduces to

2
- Ko - _y, X
hy = kydp = kydg =3+ 2y (e, + 8,) (6)
Therefore,
¥ xLLsx'
kud2+k“d4=ha-2"2y (7)
where
By = By + € . (7a)

From the geometry of the deflected shape, shown in Figure 4,

15



y = ¥y (ﬁ') x <BL . (8)

Substituting Eq, 8 in Eq. 7 yields

Bs,
k,dp + k,d; = hy (zek) Yo = yz‘L . (9)

Substituting Eqs. 3 and 4 into Eq. 2 ylelds

Kikydg = T = kykydy - T
or
k,de = k,dy =11‘ (f, = T,) . (10)
1

Solving Eqs. 9 and 10 simultaneously yields the following two expressions

for the depths to the neutral axis

1 Bs,’lf] y -
k,dg = 2 l [h. - (2;‘11)51‘, - 2y, + Ex (r; - r4)‘ (11)
Bs, 12
kud4 = %{[h’ - (2;&)yu - zyu ]+ "];_1' (?‘4 - -i'a )f . (12)

Examination of these equations shows that the effect of s,' is to reduce

the depths to the neutral axis at the yleld sections.

Substituting Eq. 11 into Eq. 4, and noting from Eq. 2 that N,, = N,
the thrust developed at the ends of the strip is

£ A
=3 {[ (231«-) 2y, ]k1 -T, - ?4} . (13)

To evaluate N,, from Eq. 13, it is necessary to know the values of T,

and T,. These depend upon the steel stresses £,;, f,',, f,4, and f,'4.

16









FIGURE 9 GEOMETRIC RESTRAINTS FOR STRIP 3-1
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This equation is the same as Eq. 8 if B = 1/2. Bubstituting this value,
along with the previous notation changes, in Eqs. 11 and 12, the depths

to the neutral axis are given by

a -, - (= 2: L g )

k\l Wi 2 ] s = (LS yu 4y“ kl rl = ra (21)
1 [ z ) 5:1‘5] 1 -
“Hp = (= - +— (Fy = TF,) . 2
ZL- (Ls Yu 4y, Kk, =2 1 ’ (22)

The values of T, and T, depend on the value of the balanced thrust for

the cross sections at 1 and 3. From Eqs, 16 and 17, the balanced thrusts

are given by

-
4 eu 14
Npy = Lol ey + (f,/E, )] = fon (23)
" F €y ]
Noa = foky bm]ds -f.r, (24)
where
¢ f?
rn = dl (pl - p1) Ff (23a)
e
’ fY
=dy(Py = Pa) 77 y (24a)
¢

For the case of a tension failure at both ends of strip 3-1, the thrust

at initial crushing of the concrete is found from Eq. 18 to be

_f_z_ z s:Lﬁ
Nu‘ = 2 h. - L—S Yu = 4yu kl - r,_ - !‘3 (25)
provided
Ny € Ny
Ny; € Ny . (252a)

20









1
y“=[h’+- (r‘-r:«)]
ky

- ,\ﬁh, + -Il‘—(r., -1 )J2 - BL? [(-:u (28 + s, = 2Bg, + €,) + sx']
1

(29)

wvhere r, and ry are given by Eqs. 16a and 17a,

If the value of y, from Eq. 29 is also imaginary, the longitudinal
restraint in both directions 1is insufficient to develop the crushing
strain along the yield lines. For such cases the compressive membrane
forces are insignificant, and the slab resistance is calculated using

the yield-line theory previously outlined in Ref. 7.

Equations 28 and 29 do not apply if the ultimate thrust, N,, is
greater than the balanced thrust, N,. However, since an exact solution
for such cases would require a complicated iterative procedure to solve
for £, and f,' along the yield lines, Eqs. 28 and 29 were also used for
those slabs where N, > N,. For such cases, the slabs have limited ro-
tational capacity along the hinge lines, thus introducing the possibility
of a brittle collapse mechanism that can precipitate a premature shear
failure. As noted previously, this situation was not considered in this
study due to the lack of information regarding the increase in shear

strength due to the presence of compressive membrane forces.

Examining Eqs. 28 and 29 in more detail, it can be noted that y,
reaches a limiting value when the quantity under the radical equals zero.
In other words, the compressive membrane forces induced in the slab reach
a maximum value regardless of the span/thickness ratio. According to
Eqs. 28 and 29 the upper bound for y, is h, + (ry - r,)/k; for the z-
direction strips and h; + (r, - ry)/k, for the x-direction strips. These

upper bounds correspond to large values of the span/thickness ratio.

23
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However, examination of test values from Refs. 9, 10, 11, and 12 indicate
a limiting value of y, mich iess than the slab thickness. Referemce 10
suggests an empirical value for the limiting ultimate deflection of

Yu £ 0.42 h' . (30)

This uipe: Sound was also used in this study.

Ultimate Flexural Resistance

The ultimate flexural resistance can now be determined by means of
the work-energy method. The work done can be found by multiplying the
resisting moment per unit length normal to the axis of rotation by the
angle of rotation for each of the x-direction and z-direction strips,

and summing for all the strips,

The sum of the moments on the x-direction strips are
M3 (dz) + M, (dz) = N,y (dz)

while the angle of rotation is

Yu
B, ='eTl- .

The work done for the x-direction strips is thus given by

Yu
W, = [Mua + M, - N“"y](él—{)dz (31)

where, from Eq. 8,

y=yu(gx:') 0 s x s BL . (8)

24



The corresponding work done for the z-direction strips is

w‘ = [M.Il + M‘JS - N“:y](ijz)dx (32)

vhere, from Eq. 19,

2 ) 0cz s (19)
y - yu(Ls/z z 2 e

The energy input for a uniform load, q, can be determined by multi-
plying the total load acting on the strip by the deflection at the center
of gravity of the strip. Thus, the energy input for the x-direction

strips is
Qy Yu
E, - [q,(dz)x] g = EEE: ¥dz (33)
vhere
BLy Ly L
X = Z(LS/Z) = 25('1:)2 0sz = z . (34)

