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With Shear Reinforcement
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Synopsis: A review is made of available data concerning the shearing
strength of slabs with shear reinforcement. Results are considered for
specimens both with and without a transfer of moments simultaneously
with a transfer of shear through the loaded area. Data from tests on
slab-column specimens for which the shear reinforcement has consisted
of structural steel sections, bent bars, stirrups and prefabricated
wire cages are reviewed, and the findings contrasted with the provi-
sions of ACI Code 318-71.
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INTRODUCTION

The strength and ductility inherent in a slab-column connection
may be inadequate even though the column has an adequate strength and
the slab an adequate depth. Shear reinforcement is needed if the span
length of the slab is not to be reduced or the column size increased.
Many types of shear reinforcement have been used successfully for
slab-column connections. Those reported in the literature are
illustrated in Fig. 1. They can be divided into two basic types,
shearhead reinforcement, (a) through (d) in Fig. 1, and bent bar and
stirrup reinforcement, (e) through (q) in Fig. 1. Although shearhead
reinforcement consisting of crossing structural steel shapes was first
introduced by Wheeler (1) in 1930, design provisions for that rein-
forcement were not incorporated in the ACI Code (10) until 1971. Bent
bars and stirrups have been used in practice for a similar length of
time. However, firm rules for their design were not proposed until
the Committee 326 report (2) was published in 1962, Then, because the
available test data were limited, Committee 326 recommended that such
shear reinforcement should be considered ineffective in slabs less
than 10 inches thick and only 50 percent effective in slabs greater
than 10 inches thick. Since the Committee 326 report it has been
clearly established that for any thickness of slab, the strength and
ductility of the connection can be increased by the use of well
anchored shear reinforcement. That concept is incorporated in
ACI 318-71.

The object of this paper is to critically review available data
concerning the shearing strength of slabs with shear reinforcement and
where appropriate to document the bases for some of the design provi-
sions of ACI 318-71. While this discussion is concerned primarily
with the proportioning of the shear reinforcement for strength and
ductility, practical considerations may well dictate the type of rein-
forcement. The use of structural sections may be undesirable if, as
a4 consequence, additional trades are required on the job site. Bent
bars may be undesirable if they cause difficulties for passage of the
column bars through the connection. Stirrups may be undesirable if
they cannot be readily positioned after most of the slab reinforcement
is in place.
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CONNECTIONS TRANSFERRING SHEAR ONLY

Shearhead Reinforcement

As indicated in Fig. 1, steel plates, collars and structural
shapes have been used to increase the strength of slab-column connec-
tions. Moe (3) tested three 6-inch (15 cm.) thick slabs in which a
3/4 inch (1.9 cm.) thick steel plate was placed over the column and
even with the compression surface of the slab as shown in Fig. 1(a).
These plates were intended to increase the effective size of the
column. With an overhang of only one inch (2.5 cm.), shears were
concentrated at the corners of the plates, and the ultimate capacities
differed little from the capacities for similar specimens without
plates. With an overhang of 2 inches (5 cm.), the stiffness of the
plate was more evenly matched with that of the slab, and the ultimate
capacity was only slightly less than that for a column equal in size
to the plate. Reference 4 discusses the bearing strength of concrete
loaded through steel plates. Plates are characterized as flexible,
semi-flexible or rigid according to whether the whole perimeter of the
plate extending beyond the loaded area, only the corners of the plate,
or none of the plate lifts free of the concrete before failure. For
a maximum increase in the effective size of the column, the plate
should be as rigid as possible without the generation of corner
effects. Therefore, its characteristics should place it in the semi-
flexible range close to the rigid range. It is shown in Reference 4
that the plate thickness is balanced between that for rigid and semi-
flexible conditions (4) if

4! [ea-c) + % (a-c)?]

t2 = _E; _— 55 cessssescceness [1]
a-c
where t = plate thickness
fy = yield strength of plate
a = side length of plate

Equation 1 predicts correctly the response of the plates in Moe's tests
(3) if the yield strength for those plates was about 40,000 psi.
(2810 kgf/cm?).

Corley and Hawkins (5, 6) have reported tests on sixteen 5-3/4
inch (14.6 cm.) thick slabs reinforced with crossing I and Channel
shapes as shown in Fig. 1(b) and 1l(c). Provided the plastic moment
capacity of the shearhead was adequate, these shapes increased the
shear capacity in proportion to the projection of the shearhead arm.
The increase was at a rate slightly less than that expected for an
increase in column size equal to the projection of the shearhead arm.
Therefore, when they proposed the design procedure incorporated in
ACI 318-71, they specified that critical sections should be taken as
shown in Fig. 2 and the shear stress on that section limited to that
for a slab without a shearhead.




