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CHAPTER VII

DESIGN

POINT STEEL BARS

By T D MyLREA
Professor and Head of Cinl Engineering, Uniwversity of Delaware

SYNOPSIS

Four groups of 34 in by 8 ft slabs were tested to study the effect of variation
in yield point, combination of high strength concrete with steels of high and
low yield point, effect of concretes of different strengths in combination with
steel of constant yield point and effect of varying span length when using steel
and concrete of constant strength

Concentrated loads were applied through hydraulic jacks so as to produce
moments and shears simulating those caused by uniform loads

In these tests no difference in behavior between rail steel and billet steel
was found Among the significant phenomena noted were with low steel
ratios the ultimate strength of the steel was developed at loads not greatly
differing from relative yield points or ultimate strengths, with intermediate
steel ratios secondary negative compression failure took place, high steel ratios
prevented secondary compression faillure Apparently the effective steel ratio
has more to do with the strength of a slab than the crushing strength of the

CONCRETE SLABS REINFORCED WITH HIGH YIELD

concrete

The test program, had for 1its object
the 1nvestigation of the behavior of
concrete slabs reinforced with steel bars
of various grades

In these tests the effect upon the slab
strength of each of four vamables was
studied 1n separate groups as follows:

Group 1D Effect of vanation i yield
pomnt

Group 2D Combination of hgh
strength concrete and steels of high and
low yield points

Group 3D Effect of concretes of
different strengths 1n combination with
steel of constant yield pont

Group 4D Effect of varymng the span
length, when using steel and concrete of
constant strengths

Details are given 1n Table 1 It was
also proposed to observe if the behavior
of rail steel differed 1n any way from that
of billet steel after 1t had once been
embedded 1n the concrete

THE SPECIMENS

The span of all the continuous slabs was
made 8 ft between supports, and a width
of 34 1n for all slabs and a depth of 4 1n
for the majonty was adopted The
effect of continmty was obtamned n each

continuous slab by means of an overhang
at each end, the length of which, 0 408L,
was such that the negative moment
produced by the weight of the slab was
twice as great as the positive moment
The small percentage of steel in the slabs
of Group 1D not only made 1t possible
to study the influence of yield point
upon slab strength, but also made 1t
possible to compare the behavior of
hghtly reinforced slabs with that of
slabs having more usual steel ratios In
Group 3D, the high percentage of rein-
forcement, 1n combination with concretes
of various strengths, made possible a
prehminary study of what constitutes a
satisfactory commercial slab In the
slabs of Groups 2D and 4D the percentage
of remforcement was closely that in
common practice In order approxi-
mately to mamtain this percentage, the
thickness of slab 4D3 was made 51n and
that of slab 4D4 was made 6 1n
The slabs of Groups 1D, 2D and 4D
were cast and tested indoors Those of
Group 3D were cast outdoors 1n May and
tested outdoors 1n June, 1936 The
dates of casting were so chosen that each
slab should be 28 days old when tested
- Actually one or two slabs were as old as
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33 days, but thus did not matenally affect
results  All slabs were left in the forms
and covered with wet burlap for one
week, after which they were allowed to
stand 1n the open asr While test cylin-
ders, stored under the same conditions
showed some vanation from the design
concrete strength, the vanation was not
great and was always on the side of
greater strength than anticipated
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the accuracy of regulation and ease of
control, a Lancaster mixer was used

In the simple spans all bars were
carried full length 1 1n from the lower
surface In the continuous spans all
bars were bent up at the points of contra-
flexure and carried to the extreme ends of
the slabs 3 in from the lower surface
Shght vanation 1n the placement of steel
and depth of slab have been allowed for

