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Thick reinforced concrete members not containing shear reinforce-
ment can fail at shear stresses significantly lower than those spec-
ified by the 2014 ACI Code. This is because the traditional ACI
shear provisions were based on tests of small specimens, and do
not account for the size effect in shear. This paper focuses on an
experimental program in which a 4000 mm (13 ft) thick slab strip
specimen and a 300 mm (12 in.) deep companion specimen were
constructed and tested to failure. These tests extend the range of
a series of 17 such slab strip experiments previously tested at the
University of Toronto. The results show that the 2014 ACI Code
can give dangerously high estimates of shear capacity for very
thick slabs not containing shear reinforcement. The research also
shows that minimum shear reinforcement greatly increases both the
strength and deformability of thick slabs.
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INTRODUCTION

Modern infrastructure often incorporates very thick rein-
forced concrete members that are critical elements in the
load-carrying system of the structure. Transfer slabs, foot-
ings, and mat foundations in high-rise construction are
examples of such members. As building heights increase,
demands on these members generally become greater,
resulting in larger member depths. Thus, the 73-story-tall
Wilshire Grand Center in Los Angeles, CA, hasa 5.4 m (17
ft, 9 in.) thick mat foundation." Refer to Fig. 1.

For construction efficiency, mat foundations are tradition-
ally designed to be thick enough to avoid the need for shear
reinforcement. However, thick slabs without shear rein-
forcement are susceptible to premature shear failure. Exper-
imental research and analytical models have shown that
the shear stress to cause shear failure of members without
shear reinforcement decreases as the depth of the member
increases, a phenomenon known as the size effect in shear.”
Because many international codes, including the 2014 ACI
Code,® do not appropriately account for this size effect, it
is possible to have a range of predicted shear strengths for
a given thick slab which can vary’ by factors of up to three
depending upon which codes are being compared.® These
major disagreements in predicted shear strength contrast
strongly with the situation for flexural strength, where all
major international codes give almost identical predictions.

The 2014 ACI shear provisions, essentially the same as
those of the 1963 then-new provisions, based on 10 years
of extensive research and a large database of available tests,
were adopted. Unfortunately, the specimens in the database
had an average effective depth of only 340 mm (13 in.)
and even today,’ relatively few large shear specimens have
been tested, with only 10% of shear tests having an effective
depth greater than 610 mm (24 in.) and only 4% greater than
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Fig. 1—Schematic of Wilshire Grand mat foundation
resisting overturning effects from lateral loads.

1000 mm (39 in.). Prior to the specimen discussed in this
paper, the largest shear test was from Japan,* had a depth of
3 m (10 ft), was uniformly loaded, and had significant longi-
tudinal bar cutoffs.

This paper discusses the construction, loading to failure,
and detailed measured behavior of a specimen with an overall
depth of 4 m (13 ft, 1 in.). In addition, a companion spec-
imen with a more traditional specimen depth of 300 mm (12
in.) was cast using the same concrete. These two specimens
represent strips “cut” from one-way slabs. The experiments
were designed to extend the range of size effect shear experi-
ments previously conducted at the University of Toronto to a
scale more representative of the large structural members in
use today. As an effective means of mitigating the size effect
in thick slab-type elements is to provide minimum shear
reinforcement, the very thick slab strip contained stirrups in
one of the two shear spans to assess the beneficial effects of
such reinforcement.
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Fig. 2—PLS4000 specimen details: dimensions in mm. (Note: 1 mm = 0.04 in.)

Prior to testing the large specimen, a prediction compe-
tition was held to evaluate how academics and practicing
engineers would fare in estimating the shear response. A
comparison of the predictions provided by the 66 entries
with the preliminary results of the experiments has been
given in a previous ACI publication.® An important obser-
vation from the competition is that half of these experienced
engineers submitted predictions from 1.5 to 5.5 times higher
than the actual failure load.

The primary purpose of this paper is to provide defini-
tive documentation of the new large slab strip experiments.
It will offer detailed data about the mechanism of shear
failure in such large reinforced concrete members. The three
new experimental results will be compared with 17 similar
size effect experiments that have been constructed using
the same concrete supplier and tested in the same labora-
tory. The results demonstrate that the size effect is predict-
able and that the very beneficial effects on shear strength
and deformability of thick slabs that can be achieved by
adding just a minimum quantity of shear reinforcement are
also predictable.