788 shear in reinforced concrete

Strain measurements showed that the steel section and the slab
behaved compositely until inclined cracking spread to the end of the
shearhead arms at about half the failure load. Then all increases in
shear were carried by the shearhead, and these increases were concen-
trated at the column face. The corresponding distribution of shear in
the shearhead at failure is shown in Fig. 3. The moment, Ms’ at the
column face is given by

MS = Z‘Bi[hv + Otv (LV _ _;_ )] esecscesesssssses [2]
where ¢ = side dimension of square column

h_ = depth of steel shape in shearhead

a_ = relative stiffness of the shearhead to that of a composite

section made up of a cracked section of the slab with a
width equal to that of the column plus the effective depth

of the slab.

Vu = total ultimate shear = QVC

Lv = length of shearhead reinforcement measured from center of
column

When the moment Mg was less than M_, the plastic moment capacity
of the shearhead arm, the failure surface was forced to the end of the
shearhead arm. When Mg was greater than M., the failure surface fell
inside the end of the shearhead arm. In tge latter case, the connec-
tion usually showed some ductility prior to the punching failure while
in the former case the characteristics were those of the traditional
shear failure.

In ACI 318-71 the Mp value required for the shearhead is the Ms
value given by Eq. 2. Since the critical section used to calculate
Vu does not extend to the ends of the shearhead arm, the code provi-
sions probably result in limited ductility prior to collapse, provided
M, does not exceed the Mg value for a critical section passing through
the ends of the shearhead arm. Alternatively, ductility prior to
failure can be ensured by making the length of the shearhead arm
greater than the length used in the initial design.

For the shearhead to respond in accordance with the concept shown
in Fig. 3, the compression flanges of the steel section should be
anchored within the compression zone of the slab. ACI 318-71 attempts
to ensure that condition by requiring that the compression flange be
within 0.3d of the compression surface of the concrete slab. Because
of this restriction, it is inappropriate to use large diameter rein-
forcing bars, such as No. 18 bars, as shearhead reinforcement.

In Reference 6 Corley and Hawkins have noted that the shear
carried by the concrete at the column perimeter under ultimate load



shear strength of slabs 789

conditions should be limited to the shear capacity for a specimen
without a shearhead. Thus, Vu should not exceed the value given by
Eq. 3.

VoS wesf (et d)d/(1 - a)) < 32 VED (e + d)/(1 - o) ===+ [3]

Since ACI 318-71 restricts the maximum increase in shear strength with
shearhead reinforcement to 75 percent, the condition expressed by
Eq. 3 governs only if a is less than 0.33.

Corley and Hawkins compared the strengths predicted by the code
procedure (5) with their test results and those of Swedish (23) and
Australian (8) tests on collars for 1lift slabs. Test strengths
averaged 15 percent greater than the calculated strengths and the
least conservative result was for a lift slab collar where the measured
strength was 85 percent of the calculated strength.

In his investigation of embedded service ducts, Hanson (9) tested
three 8-inch (20.3 cm.) thick, lightweight concrete slabs. Two of
the specimens contained shearheads, and in one of the specimens ducts
were located three inches from the end of the shearhead arm. The
specimen with a shearhead and no ducts carried a load 9 percent less
than that predicted by ACI 318-71. The specimen without shearhead or
ducts carried a load 6 percent less than that predicted by ACI 318-71.
The specimen with a shearhead and ducts had a capacity 15 percent less
than that of the specimen without a shearhead.

More information is needed on the performance of shearheads in
full scale structures, on the upper and lower bounds to the stiffness
of the shearhead for that stiffness to be compatible with the stiffness
of the slab, on the necessity for anchoring the compression flange of
the shearhead in the compression zone of the slab, on appropriate
methods for proportioning shearheads to ensure ductility, and on the
effect of holes around columns containing shearheads.