TABLE 1
a g - a, &

To Investigate Type t'ngf. 3 g ~E g ElA| % 2lel,

o 24|73 | 2 |3g &[4 3|z

| 2 MR EHE |

£ a Py

5| = g 12 4 BN d | |82
1D1 Effect of Continuous| 8-0”| 4 |[3000('Billet | 40| 7 | 14| 34| 34| 34[10 | 92
1D2 YP ¢ 4 [3000| Ballet | 50 7 | ““ | 34; 34| 43[10 | 92
1D | 1D3 o 4 [3000| Raal |65 7| ““ | 34 34| 5510 | 92
1D4 ¢ 4 13000| Billet | 80| 7 | * | 34| 34| 68/10 | 92
1D5 o 4 |3000| Bullet [100 7 | ““ | 34| 34| 85/10 | 92
2D1 High f’cand | Continuous| 8'-0”7 | 4 [6000| Billet | 40| 7 | 3¢ 77| 76] 76| 5 | 92
2D | 2D1X different “ 4 |3000| Bullet | 40| 7 | ““ | 77| 76 76|10 | 89
2D2 YP's “ 4 16000| Bullet [100] 7 | ¢ | 77| 76|1 93| 5 | 92
3D1 Effect of Continuous{ 8-0”7 | 4 (2000( Rail | 65| 7 | §¢[2 15/2 11(3 4315 | 82
3D 3D2 Conc “ 4 |3000{ Rail | 65] 7 | ““ (2 15[2 11(3 43(10 | 84
3D3 Strength o 4 [4500| Ra1l | 65) 7 | * (2 15{2 11{3 43| 73| 86
3D4 “ 4 16000 Rail | 65| 7 | “ (2 152 11|13 43| 5 | 88
4D1 Effect of Simple 5'-0" | 4 13000| Rail | 65| 7 | 44| 77| 76[1 24[10 | 89
4D 4D2 Span 8'-0” | 4 [3000| Rail | 65| 7 | 84| 77| 76|1 24|10 | 89
4D3 Length 12’-0”7 | 5 [3000| Ra1l 66| 5 | 3¢ | 98| 72(1 1710 | 90
4D4 16’-0” | 6 (3000| Rail 65 6 | 3|1 18| 691 12(10 | 90

* Equivalent 1n total tension, at yi1eld point, to this %, of steel having yield point of 40,000 p s 1

The coarse aggregate was Delaware
nver gravel of ¥ 1n nominal size, and
had a fineness modulus of 540 The
sand came from the same source, its
fineness modulus bemng 293 Both sand
and:gravel were donated by The Warner
Bros Company of Wilmington, Delaware.
Lehigh portland cement was used The
billet steel was furmished by the Bethle-
hem Steel Company and the rail steel
by the Rail Steel Bar Association To
all these orgamzations acknowledgment
for their cooperation 1s due Because of

in the computations Inslab 4D1, where
measurements for slip were made, one
end of one bar was left without a hook,
elsewhere all bars were provided with
Considéré hooks of as large radius as was
possible 1n such thin members. Com-
plete details of all slabs are given on
Figure 6.

TYPES OF LOADING

Slabs, in general, are designed to carry
uniformly distributed loads, but 1n order
to preclude the unknown arching effect
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of an applied uniform load, the test
slabs were subjected to a series of con-
centrated loads producing moments and
shears simulating those caused by a
uniform load. On the simply supported
slabs, therefore, two concentrated loads
were applied at the outer quarter points,
in which position the end shears are the
same as those resulting from uniform
loads producing the same bending mo-
ments at midspan.