RESEARCH SIGNIFICANCE
The research summarized in this paper demonstrates that
the 2014 ACI shear provisions, which neglect the size effect
in shear, are unsafe. Adding just a minimum quantity of
shear reinforcement is shown to suppress this detrimental
size effect.
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EXPERIMENTAL PROGRAM
Design of specimens

The details of Specimen PLS4000 are shown in Fig. 2.
The specimen, which is a simply supported beam with a
span of 19.0 m (62 ft, 4 in.), represents a 250 mm (9.8 in.)
wide strip cut from a 4 m (13 ft, 1 in.) thick one-way slab.
PLS4000 was designed to obtain two tests from the single
large specimen. The simple span was divided at the location
of the displacement-controlled actuator into a 12 m (39 ft,
4 in.) long east shear span containing no shear reinforce-
ment and a 7 m (23 ft) long west shear span containing the
ACI specified minimum amount of shear reinforcement. The
weaker east shear span, PLS4000E, was designed to fail first,
and then after strengthening the failed east shear span with
external post-tensioned vertical bars, the west shear span,
PLS4000W, would be loaded to failure.

The flexural tension reinforcement consisted of nine 30M
bars (4, = 6300 mm? [9.76 in.?]). To facilitate transportation
of these bars and specimen construction, they were coupled
with tapered threaded mechanical splices able to achieve the
full strength of the bars. The bars also had 65 mm (2.6 in.)
diameter steel heads welded to each end to ensure full
development. The “fins” at each end of the specimen
provided a region for the longitudinal bars to develop and
also resist local stress concentrations in the vicinity of the
heads. The effective depth d of this reinforcement was
3840 mm (151.2 in.).

Transverse shear reinforcement in the west shear span
consisted of single leg 20M bars (4, = 300 mm? [0.465 in.%])
with 45 mm (1.8 in.) diameter heads welded on each end. The
single leg bars were spaced at 1500 mm (59 in.), resulting in
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Fig. 3—Loading and lateral bracing of PLS4000.

a total of five bars within the shear span. The stirrup spacing,
0.39d, satisfies the ACI stirrup spacing limit of 0.5d, but
exceeds the maximum spacing limit of 610 mm (24 in.).

Specimen PLS4000 contained 19.4 m3 (25.6 yd?) of
concrete, which took three concrete trucks to cast. Trucks 1,
2, and 3 provided 37.5%, 37.5%, and 25% of the concrete,
respectively. The concrete and the 1200 kg (2650 lb) of
reinforcing steel resulted in a specimen weighing 48 tonnes
(53 tons).

The more traditional size specimen, PLS300, had an
overall depth of 300 mm (11.8 in.), a width of 175 mm
(6.9 in.), two equal shear spans of 825 mm (32.5 in.), and
an overall length of 1800 mm (71 in.). The flexural tension
reinforcement consisted of three 10M bars (4, = 3 x 100 =
300 mm? [0.465 in.?]) at an effective depth d of 264 mm
(10.4 in.). The loading plate and the bearing plates were
all 38 mm (1.5 in.) wide, which is approximately 10 times
smaller than the plates used for PLS4000 (refer to Fig. 2).
PLS300 was cast using concrete from Truck 1 and weighed
227 kg (500 1b). Thus, PLS4000 was 210 times heavier
than PLS300.

Loading apparatus and test protocol

To provide restraint against lateral-torsional buckling,
moment-resisting frames (MRF) were placed near each
of the two end supports and at the loading location. Each
MREF supported four low-friction lateral restraints—two on
the north face of the specimen and two on the south—that
were in contact with the concrete to prevent out-of-plane
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Fig. 4—Material properties.

movement. The frame located at the load location was stiff-
ened by an outrigger brace anchored into the strong floor;
refer to Fig. 3.

Loading of PLS4000 was done in three-point bending
with an off-center point load, P, located at gridline P shown
in Fig. 2. The load was monotonically applied in displace-
ment-control, A, using a hydraulic jack controlled by a
servo-valve.