Bent Bars and Stirrups

General considerations --There are six major considerations for
detailing this type of shear reinforcement. First, the strength must
be checked for every potential fallure plane adjacent to the column
on which the shear stress exceeds the nominal shear strength of the
concrete. Second, effective anchorage must be provided for the shear
reinforcement. This anchorage is difficult to achieve in a thin slab.
Third, shear reinforcement must be provided to take all shears in
excess of those for inclined cracking. Inclined cracking occurs within
a slab at about half the ultimate load for a connection without shear
reinforcement. Fourth, in order to ensure ductility under overloads
the shear reinforcement should be extended at least twice the slab
thickness beyond the distance at which it is no longer theoretically
needed based on strength considerations. Fifth, careful attention
should be given to the layout of the slab, shear and column rein-
forcement so that placement difficulties and possibilities for error
are minimized. Because the slab section is relatively thin, small
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errors in the placement of the shear reinforcement may largely nullify
its effectiveness, Sixth, unless ductility is mandatory, the increased
labor costs resulting from the provision of shear reinforcement must be
balanced against the cost of providing a similar increase in shear
strength by increasing the thickness of the slab or the size of the
column.

Test data--Test data for specimens with bent bars and stirrups
are summarized in Table 1. The code for the different types of shear
reinforcement as listed in Column 2 is indicated in Fig. 1.

Tests on specimens with prefabricated shearhead cages, Figs. 1l(e)
and 1(f), have shown that while a properly proportioned cage can in-
crease the shear strength, several concentric cages are necessary to
markedly improve the ductility of the connection. Keefe (11) tested
two pairs of 5-inch (12.7 cm) thick, octagonally shaped, 37 in (94 cm)
span, slabs containing 2.5 percent reinforcement and centrally loaded
through a 6-inch (15 cm) diameter plate. One pair contained no shear
reinforcement while the other pair contained a circular cage consisting
of two rings of overlapping shear reinforcement similar to the type
shown in Fig. 1(e). The diameter to the edge of the outer ring of
shear reinforcement was 25 inches (63 cm). The cage increased the
shear capacity by 33 percent. Moe (3) tested a 6-inch (15 em) thick,
72 in (183 cm) span, slab with one percent reinforcement centrally
loaded through a 8-inch (20.3 cm) square column. The slab contained
a square cage of the type shown in Fig. 1(e) with an outside dimension
of 18 inches (45.8 cm). The cage increased the shear capacity by
approximately 7 percent compared to the capacity for a duplicate speci-
men without a cage. Tasker and Wyatt (8) tested six U-inch (10.3 cm)
thick, 5 ft. (152 cm) span, octagonally shaped slabs with 1.1 percent
reinforcement. The slabs were centrally supported on a 10 in (25 cm)
square 1ift slab collar. They contained square cages of the type
shown in Fig. 1(e) with outside dimensions varying between 13 and 25
inches (33 and 63 cm) and inclinations for the reinforcement between
30 and 60 degrees. The specimens with cages failed at loads averaging
15 percent higher than those for similar specimens without cages.
Wantur (12) tested eight 4.7 in (12 cm) thick, 55 in (140 cm) span
slabs containing 0.98 or 1.23 percent reinforcement. The slabs were
centrally loaded through a 7.1 in (18 cm) diameter column. Two of
these slabs contained octagonally shaped cages of the type shown in
Fig. 1(f) with a diameter of about 14 inches (135.6 cm). The shear
capacities for these specimens averaged 14 percent higher than those
for similar specimens without cages.

Tests on specimens with shear reinforcement consisting of bent-up
bars have been reported in References 7, 13, 14, 15 and 16 and with
reinforcement consisting of stirrups in References 7, 12, 14, 17 and
18.

Graf (13) tested eight thick slabs with depths of 11.8 or 19.7
inches (30 or 50 cm), spans of 59 inches (150 cm) and reinforcement
ratios ranging between 0.33 and 1.01 percent. The slabs contained
bent bars located in two rings around the central column and anchored
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as shown in Fig. 1(g). The reinforcement increased the shear strength
substantially compared to that for the specimens without bent bars.

Elstner and Hognestad (14) tested nine 6-inch (15 cm) thick,
6 ft. (1.8 m) square slabs centrally loaded through a 10-inch
(25.4 cm) square column stub. Reinforcement ratios ranged from 0.99
to 3.00 percent. Eight of these slabs contained differing percentages
of bent bar reinforcement detailed in a manner similar to that shown
in Fig. 1(h) and one contained two rows of open stirrups of the type
shown in Fig. 1(m). The bend in all the bars was located directly
under the column except in one specimen in which two rings of bent
bars were used. Inspections of the slabs after failure indicated
that collapse may have been caused by local crushing of the concrete
under the bends in the bars or by insufficient anchorage length for the
bars. The following equation gave the best fit to their and Graf's
data:

- : ' - ! esssssene
v, < 333 psi + 0.0u46 fc/¢o + (qu 0.050) fc [43

where
Avfy sin o
qu = -773;3;5752 sesecsccssescssssesssssesenen [5]
AV = area of shear reinforcement
fy = yield point of shear reinforcement
o = inclination of shear reinforcement to horizontal

Except for the third term, Eq. 4 is the same as their expression
for the shear strength of slabs without reinforcement (24). The third
term indicates that shear reinforcement was not fully effective in
their slabs.

