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Presented in this paper are the punching shear tests of 12 high-
strength concrete slabs (f.' > 100 MPa [14,500 psi]) with various
fexural reinforcement ratios from 0.28 to 1.43% and supported on
columns having various aspect ratios of I x 1, 1 x 3, and 1 x 5. The
resulting test data were also used to verify the suitability of the
ACI 318 and Eurocode 2 punching shear equations, especially for
slabs with low reinforcement ratios.

Other influencing factors such as concrete strength and size effect
were also addressed. The authors’ new experimental results will be
combined with 355 existing published data and together they will
be used to evaluate the accuracies and safety of the ACI 318 and
Eurocode 2 methods for punching shear, as well as some methods
proposed by other researchers. A new general method and a simpli-
fied method are also proposed; they are shown to be accurate
and reliable.

Keywords: building codes; column aspect ratio; concrete slabs; flexural
failure; high-strength concrete; punching shear; reinforcement ratio; shear
failure; size effect.

INTRODUCTION

Punching shear failure is one of the critical failure modes
that can happen in a flat-plate floor system. Some of the
important design parameters that can influence the punching
shear strength of concrete slabs include concrete strength,
amount of flexural reinforcement, column rectangularity
(aspect) ratio, and size effect.

One of the parameters that has not been sufficiently inves-
tigated in the past is the influence of the amount of flex-
ural reinforcement ratio p (=A4,/bd), especially the low rein-
forcement ratio. Floor slabs with low reinforcement ratios
are frequently encountered in the design of flat-plate floors
for lightly loaded buildings, such as apartment and condo-
minium buildings or office buildings. The typical values of
the required flexural reinforcement ratios p (=4,/bd) in the
column strips of the flat-plate floors in those buildings can
vary from approximately 0.6 to 0.8%. It has been known that
when a floor slab is provided with a low flexural reinforce-
ment ratio (p of approximately 0.7% or less), the slab may
not be able to attain its punching shear capacity as calcu-
lated using the ACI 318-14! equations for punching shear.
That is because it may fail at a lower load due to widespread
yielding of the flexural reinforcement. Essentially, that is a
flexural failure under punching shear load. A further increase
in loading beyond the peak load will only increase slab rota-
tion or deflection before it reaches the final failure in what
looks like a punching failure—albeit a ductile punching
failure. So far, the ACI 318 or the Eurocode 22 (EC2) equa-
tions for punching shear have not been sufficiently verified
for cases of slabs with low reinforcement ratios where flex-
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ural failure under punching load may occur ahead of the
normal punching shear failure.

One typical way to treat this lightly reinforced slab case
in practice is to calculate the punching strength of the slab
using the ACI punching shear equations and compare it with
the failure load (ultimate shear force) that causes flexural
failure of the slab as calculated using the yield line theory.
The lower of these two failure loads will be the punching
shear capacity of the slab. However, it would be much
easier if Code method can treat cases of low reinforcement
ratio directly.

To address the issues mentioned previously, the authors
present an experimental program involving the testing of 12
high-strength concrete slabs having various flexural rein-
forcement ratios and various column aspect (rectangularity)
ratios subjected to concentric punching loads. The authors
have previously tested similar slabs made of normal-strength
concrete to investigate the influence of column aspect ratio
as well as opening.’ Those earlier tests will be useful in
current research. In addition, the authors’ new experimental
results will also be combined with 355 existing published
data and together they will be used to evaluate the accura-
cies of the ACI 318-14 and Eurocode 2 methods, as well as
the methods proposed by other researchers.*® A new general
method and a simplified method are also proposed; they are
shown to be accurate and reliable.

RESEARCH SIGNIFICANCE

A new way to treat punching shear strength of concrete
slabs is presented herein. The influence of low flexural
reinforcement ratio is considered rationally, resulting in
two proposed methods: a proposed general method and a
proposed simplified method. The new proposed methods
were verified for accuracy using the authors’ new experi-
ment, which is also presented in this paper, as well as 355
slab data from literature. The proposed methods were also
thoroughly compared with existing methods proposed by
other researchers as well as with the methods of ACI 318
and Eurocode 2.

EXPERIMENTAL PROGRAM
The slab specimens in this experimental program were
designed to cover a low range of reinforcement ratios as
well as some of the higher ranges of reinforcement ratios to
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Fig. 1—(a) General dimensions and loading positions, and (b) reinforcement details.

provide a more complete set of data. The dimensions of the
specimens represent an actual model of the column zone of
flat-plate slabs having column-to-column spans of approxi-
mately 5.0 to 6.0 m (16.4 to 19.7 ft).

Specimen details and material properties

The 12 slab specimens tested in this experiment were cate-
gorized into three main groups: S11 series, S13 series, and
S15 series to represent their corresponding column aspect
ratios of 1 x 1, 1 x 3, and 1 x 5, respectively. Figure 1(a)
shows the general dimensions of the slab specimens and
their loading positions while Fig. 1(b) shows the reinforce-
ment details of the 12 slab specimens. Table 1 summarizes
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important properties of the specimens. The overall dimen-
sions (L, X L, x h) of the specimens were 2.2 x2.2x 0.15m
(87 x 87 x 5.9 in.) for the S11 and S13 series, and 2.7 x 2.2 x
0.15 m (106 x 87 x 5.9 in.) for the S15 series. The cross-
sectional dimensions of the column stubs were 200 x
200 mm (7.9 x 7.9 in.) for the SI1 series, 600 x 200 mm
(23.7x 7.9 in.) for the S13 series, and 1000 x 200 mm (39.5 x
7.9 in.) for the S15 series. The height of the column stub was
200 mm (7.9 in.) for all specimens. In addition to the main
top reinforcement, all the specimens were provided with
bottom reinforcement in the form of 10 mm (3/8 in.) diam-
eter bars that were distributed at 260 mm (10.2 in.) spacing,
denoted as T10@260 mm (No. 3@10.2 in.) in Fig. 1(b).
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Table 1—Properties of slab specimens

/f;, MPa Top reinforcement bar size @
No. | Slab ID | Dimensions, m (in.) | Column size, m (in.) | d, mm (in.) | f.', MPa (ksi) (ksi) p, % spacing, mm (in.)
@ 1@ 3) 4) (5) ©) @ (3) ) (10)
1 |S11-028 120 (4.7) 459 (66.5) | 0.28 T10@ 260 (No. 3 @ 10.2)
S11 2 | S11-050 22x22x0.15 02x02 117 (4.6) 537(77.9) | 0.50 T13@ 235 (No. 4 @ 9.2)
) L RLLRT R 112.0 (16.2)
Series | 3 | g11-090 | (87x87x5.9) (7.9%7.9) 117 (4.6) 537(77.9) | 0.90 T13@ 118 (No. 4 @ 4.6)
4 | S11-139 114 (4.5) 501 (72.6) | 1.39 T16@ 118 (No. 5 @ 4.6)
5 |S13-028 120 (4.7) 459 (66.5) | 0.28 T10@ 260 (No. 3 @ 10.2)
S13 | 6 |S13-050| 25422x0.15 02x0.6 117 (4.6) 537(77.9) | 0.50 T13@ 235 (No. 4 @ 9.2)
; SRR R 114.0 (16.5)
Series | 7 |g13.090 | (87x87x5.9) (7.9x23.7) 117 (4.6) 537(77.9) | 0.90 T13@ 118 (No. 4 @ 4.6)
8 |SI13-143 114 (4.5) 501 (72.6) | 1.43 T16@ 118 (No. 5 @ 4.6)
9 | S15-028 120 (4.7) 459 (66.5) | 0.28 T10@ 260 (No. 3 @ 10.2)
15 | 10 [ S15-050 | 27422x0.15 02x1.0 117 (4.6) 537(77.9) | 0.50 T13@ 235 (No. 4 @ 9.2)
) L BT R 97.0 (14)
Series | 11 | §15-090 | (106.4x87x5.9) (7.9 x39.5) 117 (4.6) 537(77.9) | 0.90 T13@ 118 (No. 4 @ 4.6)
12 | S15-143 114 (4.5) 501 (72.6) | 1.43 T16@ 118 (No. 5 @ 4.6)

Notes: Concrete cover =20 mm (0.8 in.); maximum aggregate size = 20 mm (0.8 in.); same reinforcement is provided in both directions; T10 @ 260 mm = 10 mm bars at 260 mm
spacing or No. 3 bar (3/8 in.) at 10.2 in. spacing; d is average effective depth /.’ is cylinder compressive strength of concrete; f; is yield strength of flexural reinforcement; p is average
reinforcement ratio (p, + p,)/2; p, = 1004,/(L, % d.).
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(a)

Fig. 2—(a) Typical test setup, and (b) Specimen S13-028 during testing.

* Thick strong floor

The specimen notation represents the main properties of
the slab specimens. For example, Specimen S13-143 indi-
cates a slab specimen with a column aspect ratio of 1 x 3
(B = 3) and flexural reinforcement ratio p of 1.43%.

The strengths of the concrete used in all the speci-
mens were approximately 100 MPa (14,500 psi) (refer
to Column 7 of Table 1). The maximum aggregate size is
20 mm (0.8 in.). Some of the advantages of using high-
strength concrete compared to normal-strength concrete
include an increase in cracking load of the slab and a reduc-
tion in deflection at service load level due to higher tensile
strength and higher elastic modulus of higher-strength
concrete. Higher concrete strength also leads to higher dura-
bility in adverse environments.

Instrumentation and loading procedure

A typical test setup and a photograph of a slab during
testing are shown in Fig. 2. Each specimen was placed on
a steel support block and then vertically loaded downward
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through four hydraulic jacks that were secured onto the
laboratory strong floor. Each hydraulic jack would apply
the loading by pulling down the steel rod, which transferred
the pulldown force to the spreader beams and then onto
the loading plates (points) on the slab. The actual positions
of the spreader beams and loading points (Fig. 1(a)) were
determined using a finite element software such that the
distributions of stresses near the column zone were close to
those stress distributions in the same slab when loaded under
uniform loading.

Strain gauges were installed on some of the top rein-
forcing bars in both directions and linear variable differen-
tial transformers (LVDTs) were placed below the slab along
the column center lines to measure vertical deflections at
every load increment.

Each specimen was loaded at 20 kN (4.5 kip) load incre-
ment or approximately 5 kN (1.12 kip) increment for each
jack. At every load increment, readings of vertical displace-
ments from LVDTs and steel strains were recorded all the
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Table 2—Comparison of design methods with current test results

Ve Veate

Proposed Proposed

¢ xc,mm | d, mm Vm.p*, kN Failure p/ﬁ, p/pst, ACI Eurocode | Peiris- General Simplified

Slab ID (in.) Gn) | p%| (kip) mode’ | % | (4)/(7) | 318-14 2 Ghali | CSCT | Method Method
(1) (2 (3) “) (5) © | (®) ) (10) (1n (12) (13) (14)
S11-028 120 (4.7) | 0.28 | 280 (62.9) F  096| 029(F) | 0.65 0.96 192 | 112 1.19 1.13
S11-050 | 200 x 200 | 117 (4.6) | 0.50 | 394 (88.6) F 098] 051 (F) | 0.95 1.16 158 | 121 1.29 1.22
S11-090 | (79%x7.9) | 117 (4.6)| 0.90 | 440 (98.9) P 078 L16(P) | 1.06 1.06 1.06 | 0.99 1.06 1.06
S11-139 114 (4.5)| 139 | 454(102.1) | P |0.88| 1.58(P) | 1.14 0.99 1.14 | 0.89 0.98 0.98
S13-028 120 (4.7) | 0.28 | 308 (69.2) F 098] 027(F) | 053 0.79 218 | 0.99 1.07 1.01
S13-050 | 200 x 600 | 117 (4.6)| 0.50 | 418 (94.0) F |080| 0.63(F) | 0.74 0.91 144 | 097 1.06 1.04
S13-090 | (7:9%23.7) 1117 (4.6)| 0.90 | 558 (125.4) | P | 0.80| 1.13(P) | 0.99 1.00 1.08 | 0.96 1.08 1.08
S13-143 114 (4.5)| 143 | 718 (1614) | P |091| 1.57(P) | 1.32 1.14 132 | 1.05 1.23 1.23
S15-028 120 (4.7) | 0.28 | 322 (74.4) F | 1.07| 025(F) | 049 0.68 242 | 097 1.04 0.97
S15-050 | 200 x 1000 | 117 (4.6) | 0.50 | 458 (103.0) | F | 0.85| 0.58(F) | 0.70 0.79 159 | 0.95 1.04 1.00
S15-090 | (7:9x39.5) | 117 (4.6)| 0.90 | 658 (147.9) | P | 0.85 | 1.06(P) | 1.00 0.93 128 | 1.00 1.12 1.12
S15-143 114 (4.5)| 143 | 776 (1744) | P | 097 | 147(P) | 122 0.98 122 | 099 1.17 1.17
Minimum | 0.49 0.68 1.06 | 0.89 0.98 0.97

Maximum | 1.32 1.16 242 | 121 1.29 1.23

Average | 0.90 0.95 152 | 1.01 111 1.08

Coefficient of variation | 0.30 0.15 0.29 0.084 0.082 0.083

*V.y, is total failure load, including weight of specimen outside distance d from column face and weight of test equipment on top of specimen.

fObserved failure mode: F is flexural failure; P is punching failure.

“ps is proposed limiting reinforcement ratio, calculated using Eq. (12a), py; is taken to be 0.007 for proposed Simplified Method as shown by Eq. (12b).

SFor p/ps > 1.0, the predicted failure mode is punching; for p/py < 1.0, the predicted failure mode is flexure. py in Column (7) is for proposed Standard Method and calculated using

Eq. (12a).

way to failure. Crack widths were measured by using a crack
detector until near failure.

TEST RESULTS AND DISCUSSIONS
Failure loads and crack patterns

The failure loads V,,, of the 12 specimens are summarized
in Table 2. Each failure load includes the self-weight of the
slab outside the perimeter measured at d away from a column
face and the weight of test equipment placed on top of the
slab. Those slabs that failed abruptly with a sudden drop in
their load-deflection curves are indicated to have failed in
punching mode (P). Those slabs that failed in a more ductile
manner or with widespread yielding of reinforcement prior
to punching failure are indicated to have failed in flexural
(F) mode. All the slabs finally failed in what appears to be
punching failure, even though the slabs might have failed
earlier in flexural mode.

Figure 3 shows the photographs of the crack patterns
at the failure of the S11-series. The crack patterns of the
other cight slabs are shown in Fig. 4. Figure 3 shows fairly
clearly that slabs with low reinforcement ratios would have
different crack patterns at failure compared to slabs with
high reinforcement ratios. Typical crack patterns of slabs
failing in normal punching can be seen in Fig. 3(c) and (d),
which show Specimens S11-090 and S11-139, respectively.
The crack pattern in each of these cases comprises a set of
closely spaced radial cracks or circular-fan-type cracks with
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Fig. 3—Crack patterns at failure: (a) S11-028, (b) S11-050;
(c) S11-090; and (d) S11-139.

the final circumferential crack that comes to the surface from
the internal inclined shear cracks.