On each cantilevered slab four equal
loads were employed, so spaced as to

DESIGN

: LOADING APPARATUS

Loads were applied to the slab by
means of the hydraulic apparatus shown
in Figures 1 and 7. Two timber cribs
supported two I beams; and on the top
of each I beam was spot welded a }-in.
square bar, with the upper -corners
rounded off. A % x 1} in. steel flat
prevented the }-in. square from cutting
into the concrete. This device, which
definitely fixed the position of the re-
actions, carried the slab. Steel flats

Figure 1

produce negative moments twice as great
as the positive moment, and so placed
as to cause the points of contraflexure
to coincide with those which would have
been produced by a uniform load. Here
again the shears at the supports are prac-
tically the same as those accompanying
uniform load. This condition is the same
as that of complete fixation, as in an
intermediate span of a beam of uniform
cross section, continuous over many
equally spaced supports, and loaded uni-
formly in all panels. The positions of all
loads are shown on Figure 6, and key
moment diagrams are given on Figure 8.

were bedded on the slabs at the load
points. The flat on each cantilever was
grooved; and a knife edge made up of an
angle and a round spot welded together,
and welded to the lower flange of a
loading I beam, was fitted into each
groove. (See Fig. 2 and Fig. 7). The
midspan loading beams rested on 1 in.
rounds placed on the steel flats.
Hydraulic jacks were placed on top of
the I sections, and the rams of the jacks
bore upward against short beams bolted
in place on the under side of two large
reaction beams. Two cross beams were
bolted to the top of the reaction beams,



MYLREA—REINFORCEMENT WITH HIGH YIELD POINT STEEL 103

directly over the beams supporting the possible to roll the whole upper works to
slab, and were connected to these sup- one side when a slab was to be placed in
porting beams by means of rods passing or removed from the machine. It was

Figure 2

Figure 3

through cross plates. Two wooden horses, possible quickly and easily to accommo-
mounted on casters, supported the weight date the apparatus to any slab tested.

of everything above the jacks when there The jacks used were commercial hy-
was no load on the slab, thus making it draulic jacks of 12 ton capacity. A fifth
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jack, with its ram strapped down, and
equipped with an auxiliary reservoir,
served as a pump. A sixth jack was
placed in one of the laboratory testing

slab by each loading jack could therefore
be read directly on the scale beam. A
heavy spring, not shown in the photo-
graphs, placed above the testing machine

Figure 4

Figure 5

machines, and pressure applied at the
pump was transmitted to each of the
loading jacks and to the jack in the test-
ing machine. The load applied to the

jack, made it much easier to maintain
loads. Obviously it was necessary to
remove the line check valve from the
testing machine jack in order to allow
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the spring to depress the plunger If
necessary to use the testing machine for
other purposes, the testing machine jack
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could be removed temporarily, the check
valves in the loading jacks maintammng
the load, unless beyond the elastic range
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The possible influence of jack friction
was 1nvestigated as follows One jack
was placed 1n a testing machine, and,
n turn, each of the others was placed in a
nearby testing machine Each pair was
connected 1n parallel to the pump, and
scale beam readings were compared up
to loads beyond those anticipated The
difference 1n readings was rarely over 50
Ib , which means that whatever the fric-
tion may have been 1t was essentially the
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same for all jacks Now, since friction
does not appear i the scale beam read-
ings and 1s automatically deducted from
the loads apphed to the slab, the scale
beam reading registers very closely the
true load applied to the slab by each jack

In the discussion which follows, the
weight of the slab, jacks, and beams
between jacks and slab, will be referred
to as the dead load The loads given on
the deflection diagrams Figures 9 to 19
mclusive are the loads applied by the
jacks at each load pomnt, and will be
called the hve load Iave loads were
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The device for measuring deflections
was suggested by Professor T D Smuth
of the Civil Engineering staff A dished
piece of metal used on the bottom of
furmture legs—with a shght center punch
mark to serve as a measuring point, was
fastened wherever desired to the surface
of the slab with a dab of plaster of pans
A “level rod” was made of a piece of
stick, with a pomted nail in the bottom,
and having a machiust’s scale graduated
in hundredths of an inch clamped to one
side An engineer’s level, placed far
enough away to prevent its bemng dis-
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turbed, was used, and the accuracy was
such that subdivisions of the scale could
have been estimated, if necessary