Material properties

Concrete used in the test specimens had a specified 28-day
compressive strength of 30 MPa (4350 psi) and a maximum
aggregate size (crushed limestone) of 14 mm (0.55 in.). A
total of 44 cylinders, 150 x 300 mm (6 x 12 in.), were
tested to monitor the concrete strengths from the three
trucks in the period from 7 days until 100 days after casting.
The concrete stress-strain responses measured on day 49 and
day 80 after casting are shown in Fig. 4(a). It can be seen
that at 49 days, when Specimen PLS4000E failed, the
weighted average of the concrete strengths from the three
trucks was 43.2 MPa (6260 psi), with the highest-strength
Truck 3 being 8% stronger than lowest-strength Truck 1.
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Specimen PLS4000W was failed 63 days after casting of
the concrete and based on the 49- and 80-day strengths
shown in Fig. 4, the concrete strength at this time can be
interpolated to be 44.2 MPa (6410 psi). Specimen PLS300
was cast just from Truck 1 and was tested to failure at 99 days
after casting, at which time the concrete strength was
44.8 MPa (6500 psi).

The stress-strain characteristics of the four different
types of reinforcing bars used in PLS4000 and PLS300 are
summarized in Fig. 4(b).
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Fig. 5—Load-deformation response of PLS4000E.

Instrumentation

The instrumentation included load cells, reinforcement
strain gauges, externally mounted linear variable differen-
tial transformers (LVDTs), and three-dimensional (3-D)
coordinate measurements. More complete details of the
instrumentation, the specimens, and the experiments can be
found elsewhere. !

BEHAVIOR OF EAST SPAN WITHOUT SHEAR
REINFORCEMENT

Load-deformation response

The load-deformation plot shown in Fig. 5 summarizes the
response of PLS4000E and the key observations recorded
during the six load stages (LS). Testing took 3 days from
onset of loading to failure of the specimen at LS5, with an
extra morning dedicated to reloading the damaged specimen,
LS6. The initial deflection when P was 0 shown in Fig. 5 is
the calculated self-weight deflection of the uncracked slab
strip. First flexural cracking occurred when P was 198 kN
(44.6 kip), indicating a flexural concrete tensile strength of
2.48 MPa (360 psi)."" Between first cracking and ultimate
load, the response of the slab strip follows a nearly linear
path with an effective tangent stiffness only 19% of the
stiffness prior to cracking. At load stages 1 through 4, the
displacement of the jack was reduced until the applied load
came down by approximately 15% to ensure the safety of the
students and technicians involved in marking new cracks and
measuring the widths of the cracks. The research of Calvi
et al.!> has shown that during such unloading, the crack
widths and crack slips do not change significantly. In this
paper, the highest load recorded will be labeled as P, while
the load at which the measurements took place will be labeled
as P,,..s- The full recorded crack diagrams and widths at each
load stage are presented in the Appendix (Fig. Al).

PLS4000E failed when P reached 685 kN (154 kip) with
the propagation, opening, and slipping of a single large
diagonal crack that initiated from a vertical flexural crack at
5.7 m (19 ft) from the east support. Figure 6 shows the crack
widths and crack slips measured at LS5 along this failure
crack and along a neighboring diagonal crack, which did
not fail. The measured crack slips are underlined. For the
diagonal crack which did not fail, initiating from the vertical
crack at 8.5 m (28 ft), the crack widths were up to 1.0 mm
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Fig. 6—PLS4000E crack widths and slips at LS5.
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Fig. 7—PLS4000E development of failure mechanism.

(0.040 in.) wide and the ratios of slip-to-width were from
0.50 to 0.67. For the diagonal crack that failed, the crack
widths were up to 4.5 mm (0.177 in.) and the slip-to-width
ratios were from 0.63 to 1.33 with a measured average slip-
to-average-width ratio of 0.92.

As the failure crack widened and the shear stress trans-
mitted across this crack reduced, the “concrete tooth canti-
lever” between the two vertical cracks was bent to the left,
causing vertical tensile stresses at the top right of this tooth.
These tooth-bending tensile stresses caused the substantial
change in the inclination of the diagonal failure crack that
occurred as it reached the top of the “cantilever” and entered
the flexural compression zone.