Rosenthal (15) tested four 3.9 inch (10 cm) thick slabs containing
1.05 or 1.25 percent reinforcement. Bars were bent up at two different
distances from the columns and anchored as shown in Fig. 1(g). He
found that the capacity increased as the amount of shear reinforcement
increased.

Andersson (7) tested twenty 5.9 inch (15 ecm) thick, 67.4 inch
(171 cm) span slabs with reinforcement ratios varying between 0.77
and 1.09 percent. His circular slabs were centrally loaded through
5.9 or 11.8 inch (15 or 30 cm) diameter columns and they contained
the four different types of shear reinforcement indicated in Fig. 1(k),
(1), (m) and (n). In the slabs with the heaviest amounts of shear
reinforcement, the failure cracks occurred outside the shear rein-
forcement. Of the four types of shear reinforcement tested, the most
efficient were bent up radial bars, Fig. 1(k), and continuous vertical
tangential stirrups, Fig. 1(m). The shear reinforcement increased
appreciably the ultimate deflection of the slabs compared to similar
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specimens without shear reinforcement. The amount of increase in
deflection increased in proportion to the area of the slab provided
with shear reinforcement. In the same report results were also given
of tests on two identical slabs by Andersscn and Nylander. The 4-1/2
inch (11.4 cm) thick slabs contained bent-up radial bars and 1.8 per-
cent reinforcement. Their behavior was similar to that of the slabs
tested by Andersson.

Yitzhaki (16) tested eleven Y4-inch (10 cm) thick, 67.2 in (171 cm)
span circular slabs with reinforcement ratios varying between 0.39 and
1.27 percent. Shear reinforcement consisted of two rings of bent up
two-way reinforcement anchored as shown in Fig. 1(a) but with the first
bend located d/2 outside the column perimeter. The measured capacities
equalled or exceeded Vflex in most cases, and in one case Viggt Was
1.4 times Vflex. Most of the slabs showed considerable ductility at
collapse and the ultimate deflections were several times greater than
those for similar specimens without bent up bars.

Franz (17, 19) tested sixteen 5.5-inch (1% cm) thick, 66-in
(168 cm) diameter centrally loaded slabs with shear reinforcement con-
sisting of bent bars detailed as shown in Fig. 1(h) for two of the
slabs, stirrups detailed as shown in Fig. 1(o), mostly positioned in
the radial direction, and completely enclosing the tension and com-
pression steel for ten of the slabs, U-shaped radial stirrups,
Fig. 1(p), for one of the slabs, and a combination of radial stirrups,
Fig. 1(o), and column reinforcement anchored in the plane of the slab
for two of the specimens. In one series of tests, the reinforcement
ratio was held constant at 1.5 percent, and the amount and type of
shear reinforcement varied. In a second series of tests, the shear
reinforcement consisted of closed stirrups, Fig. 1(o), and the amount
of slab reinforcement was varied from 0.47 to 1.15 percent. The most
efficient type of shear reinforcement was the closed stirrups. The
same amount of reinforcement provided by bent bars increased the shear
strength only half as much while the U-shaped stirrups and bent column
reinforcement were ineffective.

Wantur (12) tested four slabs, 4.7 inch (12 cm) thick, containing
radial and tangential stirrups detailed as shown in Fig. 1(o) and
either 0.98 or 1.23 percent slab reinforcement. Although the stirrups
completely enclosed the slab reinforcement, they were located 1.1d
from the column perimeter for 0.98 percent reinforcement and about
0.9d from the column for 1.23 percent reinforcement. The stirrups
increased the shear strength about eight percent in the first case
and about 14 percent in the second case compared to the strengths for
duplicate specimens without shear reinforcement.