If the reinforcement ratio is low, however, the circular-
fan-type of crack pattern may not form. Figure 3(a) shows
the crack pattern of Slab S11-028; it can be seen that the
crack pattern forms straight-line cracks nearly parallel
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Fig. 4—Crack patterns of S13 and S15 series at failure.

to column lines in both directions with perhaps one diag-
onal crack from the column corner toward a corner of the
slab. The parallel line crack pattern shows that widespread
yielding of the reinforcement has occurred. In the end, the
final failure of the slab would still be a punching failure with
the final circumferential crack occurring very close to the
column. The failure load is at a load no greater than the load
that caused earlier yielding of the flexural reinforcement.
Similar behavior and crack patterns can also be seen in other
specimens with low reinforcement ratios such as S13-028
(p=0.28%) and S15-028 (p = 0.28%), as shown in Fig. 4.

Deflections

The load-deflection curves of the 12 specimens are shown
in Fig. 5. Each curve shows the average of four deflection
points located 100 mm (3.9 in.) from the slab edges. Before
cracking, the relationship between the load and deflection is
linear. After the first circumferential crack formed, the slope
of the load-deflection curve would change slightly. Upon
further loading, the change of slope becomes increasingly
more significant as the flexural stiffness of the slab drops
further due to more cracking or widening of cracks. As
expected, the flexural stiffness of the slab with a higher rein-
forcement ratio will degrade less after cracking—that is, its
load-deflection curves have steeper slopes compared to slabs
with low reinforcement ratios.

Figure 5 also shows that slabs with lower reinforcement
ratios are more ductile than slabs with higher reinforcement
ratios. Upon reaching the maximum load, any further load
increment to Specimen S11-028, S13-028, and S15-028
(very low reinforcement ratios) produces no additional
increase in resistance, but their deformations continue to
increase until the final failure at the end. The slabs with
the highest reinforcement ratio (S11-139, S13-143, and
S15-143) are the most brittle. Nevertheless, the slabs with
higher reinforcement ratios also have higher failure loads.
However, the influence of reinforcement ratio on punching
shear strength is neglected in the ACI 318-14.!
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Fig. 5—Load-deflection curves of 12 slabs: (a) S1l-series,
(b) S13-series, (c) S15-series.

Strains in flexural reinforcements

Figure 6 shows the summary of steel strain distributions
at the ultimate load stage in the S11-series, S13-series, and
S15-series. From Fig. 6, it can be seen that in slabs with
higher reinforcement ratios (p > 0.9% or Sxy-090 and
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Fig. 6—Steel strains in several reinforcing bars near columns at failure loads for: (a) S11 series slabs; (b) S13 series slabs;

and (c) S15 series slabs.

Sxy-143), most of the steel strains drop considerably at
locations beyond 1.5/ away from the column face. In slabs
with lower reinforcement ratios (p < 0.5% or Sxy-028 and
Sxy-050), the initial failure mode is flexure, and most of the
steel strains can remain high or greater than the yield strain
even at locations near the edge of the slabs. Thus, in slabs
that fail in pure punching, the steel strains reach the yield
strain only near the column.

The consequence of the aforementioned behavior is that
the reinforcement that should be considered effective for
resisting punching load are those within approximately 1.5%
from the column faces or within a width of ¢, + 34 for an
interior column.

DESIGN CODES AND EXISTING DESIGN METHODS

In this section and the next section, the ACI 318, Euro-
code 2 methods, and some existing design methods proposed
by researchers are discussed briefly.

ACI 318-141

According to ACI 318-14,! the punching shear strength V.,
of slabs without shear reinforcement can be determined from
the lowest of the following expressions

V.= L(2+4/[3)\/7gboar (ST units)
12 (1)
V.=Q+4B)f/b,d  (U.S. units)
vV, = é(asd/bo +2)y///b,d (S units)
)
V.= (o,d/b, +2)\[f’b,d  (U.S. units)
V. = 1\/7;1)061 (SI units)
3 (3)

V,=4f/b,d (U.S. units)

where f is the ratio of long to short sides of the column; ay
is taken to be 40, 30, and 20 for interior, edge, and corner
columns, respectively; and b, is the length of the critical
perimeter located at 0.54 away from the column face. For
a circular column, the critical section can also be defined
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by assuming a square column of equivalent area. The influ-
ence of flexural reinforcement and size effect are neglected
in the ACI Code equations. ACI 318-14! does not limit the
maximum concrete strength £’ but the value of Vf,’ used to
calculate shear strength is limited to 100 psi (8.3 MPa).

Eurocode 22
According to the Eurocode 2,? the punching shear resis-
tance V4. of a slab without shear reinforcement is given in

Eq. (4)

Viae=0.18k(100pf.")*u;d (SI units)

“)
Viae= 5k(100pf.)3uyd  (U.S. units)

where £ is the size effect coefficient, = 1++/200/d < 2.0 (SI
units) or = 14++/8/d <2.0 (U.S. units). The p is the average

flexural reinforcement ratio (p=,/p,p, <0.02). The crit-
ical shear perimeter u; is located at a distance 2d away
from the column faces and it has round corners. Eurocode
2 neglects the effect of column rectangularity in symmetri-
cally loaded slabs.

Existing design methods

Teng et al.’ investigated the effects of slab openings
and column rectangularity in normal-strength reinforced
concrete slabs. They proposed a design equation for the
punching shear strength ¥, as shown in Eq. (5)

V.= 0.6kcp(100p£.")*bod (SI units)

(5)
V.=16.6kcz(100pf.")*bod  (U.S. units)

where

ker = (bo/b1)"*< 1.0 (6)
where b, and b, are the longer and shorter sides of the crit-
ical shear perimeter, respectively. The use of b, and b, in the
column rectangularity factor, kcg, rather than ¢; and c,, is
to take into consideration the thickness of the slab in influ-
encing the distribution of stresses around the column. The
critical shear perimeter b, has square corners for both square
and circular columns and is located at a distance d/2 away
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from column faces. For a circular column, an equivalent
square column of the same area can be used for b, calcu-
lations. The equation was verified® with slab data having a
broad range of relevant parameters. However, the applica-
bility of the equation for slabs with very low reinforcement
ratios and very thick slabs has not been verified thoroughly.

Muttoni® introduced the Critical Shear Crack Theory
(CSCT) for calculating the punching shear strength of slabs
without shear reinforcement. The method assumes that the
punching shear strength V', of a slab depends on the rotation
y of the slab at failure, as well as crack width and aggre-
gate interlock along the critical shear crack. The CSCT
also considers that the rotation y of the slab depends on the
applied punching shear force V" and a few other parameters.
Failure is reached when the applied punching shear force V'
is equal to the punching shear strength of the slab Vg,.

The method requires an iterative solution to two equations:
1) the relationship between the punching shear strength Vg,
and rotation y; and 2) the relationship between the rotation y
and applied shear force V. Equations (7) and (8) show these
two equations

0.75

Vg = Jf/b,d (ST units)

1415 ¥4
d,+d, )
Vig = ;d\/fbad (U.S. units)
1+15

go+ g

1.5
rfl Vv

=15Lt—=| — 8
v dE[V] ®

where 7, is the radius of the slab (equal to half of a slab
length or 0.22L, where L is column-to-column span). V., is
the shear force that will cause flexural failure of the slab. b,
is calculated at a distance d/2 away from column edges with
round corners. dy, is set to be 16 mm and d, is the maximum
aggregate size. Muttoni® states that the size effect in CSCT is
a function of 7, or slab span rather than the effective depth d.

The CSCT method can become complex, as it requires
an iterative procedure to solve for Vi, In addition, every
slab geometry, reinforcement ratio, and loading condition
would lead to different yield line pattern, requiring yield
line analysis to obtain V.. Consequently, for general design
purposes, Vg, can be approximated*® and taken equal to 8m,
where m is the moment capacity per unit width.

Peiris and Ghali® proposed a straightforward method
to improve the ACI Code method by introducing a reduc-
tion factor, p/ps, to make it safer for slabs with low flexural
reinforcement ratios. py is the limiting reinforcement ratio.
If the provided reinforcement p is reduced to below py, the
slab is assumed to fail in flexural mode instead of the usual
punching mode. For slabs with provided reinforcement p >
ps, the punching shear strength of the slab V. is determined
by the usual ACI equations (Eq. (1) to (3)). If the provided p
in the slab is reduced below pg, the punching shear strength
V. becomes equal to V4.—that is, the shear force that causes
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the slab to fail in flexural mode. For slabs with p < py, Peiris
and Ghali® assume that Vp,, to be a linear function of p. So,
the failure load for slabs with p < p is then equal to (p/ps) V.

The key lies in the term pg. The Vg, can be calculated by
using the yield line theory. For some simple cases, V., can
be approximated® by 8m, where m is moment capacity per
unit width (ACI 318). By setting Ve = Vewucy, the p becomes
pss» and the py; can be obtained. So

8m = 4\/70’b0d, where m = 0.95 f,d°p )

Then, solving for p or pj

4f/b,d

Pr= W (U.S. units) (10)
957,

DERIVATION OF PROPOSED EQUATION
The authors’ proposed equation shown in Eq. (15) is an
extension of the punching shear strength formula that was
previously introduced by Teng et al.,> shown earlier in
Eq. (5). New reduction factors to consider low reinforce-
ment ratio and size effect are added.

Factor for low reinforcement ratio, kgp

The effect of low reinforcement ratio is treated in the same
way as in Peiris and Ghali’s approach. If the reinforcement
ratio is less than pg, then the failure mode changes from
punching to flexural mode and a reduction factor for low p
is activated. A suitable yield line pattern is chosen based on
the authors’ experimental results to determine the flexural
strength Vg, of slabs under punching load. Then, by setting
the Ve, to be equal to V. of Eq. (5) and taking into consid-
eration the reduction factors for size effect and column rect-
angularity, the reduction factor kg for the effect of low rein-
forcement ratio can be written as (the complete derivation of
the factor kgp is given in the Appendix A,” which is included
in the electronic version of the paper)

krr = (P/Pﬁ)”6 (11)

where p is the provided reinforcement ratio; and py is given by

’1/3 3/2
p, = (0.01) Maom (SI units)
: o, (0.95/,d°)
16.6k kg, f0d 1" (120
p, = (0.01)] —a=szle 2% 190) | (U.S. units)
a,(0.95,d°)

where kcg and kg, are the reduction factors for column rect-
angularity ratio and size effect, respectively (they will be
discussed in the following). o, = [2(c; + ¢p)/r + 2x] with r
being the distance from the column face to the point load and
it can be taken as 0.2 times span length.

"The Appendix is available at www.concrete.org/publications in PDF format,
appended to the online version of the published paper. It is also available in hard copy
from ACI headquarters for a fee equal to the cost of reproduction plus handling at the
time of the request.
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Fig. 7—Performance of proposed column rectangularity
factor Kcg.

Note, however, that the general formula for pg given by
Eq. (12a) can also be simplified considerably. By assuming
typical values encountered in practice (refer to Appendix A),
the simplified value of p; can be taken as

.= 0.007 or 0.7% (12b)
Pr

Thus, the authors now have two proposed methods: 1) the
general method, which uses the p; of Eq. (12a); and 2) the
simplified method, which uses p; of Eq. (12b). The simplified
method will give equally accurate predictions of punching
failure loads but less accurate predictions of failure modes.

Size effect and column rectangularity ratio

Various approaches have been employed to study the size
effect in concrete structures. A fracture mechanics-based
approach pioneered by Bazant et al.” leads to a reduction
factor that is proportional to ¢ 2. However, due to the
variability of test results, properties of concrete members,
and the influence of reinforcement, an empirical approach
is often used, and this can lead to a reduction factor that is
proportional to d' to d"'"* or others.

By observing the available experimental data and prac-
tical design considerations, the size-effect reduction factor
ksz in the following is adopted for the proposed equation

ksz = (300/d)'> < 1.0 (SI units)

(13)
ksz= (12/d)"* < 1.0 (U.S. units)

ksz is chosen to be applicable for an effective depth d >
300 mm (12 in.) simply because the current basic equation
for V. is safe for d of up to 300 mm (12 in.). For d <300 mm
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(12 in.), ksz = 1.0. So, for the majority of slabs in practical
structural design, the size effect factor can be disregarded.

For the column rectangularity ratio, B (= ci/c;), greater
than 1.0, the corresponding reduction factor k¢ in Eq. (6),
which was empirically derived, is retained with the exponent
adjusted to 1/3 to suit more data

ker = (bz/bl)”3 (14)

Figure 7 shows the graph depicting the normalized shear
stress at failure V,,,/{b,d(100pf.")'”*} against B (the ratio of
long to short sides of the column, or c¢/c,) for the authors’
current slab specimens and other existing slab data from the
literature.>3!! Each of selected set of data comprises slab
specimens with different column aspect ratios. The authors’
slab specimens were made of high-strength concrete, while
those from the literature were made of normal-strength
concrete. It can be seen from the trend line for each set of
data that the normalized shear stress decreases as the column
aspect ratio increases. The trend lines are all similar to each
other, including the one for the authors’ current high-strength
concrete slabs.

Figure 7 essentially shows the performance of the column
rectangularity factor, k¢, in comparison with experimental
data. It can be seen that k¢ represents the trend line of the
experimental data (including high-strength concrete slabs)
very well. The way ACI treats rectangular column is by the
use of the B coefficient as shown in Eq. (1). It cannot be
shown together in Fig. 7 because ACI uses /.’ instead of
£/V3 in its equation. Nevertheless, the ACI method of treating
rectangular columns as shown in Eq. (1) also represents the
experimental data very closely.

Proposed equation
The general form of the proposed equation can be written as

VC = 0.6kRRkCRksz(100pﬂ’)1/3b0d (SI units)
(15)
VC = 16.6kRRkCRksz(100pﬁ’)1/3b0d (US units)

where kgg, kcr, and ks; are the reductions factors for rein-
forcement ratio, column rectangularity ratio, and size effect
(refer to Eq. (11), (13), and (14)). p is A;/bd and should not be
taken greater than 2.5%. Note that in most cases, the reduc-
tion factors need not be calculated, as they will be equal to 1.