TEST DATA

Deflections were read and observations
for cracks were made on each slab follow-
ng the apphcation of each mcrement of
live load, the deflections due to the weight
of the slab 1tself and to the weight of the
jacks and beams between jacks and slab
being taken as zero The end and mid-
span deflections of each continuous slab
and the midspan deflection of each simple
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slab are shown graphically on Figures 9
to 19  All significant features, such as
occurrence of cracks, duration of sus-
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tamned load, release and repetition of load
are noted on these figures

The ordinates are in terms of load
applied by each jack, hence the effect of

DESIGN

dead load does not appear on the graphs
The computed steel stresses, however,
which appear at significant points on the
graphs, mclude the effect of dead load
For ready reference the kind of concrete,
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nominal and actual yield ponts of the
steel and percentage of steel have been
repeated In some cases the type of
failure has been designated

It should be noted that since the
moment at midspan in the continuous
slabs was only one half that over the
supports, 1t was impossible to stress the
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steel at midspan to the yield point
Except for the influence of shight vana-
tions 1n the depth of slab, the steel stress
at midspan, after cracks have appeared
on the lower surface, should be one half
those mndicated at the various significant
points on the graphs

DETECTION OF FIRST CRACKS

Since the principal objectives of the
program were directed toward its broader
aspects, no refinements of observation
were resorted to 1n the detection of the
first crack in any specimen There are,
however, at least five means of detection.

First, direct observation Even with a
magnfyimng glass and a whitewashed sur-
face this method 1s usually late in re-
vealing cracks, as was proven long ago by
the “water-mark” method of Turneaure
and Maurer Hence on the accompany-
g graphs reference 1s made to the first
observed crack Water marks were out
of question in a program of air-dry spec-
1mens

A third and fourth methods were
,made possible by the loading apparatus
employed In a quiet laboratory, with-
out the hum of testing machine motor or
gears, wncipient cracks made themselves
heard 1n a faint though distinct checking
or “chicking” noise With an increase
in load these sounds became more fre-
quent, until after the formation of the
first few cracks one could, by applymng
his ear to- the slab, hear a continuous
chatter which lasted for some time after
the load was apphed This indicates
that while one or two visible cracks might
form at the application of a given load,
the process of adjustment within the
slabs proceeded for some time These
sounds should not be confused with those
which indicate bar shp The latter are
always lusty bumping noises

The fourth method 1s even more simple
With equal increments of lLive load,
approximately the same number of
strokes of the pump handle were required
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to raise the scale beam Any change 1n
elastic conditions, such as the formation
of a crack, at once became evident by a
marked 1ncrease in the number of strokes
required

The fifth method 1s a study of the
graphs  Usually the first deviation from
a regular curve 15 due to the formation
of a crack which soon after becomes
visible For example, (see Fig 10a), the
first crack in slab 1D4 was beginning to
form over each support at a lead of 2000
Ib per jack This method 1s obviously
less reliable the higher the percentage of
steel

DEFLECTIONS

The deflection at the end of the canti-
levers in the continuous specimens should
be approximately % as great as at md-
span

As soon as the elastic condition at the
supports is exceeded, however, a con-
formation of the slab differing from that
attamned within the elastic range begins
to manifest 1tself. The negative moment
at the supports is still that required for
complete fixation of that part of the slab
between supports, and the positions of
the points of contraflexure under n-
creasing load remain unchanged until
inelastic conditions occur at midspan
All yielding of the steel or concrete at
the support, and all shp of the negative
reinforcement on both sides of the
support merely permut additional de-
flection of the overhanging ends of the
slab, which are in the condition of canti-
levers with deficient restraint (See Fig 3)

In a fully continuous slab, however,
yielding over the supports increases the
positive moment and causes the points of
contraflexure to approach the supports
Hence, even though in the tests of con-
tinuous slabs heremn reported the loads
1n every case were raised until melastic
yield over the supports permitted great
deflection of the ends, nevertheless
deflections at midspan under these loads
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were not so great as they would have been
i fully continuous slabs Therefore,
except waithin the elastic range over the
supports, 1t could be very misleading to
make deductions concermng deflections
1n continuous slabs using these tests as a
basis