During an investigation of possible means for strengthening slab-
column connections subjected to seismic loadings, Carpenter, et al.
(18) tested a 7-1/2 inch (19 cm) thick 13 by 19 ft (3.96 by 5.79 m)
slab with a central 18 inch (46 cm) square column. The slab was
subjected to line loads applied along the length of the 13 £t (3.96 m)
sides. In the column region the slab was reinforced with closed No. 3
stirrups at a spacing of d/2 along the arms of cross-beams extending
out into the slab from each column face. The stirrups were detailed
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as shown in Fig. 1(q) except that overlapping stirrups were used to
completely enclose four adjacent bars from the tension and compression
mats. This specimen, which was well over-designed for shear strength,
was intact after five cycles of reversed, moment transfer only, load-
ings into the general yield range. It was then subject to shear
transfer only loading, and a failure occurred in flexure due to
crushing across the full width of the slab when the nominal shear
stress on a critical section at d/2 from the column was 4.3 /?g. The
theoretical contribution to the shear strength possible through
yielding of the stirrup reinforcement within a distance d from the
columns was 3.5 /?z.

Design provisions--In the 1963 ACI Code shear reinforcement was
considered to be ineffective in slabs less than 10 inches (25 cm)
thick, and only 50 percent effective in slabs more than 10 inches
(25 cm) thick. Following the discussion by Carpenter, et al. (18),
the proposed ACI 318-71 was changed so that properly anchored shear
reinforcement was assumed fully effective in a slab of any thickness.
When the nominal ultimate shear stress exceeds 4 v¥EE the shear rein-
forcement is proportioned to carry the stress in excess of 2 /?z. The
ultimate shear strength with shear reinforcement is limited to 6 /?g
and the maximum spacing between stirrups to 4/2.

In the draft British Code (20) properly anchored shear reinforce-
ment is considered effective only in slabs 8 inches (20 cm) or more
thick, and this reinforcement is designed for the difference in
stress between the maximum shear stress and that at inclined cracking.
Shear stresses are calculated on a critical perimeter 1.5d from the
loaded area, and the spacing between stirrups is limited to d.

In the CEB/FIP Recommendations (21) the ultimate load for a con-
nection without shear reinforcement is taken as a limiting shear
stress similar to that in the ACI Code times the area of the same
critical section as that specified in the ACI Code. Where shear
reinforcement is needed, it must be designed for at least 75 percent
of the concentrated load on the slab. This reinforcement is to be
placed within an area extending out about 1.5d from the column peri~
meter. The maximum spacing of vertical stirrups is limited to 0.75d.
Bars are to be bent down within a distance 0.5d from the column and
at an angle not less than 30° to the horizontal. In order to ensure
adequate anchorage, the shear reinforcement must completely surround
the horizontal tensile reinforcement.

Evaluation of data for bent bars and stirrups--The observations
by Andersson (7) and by Carpenter, et al. (18) and the results for
shearheads reported by Corley and Hawkins (5) suggest that the
ultimate shear strength can be computed by assuming that the shear
reinforcement carries all shear after inclined cracking. Thus,
failure occurs when this reinforcement yields or the ultimate shear
strength is reached in the area of the slab outside that reinforce-
ment. Ultimate strengths predicted by this concept are compared with
the available test results in Table 1.
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The ratio ¢O, equal to V., . divided by Vgjoy, is listed in
Column 6 of Table 1. Vgiex is the flexural capacity calculated from
yield-line theory. Results for Case 1 of Fig. 7 in Reference 24 were
used for square columns and results for Case 2(a) for round columns.
The theoretical shear capacity V,, neglecting the contribution of the
shear reinforcement, is listed in Column 7. V, was taken as the
greater of the values predicted by Egs. 6 and 7. Equation 6 was dev-
eloped by Moe (3) and is strictly applicable only for ¢, values less
than unity. Equation 7 was developed by ACI-ASCE Committee 326 (2)
and was intended to predict the shear strength for a ¢O value of unity
or larger

v, ® [15 (1 - 0.075 c/d) - 5.25 ¢>O] bd /?g seceese [5]

or

vV = l6d2 [c/d + 1] VET eeecscsccssscsnse [7]
u C

Vg in Column 8 is the shear carried by the shear reinforcement if
yielding occurs for all reinforcement crossing a potential inclined
crack emanating at 45° from the junction of the compression surface
of the slab and the perimeter of the column, or for Tasker and Wyatt's
specimens, the 1lift slab collar. One exception is Wantur's slabs where
yielding was assumed for the shear reinforcement located 1.1d from the
column. Column 8 lists the theoretical shear capacity, V 1e? which is
the greater of two quantities as indicated by case

Y

u
= = > tsescssescssscccsssocs
Vcalc 2 * Vs —-Vu (el

Vu is calculated from Eq. 6 or 7 as appropriate.