For commonly used slabs supported on square columns
(¢1/c, =1) with reinforcement ratios p greater than 0.7%, and
effective depths d of 300 mm (12 in.) or less, the proposed
equation in Eq. (15) becomes simple as follows

Ve=0.6(100pf.")"b,d (SI units)
(16)
Ve=16.6(100pf.)byd (U.S. units)

COMPARISON WITH EXPERIMENTAL RESULTS
Comparison with authors’ 12 new high-strength
concrete slab specimens

For the purpose of these comparisons, all the load factors,
materials safety factors, and strength reduction factors are
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all set equal to 1.0. Shown in Table 2 are the punching shear
strengths of the 12 high-strength concrete slabs presented
earlier in this paper and the predictions of each of the methods
discussed previously. It can be seen in Column (9) that the
predictions of the ACI Code method are unconservative
(Vexp/Veare < 1.0) for slabs with low reinforcement ratios of
0.28% or 0.5%, as expected. For slabs with higher p, such as
Sxy-090 and Sxy-143 series, the ACI predictions are conser-
vative. The corrections to ACI method that was introduced
by Peiris and Ghali® (Column (11)) make the corrected ACI
method very conservative for low reinforcement ratio cases.
For the Eurocode 2 predictions shown in Column (10), the
predictions are reasonably conservative, but it cannot take
into account the reduction in punching shear strengths of
slabs supported on rectangular columns (S15 series espe-
cially) and of slabs with very low reinforcement ratio of
< 0.3%, such as S11-028, S13-028, and S15-028. Muttoni
et al.’s® CSCT method (Column 12) performs very well for
these 12 slabs, with a coefficient of variation of only 8.4%
and an average of V,,,/Vcq. 0of 1.01.

The authors’ proposed general prediction method (Column
13) is the most accurate, with an average of V,,,/V. of 1.09
and a coefficient of variation of only 8.2%. The authors’
proposed general prediction method can also predict the
failure modes of the slabs accurately. Column (8) shows the
values of p/py from the standard p; equation (Eq. 12(a)). If
the p/pj is less than 1.0, the corresponding slab would fail
in flexural mode (F); otherwise, if p/pj; is equal or greater
than 1.0, the slab is expected to fail in punching (P). Column
(6) shows the actual failure modes of the slabs. Comparing
Column (8) and Column (6), it can be seen that the authors’
general method predicts the actual failure modes very accu-
rately—that is, all the failure modes are predicted correctly.
In fact, both the general and the simplified methods predict
the failure modes of the 12 HSC slabs correctly.

Comparison with slab database of 367 specimens

Table 3 summarizes the punching shear-strength predic-
tions of the methods mentioned previously for the 367
slabs in the database. The material properties and complete
details of the 367 slab data and the detailed comparisons of
the failure load of each slab with the predictions of all the
methods are given in Table Al in Appendix B.

The current database of 367 slab data was from the authors’
earlier database® with the addition of slab data from the data-
base of the ACI Subcommittee 445-C'? and new slab data
from the literature shown in Table Al in Appendix B. All
the slab data in the current database is selected to make sure
that they satisfy all the relevant ACI design requirements.
Slabs having unusual geometries, loading arrangements,
or boundary conditions were excluded, as their punching
strengths would be quite different from those of normal slabs
in typical construction and they deserve special treatment of
their own.

The data are grouped according to three parameters (rein-
forcement ratio, effective depth, and compressive strength)
and divided into three or four different divisions or ranges as
detailed in Fig. 8 and 9 and also in Table 3. A good and reli-
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able method is expected to perform well in all the different
ranges or divisions.

Influence of reinforcement ratio—Figures 8(a) and (b)
show the comparison between the experimental failure load
V.., and ACI 318-14' and Eurocode 2? predictions (Vu.),
respectively. The ratio of the experimental failure load to the
calculated punching shear strength (¥,.,/V.uc) is plotted in
the y-axis, with the x-axis being three design parameters:
p, d, and f.'. Separate statistical analysis is done for each
of the divisions Al, A, B, and C. The horizontal dashed
line in each division represents the average values of the
Vesp! Veaic for that division. Figures 9(a), (b), and (c) show the
comparisons of the experimental results with the predictions
of CSCT,® Peiris-Ghali,® and the authors’ general methods,
respectively. The statistical analysis results for each division
are summarized in a tabulated format in Table 3.

The performance of the ACI equations with respect
to reinforcement ratio is shown in the leftmost chart in
Fig. 8(a). It can be seen that as the reinforcement ratio
increases, the average of V,,,/V .. increases as well. Simi-
larly, Table 3 shows for the ACI318-14 predictions that as
the reinforcement ratio increases from Group Al (Column
(4) or p <0.6%) to C (Column (7) or p > 2%), the average
of the V,,,/Vca. increase from 0.86 to 1.61. This is caused by
the neglect of the reinforcement ratio in the ¥, formulas in
the ACI 318-14. Note also that for the region Al(p <0.6%)
in both Fig. 8(a) and Table 3, the average is 0.86 and most
of the points are below the 1.0 line. This confirms the earlier
conclusion from the 12 HSC slabs that the ACI 318 method
for punching shear is unconservative for slabs with low rein-
forcement ratio, specifically for p less than approximately
0.6% or 0.7%.

The correction procedure introduced by Peiris-Ghali to take
care of possible flexural failure prior to punching failure is
effective for the intended A1 region. From Table 3, in Peiris-
Ghali rows, the average of V,,,/ V.. in division Al increases
from 0.86 (ACI average) to a healthy 1.15. However, the
maximum ¥,,,/V,,. increases from 1.19 to 2.42. This shows
that the correction can also lead to overconservatism of the
method. Both the Eurocode 2 (EC2) method and Muttoni
et al.’s CSCT method give good predictions with the CSCT
having slightly lower coefficients of variations (average
COV, that is; average of the four divisions = 0.16 compared
to 0.18 for EC2). Figure 9(a) shows that CSCT predictions
in terms of reinforcement ratio has narrower band (better)
compared to Fig. 8(b) for EC2. Note, however, that both
methods have a minimum V,,,/ V4. of 0.64 for EC2 and 0.57
for the CSCT method. These are quite low.

The authors’ proposed method can be considered the best
with respect to reinforcement ratio. The combined average
of Vo/Veae of the four divisions (sum of four averages
divided by 4) is approximately 1.2, with a combined average
COV of approximately 0.15. The leftmost chart of Fig. 9(c)
shows the authors’ predictions using the general method.
The average of one division is close to the averages of the
other three divisions, and the data are in a reasonably narrow
band, indicating a low COV.

Influence of effective depth—The middle charts in Fig. 8
and 9 and Columns 8 to 10 of Table 3 show the statistical
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Table 3—Comparison of experimental and calculated failure load by all methods

Voo Veaie Reinforcement ratio p, % Effective depth d, mm Concrete strength £, MPa
[A1] [A] [B] [C] [A] [B] [C] [A] [B] [C]
p< | 0<p<| 1.0<p< | p> |d<100| 100<d<|d=300| £/ <50 |50<f <| f">90
Division, units All data | 0.6% 1.0% 2.0% 2.0% mm 300 mm mm MPa 90 MPa MPa
No. of data: 367 57 160 175 41 114 247 6 279 63 25
(1) 2 (3) 4) (5) (6) (7 3) ©) (10) (11) (12) (13)
Minimum | 049 | 049 | 0.49 0.76 1.06 | 0.70 0.49 0.64 0.51 0.59 0.49
Maximum | 2.32 1L19 | 1.78 1.92 232 | 232 1.98 1.10 232 1.79 1.98
Ve Veate

ACL318.14 Average 126 | 086 | 1.08 137 1.61 138 1.22 0.86 1.28 1.22 1.17
Coefficient | 1o | 0233 | 0258 | 0171 | 0167 | 0223 | 0247 | 0193 | 0.240 0.236 0.366
of variation
Minimum | 0.64 | 068 | 0.8 0.64 083 | 079 0.64 0.79 0.69 0.64 0.68
Maximum | 2.04 1.32 1.77 2.01 204 | 2.04 1.48 0.99 2.04 1.48 1.23

Vew/Vca[c

Eurocods 2 Average 1.14 .02 | 111 1.17 121 1.26 1.09 0.90 1.16 1.10 1.02
Coefficient | 120 | 0160 | 0175 | 0183 | 0179 | 0158 | 0156 | 0085 | 0.171 0.181 0.138
of variation
Minimum | 0.57 064 | 0.64 0.57 076 | 0.65 0.57 0.68 0.64 0.57 0.89
Maximum | 1.82 137 | 137 2.19 138 1.82 1.48 121 1.82 131 123

Ve Veate
CSCT Average 1.04 1.02 1.03 1.06 1.02 1.07 1.02 0.86 1.04 1.02 1.04
Coefficient
IC1e 0.152 | 017 | 0145 | 0198 | 0129 | 0.156 | 0.145 022 0.151 0.174 0.094
of variation
Minimum | 0.75 076 | 075 0.76 1.06 | 0.90 0.76 0.75 0.75 0.76 0.94
Maximum | 2.42 242 | 242 231 232 | 232 2.42 1.10 2.32 1.79 242
I/GX?/VCMI(‘

Peiris-Ghali Average 131 115 1.19 137 1.61 142 128 0.89 132 1.23 147
Coefficient | 10 | 027 | 0217 | 0177 | 0167 | 0185 | 0215 | 0152 | 0201 0217 0.282
of variation
Minimum | 0.73 073 | 073 0.76 083 | 086 0.73 1.16 0.73 0.83 0.97

Vex/ Veate Maximum 1.69 1.55 1.67 1.69 1.50 1.69 1.67 1.28 1.69 1.56 1.43
proposed
Simplified Average 121 118 1.22 1.22 1.16 1.28 118 1.23 1.21 1.24 1.16
Method ;
Coefficient | 15y | 0151 | 0451 | 0151 | 0153 | 0127 | 0158 | 0031 | 0.150 0.160 0.131
of variation
Minimum | 076 | 081 | 081 0.76 083 | 086 0.76 113 0.76 0.83 0.98
ViVt Maximum | 1.69 149 | 1.67 1.69 1.50 1.69 1.67 1.24 1.69 1.56 1.43
proposed Average 1.20 113 1.20 122 1.16 127 1.17 1.19 1.20 123 1.17
General Method -
Coefficient | 157 | 0143 | 0151 | 0153 | 0153 | 0120 | 0158 | 0035 | 0.151 0.164 0.125
of variation

Notes: Regions Al, A, B, C correspond to the regions in Fig. 8 and 9. 1 mm = 0.0394 in., | MPa = 145.0 psi.

analysis results as they are influenced by the effective
depth, d. It can be seen from the middle chart in Fig. 8(a)
that the average of V,,,/V.u. of the ACI 318-14' becomes
lower as the effective depth d increases. The ACI method
can be unconservative for slabs having an effective depth of
greater than 300 mm (12 in.). Obviously, this is caused by
the neglect of size effect in the ACI equations. The Peiris-
Ghali method, which is a correction to ACI method, does not
address size effect.

The EC22 equation, which has a size effect term, also does
not perform well when d is greater than 300 mm (12 in.)
(refer to the middle chart in Fig. 8(b)). The CSCT method
also does not predict well the punching shear strengths of
slabs that are thicker than 300 mm (12 in.).
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Both the authors’ simplified and general methods show
very good agreements with the experimental results. The
average lines from the authors’ general method across the
different divisions of effective depths as shown in Fig. 9(c)
are very close to each other, indicating a very good match
between the equations and actual failure behavior of the
slabs. The average of the three divisions is approximately
1.2 and the average COV is approximately 0.11 for both the
simplified and standard equations.

Influence of compressive strength—The third charts (right-
most) in Fig. 8(a) shows the performance of ACI method
in terms of compressive strength f.". It can be seen that the
average of V,,/V.qe in one division or range (represented
by the horizontal dashed line) is nearly the same as that of

ACI Structural Journal/January 2018



200 ACI 318-14
1A1] ---- Average
£2.00
>
<
Z
P 1.00
0.00 +
000 1.00 200 3.00 400
(a) Reinforcement ratio p (%)
200 E de 2
T urocoae
:{Al] —--- Average
£2.00
> L

~ F
_51.00
~

0.00

0.00

(b)

[or-
[ [A]

(8]

2.00
Reinforcement ratio p (%)

[
3.00

1.00 4.00

0 5 10 15 20 25, 0 5 10 15 (1ei
3.00 t } } } f fin) 3.00 t : : Lol
ACI 318-14 ACI 318-14
---- Average ---- Average
200 f—fr—s
41 S N
1.00 8B
i 5, : s
Al (8] (] Qg
000 H——rt——— 0.00 t t
0 150 300 450 600 750 0.0 30.0 600 900 1200
Eftective depth d (mm) Concrete strength /', (MPa)
0 5 10 15 20 25 0 5 10 15 (kei
3.00 — i 3.00 } : : fksi)
Eurocode 2 Eurocode 2
---- Average ---- Average

0.00

[c]

[B]

0

150 300 450 600 750
Effective depth  (mm)

0.00

(8] [c]

(A}
A 30.0 600 900 1200
Concrete strength f, (MPa)

00
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Fig. 9—Failure load predictions of 367 test data by: (a) CSCT; (b) Peiris and Ghali; and (c) Authors’proposed General Method.

the other divisions. This is true for the other four methods
shown in Fig. 8(b) and 9(a), (b), and (c). However, the ACI
method has the widest spread of results with combined COV
across the three divisions 0f 0.28. The CSCT method provides
the best predictions with a combined average of V,,/Veqce of
1.03 and with a combined COV of 0.14. The authors’ simpli-
fied and general prediction equations both have a combined
average of 1.2 and a combined COV of 0.15. Both CSCT
and the authors’ methods can be considered equally accu-
rate. Table 3 (Column 13, for f.' > 90 MPa [13,000 psi])
shows that the CSCT method predicts the punching shear
strength of HSC slabs (f,” > 90 MPa [13,000 psi]) very
well with an average of 1.04 and a COV of 0.094. The next
best method for f." > 90 MPa [13,000 psi] is the authors’
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general and simplified methods with the COVs of 0.125 and
0.131, respectively, followed by the EC2, Peiris-Ghali, and
ACI methods.

Other parameters, failure modes, and summary—It is
understood that influencing parameters can be interrelated
and they may also influence each other. These are consid-
ered as much as possible. Other parameters that might influ-
ence the punching shear strength include column size to slab
thickness effect (c/d or b,/d), maximum aggregate size d,,,
and also shear span-depth ratio (#/d or 0.2L/d). However,
those effects were insignificant.

From the aforementioned comparative study, it can be
seen that the authors’ proposed General Method and the
Simplified Method are accurate and reliable. The General
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Method predicts failure modes more accurately than the
Simplified Method (refer to Table Al in Appendix B). Of the
27 slabs that failed in flexure, the general method correctly
predicted 20 of them (74% correct) while the simplified
method predicts 21 correctly (78%). Of the 340 slabs failing
in punching, the general method predicts mode of failure
correctly for 316 (93%) of them compared to 274 (81%) for
the simplified method. Nevertheless, both methods predict
the punching shear strength equally accurately and they
give the closest predictions to the experimental failure loads
compared to other methods. The simplified method is espe-
cially very simple to use.