When the crack widths and slips had been measured at
LS5, the specimen was unloaded for the weekend, after
which the specimen was reloaded to assess its remaining
capacity. At an applied point load P of 433 kN (97.4 kip), the
major diagonal crack from LSS5 significantly widened, and
the actuator force simultaneously dropped down to 13 kN
(2.9 kip). Crack widths at middepth of the main failure crack
increased from 3 to 35 mm (0.12 to 1.38 in.).
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Details of failure mechanism of PLS4000E

To discuss the sequence of events that led to the applied
point load dropping by 32% from the peak load at LSS5, as
the imposed displacement increased by 7%, it is useful to
identify stages A, B, C, and D in Fig. 5. A is at the peak load
and D is 134 seconds after the peak load when the decision
was taken to manually reduce the imposed displacement so
the crack widths and crack slips could be safely measured.

Figures 7(a) and (b) show the measured shear stress-shear
strain response for two regions, D2 and D3, of PLS4000E as
measured by the four “full-depth” diagonal LVDTs covering
two square regions each 3.8 x 3.8 m (12.5 x 12.5 ft); refer
to inset in Fig. 7(a). For region D3, the average shear stress
includes the shear at the center of the region due to self-
weight of the slab strip. However, for D2, the center of the
region is at midspan and hence the average self-weight shear
for D2 is zero. From Fig. 7(a) it can be seen that in both
regions the measured shear strains were nearly zero until
flexural cracking occurred—first in D2 and then much later
in D3, increased after cracking, and became significantly
larger after the peak load was reached at Stage A. Figure 7(b)
shows how these large post-peak shear strains evolved
with time.

Between Stages A and B, a period of 25 seconds, there was
a significant drop in the load required to deform the spec-
imen, indicating the formation of the diagonal crack which
ultimately caused the failure. Note that between A and B,
there was a significant increase of shear strain in region D3
but a small elastic decrease of shear strain in region D2,
indicating that the new diagonal crack had not yet propa-
gated into region D2; refer to Fig. 7(a) and (b). At Stage B,
a significant increase in the rate at which the shear strains
in region D3 were increasing occurred. As a diagonal crack
widens, its ability to transmit aggregate interlock stresses
across the crack reduces (Walraven'?) and significant crack
slipping is required if the shear stress on the crack is to
be maintained. The Modified Compression Field Theory
(MCFT)'*!5 relates the magnitude of possible interface
shear stress, v,;, to the crack width w, the concrete strength
/¢, and the maximum aggregate size a, by Eq. (1), where the
crack width and aggregate size are in mm and the concrete
strength is in MPa. If psi and inch units are used, the 0.18 is
replaced by 2.2 and the 16 is replaced by 0.63.

0.18,/f

24w
a, + 16

= (D
031+

ci

At the section where failure initiated, 5.7 m (19 ft) from the
east support, the highest shear force was 344 kN (77.4 kip),
27% of which was caused by the large self-weight of the
specimen. The shear stress distribution across the depth of a
cracked reinforced concrete member corresponds closely'®
to that proposed by Moérsch in the early 1900s and used by
ACI codes until 1963. The shear stress transmitted across the
crack is V/(b,jd), where jd is the flexural lever arm which
for this purpose can be taken as 0.9, giving a required shear
stress of 0.398 MPa (58 psi). According to Eq. (1), the crack
width, w, must be less than 3.33 mm (0.131 in.) to transmit
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Fig. 8—Kinematics of simplified failure mechanism.

this shear stress across the crack, a width which at failure the
cracks were beginning to exceed; refer to Fig. 6.

At Stage C, 37 seconds after the peak, a rapid increase
in shear strain in region D2 begins, indicating that the
flatter extension of the diagonal failure crack had crossed
into region D2. For this flatter crack to open, kinematics
requires a corresponding slip on the steeper portion of the
diagonal crack; refer to Fig. 8. With the steep portion of the
failure crack at 54 degrees to the horizontal while the flatter
portion is at 13 degrees, the ratio of slip-to-width needs to be
tan(54° — 13°) = 0.87, which is close to the measured average
of 0.92. After the flatter crack formed, the rate of increase in
shear strains at D2 and D3 became very similar, indicating
rigid body displacement of the portion of concrete above the
diagonal crack: a classic flexure-shear failure similar to that
described by Joint ACI-ASCE Committee 326'7 in 1962.

At point D, 134 seconds after the peak, it was decided to
decrease the displacement of the specimen to lower the load
and mark and measure the crack widths and slips. Figures 5
through 8 and the associated discussion demonstrate that
the flexure-shear failure of PLS4000E was a relatively slow
process governed by the breakdown of aggregate interlock
action as the crack widths widened and the crack faces
slipped with respect to each other.