DISCUSSION OF THE GRAPHS

The failure of the slabs in each group
was accompanied by phenomena defi-
nitely pecuhar to that group Each will
be scrutinized in turn

The slabs of Group 1D were under-
reinforced, although the high yield point
of the remnforcement in some of the

steel stress was much higher than the
known ultimate strength of the steel.
Again, 1n the case of slab 1D4, the load -
was raised till the computed steel stress
approached the known ultimate, when
the test was stopped for fear of accident

Finally slab 1D3 was loaded to failure
after the yleld point had been passed,
and 1t was found possible to break the
bars i tension The same procedure
was followed 1n slab 1D5, except that the
load was raised until the computed steel
stress was equal to the known ultimate
strength of the steel, and was then main-
tained until the bars broke 1n tension two
days later

TABLE 2
Computed fq
Slab YP Ult Str Manner of Failure
A"Cl::czls At Failure
1D1 53300 72800 61600 93300 Deflection beyond range of
apparatus (2)
1D2 60800 88800 54400 100400 “ « (1)
1D3 58200 82800 47500 101300 Bars broke (2)
1D4 72900 115200 64800 105800 4) ()
1D5 112000 152000 67000 157000 Bars broke (3)

(1) Load carried straight to maximum

(2) Load carried straight to maximum after passing Y P -
(3) Maximum load held 2 days, intermediate loads 3 and 9 days
(4) Load could have been carried further, but was discontinued

slabs increased its effectiveness  Yet con-
sider the data in Table 2 1n conjunction
with the graphs Failure was n every
case due to yielding of the reinforcement
Before cracks had formed the slabs be-
haved much hke homogeneous members
At the formation of a crack the tension
formerly taken by the concrete was
thrown nto the steel Where the steel
ratio was low, as mn the slabs of Group
1D, and where the yield point was not
high, as 1n slab 1D1, first cracking was
quickly followed by failure The com-
puted steel stress in 1D1 at failure, how-
ever, was far above the known ultimate
strength of the bar Similarly, in 1D2,
the load was raised until the computed

Such phenomena merit serious thought
The wnter suggests that it may be pos-
sible for a bar to resist a stress, confined
to a length of Little more than the width
of a crack, higher than that resisted by
the longer specimens broken 1n a testing
machine It has been mentioned that
the process of readjustment continues
for some time, and 1t 1s known that bars
decrease 1n  diameter before necking
begins So 1t 1s hardly too much to
suggest that in two days’ time the bars
of slab 1D5, after continued decrease 1n
diameter and consequent shp, approached
the condition of testing machine speci-
mens, and failed at corresponding stresses
The behavior of slab 1DS5, therefore,
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ndicates that the ‘‘excess strength”
exhibited by under-reinforced specimens
loaded quickly to failure, may not be a
phenomenon to be depended upon in
design

Slab 1D3 was subjected to several
repetitions of loads of from 750 to 1500
Ib per jack, and 1t will be noted that in
this slab, possibly because of the repeti-
tive load, the first visible crack occurred
at a lower computed steel stress than in
the other slabs of the group

While the phenomenon of continued
deflection was evidenced i many slabs
at steel stresses above the yield point,
slab 1D5 was twice subjected to sus-
tained loads below the yield point stress,
with indications of continued increase 1n
midspan deflection It will be observed
on Figure 10b that such yielding was first
noticed at a steel stress far higher than
anything so far proposed, yet still below
the yield point The phenomena accom-
panymng the slow apphecation of, or the
sustaining of loads 1s something that will
bear much study 1n all building matenals
and members