CONCLUSIONS

Based on the authors’ experiments and the accompanying
discussion as well as the comparative study of six different
methods against the database of 367 slabs, the following
conclusions can be made; they are applicable to normal-
strength as well as high-strength concrete slabs:

1. Under a punching load, a slab provided with a low rein-
forcement ratio (approximately less than 0.6 to 0.7%) may
fail in flexure first before it fails in what looks like punching
failure in the end. The failure mode will be ductile and
the failure load will be the load that causes yielding of the
majority of the reinforcement. The failure load will be lower
than predicted by ACI 318-14 equations for punching shear.

2. Slabs failing in pure punching shear mode will tend to
form circular-fan-type crack patterns at failure, while those
failing in flexural mode will tend to form cracks parallel to
column lines. In this case, the final circumferential crack
tends to be very close to the column.

3. The higher the amount of reinforcement provided, the
higher the failure load. However, only those reinforcements
within the width of 1.5/4 from a column face (or total width
of ¢, + 3h for an interior column) will be fully effective
in resisting punching shear stresses and, therefore, can be
considered in influencing the punching shear strength.

4. The ACI 318 method is unconservative for slabs with
low reinforcement ratios (especially for p < 0.7%). The
correction procedure proposed by Peiris and Ghali fixes
the problem but it may lead to over-conservatism. The
EC2 method can be unconservative for slabs with very low
reinforcement ratio and supported on rectangular columns.

5. The ACI 318, EC2, and CSCT methods may not be
safe for slabs with an effective depth of more than 300 mm
(12 in.), even though EC2 and CSCT do consider size effect.
ACI needs to consider the inclusion of size effect into the
equation.

6. The authors’ general method and simplified method
both have been shown to be most accurate and reliable with
uniform averages of V,,,/V.,. and COV across different
ranges of design parameters. The simplified method is espe-
cially simple to use.
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APPENDIX A
A Derivation of the factor for low reinforcement ratio, krz

The idealized yield line pattern that can represent the transition phase from punching mode to
flexural mode is shown in Fig. A1. The Vyex for the slab with that yield line pattern can be obtained

(see Park and Gamble'?) and is given by:
Viex= a,m, where a,=[2(c, + ¢,)/r +2n]andm =095 p, f, d > (A1)

c1 and ¢2 are the lengths of long and short sides of column cross-section, respectively. 7 is the distance
from the column face to the point load (for design purpose, 7 can be assumed to be 0.2L, that is the

distance from the column to the inflection point in a flat plate floor).

The limiting reinforcement ratio ps can be obtained by setting Vyex = Ve, that is, Eq. (A1) =

Eq. (5) in the main text. Adding the reduction factor kg, for size effect to Eq. (5), the following is

obtained (note that p has become ps):
a,(0.95p; fvd 2) = 0.6 kpp kg, (IOOpﬁf’C)mbod

The ps (= As/bd) is then obtained as

3/2

1/3
166kCRkSZ-fL bud (1 OO) (US UnltS)

,(0.95f,d%)

_| 06keyky, £, bd
P51 T, 0.957,d7)

100 (100)} (SI Units); {

(A2a)
The yield line pattern shown in Fig. A1 is to represent slabs supported on square as well as

rectangular columns. The actual value of ¢, varies from about 8 for square columns to about 10 for

rectangular columns.

Note, however, that the standard ps of Eq. (A2a) can be simplified considerably, if desired.

By assuming «, to be equal to 8, the two reduction factors to be 1.0, f'c = 40 MPa (5800 psi), f, = 410
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18

MPa (60 ksi), column size c1 and ¢2 =350 mm (13.8 in.), d = 175 mm (6.9 in), the value of ps

becomes 0.007 or

1/3 3/2

100p, - 0.6(1)(1)(40) (2100)(21 75) 100)| ~07 (A2b)
(8)(0.95)(410)(175)7)

For slabs with low reinforcement ratios or p less than ps, Fig. A2 is constructed. In Fig.A2,

the x-axis is the reinforcement ratio p and the y-axis is Vey/{0.6 k_, k,

(" )13 b,d } (SI units) or Vey/

{16.6 k

kg, (f ") b,d} (U.S. units). Experimental slab data that failed in flexure are plotted in Fig.
A2. The denominator is essentially V. of Eq. (1) without the p'”? term. A solid line is also drawn
from the origin to an arbitrary point of p =0.7%. Since, in Fig. A2, at p = 0.7% the y-axis is equal to
1.0, this p is actually ps where Viex = Ve. So, taking ps = 0.7% and assuming that the punching shear
strength to be a linear function of p, for p < ps, produces the solid inclined line. A more suitable
form for the relationship between failure load and p for the region of p < ps would be a function of

(p/pgs)"? as shown by the curved line (Fig. A2). Therefore, a reduction factor for low reinforcement

ratio is needed for the region of p < ps. The punching shear strength of the slab would best be

represented by krr Ve, where k. = (p/ pfs)”z. Since the basic form of V¢ itself (Eq. (5)) has already had

p'? term in it, the exponent in kg needs to be reduced by 1/3, which is the exponent of p in basic Ve,

to become (1/2 - 1/3) = 1/6, or

ke = (P/p) "0 (A3)
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o0 3 N

is of Rotation

Reference: Park and Gamble!?

External work done = Internal work done
(Neglecting the short yield lines beyond the

Circular line and the negative reinforcement)

Viex® = 2(0 /1) (cytcy)m + 2mdn
Viee = (2 (e17¢)) Ir + 2m)m

where,

r= O.S(LI'CI)

Fig. Al — Idealized yield line pattern representing transition from punching failure mode to flexural

failure mode.
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Fig. A2 — Relationship between Vexp and p for slabs with low reinforcement ratios p.
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APPENDIX B

Table Al (Columns (2) to (15)) shows the original slab ID, material properties, observed
failure mode and failure load Vexp of 367 slab data including the current 12 high strength concrete
slabs. Columns (16) and (17) of Table A1 show the failure mode predictions by the proposed
simplified and general methods, respectively. Columns (18) to (23) show the ratio of the failure load
to the calculated punching shear strength Vex/Veaic of each design method such as ACI 318-141,
Eurocode 22, Critical Shear Crack Theory by Muttoni®, Peiris and Ghali®, and the proposed simplified

and general methods, respectively.

All the slab data in Table A1 was constructed without shear reinforcement and tested under
punching shear loads to failures. They were selected to make sure that they satisfy all the relevant
ACI design requirements. Slabs having unusual geometries, loading arrangements, or boundary
conditions were excluded as their punching strengths would be quite different from those of normal
slabs in typical construction and they deserve special treatment of their own. The ranges of the

parameters of the 367 slab data can be summarized as follows:

- The slab lengths L, and L, range from 483 to 6000 mm (1.60 to 19.70 ft).

- The column dimensions (ci, ¢2) range from 50 to 1000 mm (2.0 to 39.4 in.), which include
column shapes such as square (denoted as “S”), rectangular (“R”) and circular s (“C”).

- The average effective depth d ranges from 33 to 669 mm (1.3 to 26.4 in.).

- The average reinforcement ratio p ranges from 0.22 to 7.30%.

- The (cylinder) concrete strength f”c ranges from 9.5 to 119 MPa (1378 to 17260 psi).

- The yield strength of the reinforcement f, ranges from 255 to 749 MPa (37 to 110 ksi).
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1

Table A1 -- Properties of 367 slab data and Comparison of design methods

§ 3 - Ve/Veate

5 g 5 = — B 3

< & & = L ﬁ E. ﬁ E oSS f—_;

No. | Year | Ref. Slab ID L L, al e g d 1 £ P Vewp % %E \g-_ - 3 3 @I % § % s

[No.] (mm) | (mm) | (mm) | (mm) 2 (mm) | (MPa) | (MPa) | (%) | (kN) E = g 8 § % 2 & £} & g

S 2 9 < &l g | = = = g
Mm@ | 4 ) (6) @) ® |O| a0 | ap | 12y | 13 | 14 [ A5 | 16 | A7) | A8 | A9 | 20 | 2D | (22) | (23)
1 1938 [19] 1362 1700 1700 300 300 S 271 12.3 270 1.04 1165 P 1.49 | 2.55 1.61 1.19 1.13 1.61 1.34 1.34
2 1938 [19] 1375 1700 1700 300 300 S 473 13.1 270 0.60 1659 P 0.86 | 2.94 0.94 0.83 0.74 0.94 1.23 1.20
3 1946 [20] 1 1200 1200 140 140 C 101 11.5 350 0.70 183.0 P 1.00 | 1.83 1.78 1.47 1.22 1.78 1.56 1.56
4 1946 [20] 2 1200 1200 140 140 C 111 11.5 350 0.64 177.0 P 091 1.81 1.50 1.24 1.05 1.50 1.38 1.36
5 1946 [20] 3 1200 1200 140 140 C 106 11.5 350 0.67 172.0 P 095 | 1.82 1.56 1.29 1.08 1.56 1.40 1.39
6 1946 [20] 4 1200 1200 140 140 C 110 11.5 350 0.64 177.0 P 092 | 1.81 1.52 1.26 1.06 1.52 1.40 1.38
7 1946 | [20] 5 1200 | 1200 140 140 C 111 11.5 350 0.64 198.0 P 091 | 1.81 1.68 1.39 1.17 1.68 1.55 1.52
8 1946 [20] 6 1200 1200 140 140 C 107 11.5 350 0.66 183.0 P 094 | 1.82 1.63 1.35 1.13 1.63 1.48 1.47
9 1946 [20] 7 1200 1200 140 140 C 106 11.5 350 0.67 187.0 P 095 | 1.82 1.69 1.40 1.17 1.69 1.53 1.51
10 1956 [14] A-la 1829 1829 254 254 S 118 14.1 332 1.15 302.5 P 1.64 | 1.73 1.38 1.13 1.04 1.38 1.14 1.14
11 1956 [14] A-1b 1829 1829 254 254 S 118 25.2 332 1.15 364.7 P 1.64 | 1.29 1.25 1.13 1.02 1.25 1.13 1.13
12 1956 [14] A-lc 1829 1829 254 254 S 118 29.0 332 1.15 355.8 P 1.64 | 1.20 1.13 1.05 0.95 1.13 1.05 1.05
13 1956 [14] A-1d 1829 1829 254 254 S 118 36.8 332 1.15 3514 P 1.64 | 1.07 0.99 0.96 0.87 0.99 0.96 0.96
14 1956 [14] A-le 1829 1829 254 254 S 118 20.3 332 1.15 355.8 P 1.64 | 1.44 1.36 1.18 1.08 1.36 1.19 1.19
15 1956 | [14] A-2a 1829 | 1829 254 254 S 114 13.7 321 247 | 333.6 P 3.53 | 3.48 1.61 1.10 1.02 1.61 1.02 1.02
16 1956 [14] A-2b 1829 1829 254 254 S 114 19.5 321 2.47 400.3 P 3.53 | 291 1.62 1.17 1.04 1.62 1.09 1.09
17 1956 [14] A-2c 1829 1829 254 254 S 114 37.4 321 2.47 467.0 P 3.53 | 2.10 1.36 1.10 0.93 1.36 1.02 1.02
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Vexp/ Vca/c

2 .| & 3

£ g2l g % . 22

% E| <2 a5 = P S | 9E| w3

No. | Year | Ref. Slab ID L L, ] ¢ § d fe £ P Vew % \ZE \& = = 2 5 @I % g % =

[No.] (mm) | (mm) | (mm) | (mm) 2 (mm) | (MPa) | (MPa) | (%) | (kN) E = g 8 § % 2 & ) & g

@) é G 4 3 5 A~ E A~ g
M| 6 ) ® (6) (7 ® || o) | an | (12) | (13) | 14 | (A5 | d6) | A7) | A8 | (19 | (0) | 2 | 22) | (23)
18 1956 [14] A-7b 1829 1829 254 254 S 114 27.9 321 2.47 511.5 P 3.53 | 2.44 1.73 1.33 1.15 1.73 1.23 1.23
19 1956 | [14] A-3a 1829 | 1829 254 254 S 114 12.8 321 3.70 | 355.8 P 529 | 5.39 1.77 1.20 1.08 1.77 1.11 1.11
20 1956 [14] A-3b 1829 1829 254 254 S 114 22.6 321 3.70 444.8 P 5.29 | 4.05 1.67 1.24 1.01 1.67 1.15 1.15
21 1956 [14] A-3c 1829 1829 254 254 S 114 26.5 321 3.70 533.8 P 529 | 3.74 1.85 1.41 1.12 1.85 1.31 1.31
22 1956 [14] A-3d 1829 1829 254 254 S 114 34.5 321 3.70 547.1 P 529 | 3.28 1.66 1.32 1.03 1.66 1.23 1.23
23 1956 [14] A-4 1829 1829 356 356 S 118 26.1 332 1.15 400.3 P 1.64 | 1.00 1.06 1.05 0.95 1.06 0.96 0.96
24 1956 [14] A-5 1829 1829 356 356 S 114 27.8 321 2.47 533.8 P 353 | 1.92 1.41 1.19 1.00 1.41 1.01 1.01
25 1956 [14] A-6 1829 1829 356 356 S 114 25.0 321 3.70 | 498.2 P 5.29 | 3.03 1.39 1.15 0.89 1.39 0.97 0.97
26 1956 [14] A-9 1829 1829 254 254 S 114 29.9 321 3.56 444.8 P 5.09 | 3.39 1.45 1.13 0.89 1.45 1.05 1.05
27 1956 [14] A-10 1829 1829 356 356 S 114 29.7 321 3.58 489.3 P 5.11 | 2.69 1.25 1.07 0.82 1.25 0.90 0.90
28 1956 [14] A-13 1829 1829 356 356 S 121 26.2 294 0.55 235.7 F 0.79 | 041 0.60 0.76 0.75 1.30 0.73 0.81
29 1956 [14] B-1 1829 1829 254 254 S 114 14.2 324 0.50 178.4 F 0.71 | 0.70 0.84 0.92 0.81 1.13 0.97 0.98
30 1956 [14] B-2 1829 1829 254 254 S 114 47.6 321 0.50 200.2 F 0.71 | 0.38 0.52 0.69 0.64 1.22 0.73 0.81
31 1956 [14] B-4 1829 1829 254 254 S 114 47.7 303 0.99 333.6 F 1.41 | 0.68 0.86 0.92 0.79 1.10 0.91 0.97
32 1956 | [14] B-9 1829 | 1829 254 254 S 114 43.9 341 2.00 | 504.8 P 2.86 | 1.72 1.36 1.13 0.95 1.36 1.12 1.12
33 1956 [14] B-11 1829 1829 254 254 S 114 13.5 409 3.00 329.2 P 429 | 6.11 1.60 1.09 0.96 1.60 1.01 1.01
34 1956 [14] B-14 1829 1829 254 254 S 114 50.5 325 3.00 578.2 P 429 | 2.24 1.45 1.23 0.93 1.45 1.14 1.14
35 1959 [8] /1 1143 1143 229 229 C 80 13.7 456 1.34 181.0 P 191 | 2.94 1.62 1.38 1.15 1.62 1.16 1.16
36 1959 [8] 112 1702 | 1702 229 229 C 80 12.7 372 1.32 152.0 P 1.89 | 1.87 1.41 1.20 1.11 1.41 1.00 1.00