The measured capacity Vtest is listed in Column 10, and the ratio
of that capacity to V.gj. is listed in Column 11. Column 12 lists the
ratio of Viggr to Viglc where Vizlc is the capacity corresponding to a
shear stress of 4 VE' on a critical section located d/2 outside the
outermost ring of stirrup reinforcement or the outermost bend in the

v . X
bent bars. vcalc is given by
2
1 = 1, 1 tsesesscseccen
VCalc 164" [e¥d + 1] Vfc [91]
where c' = diameter or side length to outermost ring of stirrup rein-

forcement or the outermost bend in the bent bars.

For two slabs, I-6a and I-6b, tested by Yitzhaki there were two rings
of bent bars, and the capacity corresponding to a shear failure between
these two rings was less than that for a failure outside the outer
ring. For these two slabs Vlgic is Vg for the outer ring of shear
reinforcement plus half the capacity corresponding to shear stress of

4 /?Z'on a section midway between the inner and outer rings. Where no
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ratios are listed in Column 12, the available data were insufficient
for reliable calculations of V! .
calc

Examination of the values in Columns 7 through 10 shows that
Vtest exceeded Vy plus Vg only for slabs 4 and 5 tested by Franz.
Radial stirrups were used in both these slabs, and a slightly flatter
inclination for the inclined crack than the 45° used in these calcu-
lations results in a doubling of Vg. Therefore, it is apparent that
even with adequate well-anchored shear reinforcement, Vy and V_ are
not additive in their effects on the shear strength. Obviously con-
siderable shear reinforcement is required before there is any signi-
ficant increase in the shear strength of a slab. The limitation of
the shear strength to the lesser of Vigic or Visic is a reasonable
design approach. The ratios listed in Table 2 were obtained by
selecting the larger of Viggt/Veogle Or Viest/Véale for each test
specimen and averaging values for each investigation. The resultant
grand average is 1.09. Shown in Fig. 4 is a comparison for all the
test results of Viggt to Vpped where Vpped is the lesser of the values
of Vcale and Visz1e. In order to indicate the increase in shear
strength due to shear reinforcement, values are normalized by dividing
by Vcr where Vep is taken as half Vy from column (7).

For Elstner and Hognestad's slabs, the average in Table 2 is 1.11,
and for only one slab, B16, was the larger of the values for Viegt/
Vecale or Viest/Viale less than 1.00. For Graf's slabs the average is
1.12. For three slabs, ratios of Viegt/Viale are not listed because
a crack outside the outer ring of bent bars would have had to form
over the exterior support. For Rosenthal's slabs the exact positions
for the bends in the bars are not recorded, and it is likely that the
number of bars effective for shear were less than that presumed in
calculations of Vg. Nevertheless, the average in Table 2 is still
greater than unity. For Andersson's slabs No. 62 through 65 and 75
through 81, the anchorage conditions for the bent bars were par-
ticularly poor since an inclined crack forming outside the position
where the bent bar reached the compression face would parallel the
anchorage for the bar. Destruction of the anchorage probably accounts
for the low Viegt values for those specimens. As explained previously,
for many of Franz's slabs an inclined crack at 45° intersects only
one leg of the radial stirrups. A flatter crack would significantly
increase the amount of effective shear reinforcement. That behavior
probably accounts for the higher average ratio for those slabs in
Table 2. In contrast, for Wantur's specimens the location of the
shear reinforcement at d or more from the column perimeter probably
accounts for the lower average ratio in Table 2.

While the limitation of the shear strength to the lesser of the
values obtained by Egs. [8] and [9] gives good correlation with
cbserved strengths, it does not provide any information on the
potential ductilities which can be obtained with the various types of
reinforcement. However, it is apparent from the observed behaviors
that adequate anchorage for the shear reinforcement is essential if
any ductility is to be obtained. The PCA tests (18) and the moment
transfer tests conducted at the University of Washington (22) suggest
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that properly detailed hoops completely enclosing the tension and
compression reinforcement of the slab are the best type of shear rein-
forcement since they also ensure adequate anchorage for the flexural
reinforcement.

For slabs tested by Rosenthal and Yitzhaki, the increase in shear
strength achieved through the use of shear reinforcement has exceeded
three times the calculated strength for the same slab without rein-
forcement. 1In tests by other investigators strengths have frequently
been doubled by the use of shear reinforcement. Therefore, provided
the shear reinforcement is properly anchored, it is reasonable to
permit in slabs increases in shear strength due to shear reinforcement
of the same magnitude as those permitted for beams. That value is
double the increase currently permitted by ACI 318-71. The spacing
of stirrups should be limited to 0.5d.