Predicted failure loads and location of failure

Equation (2), which is the ACI 318-14 basic equation for
the shear strength of members not containing shear rein-
forcement,® was developed by Joint ACI-ASCE Committee
326" and published in 1962. The committee correctly
assumed that as the flexural tensile stress in the longitu-
dinal reinforcement increased the shear strength of the
member would decrease. In a discussion, Dr. Johannes Moe
suggested that this decrease in shear strength was caused by
the increase in crack widths associated with higher stresses
in the longitudinal reinforcement. He stated, “It now appears
reasonable to assume that the amount of shear transmission
across the bending cracks decreases gradually as the widths
of the cracks increase.”!’
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For SI units, the 1.9 is replaced by 0.16 and the 2500 is
replaced by 17.2.

What was not appreciated in 1962 is that large members
have their widest flexural cracks close to middepth of the
member because that is where the largest crack spacing
occurs. For two slabs, one twice as thick as the other, with
the same strain in the flexural tension reinforcement, the
thicker slab will have crack widths near middepth approx-
imately twice as wide as those of the thinner slab. Because
of their wider cracks, thicker slabs will fail at lower shear
stresses, a phenomenon referred to as the size effect in shear.
This size effect is predicted by the MCFT,'* which forms
the basis of the AASHTO LRFD standard'® and the Cana-
dian CSA A23.3-14 standard."® In terms of ACI format, U.S.
Customary units, and clear identification of the strain effect
and the size effect, an appropriate MCFT expression for
V. is?°

2.25 50
v.=2f b,d 3
‘ j;(1+15008x)(38+sx) " ®

where ¢, is the calculated longitudinal strain at middepth of
the member; and s, is the effective longitudinal spacing of
the flexural cracks at middepth of the member. If the member
has at least minimum shear reinforcement satisfying tradi-
tional spacing limits, s, can be taken equal to 12 in. (approx-
imately 300 mm) and the size effect is eliminated. If the
member has no shear reinforcement and the maximum spec-
ified aggregate size, a,, is at least 1 in. (25 mm), then s, is
taken as 0.75d. For smaller maximum aggregate sizes, s, is
taken as 1.25d/(0.65 + a,), which for the large test specimen
is 1.25 x 151.2/(0.65 + 0.55) = 157.5 in. (4 m). The value of
¢, can be taken as one-half the strain in the flexural tension
reinforcement where the tension force in this reinforcement
is taken as M/(0.9d) + V.

A flexural-shear failure begins when a flexural crack
become too wide to transmit the required shear stress across
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Fig. 9—Predicted and observed loads to cause flexural
cracking and shear failures for east span, PLS4000E.

the crack. Figure 9 shows the values of the point load P
required to cause flexural cracking at different sections along
the east span of the large slab strip specimen and also shows
the predicted values of P required to cause shear failure at
these sections. Because of the local vertical compressive
stresses caused by the point load and the support reaction,
sections closer than d to the face of the support or the face of
the load will not be critical in shear. The CSA and AASHTO
provisions predict that the large slab strip will undergo a flexure-
shear failure when the applied point load reaches 675 kN
(152 kip) and a flexural crack initiates at 4.48 m (14.7 ft)
from the center of the support. The 2014 ACI provisions, on
the other hand, predict that the flexural-shear failure will not
occur until the point load reaches 2615 kN (588 kip) with the
critical section being at d from the face of the support. Thus,
while the CSA and AASHTO provisions predict the point
load to cause failure at 99% of the test value, the ACI 318-14
provisions predict failure at 382% of the test value.

Since completion of this paper, ACI has published the stan-
dard ACI 318-19,%' which includes a size effect for members
without stirrups. If these new provisions are applied to the
experiment, the point load predicted to cause shear failure is
394 kN (88.7 kip), indicating the code is now safe, if very
conservative.
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Fig. 10—O0bserved load-deformation response of PLS4000W.

BEHAVIOR OF WEST SPAN WITH SHEAR
REINFORCEMENT
After the failed east shear span was repaired with external
post-tensioned bars, the slab strip was then reloaded to
investigate the response of the west shear span, PLS4000W.