Vexp/ Vca/c

2 .| & 3
£ g2l g % . 22
% E| <2 a5 = P S | 9E| w3
No. | Year | Ref. Slab ID L L, ] ¢ § d fe £ P Vew % \ZE \& = = 2 5 @I % g % =
[No.] (mm) | (mm) | (mm) | (mm) 2 (mm) | (MPa) | (MPa) | (%) | (kN) E = g 8 § % 2 & ) & g
@) é G 4 3 5 A~ E A~ g
M| 6 ) ® (6) (7 ® || o) | an | (12) | (13) | 14 | (A5 | d6) | A7) | A8 | (19 | (0) | 2 | 22) | (23)
37 1959 [8] /3 1702 1702 432 229 R 80 14.2 490 1.32 245.0 P 1.89 | 2.53 1.50 1.38 1.43 1.50 1.38 1.38
38 1959 [8] /4 1143 | 1143 229 229 C 80 223 490 0.98 | 245.0 P 1.40 | 1.88 1.72 1.77 1.42 1.72 1.48 1.48
39 1960 [21] TIA15a-5 1840 1840 150 150 C 117 27.9 441 0.80 255.0 P 1.14 | 1.90 1.24 1.11 0.93 1.24 1.21 1.21
40 1960 [21] 1A15a-6 1840 1840 150 150 C 118 25.8 454 0.80 | 275.0 P 1.14 | 2.07 1.37 1.21 1.01 1.37 1.32 1.32
41 1960 [21] IA15¢c-11 1840 1840 150 150 C 121 31.4 436 1.80 334.0 P 2.57 | 4.06 1.45 1.00 0.88 1.45 1.11 1.11
42 1960 [21] 1A15¢c-12 1840 1840 150 150 C 122 28.8 439 1.70 332.0 P 243 | 4.08 1.49 1.03 0.90 1.49 1.14 1.14
43 1960 [21] 1A30a-24 1840 1840 300 300 C 128 25.9 456 1.00 430.0 P 143 | 1.76 1.26 1.24 0.96 1.26 1.11 1.11
44 1960 [21] 1A30a-25 1840 1840 300 300 C 124 24.6 451 1.10 408.0 P 1.57 | 1.89 1.28 1.22 0.94 1.28 1.08 1.08
45 1960 [21] 1A30c-30 1840 1840 300 300 C 120 29.5 436 2.10 491.0 P 3.00 | 3.02 1.46 1.19 0.92 1.46 1.03 1.03
46 1960 [21] 1A30c-31 1840 1840 300 300 C 119 29.5 448 2.10 540.0 P 3.00 | 3.12 1.63 1.33 1.02 1.63 1.14 1.14
47 1960 [21] 1A30d-32 1840 1840 300 300 C 123 25.8 448 0.50 258.0 P 0.71 | 0.82 0.80 1.00 0.81 1.00 0.93 0.91
48 1960 [21] 1A30d-33 1840 1840 300 300 C 125 26.2 462 0.50 258.0 P 0.71 | 0.87 0.77 0.97 0.78 0.94 091 0.88
49 1960 [21] 1A30e-34 1840 1840 300 300 C 120 26.9 461 1.00 332.0 P 1.43 | 1.64 1.04 1.05 0.80 1.04 0.92 0.92
50 1960 [21] 1A30e-35 1840 1840 300 300 C 122 24.6 459 1.00 332.0 P 143 | 1.73 1.06 1.05 0.81 1.06 0.92 0.92
51 1961 [9] H1 1830 | 1830 254 254 S 114 26.1 328 1.15 | 375.0 P 1.64 | 1.21 1.31 1.20 1.02 1.31 1.19 1.19
52 1961 [9] S1-60 1830 1830 254 254 S 114 233 399 1.06 389.2 P 1.51 1.58 1.44 1.33 1.11 1.44 1.32 1.32
53 1961 [9] S2-60 1830 1830 254 254 S 114 22.1 399 1.03 355.8 P 1.47 | 1.58 1.35 1.24 1.04 1.35 1.24 1.24
54 1961 [9] S3-60 1830 1830 254 254 S 114 22.6 399 1.02 363.6 P 1.46 | 1.55 1.36 1.27 1.06 1.36 1.26 1.26
55 1961 [9] S4-60 1830 | 1830 254 254 S 114 23.9 399 1.13 | 333.6 P 1.61 | 1.67 1.22 1.10 0.92 1.22 1.10 1.10
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2 .| & 3
£ g2l g % . 22
% E| <2 a5 = P S | 9E| w3
No. | Year | Ref. Slab ID L L, ] ¢ § d fe £ P Vew % \ZE \& = = 2 5 @I % g % =
[No.] (mm) | (mm) | (mm) | (mm) 2 (mm) | (MPa) | (MPa) | (%) | (kN) E = g 8 § % 2 & ) & g
@) é G 4 3 5 A~ E A~ g
M| 6 ) ® (6) (7 ® || o) | an | (12) | (13) | 14 | (A5 | d6) | A7) | A8 | (19 | (0) | 2 | 22) | (23)
56 1961 [9] S1-70 1830 1830 254 254 S 114 24.5 482 1.06 3923 P 1.51 | 2.05 1.41 1.31 1.08 1.41 1.31 1.31
57 1961 [9] S3-70 1830 | 1830 254 254 S 114 25.4 482 1.02 | 378.1 P 1.46 | 1.94 1.34 1.27 1.04 1.34 1.26 1.26
58 1961 [9] S4-70 1830 1830 254 254 S 114 35.2 482 1.13 373.6 P 1.61 1.82 1.12 1.08 0.89 1.12 1.08 1.08
59 1961 [9] S4A-70 1830 1830 254 254 S 114 20.5 482 1.13 311.4 P 1.61 | 2.39 1.23 1.08 0.90 1.23 1.08 1.08
60 1961 [9] S5-60 1830 1830 203 203 S 114 22.2 399 1.06 342.5 P 1.52 | 1.91 1.50 1.29 1.10 1.50 1.37 1.37
61 1961 [9] S5-70 1830 1830 203 203 S 114 24.3 482 1.06 378.1 P 1.52 | 2.42 1.59 1.38 1.16 1.59 1.47 1.47
62 1961 [9] R-1 1830 1830 457 152 R 114 27.6 328 1.38 393.6 P 1.97 | 1.87 1.41 1.08 1.11 1.41 1.32 1.32
63 1961 [9] R-2 1830 1830 152 152 S 114 26.5 328 1.38 311.4 P 1.97 | 2.07 1.49 1.11 1.19 1.49 1.28 1.28
64 1961 [9] MIA 1830 1830 305 305 S 114 23.0 481 1.50 432.8 P 2.14 | 2.62 1.41 1.22 1.01 1.41 1.16 1.16
65 1965 [22] 2S2 889 889 51 51 S 57 25.9 376 1.57 71.7 P 2.24 | 3.81 1.71 1.10 1.07 1.71 1.41 1.41
66 1965 [22] 283 889 889 76 76 S 57 24.5 376 1.57 91.1 P 2.25 | 3.03 1.81 1.28 1.17 1.81 1.47 1.47
67 1965 [22] 254 889 889 102 102 S 57 23.2 376 1.57 85.8 P 225 | 2.55 1.47 1.12 0.98 1.47 1.19 1.19
68 1965 [22] 2S5 889 889 127 127 S 57 22.1 376 1.57 96.5 P 224 | 2.22 1.46 1.17 1.01 1.46 1.17 1.17
69 1965 [22] 2S6 889 889 152 152 S 57 18.4 376 1.57 96.5 P 224 | 2.14 1.41 1.15 0.99 1.41 1.09 1.09
70 1965 | [22] 382 889 889 51 51 S 57 22.8 376 3.14 78.4 P 449 | 8.12 1.99 1.16 1.12 1.99 1.37 1.37
71 1965 [22] 354 889 889 102 102 S 57 22.6 376 3.14 115.2 P 449 | 5.16 2.00 1.40 1.17 2.00 1.38 1.38
72 1965 [22] 356 889 889 152 152 S 57 21.6 376 3.14 149.9 P 449 | 3.95 2.02 1.56 1.23 2.02 1.38 1.38
73 1966 [23] Al/M1 1370 1370 203 203 S 114 15.5 255 1.10 316.0 F 1.57 | 1.30 1.67 1.33 1.22 1.67 1.42 1.42
74 1966 | [23] Al/M2 1370 | 1370 203 203 S 117 14.7 282 1.50 | 339.0 P 2.14 | 2.17 1.77 1.26 1.17 1.77 1.34 1.34
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£ A = | JE| E
% E| <2 a5 = P S | 9E| w3
No. | Year | Ref. Slab ID L L, ] ¢ § d fe £ P Vew % \ZE \& = = 2 5 @I % g % =
[No.] (mm) | (mm) | (mm) | (mm) 2 (mm) | (MPa) | (MPa) | (%) | (kN) E = g 8 § % 2 & ) & g
@) é G 4 3 5 A~ E A~ g
M| 6 ) ® (6) (7 ® || o) | an | (12) | (13) | 14 | (A5 | d6) | A7) | A8 | (19 | (0) | 2 | 22) | (23)
75 1966 [23] Al1/M3 1370 1370 203 203 S 121 13.5 282 1.90 301.0 P 2.71 | 2.96 1.57 1.01 0.98 1.57 1.09 1.09
76 1966 | [23] Al/T1 1370 | 1370 203 203 S 124 13.3 432 1.00 | 254.0 P 1.43 | 3.04 1.29 1.01 0.91 1.29 1.10 1.10
77 1966 [23] Al/T2 1370 1370 203 203 S 117 20.0 432 1.20 339.0 P 1.71 | 2.82 1.52 1.22 1.08 1.52 1.31 1.31
78 1966 [23] A2/M1 1370 1370 203 203 S 124 33.6 255 1.00 401.0 F 1.43 | 0.87 1.28 1.17 1.08 1.34 1.28 1.31
79 1966 [23] A2/M2 1370 1370 203 203 S 117 31.2 282 1.50 411.0 P 2.14 | 1.49 1.47 1.19 1.07 1.47 1.27 1.27
80 1966 [23] A2/M3 1370 1370 203 203 S 121 30.9 282 1.90 422.0 P 2.71 1.96 1.45 1.07 0.98 1.45 1.15 1.15
81 1966 [23] A2/T1 1370 1370 203 203 S 124 37.3 432 1.00 411.0 P 1.43 | 1.82 1.24 1.16 1.01 1.24 1.26 1.26
82 1966 [23] A2/T2 1370 1370 203 203 S 124 39.3 432 1.70 431.0 P 243 | 3.01 1.27 1.00 0.88 1.27 1.09 1.09
83 1966 [23] A3/M1 1370 1370 203 203 S 124 17.9 255 1.00 242.0 P 1.43 | 1.19 1.06 0.88 0.81 1.06 0.95 0.95
84 1966 [23] A3/M2 1370 1370 203 203 S 102 18.3 282 1.70 330.0 P 243 | 1.92 1.86 1.36 1.25 1.86 1.40 1.40
85 1966 [23] A3/M3 1370 1370 203 203 S 117 25.9 282 1.90 292.0 P 2.71 | 2.07 1.15 0.83 0.76 1.15 0.89 0.89
86 1966 [23] A3/T1 1370 1370 203 203 S 121 19.6 432 1.00 322.0 P 143 | 2.45 1.39 1.18 1.03 1.39 1.27 1.27
87 1966 [23] A3/T2 1370 1370 203 203 S 119 15.2 432 1.20 292.0 P 1.71 | 3.29 1.47 1.12 1.01 1.47 1.21 1.21
88 1966 [23] Ad/M1 1370 1370 203 203 S 114 36.4 255 1.10 254.0 P 1.57 | 0.85 0.87 0.81 0.74 0.91 0.86 0.88
89 1966 | [23] A4/ M2 1370 | 1370 203 203 S 119 27.7 282 1.50 | 335.0 P 2.14 | 1.60 1.24 0.98 0.89 1.24 1.05 1.05
90 1966 [23] Ad4/M3 1370 1370 203 203 S 117 30.6 322 1.90 531.0 P 271 | 2.32 1.92 1.43 1.29 1.92 1.53 1.53
91 1966 [23] A4/T1 1370 1370 203 203 S 114 31.2 432 1.10 377.0 P 1.57 | 2.02 1.40 1.26 1.09 1.40 1.34 1.34
92 1966 [23] A4/T2 1370 1370 203 203 S 117 27.8 432 1.20 394.0 P 1.71 | 2.39 1.50 1.27 1.11 1.50 1.36 1.36
93 1968 [24] AN-1 2134 | 2134 254 254 S 111 18.7 403 1.54 334.0 P 220 | 2.52 1.42 1.13 1.10 1.42 1.12 1.12
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No. | Year | Ref. Slab ID Ly Ly 1 &) g d f(, ﬁ, p Vexp % B—Lg - *® "8 S C? 2 S 2 S

[No.] (mm) | (mm) | (mm) | (mm) | 3| (mm) | (MPa) | (MPa) | (%) | (kN) = = § e 2 B 2 So| &3
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[97) 7 o

(D 2 3) “ (5) (6) @) @ || a0 | dn (12) 13 | a4 | a5 | de) | A7) | (1A8) (19) (20) (2D (22) (23)