In the slabs of Group 2D the steel
ratio was more nearly normal Here,
as i Group 1D, the computed steel
stresses developed were all in excess of
the yield point, but in the 2D group the
ultimate strength of the steel was not
attained 1n any slab Excessive deflec-
tions did not take place till after the yield
point of the steel had been passed. Be-
cause of the greater, though not unusually
high, steel ratio, the total tension and
compression at the cntical cross section
over the support were both greater than
m series 1D  Because of this greater
total compression and as a result of the
transfer to the cantilever of the inelastic
phenomena near the support, with its
accompanying exaggerated deflection, the
concrete at the compression (lower)
surface of all the slabs of this series was
crushed at earlier loads than might have
been expected In no case did the con-
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crete stress, computed by the straight
lhine formula, approach the cylhnder
strength of the concrete While these
compression faillures were secondary,
they effectually prevented the applica-
tion of loads high enough to cause steel
fallure Had a different method of
obtaimng continuity been employed, as,
for example, making the slab two panels
long, the ponts of contraflexure near the
middle supports would have been free
to shaft to conform with changes 1n elastic
conditions, and 1t 1s possible that some-
what higher loads could have been
carried

One significant point, clearly brought
out by companng the strength of slab
2D1 with that of slab 2D1X is that
in secondary compression failures the
strength of the concrete 1s relatively
unumportant

The heawily reinforced 3D Group, 1n
which the strength of the concrete vaned
from 2000 to 6000 Ib per sq in while the
nominal yield point of the steel remained
constant, furnishes a remarkably inter-
esting set of comparisons, and makes
mmperative a study’ of concrete stresses
when compression failure occurs All
specimens failled nomunally by diagonal
tension, with cleavage along the plane
of the negative reinforcement In slabs
3D1, 3D2 and 3D3 the concrete stress,
computed by the straight hine formula,
exceeded the cylinder strength of the
concrete 1n a decreasing ratio, while 1n
slab 3D4 1t was not much below the
cylinder strength

In slab 3D1 failure occurred before
the yield point of the steel had been
reached, while 1n slab 3D2 yield pomnt
and cdiagonal tension failure were reached
practically simultaneously  In slabs 3D3
and 3D4 the yield point stress was ex-
ceeded before failure occurred, the excess
being greater 1n slab 3D4

To make these phenomena understand-
able it will be necessary merely to resort
to the simple theory of the second de-
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gree parabolic distnbution of stress, an-
nounced 1in 1906 by Dr A N Talbot,
published 1n Umversity of Ilhnois Bulle-
tin No. 4, and developed 1n ‘“Principles
of Remforced Concrete Construction’”
by Turneaure and Maurer. This 1s sum-
manzed for reference on Figure 20 For
example, if the stress at the extreme fiber,
computed by the straight hine formula, 1s
1 4 times the cyhinder strength, this stress,
by the parabolic formula, 18 determined

at 0 9lf,

if accuracy 1s required 1n the determina-
tion of steel stress, this value may be
used 1n finding j by means of the formula
m ‘“Turneaure and Maurer.” Suffice
1t to say that the new steel stresses will

The value of q 18 70 and,

£ as cormpleled by

parabolrc formula
ro0f 208

700
aso assf Zf;
o8 0.96 '/ 76

o7 0 I/ 744

o0¢o 089%5 72F,

a.50 a.zsf 706

ado) aGH

asol—asr i (X34

azotasf Fasf % = cylinder strength
asn 0 2,2’ of coricrefe

o

Figure 20 Comparison of stresses as deter-
mined by straight line and parabolic formulas.

rarely be 5 per cent greater than those
given by the straight line formula

Returming again to the slab tests let
us examine slab 3D1 at the failure load,
11800 Ib per jack. We have.