Similarly, the energy input for the z-direction strips is

Qy Yu

E, = [q, (dx)z] %: » 22dx (35)
where
z = x(EiﬁE) - L (EE)x 0<Sx<§B (36a)
BT AT A . y
L
z=2_s. Blﬁ."“zi . (36b)

25



The total work done by the x-direction and z-direction strips is
obtained by integrating over the total area of the slab, Thus,

L, L
W = 2 f W, + 2] W, ,
0 0
which, by substituting Eqs. 31 and 32, becomes
Lg Yy
W =2 I [Myg + My = Nyyy) (K dz
0
" y
+ 2 I [M,; + M5 = N,,v¥] (Ls; )dx . (37)
0

Substituting the expressions for N,, and N,, (Eqs. 18 and 25), y (Egs.
8 and 19), and x and z (Eqs. 34, 36a, and 36b) into Eq. 37, and integrating
yields the following equation for W;,



BL, L /2
M,,dx + J M ,dx + j M,,dx
0

BL,
L /2
+ I M,adx
B

L

oL f;l) y sx'BLf
-“—s(— h, -3—“- 2y, k, = (rg + 1)

4 £ s/12
() 225

v

4y3(1 -~ 28)L_ | £! y 8,132
- Ls (?) (h. - ?“- - 4yu k1 - (r1 + rs) ]
(38)

Since M ,, M,,, M,;, and M,; are nonlinear, the first four integrals are
awkward to evaluate. A simple expression that may be used to approximate

these integrals is

L,/2
- L
Mjpdz = (Myp) 5~ (39a)
0
L./2
- L
I Madz = (M) = (39b)
0

27






where

M, (BLy ) = the ultimate moment resistance along the
center produced by the thrust N, (L./2)

M5 (BL, ) = the ultimate moment resistance along the
edge produced by the thrust N, (L;/2).
The last three terms of Eq. 38 can also be expressed in terms of the

thrust by noting from Eqs. 17 and 24 that

L 4 y /12

N,, (;5-) = -Zi[(ha - E-! - Eu_s) k, = (ry + r, )] (39g)

L £/ y s/12
%[Nu,(O) + 2N, (;s-)] = 5—“- [(n, - 3—“ - 4;\.8) K, - (r; + ra)]
(38h)

£ ‘B2
%[N" 0) + 2N“(BLL)] = = [(h. - %“- - 825’“ )k.1 - (ry + 1, )]
(394)

Substituting Eqs. 3%9a through 391 in Fq. 38 yields the following expres-

sion for W,

2y, Le § - -~
Wy = —B:L-s Mg + My, - %‘L [Nux (0) + 2N, (BL )]t
+ L: ‘lM\n + My, = 6_ [N“(O) + 2Nuz(2—s)]}
4y, (1 - 28)L, Ls
+ Ls M\.1 (SLL) + Mua (SI‘L) = yuNuz(z—) i
(40)

The total energy input can be determined by integrating the energy
input for the individual x~direction and z-direction strips over the

entire area of the slab. Thus,

29






This equation, which assumes a vertical tangent at (0,0) and a horizontal
tangent at (q,, y,), was determined by a best fit of the experimental
results from static tests of square slabs longitudinally restrained on
all edges. In this study, this expression is also assumed to apply to

rectangular slabs and to slabs with partially restrained edges.

Secondary Resistance

After the resistance reaches its ultimate value, there is a decrease
in the resistance as the deflection increases. Tests show that the
resistance reaches a minimum value approximately equal to the value ob-
tained using yleld-line theory (not considering membrane forces). This
equivalence is reasonable to expect, since the minimum resistance should
correspond to a change of membrane forces from compression to tension in
the central region of the slab, The secondary resistance can thus be
determined from Eq. 42 by setting N,, and N, equal to zero, resulting

in the following equation for q,,

12 1 (Ls 2
R rrvererd 4 Gy KCPREPERTUNDIY) IR

where Mo, M, M,,, and M,, are the resisting moments for a zero thrust

and 8 is determined from Eq. 1.

Expressions previously given in Ref, 7 for the tensile membrane be-
havior of slabs are used to determine the deflection at the intersection
of the tensile membrane resistance and secondary resistance., These ex-
pressions, which were based primarily on the development presented in
Ref. 13, assume the reinforcing steel to act as a plastic membrane.

Additional assumptions, all of which are conservative, include:
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q,LZ

= = . (48)
o T T A,

Examination of test results indicate that for certain slabs, primarily
those with Jow tensile membrane resistance, the value given by Eq. 48 1is
much larger than the actual secondary deflection, Based on a study of

test results, an upper bound of
y, $3y, . (49)

is placed on the secondary deflection.

The coordinates of the point defining the secondary resistance are
now defined by Eq. 44 for q, and by Eq. 48 or 49 for y,. In Ref. 10

resistance for values between y, and y, was approximated by the expression

q q q n(y, = y,)
q=—114+ (—'—) + 11 - (—'-) cos -—c-—L] . (50)
2 q, q, Yo = ¥y
This expression was also used in this study to describe the resistance=-

deflection behavior for this region,

For the special case of a slab with no reinforcement, the secondary
resistance 1s zero. For this case the secondary deflection is defined

to be equal to the slab thickness,
Y, = h, . (51)

The resistance for values between q, and q, is still given by Eq. 50.

Tensile Membrane Resistance and Collapse

After the deflection y, is reached, the tensile membrane region
begins to grow outward towards the supports. Cracks begin to penetrate

the entire depth of the concrete, and ylelding of the reinforcement

34



spreads throughout the slab. The top and bottom reinforcement acts as a
tensile membrane, causing the slab resistance to increase with the center
deflection, as shown by Eq. 42, This continues until the reinforcement
ruptures. Reference 13 reported that a safe maximum value for the central
deflection is 0,10 of the short span. Examination of test results indi-
cates that a more realistic value for collapse of the slab is approximately
0.15 of the short span. Thus, for the present study, the failure deflec-

tion is taken as

For slabs unrestrained in the short direction, Eq. 52 does not apply.

For these cases,.the failure deflection is taken as 0.15 of the long span,

Veo = 0,15 L . (53)

Summar

The resistance function for reinforced concrete slabs with longi-
tudinal edge restraint, as previously illustrated in Figure 1, with the

corresponding equations is summarized as follows.