Load-deformation response

Figure 10 summarizes the load-deformation response of
PLS4000W. Note that the initial deflection under the point
load was set to zero at the start of this second phase of
loading. The initial stiffness of the already-cracked spec-
imen closely matched that predicted by using the tradition-
ally calculated value of /... The pattern of cracks at failure
(P =2161 kN, [486 kip]) and the measured crack widths at
93% of the failure load are shown in Fig. 11(a). The final
failure was initiated by the sudden crushing of what
Mihaylov et al.?? call the critical loading zone (CLZ), a
region which in short shear spans subjected to point loads
transmits a large portion of the total shear. When this zone
crushed, the displacement-controlled load P reduced to just
9% of its peak value; refer to Fig. 11(b).

Note that the combination of the shorter shear span and
the presence of minimum shear reinforcement in the west
span increased the point load to cause failure by a factor of
3.15 and the deflection at failure by a factor of 2.87, causing
an increase in the energy required to cause failure by a factor
of approximately 9.
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Fig. 11—Crack widths near failure and pattern of cracking
and crushing at failure.

Predicted failure load of PLS4000W

While PLS4000W contained a little more than the ACI-
specified minimum amount of shear reinforcement, the
spacing of this shear reinforcement was 2.5 times the ACI
maximum specified spacing. To account for the detrimental
effects of such wide spacing, the CSA code suggests that the
s, term in Eq. (3) be taken as (s — 300) mm [(s — 12) in.],
which for PLS4000W is 1200 mm (47 in.).

As in the ACI Code, the shear strength of a section is taken
as the sum of V. and V, where V. is given by Eq. (3) and
is given by Eq. (4)

A
V,=—1,0.9d cot6 4)
S

The angle of inclination of the principal compressive stresses
in the concrete is taken as

0 =29 degrees + 7000¢, %)
where the value of €, can be taken as one-half the strain in

the flexural tension reinforcement when the tension force in
this reinforcement is taken as M/(0.9d) + V.
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Fig. 12—Traditional size shear specimen: PLS300, load-
deformation response and failure behavior.

Finally, for members with large amounts of shear rein-
forcement, a check needs to be made to ensure that this shear
reinforcement yields before the concrete crushes.

V=V, + V,<0.22fb,d (6)

For short shear spans, such as PLS4000W, where the
distance from the loading plate to the support plate is less
than 2d, the 1962 ACI Committee 326 report!” recommended
that the critical section be taken midway along the clear
shear span. Solving Eq. (3), (4), and (5) by trial and error
produces a predicted shear force to cause failure of 1089 kN
(245 kip) given that the self-weight shear at this location is
144 kN (32.4 kip) and the self-weight moment is 651 kN-m
(480 kip ft). The experimentally observed shear force at
failure was 1509 kN (339 kip), giving a test-to-predicted
ratio of 1.38 by the CSA equations for sectional shear failures
when applied to a member with an a/d of only 1.82.

BEHAVIOR OF TRADITIONAL-SIZED SPECIMEN

Specimen PLS300 was cast with concrete from Truck 1 and
was loaded 100 days after casting, at which time the concrete
cylinder strength was 44.8 MPa (6500 psi). The intent was
to make a small-scale model of PLS4000E so that a direct
comparison of the effect of member size on shear stress at
failure could be made. Thus, both PLS300 and PLS4000E
had a shear span-depth ratio a/d of 3.12, were cast with
the same concrete and contained approximately the same
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Table 1—Toronto size effect series