94 1968 | [24] BN-1 2134 | 2134 254 254 S 111 20.1 444 1.03 | 265.5 P 1.47 | 1.87 1.09 1.00 0.97 1.09 0.99 0.99

95 1970 | [25] P1 2900 | 2900 500 500 C 240 27.9 544 1.31 1632' P 1.87 | 3.36 1.44 1.32 1.09 1.44 1.17 1.17

96 1971 [10] 1 2134 | 2134 305 305 S 117 30.3 412 1.12 | 383.9 F 1.60 | 1.37 1.06 1.05 1.17 1.06 1.00 1.00

97 1971 | [10] 2 2134 | 2134 406 203 R 117 26.3 412 1.12 | 3514 S 1.60 | 1.92 1.04 1.01 1.12 1.04 1.13 1.13

98 1971 | [10] 3 2134 | 2134 457 152 R 117 32.0 412 1.12 | 3332 S 1.60 | 2.01 1.08 0.89 1.00 1.08 1.10 1.10

99 1971 | [10] 4 2134 | 2134 495 114 R 117 31.0 412 1.12 | 330.5 S 1.60 | 2.30 1.24 0.90 1.00 1.24 1.18 1.18

100 | 1971 [10] 5 2134 | 2134 457 152 R 117 26.9 412 1.44 | 355.0 S 2.06 | 2.82 1.25 0.93 1.01 1.25 1.14 1.14

101 | 1971 | [10] 6 2134 | 2134 457 152 R 117 22.7 412 1.12 | 3358 F 1.60 | 2.39 1.29 1.01 1.12 1.29 1.24 1.24

102 | 1971 [10] 7 2134 | 2134 457 152 R 117 25.9 412 0.87 | 319.8 S 1.24 | 1.74 1.15 1.00 1.14 1.15 1.23 1.23

103 | 1971 | [10] 8 2134 | 2134 495 114 R 121 26.1 414 0.81 | 314.5 S 1.16 | 1.89 1.23 0.95 1.09 1.23 1.27 1.27

104 | 1971 | [10] 9 2134 | 2134 305 152 R 121 29.5 414 0.77 | 3154 S 1.10 | 1.55 1.03 1.05 1.21 1.03 1.27 1.27

105 | 1971 | [26] A-S;)(igO-O- 737 737 102 102 S 46 35.1 359 1.15 65.4 P 1.65 | 1.18 1.23 1.18 0.95 1.23 1.18 1.18
A-S-000-0-