Compressive Membrane Resistance (0 <y, < y,)
1

y 1,8 weum
qzqu[l- (1-;1) ]1,9 (43)

L'

q, — Eq. 42

y, — Eq. 28, Eq. 29, or Eq. 30
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III WOOD-JOIST FLOOR SYSTEMS

Introduction

Wood-joist floor systems are complex structural systems that are
not readily amenable to precise theoretical analysis because of the wide
variability in the mechanical properties of wood, even within the same
species and grade, and the variability in construction methods and details.
Even though it is known that the finish flooring and subflooring con-
tribute to the strength and stiffness of floor systems, design codes
invariably specify maximum stresses and deflections for the design of
the joists to resist the total floor load without regard to other factors.
The allowable stress specified in the design codes are quite low, since
95 percent of the individual load=carrying members in a given lumber grade
can safely support the design load (Ref. 14). For example, Ref, 15
specifies an allowable unit stress in the extreme fiber in bending of
2050 psi for the highest grade Douglas fir, coast region joist and plank
stress-graded lumber, whereas Ref, 16 indicates a modulus of rupture in
excess of 12,000 psi for small wood beam specimens in static bending

tests of the same species,

As noted in various research publications, design codes do not take
into account the effect of the interaction between individual members of
a completed floor system, and the specifying of relatively low allowable
stresses for joist design 1is equivalent to requiring floor system design
to be based on the weakest link. On the other hand, the available test
information shows that the strength of a floor system, beyond that of the
weakest joist, is largely dependent on the interaction effects between

floor elements. For example, the finish and subflooring both contribute

37



to the strength and stiffness of the joist through composite or T-=beam
action, However, the primary effect of the flooring is a result of its
contribution to load sharing between individual joists. The wood in=-
dustry's concept of load sharing has been described in Ref, 14 as being

a reduction in the effective variability between individual joists when
they are grouped into a structural system, an increase in the effective
strength provided by the mitual constraint resulting from joining members
into an indeterminate structure, and an increase in the effective strength

by the local reinforcement of defects by adjacent members,

Although design procedures do not permit assigning a value to load
sharing, as mentioned, the enhancement of the floor system strength as
a result of the interacting effects among the various elements in a wood-~
joist floor system has been conclusively demonstrated in many tests of
actual floors (e.g., Refs. 17 through 22). The intent of this discussion
is not to judge the merits of any code requirements; but merely to point
out that for predicting the collabse of wood-joist floors, it is necessary
to include effects that are not treated directly in any design procedure.

The development of a realistic resistance function to represent the
response of a wood-joist floor system is complicated by the large vari=
ability of material properties within any particular wood species (even
among similar wood specimens specifically selected for tests), and by
the highly complex indeterminate structural action that occurs between
various elements of the floor system. Although the limited theoretical
studies of the composite floor behavior, such as that presented in Ref,
23 to model the slip in nailed plate-rib joints, have been correlated
with specific test data, the unknowns involved in the evaluation of wood-
joist floors in existing buildings do not warrant the development of a
sophisticated mathematical model. Instead, the approach in this study

was to examine sufficient analytical and experimental information to
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permit the development of a relatively simplified model that would ade-

quately reflect the complex composite action of the floor system,

A wood beam, or joist, composed of perfectly clear wood without
defects, and subjected to pure bending forces as a result of an increasing
uniform static load, goes through two distinct phases prior to collapse.
The first phase is elastic, where a plane section remains plane, and a
linear relationship exists between stress and strain throughout the beam
cross section., As the stress level is increased, the extreme fibers on
the compression side reach their proportional limit., The second phase is
therefore characterized by inelastic behavior on the compression side, and
a linear elastic behavior on the tension side. Typical stress-strain
curves for wood in tension and compression are shown on Figure 11; note
that the tension portion of the stress=strain relationship remains essen-
tially linear up to failure. Since the ultimate tensile strength of
clear wood is much greater than its ultimate compressive strength, a
redistribution of stress occurs across the beam section as the bending
moment increases beyond the proportional 1limit in compression. To satisfy
the conditions of equilibrium of internal forces at a section, the neutral
axls shifts towards the tension side (Refs., 24 and 25). Test data also
indicate that a plane section of a wood beam in pure bending remains

approximately plane up to tensile failure.

As noted in Ref. 25, the second degree parabola has been found to be
the best approximation to the compressive stress=-strain distribution above
the proportional 1limit. The theoretical stress distribution in a wood

beam near failure would therefore appear as shown in Figure 12,

Resistance Function

As discussed above, a wood-joist floor system is a complex structural
system because of both the effects of interaction between the floor elements,

and the wide variability in the properties of wood. In additionm,
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predicting the collapse of existing floor systems under blast loading is
further complicated by the variability in construction techniques,
especially in the relatively unsupervised home construction industry,

and by the fact that the properties of the wood used in any analysis are
usually published average values for a wood species rather than actual
values based on knowledge of the specific wood used. The differences
between the published prounerties of wood and those in a specific existing
floor system would be expected to show a much greater variation than for
structural steel, or even for concrete. However, the use of published
average property values for wood may be adequate because of the averaging
effect resulting from the interaction among the elements of a floor

system.

In any event, as stated, the unknowns involved in calculating the
dynamic response and collapse of wood-=joist floor systems do not justify
the development of a complex mathematical model. The approach therefore
was to use established theoretical procedures, and, where feasible, to
modify the procedures to reflect the results of tests of actual floor
systems. The method adopted was similar to that used for wall elements
(Refs, 1 and 4), and for reinforced concrete floor systems (Ref., 7).

That is, the resistance function was established for wood-joist floor
systems by assuming that the deflected shape of the member under dynamic
load is identical to that under a uniform static iosd and that the distri=-
bution of the restoring force and dynamic load is .he same. The member

is then transformed into an equivalent single-degree-of-freedom dynamic
system by the use of transformation factors for the load, resistance, and
mass, The equation of motion is solved on a computer using a numerical

integration procedure.