N 7 P

Name d,mm | b,, mm | f', MPa | a,, mm | A/bd, % | A,f,/b,s, MPa | ald VI‘;TI('II: Al%"‘ I{,Xp*, kN kII/\CIx/l;'l Vl\jlxlge; Vep! Vesa | Vexpl Vaci
BNI12.5 110 300 372 10.0 0.909 0 3.07| 0.15 5.62 40.1 134 1.215 1.17 1.20
BN25 225 300 37.2 10.0 0.889 0 3.00f 0.25 291 73.0 243 1.081 1.12 1.07
PLS300 264 175 44.8 14.0 0.649 0 313 0.20 2.58 47.8 273 1.035 1.16 0.93
S-10N1 280 122 41.9 10.0 0.831 0 289 0.10 2.15 36.6 300 1.071 1.12 1.00
S-10H 280 122 77.3 9.5 0.831 0 289 0.20 1.96 37.7 309 1.104 1.09 0.80
S-10HS 280 122 77.3 9.5 1.317 0.500 289 2.00 4.70 66.3 543 1.941 1.09 0.99
AT-2/250B | 439 252 38.5 10.0 0.904 0 296 | 0.40 1.81 114 452 1.030 1.18 1.00
AT-2/1000A | 439 1002 39.0 10.0 0.909 0 296 | 0.15 1.98 476 475 1.082 1.24 1.04
AT-2/3000 440 3005 40.6 10.0 0.908 0 295| 0.15 1.79 1310 436 0.991 1.12 0.94
BN50 450 300 372 10.0 0.815 0 3.00| 0.25 2.00 132 440 0.978 1.19 0.97
BN100 925 300 372 10.0 0.757 0 2921 0.30 1.10 192 640 0.692 1.06 0.68
BM100 925 300 47.0 10.0 0.757 0.400 2921 250 3.85 342 1140 1.232 0.86 0.80
L-10N1 1400 300 38.4 9.5 0.833 0 2.89| 0.55 1.05 265 883 0.631 1.09 0.61
L-10N2 1400 300 40.3 9.5 0.833 0 289 0.40 1.00 243 810 0.579 0.98 0.55
L-10H 1400 300 73.6 9.5 0.833 0 289 0.50 0.80 240 800 0.571 1.03 0.41
L-10HS 1400 300 71.2 9.5 1.333 0.500 2.89 | 4.00 3.35 710 2367 1.690 0.95 0.89
YB2000/0 | 1890 300 33.6 10.0 0.741 0 2.86 | 0.40 0.74 258 860 0.455 0.98 0.47
YB2000/6 | 1890 300 36.2 10.0 0.741 0.330 2.86 | 5.00 3.07 553 1843 0.975 1.01 0.73
PLS4000E | 3840 250 432 14.0 0.656 0 3131 0.90 0.50 393 1572 0.409 1.01 0.38
PLS4000W | 3840 250 442 14.0 0.656 0.420 1.82| 5.50 2.81 1509 6036 1.572 1.12 1.04

Avg. 1.08 0.82
(6(6)% 8.7% 29%

“Calculated at CSA critical section.

"Note that v=

v

, Xd

percentage of longitudinal, flexural tension reinforcement,
Ay/(bd) = 0.65%.

The observed load-deformation response of PLS300, the
maximum measured crack widths at the first five load stages
and the appearance of the specimen after the sudden shear
failure at load stage 6 (P =94.8 kN [21.3 kip]), are all shown
in Fig. 12.

The maximum crack spacing at middepth for this small
specimen was 210 mm (8.3 in.), 0.80d, and at 94% of failure
load, the maximum crack width was 0.20 mm (0.008 in.).
For PLS4000E, the maximum crack spacing at middepth
was 2610 mm (103 in.), 0.68d, and at 91% of the failure
load, the maximum crack width was 0.90 mm (0.035 in.).
The nominal shear stress at failure for PLS300 was 149 psi
(1.03 MPa), while for PLS4000E the nominal shear stress
at failure was only 53 psi (0.365 MPa). Thus, as the effec-
tive depth increased by a factor of 14.5, the maximum crack
spacing increased by a factor of 12.4, the crack widths near
failure increased by a factor of approximately 4.5, and the
shear stress to cause failure reduced by a factor of approxi-
mately 2.8.
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TORONTO SIZE EFFECT SERIES

Table 1 gives the details of the 20 specimens which make
up the Toronto size effect series,?® with the slab strip spec-
imens listed in order of increasing effective depth, d, from
110 mm (4.3 in.) to 3.84 m (12 ft 7 in.). Note that four of
the specimens are made from high-strength concrete, f." =
75 MPa (10,800 psi), while the other 16 have an average
concrete strength of 39.8 MPa (5800 psi) with a coefficient
of variation (COV) of 9%. Fifteen of the specimens contain
no shear reinforcement, while the remaining five contain
approximately the ACI’s specified amount of minimum
shear reinforcement.