CONNECTIONS TRANSFERRING SHEAR AND MOMENT

Data on the strength of connections with shear reinforcement
transferring moment and shear are meager and are limited to information
reported in References 6, 18 and 22. The work of Carpenter, et al.
(18) in examining the strengthening of connections for seismic loadings
has been discussed in the previous section. In addition to testing the
specimen with stirrups in the column region they tested two specimens
of similar proportions containing shearheads detailed in accordance
with ACI 318-71 requirements. Moment-deflection relationships for
slab 1 without any shear reinforcement, slab 3 with a shearhead and
slab 5 with stirrups are shown in Fig. 5. While the shearhead per-
mitted development of the flexural capacity of the specimen, it did
not insure ductility. The first loading reversal after the initial
loading into the inelastic range resulted in failure. In contrast,
properly anchored stirrups insured both strength and ductility.

Hawkins and Corley (6) tested fourteen lightweight concrete
specimens containing shearhead reinforcement and simulating conditions
at an edge column in a flat plate without spandrel beams. The slab
was 6-in (15 cm) thick and 4 £t by 9 £t (122 by 274 cm) with the
column centered at the edge of the long side. Principal variables
were the length and strength of the shearhead arms and the width of
the column face transverse to the direction of moment transfer. The
shearhead was effective in increasing the shear capacity at the
transverse face in a manner similar to that for a shearhead in a
connection transferring shear only. However, at the torsion faces
of the column the shearhead was relatively ineffective. It altered
the torsional capacity only in proportion to the effect of the shear
strength on the torsion strength as indicated by the interaction
equations of ACI 318-71. Consequently, the capacities predicted by
combining the procedures in ACI 318-71 for moment transfer and shear-
heads resulted in non-conservative estimates of the measured shear
strengths for long shearheads. Knowledge of these results was the
principal reason for restricting the shearhead provisions of ACI 318-71
to shear transfer situations only. Hawkins and Corley have shown that
their results can be accurately predicted using their beam analogy (25)
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or predicted conservatively to a degree which is independent of the
shearhead length by using ACI 318-71 procedures and differing
critical sections for shear and moment transfer. The nominal shear
stress is limited to the customary value specified in ACI 318-71.
However, that stress is calculated as the sum of the stress due to
shear on the critical section for a shearhead plus the shear stress
due to moment transfer on a critical section d/2 from the column
perimeter.

Hawkins (22) tested six specimens simulating conditions at an
interior column in a flat plate structure and containing stirrup
reinforcement of the type shown in Fig. 1(q). The slab was 6-in
(15 cm) thick and seven foot (213 cm) square and it was supported on
12-in square (30 cm) central column. Loadings resulted in initial
M/Vc ratios of 0.5 or 2.0. Variations were made in the amount and
spacing of the stirrup reinforcement and the percentage of reinforce-
ment in the slab. With an adequate amount of properly anchored
stirrups, the strength and ductility of the connection were substan-
tially greater than that of a similar connection without stirrup rein-
forcement. As observed for connections transferring shear only, the
stirrups carried all the shear after applied loads exceeded about half
the failure load for a connection without stirrups. To insure effec-
tiveness, the spacing between stirrups in the "integral beams" had to
be limited to d/2, and the stirrups had to be detailed as shown in
Fig. 1(o) or (g). Stirrup reinforcement in excess of that necessary to
carry the ultimate loads had negligible effect on the performance of
the connections. For slabs with adequate stirrup reinforcement plastic
deformations resulted in large rigid body rotations of the connection.
Cycling of the load between zero and that for plastic deformations
resulted in a punching failure on the compression surface of the slab
at the column junction in the second cycle. However, that failure did
not have any marked effect on the subsequent stiffness and strength of
the connection. This investigation did not define the distance that
the "integral beams" had to extend into the slab in order to ensure
ductile behavior. The minimum extension in those tests was 18-in
(45.7 cm) beyond the column perimeter.

CONCLUSIONS

(1) Even for thin slabs, properly detailed shear reinforcement
consisting of shearheads, bent bars, or stirrups can be fully effec-
tive in increasing the shear capacity. For bent bars or stirrups,
considerable amounts of shear reinforcement are needed before the
capacity is appreciably greater than that for a connection without
shear reinforcement.