The resistance function for wood~joist floor systems was assumed to
consist of elastic and inelastic phases as shown on Figure 13, and was

determined only for the case of a simply supported, uniformly loaded floor,
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Although scabs are sometimes used to reinforce wood joists at interior
supports (e.g., Ref. 26), joists are not generally continuous over the
support, and the scab cannot be expected to develop the bending strength
of the joist., Also, although tests indicate that a ceiling on the bottom
of a wood=joist floor has a stiffening effect (Refs. 26 and 27), a
ceiling was not included in the mathematical model since the primary
interest was in floors over basement areas where ceilings are usually

not used.

Elastic Phase

The maximum elastic resistance, q,, of a simply supported wood-joist
floor with a uniformly distributed load is developed when the moment at

the center section is a maximum, or

q, sL®

] = , (54)

where s is the joist spacing.

Since a linear relationship is assumed to exist between the stress
and strain during the initial elastic phase, the extreme fiber stress is
equal to

Mh,/2
f 1 . (55)

Test data (e.g., Ref. 28) have indicated that the effective moment of
inertia, I , of a wood-joist floor system is greater than the moment of
inertia of the joists, I,, but less than that obtained from a T-section
(Figure 14) if full composite action between the joist and flooring is
assumed. For this study, the effect of the composite action is accounted
for in the elastic phase by assuming that the effective moment of inertia

is equal to the moment of inertia of the joist times a coefficient that
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is determined from the published test data on the response of wood=joist

floors in the elastic range, or

I, =cI, (56)

I, =c, = . (57)

Substituting Eqs. 55 and 57 into Eq. 54, and rearranging terms, the
maximum elastic resistance for a wood-joist floor system is
_ if,c,bh?

q = - L] 58
! 3sL® (58

The maximum deflection for the elastic phase is

8q, sL*
. (59)

Yy =
32E,c, bh?
The problem, of course, is to determine the point in the response
of the floor system where it is no longer linearly elastic; this is
primarily a problem of determining a value for the extreme fiber stress,

£ for use in Eq. 58 that reflects the upper limit of the elastic phase.

)’
Initially, in this study it was assumed that the elastic phase existed
until the extreme fiher stress in compression reached the proportional

limit, that is where f, = f in Eq. 58. However, comparisons of the

weyp
analytical predictions with experimental data (Refs. 21 and 29) indicated
that a better correlation could be obtained by estimating the failure

strength of the weakest joist (first break), and using this value as the

maximum elastic resistance of the floor system. In fact, test data in
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Ref. 21 show this to be the case, at least for the lower grades of wood-

*
Joists,

As a result of load sharing, the deflected shape of a floor system,
which consists of a number of joists connected by flooring, is about the
same throughout the floor when uniformly loaded (Refs. 28 and 30). The
deflected shape of the weakest joist will approximate that of its stronger
neighbors, even though it may have much less bending stiffness, and
therefore carry less load. For any specific wood species, the strength
of a joist in bending is influenced by a number of factors, such as size
and location of knots, shakes and splits, moisture content, density, and
slope of the grain (Refs. 16, 31, and 32). To determine the maximum
elastic resistance, it was assumed that the bending strength of the
weakest joist was limited by a defect resulting from the largest per-
missible knotT located at the bottom edge of the wide face in the middle
third of the joist span as specified in the appropriate standard grading

rules for the wood grade and species used (e.g., Refs. 32 and 33).

The maximum elastic resistance at first break is calculated by using

Eq. 58, and substituting f,6 = f  and ¢, = 1.0, or

2
AL

4, = . (58a)
1 3sl?

The modulus of rupture, f. , is that obtained from standard sources for

v

small clear specimens (Ref. 34), and adjusted by the appropriate factors

for knots, seasoning or moisture content, and size effect from Ref, 31.

*

Limited data on the collapse of floors constructed of a higher grade
Douglas fir in Refs. 18 through 20 also indicate that first break is a
good measure of the maximum elastic resistance.

*As noted in Ref. 16, for design purposes the reduction in strength for
various defects is not considered as cumulative, Because of the dis=-
tribution of defects, this is also a reasonable assumption for the cal-
culation of the floor resistance at first break.
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Inelastic Phase

To develop the equation for the resistance function during the in-
elastic or plastic phase of the response of wood-joist floor systems, it
was assumed that point 2 on Figure 13 represented the maximum theoretical
resistance for a clear wood specimen. The resistance was assumed to vary
linearly between the maximum elastic and inelastic resistances, and there=
fore, it was only necessary to determine the value of the maximum inelastic

resistance.

Studies have shown that as the load on a wood beam is increased, a
local failure first occurs in the compression zone, and is accompanied by
a shifting of the neutral axis towards the tension side (e.g., Refs, 24,
25, and 35). For clear specimens without defects, the collapse of the
beam results from a tensile fracture. Although several theories have been
postulated to describe the stress distribution across a wood beam at
failure, the second degree parabola as presented in Ref. 25, and shown

on Figure 15, was adopted in this study.

In the development of the equation for the ultimate plastic moment

at failure of a wood beam, the following assumptions were made in Ref, 25:

e Cross sections of the beam remain plane up to failure.
*» The tensile stress=strain relaiionship is linear.

e The compressive stress-strain relationship is linear
up to the proportional 1limit, and thereafter is approximated
by a second degree parabola.

e The downward shift in the neutral axis at failure can be
described by the relationship of the ultimate compressive
and tensile stress distributions.

The ultimate internal resisting moment for a rectangular wood beam
in pure bending can be formulated from the stress=strain relationship of
wood in tension and compression and the general equations of static
equilibrium across a section, where the sum of the normal stresses 1is

equal to zero, or
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[f:dA=0 s

A

and the moment of the normal stress about the neutral axis is equal to

the bending moment M, or

fr,ydA =N

A

For the assumed case of a rectangular beam with the compression zone
described by a second degree parabola and the tension zone by a straight

line as shown in Figure 15, the equations of static equilibrium become

ah!
b f,dy = 0 (60)
-h: (l-d)
and
oh,
b tdy=MN . (61)

At the development of the ultimate bending resistance of the beam, the
best f£it to the test data for the distribution of the stress in the com-

pressive sone, from Ref. 25, is a second degree parabola of the form

nu , (62)

419



















The development of a rational failure criterion for wood=joist
floors is complicated by a number of factors, some of which are mentioned
above. Also, because of the large number of variables involved in the
response and collapse of a floor system, the available test data are
insufficient to establish a statistical basis for developing a failure
criterion., Instead, for this study it was necessary to rather arbitrarily
establish a failure criterion without the benefit of adequate analytical

or experimental information.