Figure 13 compares the observed shear strengths with
the 2014 ACI and 2014 CSA predictions for the 15 speci-
mens from Table 1, which have no shear reinforcement and
also extends the range of depths to include that used in the
Wilshire Grand mat foundation described in Fig. 1. Note that
the CSA predictions closely match the experimental results
as the depth increases. The vertical step in the CSA predic-
tion occurs as the critical section transitions from near the
point load to near the support with the step due to the signif-
icant self-weight shear between these locations. Because
the ACI 318-14 shear provisions do not account for the size
effect, the ACI predictions become more unconservative as
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Fig. 13—Toronto size effect series, no shear reinforcement.

the depth increases. For the large depth used in the Wilshire
Grand foundation, the ACI 318-14 prediction is 3.8 times
larger than the CSA prediction. It should be noted, however,
that the size effect in shear was taken into consideration in
the design of the Wilshire Grand foundation.

Using minimum shear reinforcement in thick slabs
substantially increases the shear capacity by suppressing the
size effect and has the additional advantage of increasing the
deformability of the member. Figure 14 shows the effect of
increasing member depth on the deflection-to-span ratios at
peak load (A/L). For members without shear reinforcement, it
can be seen that the failure becomes much more brittle as the
depth increases with the deflection to span ratio decreasing
by a factor of more than 10 from the shallowest to deepest
member. Over the same range, however, the members with
minimum stirrups show a decrease in the midspan displace-
ment at shear failure of a factor of only 1.5. Note that for
members without shear reinforcement that are thicker than
approximately 250 mm (10 in.), shear failures occur at a
midspan deflection of less than the traditional serviceability
limits. Such small deflections will make it difficult to iden-
tify members very close to a brittle shear failure.

CONCLUSIONS

Because very thick concrete slabs, such as the Wilshire
Grand mat foundation, are now being built more frequently,
it is important that design provisions which were developed
from experiments on smaller members are updated to cover
current practice. With respect to this, the following conclu-
sions can be drawn from the experiments reported in
this paper:
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minimum Strrups.

1. Large members without shear reinforcement fail by
sliding on the critical diagonal crack when the applied shear
stress exceeds the aggregate interlock capacity. In the
4000 mm (13 ft) thick test reported in this paper, a slip of
4.5 mm (0.18 in.) was observed.

2. The 2014 ACI shear provisions neglect the size effect
in shear and produce very unconservative estimates of the
shear strength of large members without stirrups.

3. The benefits of including at least minimum shear rein-
forcement in thick slabs are significantly underestimated
by the 2014 ACI code. Such minimum shear reinforcement
suppresses the size effect in shear.

Large members without shear reinforcement fail in shear
at imperceptibly low midspan displacements, making iden-
tification of members close to a shear failure very difficult.
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NOTATION
Ay = area of reinforcing bar
A, = area of longitudinal reinforcement
A, = area of transverse reinforcement
a = shear span
g = maximum aggregate size

b or b,, = member width

COV = sample coefficient of variation

d = effective depth

E. = modulus of elasticity of concrete

E, = modulus of elasticity of steel
1! = concrete strength measured on test day
Sor = measured flexural concrete tensile stress
fu = measured ultimate strength of reinforcement
5 = measured yield strength of reinforcement

h = overall member height

1., = cracked moment of inertia

I, = gross moment of inertia
jd = flexural lever arm, taken as 0.9d

L = span of member

M = moment at section

P = maximum applied actuator load at load stage

Py = maximum applied load to cause specimen failure

Poes = load when measurements were taking during load stage
K = spacing of transverse reinforcement

Sy = crack spacing parameter with influence of aggregate size
Vv = shear force

Vei = shear capacity as calculated by ACI 318-14 code

Vea = shear capacity as calculated by CSA A23.3-14 code

Ve = measured shear force

V, = nominal shear strength

8 = shear strength provided by shear reinforcement

v = sectional shear stress = V/(b,.d)

Vei = interface shear stress across diagonal crack

Vewp = measured shear stress

w = crack width

Wpmee = Mmaximum observed crack width

Xeack = location of eastern-most crack in specimen measured from

center of east support

A = vertical displacement underneath point load

g/ = strain at peak concrete cylinder stress

€ong = maximum measured strain in longitudinal reinforcement
€ = steel strain at strain hardening

€ = steel strain at ultimate strength

& = longitudinal strain at middepth of member

Yiy = shear strain

0 = angle of inclination of diagonal compressive stresses to longitu-

dinal axis of member
p,or p, = total percentage of longitudinal reinforcement
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APPENDIX
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Fig. Al—Crack diagrams at all load stages.
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