Moment due to slab and jacks 11000 in 1b
(11 {3 o Load -
11800 X 20 25 = 239000 1n lb
Total Mom = 250000 in 1b

By the straight hine formula:

[ _ 250000 X 2
°T 82X 54 X34 X P
sq in

N

= 3690 1b per

3690

0W2—0‘0—0 = 1845

DESIGN

Corresponding to this value on the
straight line we have, on the parabola,
the value 0995, and

f. = 995 X 2000 = 1990 1b per sq 1n
which checks the fact that the concrete
had reached the point of failure If one
cared to go further he could find on the
curve that g = 92 and, by means of the
formulas mentioned, that k = .60 and
) = 78 The revised steel stress would
be 49800 instead of 47200 b per sq 1n

With this in mind, Table 3 and the
manner of failure 1t portrays will be
more intelhgible

TABLE 3

Computed fg

[

*

1] Ay

lab No
Y P of Steel

2
2
g
S
&)

Kind of
Conc
St L
Unit Bond!
Unit Shear?

@

3D1
3D2
3D3
3D4

2000
3000
4500
6000

61300
61700
61700
59900

3690| 199047200
4680( 2850(60200
5260( 3690|67300
5290 4200[67700

369
467
524~
526

1413
1833
2104
2164

1 Computed by bond formula u =_z—0]a

2 Computed by shear formula v = l%(i

3 Failure by diagonal tension Compression
high
¢ Failure by diagonal

high

tension Tension

Figure 4, showing the failure of slab
3D2, 1s typical of the whole group The
diagonal tension failure 1s scarcely to be
wondered at when the high bond stress is
considered together .with the high umt
shear 1n a member not reinforced to
resist shear The failure was always
sudden, at the maximum load reached
That bond had a good deal to do with
the failure 1s confirmed by comparing
these fallures with the diagonal tension
failures reported by Professor Lyse n
Journal A.C.I. Sept —Oct 1936 The
cantilever ends of his continuous slabs
were just long enough to engage the
outer load, and in them diagonal tension
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fallure occurred outside the supports
In our tests the cantilevers were longer,
and diagonal tension faiure occurred
mside the supports It 1s therefore ob-
vious that 1 a continuous span of 8 ft,
$¢ bars are of so large diameter relative
to the distance from point of contraflexure
to support that bond failure 1s almost
mevitable and will contribute to, 1f not
precipitate, failures of other kinds It
would be interesting to test a duplicate
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had shpped as much as £ in. around the
bends Its condition at this load 1s
shown in Figure 5 There was no ewvi-
dence of diagonal tension failure in any
specimen, and only 1n 4D1 was there any
measurable shp Table 4 presents the
essential data in predigested form

From Table 4 many interesting com-
parisons may be made, as shown 1n
Table 5

Slab 4D2, which reached the limit in

TABLE 4
Computed f, Com-
Slab | Span | Thick | Conc | A, p | YP i m;;ex:d St | St
8tL Par s
' ” 5460 | 2910 | 76800 | 475 115!

4D1 5'-0 4 3000 7¢ | 76% | 63500 6160 | 3000 | 86600 | 536 130°
4D2 8'—” 47 3000 786 | 76% | 58700 | 4700 | 2820 | 66100 | 254 62
4D3 | 120" 5”7 3000 54¢ | 729 | 59400 | 1675 78000 | 260 60
4D4 160" 6” 3000 630 69% | 60100 | 1575 70700 | 169 47
1 At first end slip of bar

2 At jack load of 12450, conc begmnvt;lg to crush

? Computed by bond formula u = m

4 Computed by shear formula v = v

bjd
TABLE 5

swb | & Yomt | 40| oL |ZRaio| UM Sir Cone YP o Bond
4D1 15 96 59, 32”7 0017 1 0 [ Developed Passed Failed
4D2 24 (894 90 0063 3 7 | About developed “ About limit
4D3 29 |86 150 0156 9 2 | Not developed “ “ “
4D4 32 (157 1 86 0310 | 182 | « “ “ Not high

1 Ratio of LL mom to total mom

slab 1n which the same area of steel was
used 1n smaller sizes Even at the nsk
of becoming tedious, 1t should again be
pointed out that in a continuous slab
high bond and tensile stresses occur at
the same place, which 1s not the case n
a simply supported slab

The slabs of Group 4D were all simply
supported and were of various spans.
Here again 1t was possible to produce
compression failure 1n one of the slabs,
4D1, but only after the hooks on the bars

concrete and bond strengths simultane-
ously without developing an excessively
high unit shear 1s perhaps the best
balanced slab A little larger steel ratio
would have been beneficial.