Therefore, to predict the collapse of wcod-joist floor systems in
the program for evaluation of existing stiructures, it was assumed that
the resistance at collapse would occur between the maximum elastic and
inelastic resistances (Points 1 and 2 in Figure 13, respectively). Since
no rational method was available for calculating deterministically the
maximum resistance developed in a floor system at collapse, the collapse
resistance between Points 1 and 2 was described in the form of a
probability distribution. An examination of the experimental data in-
dicated that the maximum resistance developed by a floor system at
failure would be closer to the maximum elastic resistance (Eq. 58a) than
it would be to the ultimate plastic resistance (Eq. 68); this suggests
that the probability distribution for the failure resistance would tend
to be skewed towards the maximum elastic resistance. Although the B-
distribution is well suited for describing a skewed distribution with
finite end points (Ref. 38), only the normally distributed probability
furction was readily available for use in this study, Therefore, it was
assumed that the probability of occurrence of the failure resistance for
wood=-joist floor systems was normally distributed betwecen Points 1 and 2

on Figure 13, and the skewness was accounted for indirectly as follows.

The possibility is negligible that the maximum resistance at failure
for an actual floor system would be greater than or equal to the theoreti-

cal ultimate plastic resistance for clear wood specimens as expressed
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by Eq. 68; therefore, the probability that the maximum resistance would
equal the ultimate resistance was set very high, say 0.989. On the

other hand, the possibility that the maximum resistance of a floor would
be less than the elastic resistance at the theoretical first break of the
weakest joist, as expressed by Eq. 58a, would be relatively low; there-
fore, for this case, the probability of occurrence was set at 0,05 or
0.10, Furthermore, in the dynamic analysis of a specific floor system,
values of the floor resistance above or below the limits selected were
discarded. The truncated normal density function used for estimating
the maximum resistance at failure of wood=joist floor systems is shown

on Figure 16.

To determine the probability distribution for the incipient collapse
overpressure for wood-joist floor systems, Monte Carlo, or simulation
techniques as described in Ref. 4 for wall elements was used. Briefly,
the technique uses a set of mathematically simulated floors, each of
which possesses the characteristics of some real floor to determine an
approximate distribution of the incipient collapse overpressure. The
set of similated floors is prepared by selecting the parameters to be
varied, such as the maximum resistance at collapse, and determining the
values of these parameters by randomly sampling their corresponding
probability distribution functions. Each simulated floor is then analyzed
dynamically using the randomly selected values and the deterministic
equations developed previously. The results of the analyses of the set
of floors provide a probability distribution of the incipient collapse

gverpressure.
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IV DYNAMIC ANALYSIS OF NORTH CAROLINA
NATIONAL BANK BUILDING

Introduction

As noted in Section I, a continuing concern in evaluating the col-
lapse overpressure of existing buildings has been the relative blast
strength of the exterior walls and frames of multistory buildings. To
predict the collapse overpressure of the exterior walls for the existing
NFSS buildings analyzed in this program (Refs., 5 and 6), it was assumed
that the structural frame did not collapsc at a lower overpressure than
that predicted for the exterior wall, For weak-walled buildings, such
an assumption is reasonable. In fact, it is often assumed for the anal-
ysis of blast-loaded frame buildings that the exterior walls can be con-
sidered as frangible, and therefore, that the wall loading transferred
to the freme can be approximated by an impulse loading, However, for
many of the actual buildings analyzed, the strength of the exterior
walls under blast loading was sufficiently high to make it doubtful that
the frame could survive at the overpressure level required to collapse
the walls, For example, at the present time SRI has analyzed a total of
137 exterior wall cases for 59 NFSS buildings, As shown on Figure 17,
the predicted incipient collapse overpressurc for these walls ranged
from less than 1 psi to over 40 psi, with 50 percent of the walls pre-
dicted to collapse at an incident overpressure level greater than 6 psi,
The strength of the exterior walls is important in calculating the col-
lapse of the frame, since for a given overpressure level, the blast
loading on the total area of a nonfailing wall can be much more severe
than the blast loading on the frame alone plus an impulse loading from

a frangible-type wall.
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To investigate the relative strength of the exterior walls and frame
of a building would require a comprehensive computer program that included
inelastic response of the frame under dynamic loading and realistic frame
collapse mechanisms, Since such a program was not available for this
study, an existing computer program for analyzing the elastic and inelas-
tic dynamic response of two-dimensional structural frames (Ref. 8) was
used to analyze the frame of the North Carolina National Bank Building,
This building was selected for study since a previous analysis of the

exterior walls (Ref, 6) had indicated that it was a strong-walled building.

Building Description

The North Carolina National Bank, constructed in 1922, is located
on South Main Street, High Point, North Carolina, The building consists
of eight stories and an unexposed basement; there is a mezzanine between
the first and second stories. The overall height of the building is about
110 ft and plan dimensions of 50 ft by 115 ft provide an area of 5,750
sq ft on each floor level, Figure 18 shows the exterior walls and general
window layout of the bank, Note that many of the windows on the first

story of sides B and C have been bricked in,

The building has a structural steel frame with riveted and bolted
column and beam connections, The ribbed floor system has a 4-in, thick

concrete slab and 4- or 6-in, thick clay tile fillers.

The exterior walls on sides A and B of the first story are 17-in.
thick and are constructed with a granite veneer and a brick backing. On
sides C and D of the first story, the walls are generally 17-in, thick
solid brick. On the upper stories, the walls are constructed with a
4-in, thick brick veneer and an 8-in. thick terra cotta backing. As can
be noted in Figure 18, the exterior column lines on the upper stories of
sides A and B are faced with a granite veneer. For all exterior walls,

the facing is continuous over the frame members and the backing is inset
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in the frame. The interior partitions on the first story and mezzanine
are constructed with unreinforced terra cotta, either 3- or 6-in, thick.
On the upper storics the interior partitions are mostly 3-in. unreinforced
terra cotta. The partitions arc nonload bearing and have numerous open-

ings that have been filled-in with light wood pancling.