(2) For slabs with properly detailed bent bars or stirrups and
connections transferring shear only, the shear capacity equals the
lesser of the following strengths: (a) the strength for a slab
without shear reinforcement for a critical section located d/2 beyond
the end of the stirrups or the bend in the bent-up bars, or (b) half
the capacity for a slab without shear reinforcement plus the vertical
component of the yield strength of the shear reinforcement intersected
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by a crack inclined at 45 degrees to the column-compression surface
interface.

(3) The increases in shear stress possible with bent bars or
stirrups need not be limited to 50 percent of the capacity of the
connection without shear reinforcement as is currently required by
ACI 318-71 provisions. A more realistic limit would be the 10 VE'
value currently used for beams. ¢

(4) Shear reinforcement is fully effective only when it is
properly detailed: Where shear reinforcement is needed it must extend
to a distance of at least 1.5d from the column perimeter. Bars must
be bent down within a distance 0.5d of the column at an angle not less
than 30° to the horizontal. The maximum spacing between vertical
stirrups should be 0.5d and every 45° line extending from the junction
of the column and the compression surface of the slab to the mid- -depth
of the slab should be crossed by at least one stirrup for every 90
degree quadrant of the slab surrounding the connection. Stirrup rein-
forcement should completely enclose adjacent longitudinal tensile and
compression bars of the slab and the ends of the stirrups should be
terminated by bending them around the longitudinal bars through at
least 145 degrees. Longitudinal compression reinforcement for the
slab should be continuous through the region of the connection.

(5) For shearheads designed in accordance with ACI 318- 71,
failure can occur due to exhaustion of the strength of the concrete at
the column face. For shearheads with oy values less than 0.33, the
increase in strength with shearhead reinforcement may be less than the
75 percent maximum permitted by ACI 318-71. Maximum increases should
be limited by the provisions of Eq. 3.

(6) 1In connections transferring moment and shear, shearhead
reinforcement is effective only for shear stresses caused by shear
transfer. The sum of the stress caused by shear transfer on the
critical section for the shearhead plus the maximum shear stress
caused by moment transfer on a critical section d/2 from the column
perimeter should be limited to 4 /?T or the corresponding value for
lightweight aggregate concrete.
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NOTATION
a = side of square plate used as shearhead reinforcement for a
square column
A, = area of shear reinforcement, Eq. [5]
b = perimeter of loaded area or column

c = side length of square column or diameter of circular column
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side length or diameter for outermost ring of stirrup rein-
forcement or outermost bend in bent bars

effective depth

concrete cylinder compressive strength
splitting tensile strength of concrete
yield strength of reinforcement

depth of steel shape in shearhead

length of steel shape in shearhead measured from center of
column

plastic moment capacity of steel shape in shearhead

moment in shearhead reinforcement at column face

value given by Eq. 5

thickness of steel plate, Eq. 1

shear force at inclined cracking

shear force calculated from Eq. 8

shear force calculated from Eq. 9

ultimate flexural capacity determined from yield line analysis
lesser of values Vcalc and Véalc

contribution of shear reinforcement to Vu

measured shear force for failure

ultimate shear capacity

v /bd, Eq. 4

inclination of shear reinforcement to horizontal

relative stiffness of shearhead to that of composite section
made up of a cracked section of the slab with a width equal

to (c + 4d)

/vflex
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Table 2

Average Ratios of Measured to Calculated
Strengths for Slabs with Shear Reinforcements

Average Strength

Investigation No. Specimens Meas./Calc.
Elstner-Hognestad (14) 8 1.11
Graf (13) 6 1.12
Rosenthal (15) 4 1.02
Andersson (7) 20 1.04
Yitzhaki (16) 11 1.10
Franz (19) 15 1.19
Wantur (12) 6 0.98
Tasker-Wyatt (8) L 1.06

Average 1.09
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(A) STEEL PLATE (B) CHAEL SECTIONS (C) I SETTIONS (D) COLLAR

(E) SHEARHEAD-SH (F) SHEARHEAD CAGE-SH  (G) BENT BARS-B (H) BENT BARS-B
CAGE

Fig. la--Shear reinforcements
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Fig. 1b--Shear reinforcements
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(A) NO SHEARHEAD (B) SMALL SHEARHEAD  (C) LARGE.SHZARHEAD

Fig. 2 --Critical sections for slabs with shearheads
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Fig. 3 --Idealized distribution for shear in shearhead at ultimate
load
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Fig. 5 —-Moment-deflection curves for PCA reversed loading tests