The deflections of slabs 4D3 and 4D4
are much greater than would be an-
ticipated, particularly that of slab 4D4
Whether the moment of mertia be as-

2
sumed roughly as btz or determined

12
“exactly” from the transformed area of
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the cross section, the observed deflections
are much greater than the computed
deflections From this we are led to
belheve that when the ratio of span to
thickness 1n smmple slabs becomes much
over 24, the designer 1s not only penahized
to a certain extent in the moment ratio,
but 1s penalized heavily 1n the deflection
of his slab These tests, though so few
i number, indicate that there 13 2 hmit
to effective span-thickness ratios

SUMMARY

Brefly, 1in the 1935-36 program of slab
tests conducted at the Umniversity of
Delaware the following phenomena were
noted

(1) With low steel ratios the yield
point of the steel may be passed with
the formation of the first crack. The
mimmum steel ratio advisable is that
which will make the cracked reinforced
slab as strong as the uncracked unrem-
forced slab This steel ratio will ob-
viously be greater in slabs and rectangular
beams than i T-beams

(2) Cantilevers were found to be sub-
ject to undue deflection, after cracking
had taken place, because of the transfer
to the cantilever of all the inelastic phe-
nomena near the support

(3) In all specimens, except in slabs
3D1 and 3D2 where failure was due to
other causes, the Y P of the steel was
developed, at proportionate moments,
even when 1t was as great as 112,000
Ib persq m

(4) The behavior of slabs remnforced
with different effective steel ratios was
as follows:

(a) When low percentages of steel were
used the full ultimate strength of the
steel was developed at loads not greatly
differing from relative actual yield points
or relative ultimate strengths

(b) With 1intermediate steel ratios,
such as commonly used 1n design, sec-
ondary negative compression failure took
place, the strength of the concrete having
little influence on the load carmed.

(c) High steel ratios prevented sec-

DESIGN

ondary compression failure, and greatly
mcreased the strength of the slab, until
bond or diagonal tension faillure made
further increase 1mpossible

(5) The amount of steel developed
by the concrete in the latter case was
high In compression due to flexure
4500 Ib concrete more than developed
211 per cent of steel of 60,000Y P,
while 3000 lb concrete barely fell short

(6) Apparently the effective steel ratio
has more to do with the strength of a
concrete slab than has the compressive
strength of the concrete, unless the con-
crete 1s abnormally weak, and the region
of negative moment 1s one of especial
concern.

(7) It is possible that at a crack the
steel stress may for a short time exceed
the ultimate strength of tension coupons.

(8) Holding the load which produced
a calculated stress equal to the ultimate
strength of steel tension coupons even-
tually ruptured the bars, thus making 1t
questionable whether 1n design any de-
pendence may be placed on the ‘“‘excess
strength ”’

(9) At a computed steel stress of
30,000 1b. per sq in all cracks were hair
cracks.

(10) Repetition of a load caused the
concrete to crack much earher than
otherwise

(11) While holding the higher loads
produced rapid progressive deflections,
holding those which produced steel
stresses below the yield pomnt of high
strength steel also caused deflections
not to be ignored See Figure 10, slab
1D5

(12) The ratio of span length to slab
thickness is Limuted both by reasons of
deflection and economy

(13) In any curve showing the effect
of sustained load, the pomnts of sag are
the significant ones

(14) Under static load, even under
extreme conditions of stress and de-
flection, the behavior of Rail steel could
not be distinguished from that of Bullet
steel.