106 | 1971 | [26] 0-3 737 737 102 102 S 46 28.9 359 1.15 63.2 P 1.65 | 1.30 1.31 1.22 0.99 1.31 1.22 1.22
A-S-000-0-

107 | 1971 | [26] 0-4 737 737 102 102 S 46 28.9 359 1.15 61.0 P 1.65 | 1.30 1.26 1.18 0.95 1.26 1.17 1.17
A-S-000-0-

108 | 1971 [26] 0-5 737 737 102 102 S 46 29.0 359 1.15 63.6 P 1.65 | 1.30 1.32 1.22 0.99 1.32 1.22 1.22
B-S-000-0-

109 | 1971 | [26] 0-1 737 737 102 102 S 46 31.4 368 2.53 88.2 P 3.61 | 2.84 1.75 1.38 1.08 1.75 1.28 1.28
B-S-000-0-

110 | 1971 | [26] 0-2 737 737 102 102 S 46 29.6 462 2.53 87.0 P 3.61 | 4.13 1.78 1.38 1.08 1.78 1.28 1.28

111 | 1971 [26] H-0-a 737 737 102 102 N 46 30.3 374 1.15 67.1 P 1.65 | 1.35 1.36 1.27 1.03 1.36 1.27 1.27
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Y o -
g 2 5 5 - g 2
% E| <2 a5 = P S | 9E| w3
No. | Year | Ref. Slab ID L L, ] ¢ § d fe £ P Vew % %E \& = = 2 5 @I % § % =
[No.] (mm) | (mm) | (mm) | (mm) 2 (mm) | (MPa) | (MPa) | (%) | (kN) E = g 8 § % 2 & ) & g
@) é G 4 3 5 A~ E A~ g
M| 6 ) ® (6) (7 ® || o) | an | (12) | (13) | 14 | (A5 | d6) | A7) | A8 | (19 | (0) | 2 | 22) | (23)
112 1971 [26] H-0-b 737 737 102 102 S 46 29.0 440 1.15 81.4 P 1.65 | 1.77 1.68 1.57 1.25 1.68 1.56 1.56
113 | 1973 [27] M 1400 | 1400 226 226 C 109 39.6 541 1.32 | 362.0 P 1.89 | 2.83 1.28 1.19 0.85 1.28 1.10 1.10
114 1977 [28] DAG6 1260 1260 100 100 S 80 30.0 550 1.79 183.0 P 2.56 | 591 1.74 1.20 1.11 1.74 1.40 1.40
115 1977 [28] DA7 1260 1260 200 200 S 80 33.5 550 1.79 288.0 P 2.56 | 3.53 1.67 1.42 1.19 1.67 1.37 1.37
116 1977 [28] DA10 1260 1260 240 240 S 80 32.0 550 1.79 281.0 P 2.56 | 3.22 1.46 1.29 1.08 1.46 1.19 1.19
117 1977 [28] DAI1l1 1260 1260 320 320 S 80 30.4 550 1.79 324.0 P 2.56 | 2.84 1.38 1.30 1.10 1.38 1.11 1.11
118 1977 [29] P2 2750 | 2750 300 300 C 143 34.6 558 1.48 628.0 P 2.11 | 3.00 1.37 1.20 1.13 1.37 1.11 1.11
119 1979 [30] P5 2750 | 2750 300 300 C 171 26.2 515 1.18 628.0 P 1.69 | 2.91 1.23 1.05 1.02 1.23 1.04 1.04
120 1980 [31] S1 5820 | 4680 800 800 C 669 28.7 622 0.61 4935' P 0.87 | 5.51 0.75 0.93 0.77 0.75 1.23 1.20
121 1982 [32] ABI 1900 1900 249 249 S 114 36.2 515 1.40 | 407.9 P 2.00 | 2.45 1.23 1.10 1.00 1.23 1.11 1.11
122 1982 [33] S1 1800 1800 150 150 S 100 40.1 462 0.57 197.7 P 0.81 1.05 0.94 1.04 1.12 0.98 1.20 1.16
123 1982 [33] S7 1800 1800 150 150 S 100 37.4 462 0.76 221.7 P 1.09 | 1.46 1.09 1.09 1.13 1.09 1.21 1.21
124 | 1982 | [33] S19 1800 | 1800 150 150 S 100 37.6 462 0.38 130.7 F 0.54 | 0.73 0.64 0.81 0.91 0.95 0.99 0.95
125 1984 [34] 0 1960 1960 210 210 C 113 23.1 420 0.83 280.0 P 1.18 | 1.55 1.29 1.24 1.01 1.29 1.19 1.19
126 1984 [34] 3 1960 1960 210 210 C 170 233 450 0.55 460.0 P 0.79 | 1.64 1.18 1.15 0.99 1.18 1.32 1.27
127 1986 [16] 1/1 2000 | 2000 200 200 S 77 25.8 500 1.20 194.0 P 1.72 | 1.89 1.34 1.26 1.17 1.34 1.21 1.21
128 1986 [16] 12 2000 | 2000 200 200 S 77 234 500 1.20 176.0 P 1.72 | 1.98 1.28 1.18 1.10 1.28 1.13 1.13
129 1986 [16] 1/3 2000 | 2000 200 200 S 77 27.4 500 0.92 194.0 P 1.31 1.40 1.30 1.35 1.26 1.30 1.29 1.29
130 1986 [16] 1/4 2000 | 2000 200 200 S 77 32.3 500 0.92 194.0 P 1.31 1.29 1.20 1.28 1.20 1.20 1.22 1.22
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Y o -
g 2 5 5 - g 2
% E| <2 a5 = P S | 9E| w3
No. | Year | Ref. Slab ID L L, ] ¢ § d fe £ P Vew % \ZE \& = = 2 5 @I % g % =
[No.] (mm) | (mm) | (mm) | (mm) 2 (mm) | (MPa) | (MPa) | (%) | (kN) E = g 8 § % 2 & ) & g
@) é G 4 3 5 A~ E A~ g
M| 6 ) ® (6) (7 ® || o) | an | (12) | (13) | 14 | (A5 | d6) | A7) | A8 | (19 | (0) | 2 | 22) | (23)
131 1986 [16] 1/5 2000 | 2000 200 200 S 79 28.2 480 0.75 165.0 P 1.07 | 1.09 1.06 1.17 1.12 1.06 1.13 1.13
132 | 1986 | [16] 1/6 2000 | 2000 200 200 S 79 21.9 480 0.75 165.0 P 1.07 | 1.24 1.20 1.27 1.21 1.20 1.23 1.23
133 1986 [16] 177 2000 | 2000 200 200 S 79 30.4 480 0.80 186.0 F 1.14 | 1.12 1.15 1.26 1.20 1.15 1.21 1.21
134 1986 [16] /1 3000 | 3000 250 250 C 200 349 530 0.98 825.0 P 1.40 | 2.81 1.24 1.07 1.07 1.24 1.18 1.18
135 1986 [16] 112 2000 | 2000 160 160 C 128 333 485 0.98 390.0 P 1.40 | 2.51 1.47 1.26 1.14 1.47 1.38 1.38
136 1986 [16] 11/3 2000 | 2000 160 160 C 128 343 485 0.98 365.0 P 1.40 | 2.47 1.35 1.16 1.15 1.35 1.28 1.28
137 1986 [16] /4 1000 1000 80 80 C 64 333 480 0.98 117.0 P 1.40 | 2.47 1.76 1.51 1.17 1.76 1.66 1.66
138 1986 [16] 11/5 1000 1000 80 80 C 64 343 480 0.98 105.0 P 1.40 | 2.44 1.56 1.34 1.11 1.56 1.47 1.47
139 1986 [16] /6 1000 1000 80 80 C 64 36.2 480 0.98 105.0 P 1.40 | 2.37 1.52 1.31 1.15 1.52 1.44 1.44
140 1986 [16] 111/1 1500 1500 150 150 C 95 23.2 494 0.83 197.0 P 1.19 | 2.23 1.42 1.29 1.06 1.42 1.32 1.32
141 1986 [16] 1112 1500 1500 150 150 C 95 9.5 494 0.83 123.0 P 1.19 | 3.48 1.38 1.09 0.93 1.38 1.11 1.11
142 1986 [16] 111/3 1500 1500 150 150 C 95 37.8 494 0.83 214.0 P 1.19 | 1.75 1.21 1.19 0.98 1.21 1.21 1.21
143 1986 [16] 111/4 1500 1500 150 150 C 93 11.9 464 1.52 154.0 P 2.17 | 5.08 1.59 1.07 0.96 1.59 1.08 1.08
144 1986 [16] 111/5 1500 1500 150 150 C 93 26.8 464 1.52 214.0 P 2.17 | 3.39 1.48 1.13 0.95 1.48 1.15 1.15
145 | 1986 | [16] 111/6 1500 | 1500 150 150 C 93 42.6 464 1.52 | 248.0 P 2.17 | 2.69 1.36 1.13 0.92 1.36 1.14 1.14
146 1986 [16] V/1 1600 1600 54 54 C 118 343 628 0.80 170.0 P 1.14 | 5.14 1.11 0.80 0.79 1.11 1.16 1.16
147 1986 [16] \"2% 1600 1600 170 170 C 118 322 628 0.80 280.0 P 1.14 | 2.86 1.17 1.11 0.91 1.17 1.16 1.16
148 1986 [16] V/3 1600 1600 110 110 C 118 32.4 628 0.80 | 265.0 P 1.14 | 3.73 1.37 1.15 1.01 1.37 1.39 1.39
149 | 1986 | [16] V/4 1600 | 1600 102 102 S 118 36.2 628 0.80 | 285.0 P 1.14 | 3.68 1.37 1.16 1.08 1.37 1.49 1.49
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£ g2l g % . 22
% E| <2 a5 = P S | 9E| w3
No. | Year | Ref. Slab ID L L, ] ¢ § d fe £ P Vew % \ZE \& = = 2 5 @I % g % =
[No.] (mm) | (mm) | (mm) | (mm) 2 (mm) | (MPa) | (MPa) | (%) | (kN) E = g 8 § % 2 & ) & g
@) é G 4 3 5 A~ E A~ g
M| 6 ) ® (6) (7 ® || o) | an | (12) | (13) | 14 | (A5 | d6) | A7) | A8 | (19 | (0) | 2 | 22) | (23)
150 1986 [16] V/5 1600 1600 150 150 C 118 329 628 0.80 | 285.0 P 1.14 | 3.06 1.26 1.16 0.97 1.26 1.26 1.26
151 1987 | [35] 1 700 700 100 100 S 41 40.0 530 0.42 36.4 FP 0.60 | 0.67 0.76 1.07 0.92 1.30 1.14 1.11
152 1987 [35] 2 700 700 100 100 S 41 40.0 530 0.55 49.1 P 0.79 | 0.89 1.02 1.32 1.10 1.33 1.33 1.30
153 1987 [35] 3 700 700 100 100 S 41 40.0 530 0.69 56.6 P 099 | 1.11 1.18 1.41 1.15 1.24 1.37 1.37
154 1987 [35] 4 700 700 100 100 S 41 40.0 530 0.82 56.2 P 1.17 | 1.32 1.17 1.32 1.06 1.17 1.29 1.29
155 1987 [35] 5 700 700 100 100 S 41 40.0 530 0.88 57.3 P 1.25 | 1.41 1.19 1.32 1.06 1.19 1.28 1.28
156 1987 [35] 6 700 700 100 100 S 41 40.0 530 1.04 65.6 P 1.48 | 1.67 1.37 1.43 1.14 1.37 1.39 1.39
157 1987 [35] 7 700 700 100 100 S 41 40.0 530 1.16 70.9 P 1.66 | 1.86 1.48 1.49 1.18 1.48 1.45 1.45
158 1987 [35] 8 700 700 100 100 S 41 40.0 530 1.29 71.7 P 1.84 | 2.07 1.49 1.45 1.15 1.49 1.41 1.41
159 1987 [35] 9 700 700 100 100 S 41 40.0 530 1.45 78.6 P 2.08 | 2.34 1.64 1.53 1.21 1.64 1.49 1.49
160 1987 [35] 10 700 700 100 100 S 41 40.0 530 0.52 43.6 P 0.74 | 0.83 0.91 1.20 1.00 1.26 1.22 1.20
161 1987 [35] 11 700 700 100 100 S 41 40.0 530 0.80 55.0 P 1.14 | 1.28 1.15 1.31 1.05 1.15 1.27 1.27
162 1987 [35] 12 700 700 100 100 S 41 40.0 530 1.12 67.1 P 1.59 | 1.79 1.40 1.43 1.13 1.40 1.39 1.39
163 1987 [35] 13 700 700 100 100 S 41 40.0 530 0.60 494 P 0.85 | 0.96 1.03 1.29 1.07 1.25 1.29 1.26
164 | 1987 | [35] 14 700 700 100 100 S 41 40.0 530 0.69 52.5 P 0.99 | 1.11 1.09 1.31 1.07 1.15 1.27 1.27
165 1987 [35] 15 700 700 100 100 S 41 40.0 530 1.99 84.8 P 2.85 | 3.21 1.77 1.49 1.20 1.77 1.44 1.44
166 1987 [35] 1A 700 700 100 100 S 47 40.0 530 0.44 45.2 FP 0.62 | 0.81 0.79 1.06 0.90 1.17 1.15 1.10
167 1987 [35] 2A 700 700 100 100 S 47 40.0 530 0.69 66.2 P 099 | 1.29 1.15 1.33 1.08 1.15 1.34 1.34
168 | 1987 | [35] 3A 700 700 100 100 S 47 40.0 530 1.29 89.7 P 1.85 | 2.40 1.56 1.46 1.17 1.56 1.47 1.47
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No. | Year | Ref. Slab ID L L, ] ¢ § d fe £ P Vew % \ZE \& = = 2 5 @I % g % =
[No.] (mm) | (mm) | (mm) | (mm) 2 (mm) | (MPa) | (MPa) | (%) | (kN) E = g 8 § % 2 & ) & g
@) é G 4 3 5 A~ E A~ g
M| 6 ) ® (6) (7 ® || o) | an | (12) | (13) | 14 | (A5 | d6) | A7) | A8 | (19 | (0) | 2 | 22) | (23)
169 1987 [35] 4A 700 700 100 100 S 47 40.0 530 1.99 97.4 P 2.85 | 3.70 1.70 1.37 1.12 1.70 1.38 1.38
170 | 1987 | [35] 1B 700 700 100 100 S 35 40.0 530 0.42 289 FP 0.61 | 0.58 0.73 1.06 0.92 1.36 1.08 1.09
171 1987 [35] 2B 700 700 100 100 S 35 40.0 530 0.69 37.6 P 0.99 | 0.95 0.94 1.18 0.96 1.11 1.10 1.11
172 1987 [35] 3B 700 700 100 100 S 35 40.0 530 1.29 56.7 P 1.84 | 1.77 1.42 1.44 1.14 1.42 1.34 1.34
173 1987 [35] 4B 700 700 100 100 S 35 40.0 530 1.99 72.5 P 2.84 | 2.73 1.82 1.59 1.27 1.82 1.49 1.49
174 1987 [35] 1C 700 700 100 100 S 54 40.0 530 0.42 62.7 FP 0.60 | 0.90 0.91 1.18 1.01 1.27 1.35 1.26
175 1987 [35] 2C 700 700 100 100 S 54 40.0 530 0.69 87.9 P 099 | 1.48 1.27 1.41 1.15 1.27 1.48 1.47
176 1987 [35] 3C 700 700 100 100 S 54 40.0 530 1.29 124.1 P 1.85 | 2.76 1.79 1.61 1.30 1.79 1.69 1.69
177 1987 [35] 4C 700 700 100 100 S 54 40.0 530 1.99 125.9 P 2.84 | 4.25 1.82 1.42 1.18 1.82 1.49 1.49
178 1988 [36] S2.1 2540 | 2540 250 250 C 200 24.2 657 0.80 603.0 P 1.14 | 3.92 1.09 0.95 0.83 1.09 1.04 1.04
179 1988 [36] S2.2 2540 | 2540 250 250 C 199 22.9 670 0.80 600.0 P 1.14 | 4.13 1.12 0.97 0.85 1.12 1.06 1.06
180 1988 [36] S2.3 2540 | 2540 250 250 C 200 254 668 0.34 489.0 P 049 | 1.67 0.86 1.00 0.92 0.86 1.24 1.10
181 1988 [36] S2.4 2540 | 2540 250 250 C 197 24.2 664 0.35 444.0 P 0.50 | 1.72 0.82 0.94 0.86 0.82 1.16 1.03
182 1988 [36] S1.1 1270 1270 125 125 C 100 28.6 706 0.80 216.0 P 1.14 | 4.02 1.44 1.28 1.04 1.44 1.41 1.41
183 | 1988 | [36] S1.2 1270 | 1270 125 125 C 99 229 701 0.80 194.0 P 1.14 | 4.40 1.46 1.26 1.03 1.46 1.38 1.38
184 1988 [36] S1.3 1270 1270 125 125 C 98 26.6 720 0.40 145.0 P 0.57 | 2.11 1.03 1.15 0.95 1.03 1.38 1.26
185 1988 [36] S1.4 1270 1270 125 125 C 99 25.1 712 0.40 148.0 P 0.57 | 2.16 1.07 1.18 0.97 1.07 1.41 1.29
186 1990 [37] 5 483 483 102 102 C 38 13.1 550 2.04 33.0 P 291 | 7.16 1.39 1.01 0.76 1.39 0.86 0.86
187 | 1990 | [37] 7 787 787 102 102 C 38 13.1 550 2.04 34.0 P 291 | 5.45 1.44 1.04 0.85 1.44 0.89 0.89
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g 2 5 5 - g 2
% E| <2 a5 = P S | 9E| w3
No. | Year | Ref. Slab ID L L, ] ¢ § d fe £ P Vew % %E \& = = 2 5 @I % § % =
[No.] (mm) | (mm) | (mm) | (mm) 2 (mm) | (MPa) | (MPa) | (%) | (kN) E = g 8 § % 2 & ) & g
@) é G 4 3 5 A~ E A~ g
M| 6 ) ® (6) (7 ® || o) | an | (12) | (13) | 14 | (A5 | d6) | A7) | A8 | (19 | (0) | 2 | 22) | (23)
188 1990 [37] 8 1219 1219 102 102 C 76 22.9 414 2.05 129.0 P 293 | 4.73 1.59 1.03 0.90 1.59 1.10 1.10
189 | 1990 | [37] 9 787 787 102 102 C 76 21.5 414 2.05 136.0 P 293 | 5.52 1.73 1.11 0.92 1.73 1.18 1.18
190 1990 [37] 18 610 610 203 203 C 33 21.0 450 7.31 89.0 P 1(4)"4 7.49 2.32 2.04 1.38 2.32 1.27 1.27
191 1990 [37] 26 991 991 203 203 C 73 49.5 450 5.01 323.0 P 7.16 | 6.85 1.88 1.73 0.98 1.88 1.35 1.35
192 1990 [38] F3 914 914 102 102 C 83 38.0 531 1.75 149.0 P 2.50 | 5.73 1.27 091 0.73 1.27 1.01 1.01
193 1990 [38] F4 1118 1118 102 102 C 83 38.0 531 1.75 129.0 P 2.50 | 5.24 1.10 0.79 0.65 1.10 0.87 0.87
194 | 1990 | [38] F5 1524 | 1524 102 102 C 83 38.0 531 1.75 139.0 P 2.50 | 4.80 1.18 0.85 0.74 1.18 0.94 0.94
195 1991 [39] HS1 1700 1700 150 150 S 95 67.0 490 0.49 178.0 P 0.70 | 0.75 0.70 0.91 0.90 1.05 1.06 1.04
196 | 1991 [39] HS2 1700 | 1700 150 150 S 95 70.0 490 0.84 | 249.0 P 1.20 | 1.26 0.96 1.04 0.97 0.96 1.15 1.15
197 1991 [39] HS3 1700 1700 150 150 S 95 69.0 490 1.47 356.0 P 2.10 | 2.21 1.38 1.24 1.12 1.38 1.37 1.37
198 1991 [39] HS4 1700 1700 150 150 S 90 66.0 490 2.37 418.0 P 339 | 3.47 1.79 1.46 1.25 1.79 1.50 1.50
199 1991 [39] HS5 1700 1700 150 150 S 125 68.0 490 0.64 365.0 P 0.91 1.23 0.97 1.06 1.03 0.97 1.28 1.26
200 | 1991 [39] HS6 1700 | 1700 150 150 S 120 70.0 490 0.94 | 489.0 P 1.34 | 1.73 1.35 1.33 1.24 1.35 1.56 1.56
201 1991 [39] HS7 1700 1700 150 150 S 95 74.0 490 1.19 356.0 P 1.70 | 1.73 1.37 1.30 1.18 1.37 1.43 1.43
202 1991 [39] HS8 1700 1700 150 150 S 120 69.0 490 1.11 436.0 P 1.59 | 2.05 1.22 1.13 1.05 1.22 1.32 1.32
203 1991 [39] HS9 1700 1700 150 150 S 120 74.0 490 1.61 543.0 P 2.30 | 2.88 1.50 1.21 1.12 1.50 1.42 1.42
204 1991 [39] HS10 1700 1700 150 150 S 120 80.0 490 2.33 645.0 P 333 | 4.00 1.78 1.31 1.15 1.78 1.45 1.45
205 1991 [39] HS11 1700 1700 150 150 S 70 70.0 490 0.95 196.0 FP 1.36 | 1.06 1.14 1.30 1.19 1.14 1.31 1.31
206 1991 [39] HS12 1700 1700 150 150 S 70 75.0 490 1.52 258.0 P 2.17 | 1.63 1.50 1.43 1.26 1.50 1.44 1.44
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2 .| & 3
£ g2l g % . 22
% E| <2 a5 = P S | 9E| w3
No. | Year | Ref. Slab ID L L, ] ¢ § d fe £ P Vew % \ZE \& = = 2 5 @I % g % =
[No.] (mm) | (mm) | (mm) | (mm) 2 (mm) | (MPa) | (MPa) | (%) | (kN) E = g 8 § % 2 & ) & g
@) é G 4 3 5 A~ E A~ g
M| 6 ) ® (6) (7 ® || o) | an | (12) | (13) | 14 | (A5 | d6) | A7) | A8 | (19 | (0) | 2 | 22) | (23)
207 1991 [39] HS13 1700 1700 150 150 S 70 68.0 490 2.00 267.0 P 2.86 | 2.26 1.58 1.39 1.22 1.58 1.40 1.40
208 | 1991 [39] HS14 1700 | 1700 220 220 S 95 72.0 490 1.47 | 498.0 P 2.10 | 1.64 1.49 1.48 1.31 1.49 1.47 1.47
209 1991 [39] HS15 1700 1700 300 300 S 95 71.0 490 1.47 560.0 P 2.10 | 1.32 1.34 1.45 1.29 1.34 1.32 1.32
210 1991 [39] NS1 1700 1700 150 150 S 95 42.0 490 1.47 320.0 P 2.10 | 2.84 1.59 1.32 1.20 1.59 1.45 1.45
211 1991 [39] NS2 1700 1700 150 150 S 120 30.0 490 0.94 396.0 P 1.34 | 2.64 1.67 1.43 1.33 1.67 1.67 1.67
212 1992 [40] P11FO 2750 | 2750 200 200 S 138 33.2 438 0.53 257.0 P 0.76 | 1.02 0.72 0.78 0.95 0.76 0.92 0.88
213 1992 [40] P38FO 2750 | 2750 200 200 S 111 38.1 438 0.66 264.0 P 094 | 0.96 0.93 1.03 1.22 0.98 1.10 1.10
214 1992 [40] P11S150 2750 | 2750 200 200 S 134 31.5 438 0.56 257.0 P 0.81 1.08 0.77 0.82 0.98 0.77 0.95 0.92
215 1992 [40] P38S150 2750 | 2750 200 200 S 107 33.8 438 0.56 264.0 P 0.81 | 0.84 1.04 1.20 1.43 1.22 1.30 1.29
216 1992 [40] P19S150 2750 | 2750 200 200 S 125 24.7 438 0.56 258.0 P 0.81 1.14 0.96 1.01 1.19 0.96 1.14 1.10
217 1992 [40] P19S75 2750 | 2750 200 200 S 125 24.7 438 0.49 258.0 P 0.69 | 0.98 0.96 1.06 1.27 1.03 1.23 1.16
218 1992 [40] P19S50 2750 | 2750 200 200 S 125 24.7 438 0.55 319.0 P 0.79 | 1.12 1.19 1.25 1.48 1.19 1.43 1.37
219 1992 [40] P19RE 2750 | 2750 200 200 S 125 33.5 438 0.56 304.0 P 0.81 | 0.98 0.97 1.07 1.29 1.03 1.22 1.18
220 1992 [40] P19RC 2750 | 2750 200 200 S 125 33.5 438 0.56 282.0 P 0.81 | 0.98 0.90 1.00 1.19 0.96 1.13 1.09
221 1992 | [40] P19RB 2750 | 2750 200 200 S 125 335 438 0.56 | 343.0 P 0.81 | 0.98 1.10 1.21 1.45 1.17 1.37 1.33
222 1993 [41] FS-1 1800 1800 150 150 S 100 30.9 460 0.52 173.5 P 0.74 | 1.09 0.94 1.03 1.10 0.95 1.20 1.15
223 1993 [41] FS-10 1800 1800 200 200 S 100 31.9 460 0.52 191.4 P 0.74 | 0.87 0.85 1.01 1.09 1.05 1.10 1.07
224 1993 [41] FS-19 1800 1800 150 150 S 100 30.2 460 0.35 136.5 P 0.50 | 0.74 0.75 0.93 1.05 1.09 1.16 1.09
225 | 1993 [41] FS-8 1800 | 1800 100 100 S 100 32.1 460 0.52 150.3 P 0.74 | 1.41 0.99 0.99 1.08 0.99 1.29 1.23