Wall Analysis

The exterior walls on all sides were analyzed as unreinforced masonry
unit walls with either one- or two-way arching, For Side A of the first
story it was assumed that, becausc of the many openings, only one-way
arching could develop between floor beams on the first and mezzanine
stories, On Side B it was assumed that one-way arching would develop in
the walls between windows. Furthermorc, it was assumed that the bricked-
in windows would not contribute to the arching strength of the walls but
would remain in place for a sufficient length of time to influence the

blast loading and room filling.
The specific walls analyzed were as follows:

® VP1l: Side A, wall on first story; one-way arching wall,
® VP2: Side B, wall on first story; one-way arching wall,

® VP3: All sides, walls on upper stories; two-way arching wall,

The results of the dynamic analysis of the exterior walls of the

Bank were:

Predicted Collapse Overpressure, psi
10 Percent 90 Percent
Standard Probability Probability

Case Mean Deviation Value Value
VPl 16.4 4,2 11.0 21.8
VP2 5.4 0.7 4,6 6.3
VP3 15,7 4,0 10.5 20.8
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Since the analysis indicated that the incipient collapse overpressure of
the upper story walls was 15,7 psi, the building was considered as a
strong-walled building, and was therefore a good candidate for examining

the dynamic response of the structural frame,

Frame Analysis

Discussion

The blast loading on the building was calculated for a box-type
building with openings (Type 2, Ref, 8), and the collapse overpressure
of the exterior walls was assumed to be greater than that of the frame;
i.e., to determine the frame loading, the exterior walls were assumed
as nonfailing. The blast wave was assumed to strike the building at
normal incidence to Side B, the Commerce Street side, The computer
program determines the air blast loading on the basis of a specified
peak incident overpressure level between 2 and 30 psi for a 10-Mt-yield
nuclear weapon. Although the exterior walls had been analyzed for an
air blast loading from a 1-Mt-yield weapon, there would be negligible
difference in the predicted collapse overpressure of the walls for a

10-Mt yield,

Three different types of frame analyses were performed. The first
was an elastic analysis to determine the magnitude of the base shear as
a function of the blast overpressure level, For this analysis, the
inset exterior walls on end frame lines A and H in Figure 19 were assumed

to act as shear walls,

The second and third types of frame analyses were performed to deter~
mine the elastic and inelastic response, respectively, of the frame acting
alone; for these analyses the effect of the shear wall action of the ex-

terior walls on the frame response was assumed to be negligible. Such
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an analysis should approximate the behavior of the building after failure

of the shear walls (i.e., inset exterior end walls),

The elastic frame analysis was conducted at various incident over-
pressure levels and provided information on the possible collapse strength
of the frame. Also, the elastic analysis assisted in the selection of
the overpressure levels for running the more complex inelastic frame

program,

The following input data, required for the various analyses, were

obtained directly from the architectural and structural plans:

® Percentage of openings (front face)
® (Clearing distance (front face)
® Floor weight
® Beam and column properties

- Moment of inertia

- Cross-sectional area

- Plastic moment capacity
® Shear wall properties

- Moment of inertia

- Cross-sectional area

- Plastic moment capacity

- Shear area

- Shear capacity

Figure 19 shows a simplified framing plan and Figure 20 shows the

beam and column sizes for frame line A.
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Results

The results of the following frame analyses are summarized in

Tables 1 and 2:

® Elastic shear wall, 2 psi overpressure
* Elastic frame

- 16 psi overpressure

- 5 psi overpressure

- 4 psi overpressure

- 3 psi overpressure
* Inelastic frame

- 5 psi overpressurc

- 4 psi overpressure

- 3 psi overpressure

The maximum stress ratio for the beams and columns, shown in Table 1,
is the ratio of computed moment/yield moment and for the shear walls is
the computed shear/ultimate shear capacity. The ductility ratio listed
in Table 2 is the maximum rotation/yield rotation for the member., It
should be noted, so as to avoid a condition of singularity in the plastic
matrix for the inelastic frame program, in Ref, 8, "...it is assumed that
each member in the structure is composed of two parallel elements--one
remains linearly elastic under all loading conditions and one remains
ideally elastoplastic,... For the computer program presented in this
report it is assumed that linearly elastic elements represent five per-
cent of the initial stiffness of the structure. Also, this makes it

possible to account for some of the 'strain hardening' effects which are

neglected in the normal ideally plastic idealization,"

The results of the first analysis, for the shear wall building, indi-
cated that the cracking of the exterior walls on the ends of the building

acting as shear walls occurred at an incident overpressure of less than
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Table 2

SUMMARY OF RESULTS CF INELASTIC FRAME ANALYSIS

. Axial

Story Moment Ratio Ductility Reatio Force

Level Beam Column Beam Column (kips)

Inclastic, Frame 5 psi (Maximum Deflection = 677.6 in.)

Roof 1,91 2,01 27.0 29.4 3.7
8 2,51 1,08 29.1 3.0 8.9
7 2,51 1.37 30.9 10.7 14,1
[} 2,69 1,19 35.2 ¢,1 19.7
5 2,72 1.35 35.0 8.5 25.3
1 2,63 1.58 32.6 18.2 30,7
3 2,31 2,19 26,1 55.7 35.5
2 0.12 1.26 ~1 5.5 100,6

Mezz. - 1,23 - 7.1 100,6

Inclastic, Frame 1 psi (Maximum Deflection = 563.7 in.)

Roof 1,81 1.91 23,2 26,7 3.5
8 2,25 0.95 25.7 <1 8.2
7 2,31 1.32 26,7 9.0 13.0
6 2,43 1,03 29.5 1.7 18,1
5 2,145 1.2 29.3 8.4 23.2
1 2,31 1.50 26.1 15.9 28,1
3 2,03 2.09 21.1 42,2 32.4
2 0,09 1.09 ~1 3.0 72.6

Mezz, - 1.17 - 3.1 72,6

Inelastic, Frame 3 psi (Maximum Deflection = 249.0 in.)

Roof 1.30 1.31 8.4 10.1 2.6
8 1,51 0,98 11.8 <1 6.0
7 1.60 1,12 12.6 2.6 9,6
6 1.62 0.91 13.1 <1 13,2
5 1,64 1,15 13.2 4.1 16,8
4 1.55 1,16 11.5 5.8 20,3
3 1.45 1,62 9.4 20,6 23.5
2 0.07 1,01 <1 1,1 59,3

Mezz, - 1,03 - 1.9 59,3
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ratios by over 50 percent, As noted on Figure 21, the calculated lateral
deflection of the top story, for the inelastic frame analysis, was about

21 ft for the 3-psi overpressure level, and 47 ft for the 4-psi level,

Summary

The results of the analyses provide an estimate of the collapse
strength of the structural steel frame of the bank building under blast
loading, even though the computer program used cannot predict frame col-
lapse, If it is assumed that the frame would collapse at a ductility
ratio of about 50,* then the estimated collapse overpressure is between
3- and 4-psi incident overpressure level. The actual blast strength
could be much less, since the effect of the axial column load (P-A effect)
and frame collapse mechanisms, such as column buckling and instability,

are not accounted for in the computer program,

It should be mentioned that the frame of the North Carolina National
Bank building appears to be constructed of relatively light structural
shapes that may not necessarily be typical of most NFSS structures, In
any event, however, the analysis indicated that the blast resistance of
the frame of the building was much less than (possibly only one-fourth)
that of the exterior walls, This, of course, is an important consideration
in predicting either the magnitude of building damage or the number of

casualties that might occur in buildings subjected to nuclear air blast.

*The selection of a ductility ratio of 50 as indicating a possible frame
collapse is arbitrary, but is felt to be conservative for estimating a
frame collapse from the results of an inelastic analysis. Other in-
vestigators, e.g., Ref, 40, have used a frame ductility ratio of 20 to
indicate collapse, However, the actual ductility ratio used to estimate
collapse is not too important, since, as noted on Table 2, for an in-
crease in incident overpressure level from 3 to 4 psi increases the
maximum column ductility ratio at story level three from 20.6 to 42,2,
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intact. The deflections for the slabs tested by Park similarly do not
indicate collapse, The values for the slabs tested at WES and MIT, how-
ever, correspond to significant rupture of the steel reinforcement and
partial collapse of the slabs. The agreement between the predicted and
test results is quite good for these slabs, particularly for the collapse
defloction. A better value for comparison purposes may be the slope of
the tensile membrane resistance curve (q,t/y,‘). The agreement between
the predicted and measured slopes of the tensile membrane resistance is,

on the average, quite good.

Variation of the static resistance with the center deflection is
shown for several of the test slabs in Figures A-1 through A-4. Both
predicted and measured results are given. A brief discussion of the
results for each group of tests is also presented in the following para-

graphs,

§g§£. As can be seen from Table A-2 and Figure A-1, the predicted
resistance functions for the NCEL slabs agree quite well with the test
results. This is particularly true for the compressive membrane region,
which is the primary region of interest for this study, In general, good
agreement is also found for the secondary resistance, However, comparison
of the maximum tensile membrane resistance values given in Table A-2
show the predicted results to be considerably higher than the test results.
As can be seen from Figure A-1, the slope of the predicted resistance
curve during this region is only slightly less than the slope of the
measured resistance, Thus, the discrepancy in the maximum resistance is
due primarily to the difference between the predicted and measured values
of the collapse deflection, Yeoo The test values of Yer for the NCEL
slabs correspond to rupture of the steel reinforcement at the supports,
A review of the photographs given in Ref. 10 for the slabs after the

static tests shows that although the slabs are severely cracked, they are
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The cylinder strength was assumed to be 80 percent of the cube strength,

This assumed percentage may be somewhat higher than is actually the case.

Park. Table A-2 compares predicted resistance functions values to

the results presented in Ref, 9 for tests on rectangular slabs (length-
to-width ratio of 1,5). Representative plots of the predicted and actual
load-deflection curves are also given in Figure A-4, The predicted
results compare fairly well with the test results for the compressive
membrane region, However, for the secondary region the predicted resis-
tance is approximately 30 percent higher than the test results, The
predicted slope for tensile membrane region is considerably below the
test results, It should be noted that test results are available only
for slab deflections up to 4,0 in,, rather than up to failure. Compari-
sons of predicted and test results for the tensile membrane region are

thus quostionable for these slabs.

Powell. Results are presented in Ref. 9 only for the ultimate

compressive membrane strength of the rectangular slabs (length-to-width
ratio of 1,75) tested by Powell., The predicted ultimate resistance for

this region is on the average 22 percent higher than the test results,

Slabs with One Edge Simply Supported

Park (Ref. 9), in addition to his tests on rectangular slahs with
all edges fully restrained, also conducted tests on two additional series
of slabs with one of their edges simply supported on rollers, the remain-
ing edges of both series being fully restrained, The series B slabs were
tested with one of the short edges simply supported, while the series C
slabs were tested with one of the long edges simply supported. The steel
content of these series of slabs was the same as the corresponding series

A slab listed in Table A-1 (i.e., steel contents of slabs Al, Bl, and Cl1
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were identical), except that there was no top steel at the simply sup-~
ported edge and that the length of the other top steel was such as to
suit the particular slab. The remaining dimensions and properties were
also the same except for the concrete strengths, which are listed in

Table A-3,

Predicted resistance and deflection values for the various stages
of behavior are compared with the test results in Table A-3, Variation
of the static resistance with the center deflection is shown for both
predicted and test results of the slabs in Figure A-5, Due to restric-
tions of the computer program, the predicted results for the compressive
membrane region are based upon all edges restrained against rotation
rather than the actual case of one of the edges simply supported. The
predicted results reflect the actual condition of no longitudinal re-
straint in the direction perpendicular to the simply supported edge,

however,

Because of the necessity of treating all edges as restrained against
rotation for the calculation of tha ultimate flexural resistance, the pre-
dicted results would be expected to be slightly higher than the test
results. This is found to be the case for the slabs with one of the long
edges simply supported: the predicted ultimate flexural resistance is
37 percent higher on the average than the test results, For the slabs
with one of the short edges simply supported, however, Lhe predicted
ultimate flexural resistance is 13 percent less than the test results,
However, the analytical predictions neglected to consider the compressive
membrane forces in the direction at right angles to the simply supported
edges, Some membrane forces are bound to develop in this direction
because the fully restrained edges adjacent to the simply supported edge
are unable to increase in length. This effect is felt to be greater for
the slabs with one of the short edges simply supported due to the greater

length of the fully restrained long edges.
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Peak
Load £;
Test (psi) (psi)

WES
ID1 15,0 3683
iD1B 34,7 3683
1D2 26,5 3485
ID3 27.8 3485
ID4 27.0 3485
ID5 27.4 3485
Incipient 18.2 3683
Collapse
Load 26,4 3683
1I1D1 56,8 3810
11ID2 36.6 3810
1ID3 43.1 3810
Incipient 25,6 3810
Collapse
Load 38.8 3810

Table A-4 (Concluded)

DIF
(%)

25
25
25
25
25
25
25

25
25
25
25
25

25

Maximum Dynamic
Deflection (in,)

Time to Maximum
Deflection (msec)

Theory Theory

Theory Test Test Theory Test Test
0.48 0.25 1.92 7 - -
4,35+ 13+ - 9 24 -
4,35+ 7.5+ 0,58 12 31 0,39
4,35+ 13+ - 12 31 0.39
4,35+ 7.0 0.62 12 34 -
4,35+ 13+ - 12 15 -
4,35+ - - 20 - -

* 7.25+ - - 16 - -
4.35+ 13+ - 7 15 -
4,35+ 8.1 0,54 10 28 0.36
4,35+ 13+ - 9 28 -
4,35+ - - 14 - -
7.25+ - - 14 - -

* Based on collapse deflection of 0,25 of the slab length,
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in the dynamic analysis, For test 4,75D1-7, the best agreement between
predicted and actual results occurs for a dynamic increase factor of

20 percent,

Predicted deflection-time hgstories are compared to results from
tests 4.75D2-2 and 4,75D2-3 in Figure A-8, The predicted deflections
are in fairly good agreement with the actual results up to maximum de-
flection, After this, again because damping was neglected in the dynamic
analysis, the predicted deflections deviatoe widely from the actual results.
No results were plotted for test 4,75D2-5. The results from Table A-4,
however, indicate the best agreement between predicted and test results

occurs for a dynamic increase factor of 30 percent,

Incipient collapse pressures were also predicted for the three test
slabs, using dynamic increase factor factors of 20, 30, and 40 percent.
These values are shown in Table A-4. Comparison of these values with the
measured peak loads for the last cycle of loading for each slab indicates
that the best agreement occurs for a 20-percent dynamic increase factor.
Even these values are slightly higher than the actual test results, Pos-
sible reasons for this may be inaccuracies in the predicted resistance
function, particularly for the tensile membrane region, and possible

damage experienced by the slabs during the prior test load cycles,

!EE. Dynamic tests were conducted on eight slabs. Properties for
these slabs were the same as listed for the corresponding series I and
I1 slabs in Table A-1, except for the concrete strengths, which are
listed in Table A-4, A comparison of the predicted and test results is
also given in Table A-4, The dynamic loads consisted of an approximate
triangular impulse with a rise time of about 4 msec, followed by a fairly
rapid decay until about 20 msec, and a slower decrease to zero at about
100 to 120 msec, Except for test ID1, the pressures were such that col-

lapse occurred on the first cycle of loading., Due to bad primacord, a
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low pressure of 15 psi resulted for test ID1, with only hairline cracks
occurring around the periphery of the slab, A second test load, ID1B,

collapsed the slabs.

Based on results from Ref, 11, a dynamic increase factor of 25 per-
cent was used for the predicted results given in Table A-4. A comparison
of these results with the test results at first glance indicates a wide
disparity. It should be noted, however, that the values given for the
maximum test deflections includc behavior after collapse of the slab has
occurred, while the predicted results arce only concerned with behavior
up to the predicted collapsc deflectjon, Since so many of the test slabs
experienced total collapse, comparisons between the predicted and test
results a.e inconclusive, However, disregarding deflections of the slabs
that totally collapsed (and also test ID1), the maximum deflections aver-
aged 7.25 in, (25 percent of the slab span) for the series I slabs and
8.1 in, (28 percent of the slab span) for the series II slabs. The pre-
dicted results, however, indicate collapsc to occur at 4,35 in., or 50
to 60 percent of the actual deflections, The reason for this discrepancy
may be due to the fact that statically-loaded slabs (on which the pre-
dicted resistance is based) start to fail in one area, subsequently
unloading the rest of the slab, Thus, failure is concentrated in one
area of a statically loaded slab. Dynamically loaded slabs, however,
tend to fail morc uniformly, with the quicker response of the slab
evening out the local defects, This may result in a larger deflection

since local cffects are minimized,

Predicted and actual deflection-time histories are shown for several
of the slabs in Figurc A-9, These results indicate that, for the periods
of comparison, the predicted response is quicker than actually occurred.
One reason for this difference is the use of the load-mass factor (used
in simplifying the actual slab to an equivalent single degree-of-freedom

system) corresponding to the plastic region for the entire range of
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tested to collapse. Agreement between predicted and measured resulis

for the slope of the tensile membrane resistance was quite good.

A limited number of comparisons were also made for rectangular
slabs with one edge simply supported on rollers and the remaining edges
fully restrained. In general, correlation between the predicted and
measured resistance function values was only fair, These results would
tend to indicate that for such‘slabs the predicted resistance function

should be considered as approximate only,

Predicted dynamic response was also compared with the time-deflection
behavior of several dynamically loaded square slabs with all edges longi-
tudinally restrained. The slab response model generally provided an
adequate prediction of the experimental behavior. Dynamic increase fac-
tors of 20 to 40 percent were used in calculating the predicted response.
Best correlations were obtained for a dynamic increase factor of about
25 percent, Experimental results also indicated dynamic collapse deflec-
tions on the order of 25 percent of the slab length, as compared to values
of approximately 15 percent of the slab length obtained from the static
tests used in most of the analyses. This increase is felt to be due to
the minimizing of the effect of local failures as a result of the rapid
response of the dynamically loaded slabs as compared to the statically

loaded slabs,
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