Vexp/ Vca/c
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% E| <2 a5 = P S | 9E| w3
No. | Year | Ref. Slab ID L L, ] ¢ § d fe £ P Vew % %E \& = = 2 5 @I % § % =
[No.] (mm) | (mm) | (mm) | (mm) 2 (mm) | (MPa) | (MPa) | (%) | (kN) E = g 8 § % 2 & ) & g
@) é G 4 3 5 A~ E A~ g
M| 6 ) ® (6) (7 ® || o) | an | (12) | (13) | 14 | (A5 | d6) | A7) | A8 | (19 | (0) | 2 | 22) | (23)
226 1993 [42] ND65-1-1 3000 | 3000 200 200 S 275 64.0 500 1.49 2050 P 2.13 | 4.21 1.47 1.15 1.23 1.47 1.43 1.43
227 | 1993 | [42] ND65-2-1 2600 | 2600 150 150 S 200 70.0 500 1.75 1200 P 2.50 | 4.53 1.54 1.08 1.20 1.54 1.44 1.44
228 1993 [42] NG95-1-1 3000 | 3000 200 200 S 275 84.0 500 1.49 2250 P 2.13 | 3.67 1.54 1.15 1.23 1.54 1.43 1.43
229 1993 [42] ND95-1-3 3000 | 3000 200 200 S 275 90.0 500 2.55 2400 P 3.64 | 6.07 1.65 1.09 1.08 1.65 1.26 1.26
230 1993 [42] ND95-2-1 2600 | 2600 150 150 S 200 88.0 500 1.75 1100 P 2.50 | 4.04 1.41 0.92 1.01 1.41 1.22 1.22
231 1993 [42] ND95-2-1D | 2600 | 2600 150 150 S 200 87.0 500 1.75 1300 P 2.50 | 4.06 1.66 1.09 1.20 1.66 1.45 1.45
232 1993 [42] ND95-2-3 2600 | 2600 150 150 S 200 90.0 500 2.62 1450 P 3.74 | 5.98 1.86 1.15 1.17 1.86 1.42 1.42
233 1993 [42] ND95-2-3D | 2600 | 2600 150 150 S 200 80.0 500 2.62 1250 P 3.74 | 6.34 1.60 1.03 1.05 1.60 1.27 1.27
234 1993 [42] N]gl9)5+-2- 2600 | 2600 150 150 S 200 98.0 500 2.62 1450 P 3.74 | 5.73 1.86 1.15 1.13 1.86 1.38 1.38
235 1993 [42] ND95-3-1 1500 1500 100 100 S 88 85.0 500 1.84 330.0 P 2.63 | 3.35 1.79 1.28 1.19 1.79 1.54 1.54
236 1993 [42] NDI115-1-1 3000 | 3000 200 200 S 275 112.0 500 1.49 2450 P 2.13 | 3.18 1.68 1.23 1.23 1.68 1.42 1.42
237 1993 [42] ND115-2-1 2600 | 2600 150 150 S 200 119.0 500 1.75 1400 P 2.50 | 3.47 1.79 1.16 1.17 1.79 1.41 1.41
238 | 1993 [42] NDI115-2-3 | 2600 | 2600 150 150 S 200 108.0 500 2.62 1550 P 3.74 | 5.45 1.98 1.23 1.17 1.98 1.43 1.43
239 1994 [43] Al 3180 | 3180 100 100 S 39 29.6 501 1.12 62.5 P 1.60 | 1.84 1.59 1.56 1.82 1.59 1.50 1.50
240 1994 [44] SFO-1 1600 1600 64 64 S 70 334 420 1.40 90.0 P 2.00 | 3.33 1.26 0.89 0.80 1.26 1.13 1.13
241 1994 [44] SFO-2 1600 1600 64 64 S 70 39.1 420 1.40 112.5 P 2.00 | 3.08 1.46 1.05 0.94 1.46 1.34 1.34
242 1994 [44] SFO-3 1600 1600 64 64 S 70 31.1 420 1.40 81.0 P 2.00 | 3.46 1.18 0.82 0.74 1.18 1.04 1.04
243 1994 [44] SFO-4 1600 1600 64 64 S 70 31.7 420 1.40 94.5 P 2.00 | 3.42 1.36 0.95 0.86 1.36 1.20 1.20
244 1995 [45] 1 600 600 100 100 C 55 39.0 448 0.51 65.0 P 0.73 | 0.98 0.99 1.20 0.79 1.21 1.23 1.17
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No. | Year | Ref. Slab ID L L, ] ¢ § d fe £ P Vew % \ZE \& = = 2 5 @I % g % =
[No.] (mm) | (mm) | (mm) | (mm) 2 (mm) | (MPa) | (MPa) | (%) | (kN) E = g 8 § % 2 & ) & g
@) é G 4 3 5 A~ E A~ g
M| 6 ) ® (6) (7 ® || o) | an | (12) | (13) | 14 | (A5 | d6) | A7) | A8 | (19 | (0) | 2 | 22) | (23)
245 1995 [45] 11 600 600 100 100 C 55 50.3 448 0.51 61.0 P 0.73 | 0.86 0.82 1.04 0.68 1.13 1.06 1.03
246 | 1995 | [45] v 600 600 100 100 C 55 39.0 448 0.51 60.0 P 0.73 | 0.98 0.91 1.11 0.73 1.12 1.14 1.08
247 1996 [46] 1 2400 | 2400 254 254 S 120 21.5 460 0.66 311.0 FP 094 | 1.63 1.12 1.18 1.21 1.12 1.20 1.19
248 1996 [47] HSCO0 2540 | 2540 250 250 C 200 90.3 643 0.80 965.0 P 1.14 | 1.96 1.03 0.98 0.97 1.03 1.07 1.07
249 1996 [47] HSC1 2540 | 2540 250 250 C 200 91.3 627 0.80 1021 P 1.14 | 1.88 1.09 1.03 1.03 1.09 1.13 1.13
250 1996 [47] HSC2 2540 | 2540 250 250 C 194 85.7 620 0.82 889.0 P 1.17 | 1.90 0.99 0.96 0.95 0.99 1.04 1.04
251 1996 [47] HSC4 2540 | 2540 250 250 C 200 91.6 596 1.19 1041 P 1.70 | 2.59 1.11 0.92 0.89 1.11 1.01 1.01
252 1996 [47] HSC6 2540 | 2540 250 250 C 201 108.8 633 0.60 960.0 P 0.86 | 1.31 1.01 1.06 1.04 1.01 1.12 1.10
253 1996 [47] N/HSC8 2540 | 2540 250 250 C 198 94.9 631 0.80 944.0 P 1.14 | 1.84 1.02 0.97 0.95 1.02 1.05 1.05
254 1996 [47] HSC9 2540 | 2540 250 250 C 202 84.1 634 0.33 565.0 FP 047 | 0.83 0.59 0.77 0.87 0.84 0.97 0.88
255 1996 [48] N.H.Z.S.1.0 | 1900 1900 250 250 S 119 32.2 460 1.00 475.5 P 1.43 | 1.63 1.43 1.40 1.31 1.43 1.42 1.42
256 1996 [48] N.N.Z.S.1.0 | 1900 1900 250 250 S 119 37.2 460 1.00 484.8 P 143 | 1.52 1.36 1.36 1.27 1.36 1.38 1.38
257 1996 [17] 1 1700 1700 150 150 C 98 88.2 550 0.60 224.0 F 0.86 | 1.00 0.89 0.99 0.99 0.90 1.05 1.02
258 1996 [17] 2 1700 1700 150 150 C 98 56.2 550 0.60 212.0 FP 0.86 | 1.25 0.94 1.09 1.06 0.94 1.15 1.12
259 | 1996 | [17] 3 1700 | 1700 150 150 C 98 26.9 550 0.60 169.0 P 0.86 | 1.81 1.08 1.11 1.04 1.08 1.18 1.15
260 1996 [17] 4 1700 1700 150 150 C 98 58.7 550 0.60 233.0 F 0.86 | 1.22 1.01 1.18 1.15 1.01 1.25 1.22
261 1996 [17] 6 1700 1700 150 150 C 98 101.6 550 0.60 233.0 F 0.86 | 0.93 0.92 1.03 0.99 0.94 1.04 1.03
262 1996 [17] 12 1700 1700 150 150 C 98 60.4 550 1.30 319.0 P 1.86 | 2.61 1.36 1.24 1.12 1.36 1.28 1.28
263 | 1996 | [17] 13 1700 | 1700 150 150 C 98 43.6 550 1.30 | 297.0 P 1.86 | 3.07 1.49 1.29 1.16 1.49 1.33 1.33
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No. | Year | Ref. Slab ID L L, ] ¢ § d fe £ P Vew % \g'_é \g = = 2 5 @I % g % =
[No.] (mm) | (mm) | (mm) | (mm) 2 (mm) | (MPa) | (MPa) | (%) | (kN) E = g 8 § % 2 & ) & g
@) g G 4 3 5 A~ E A~ g
M| 6 ) ® (6) (7 ® || o) | an | (12) | (13) | 14 | (A5 | d6) | A7) | A8 | (19 | (0) | 2 | 22) | (23)
264 1996 [17] 14 1700 1700 150 150 C 98 60.8 550 1.30 341.0 P 1.86 | 2.60 1.45 1.32 1.20 1.45 1.36 1.36
265 | 1996 | [17] 16 1700 | 1700 150 150 C 98 98.4 550 1.30 | 362.0 | FP 1.86 | 2.05 1.43 1.23 1.09 1.43 1.23 1.23
266 1996 [17] 21 1700 1700 150 150 C 98 41.9 650 1.30 286.0 P 1.86 | 4.03 1.46 1.26 1.03 1.46 1.29 1.29
267 1996 [17] 22 1700 1700 150 150 C 98 84.2 650 1.30 405.0 P 1.86 | 2.84 1.60 1.41 1.15 1.60 1.45 1.45
268 1996 [17] 23 1700 1700 150 150 C 100 56.4 650 0.90 341.0 P 1.29 | 2.45 1.46 1.48 1.23 1.46 1.53 1.53
269 1996 [17] 25 1700 1700 150 150 C 100 329 650 1.20 244.0 P 1.71 | 4.27 1.37 1.15 1.04 1.37 1.19 1.19
270 1996 [17] 26 1700 1700 150 150 C 100 37.6 650 1.20 294.0 P 1.71 | 4.00 1.54 1.33 1.10 1.54 1.38 1.38
271 1996 [17] 27 1700 1700 150 150 C 102 33.7 650 1.00 227.0 P 1.43 | 3.59 1.22 1.09 0.91 1.22 1.14 1.14
272 1997 [49] L1 1770 1770 202 202 C 172 31.1 621 0.46 503.0 P 0.66 | 2.02 1.12 1.20 1.07 1.12 1.44 1.34
273 1997 [49] L2 1770 1770 202 202 C 176 31.1 621 0.45 537.0 P 0.64 | 2.01 1.16 1.24 1.11 1.16 1.50 1.40
274 1997 [49] L3 1770 1770 201 201 C 173 31.1 621 0.45 530.0 P 0.64 | 1.99 1.17 1.26 1.13 1.17 1.53 1.42
275 1997 [49] L4 1970 1970 402 402 C 170 31.1 612 0.67 686.0 P 0.96 | 1.86 1.03 1.20 1.02 1.03 1.08 1.07
276 1997 [49] L5 1970 1970 399 399 C 172 31.1 612 0.66 696.0 P 094 | 1.86 1.04 1.20 1.02 1.04 1.09 1.08
277 1997 [49] L6 1970 1970 406 406 C 175 31.1 612 0.65 799.0 P 093 | 1.85 1.15 1.34 1.14 1.15 1.22 1.20
278 | 1997 | [49] L7 1970 | 1970 201 201 C 177 229 586 0.64 | 478.0 P 091 | 2.99 1.19 1.07 0.98 1.19 1.23 1.22
279 | 1997 | [49] L8 2470 | 2470 | 899 | 899 | ¢ | 174 | 2290 | 576 | 116 | ! 1& Lp L aee | 213 ] 109 | 119 | 106 | 109 | 083 | 083
280 1997 [49] L9 2470 | 2470 897 897 C 172 22.9 576 1.17 11(())7' P 1.67 | 2.12 1.10 1.20 1.07 1.10 0.84 0.84
281 | 1997 | [49] L10 2470 | 2470 | 901 | 901 | ¢ | 173 | 229 | 576 | 1.16 1039' P | 166 | 212| 106 | 1.16 | 104 | 106 | 081 | 081
282 | 1998 | [50] | HH.Z.S.1.0 | 1900 | 1900 250 250 S 119 67.2 460 1.00 | 511.5 P 1.43 | 1.13 1.07 1.18 1.12 1.07 1.19 1.19
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No. | Year | Ref. Slab ID L L, ] ¢ § d fe £ P Vew % \ZE \& = = 2 5 @I % g % =
[No.] (mm) | (mm) | (mm) | (mm) 2 (mm) | (MPa) | (MPa) | (%) | (kN) E = g 8 § % 2 & ) & g
@) é G 4 3 5 A~ E A~ g
M| 6 ) ® (6) (7 ® || o) | an | (12) | (13) | 14 | (A5 | d6) | A7) | A8 | (19 | (0) | 2 | 22) | (23)
283 1998 [51] S1-U 2300 | 2300 225 225 S 127 353 445 0.96 301.0 P 1.37 | 1.59 0.85 0.82 0.81 0.85 0.87 0.87
284 | 1998 | [51] S1-B 2300 | 2300 225 225 S 123 353 445 1.92 | 317.0 P 2.74 | 3.08 0.93 0.72 0.70 0.93 0.76 0.76
285 1998 [51] S2-U 2300 | 2300 225 225 S 127 54.2 445 0.96 363.0 P 137 | 1.28 0.83 0.85 0.86 0.83 0.91 0.91
286 1998 [51] S2-B 2300 | 2300 225 225 S 123 54.2 445 1.92 447.0 P 2.74 | 2.49 1.06 0.88 0.85 1.06 0.92 0.92
287 1998 [51] S3-U 2300 | 2300 225 225 S 127 63.7 445 0.96 443.0 P 1.37 | 1.18 0.93 0.99 1.00 0.93 1.05 1.05
288 1998 [51] S3-B 2300 | 2300 225 225 S 123 63.7 445 1.92 485.0 P 2.74 | 2.29 1.06 0.90 0.87 1.06 0.95 0.95
289 | 2000 [52] 9 2600 | 2600 250 250 S 150 26.9 500 0.52 408.0 P 0.74 | 1.30 0.98 1.09 1.16 0.98 1.24 1.18
290 | 2000 [52] 9a 2600 | 2600 250 250 S 150 21.0 500 0.52 360.0 P 0.74 | 1.47 0.98 1.04 1.10 0.98 1.18 1.13
291 2000 [53] NU 2300 | 2300 225 225 S 110 30.0 444 1.11 306.0 P 1.58 | 1.75 1.14 1.05 1.03 1.14 1.08 1.08
292 | 2000 [53] NB 2300 | 2300 225 225 S 110 30.0 444 2.15 349.0 P 3.07 | 3.39 1.30 0.99 0.94 1.30 0.98 0.98
293 | 2000 [54] NSNWO0.5P 1900 1900 250 250 S 120 37.8 450 0.49 310.2 F 0.70 | 0.73 0.85 1.08 1.10 1.26 1.17 1.16
294 | 2000 [55] P100 925 925 201 201 S 99 39.3 488 0.97 330.0 P 1.39 | 2.25 1.33 1.34 1.03 1.33 1.38 1.38
295 | 2000 [55] P150 1190 1190 201 201 S 150 39.3 464 0.90 582.7 P 1.29 | 2.40 1.33 1.23 1.04 1.33 1.41 1.41
296 | 2000 [55] P200 1450 1450 201 201 S 201 39.3 464 0.83 902.9 P 1.19 | 2.55 1.34 1.18 1.08 1.34 1.46 1.46
297 | 2000 [55] P300 1975 1975 201 201 S 300 39.3 468 0.76 1338' P 1.09 | 2.79 1.10 0.99 0.94 1.10 1.23 1.23
298 | 2000 [55] P400 1975 1975 300 300 S 399 39.3 433 0.76 2234' P 1.09 | 3.22 0.95 0.94 0.83 0.95 1.24 1.24
299 | 2000 [55] P500 1975 1975 300 300 S 500 39.3 433 0.76 26§2' P 1.09 | 4.38 0.80 0.79 0.68 0.80 1.16 1.16
300 | 2000 [56] 1 2400 | 2400 120 120 S 93 60.9 695 1.50 270.0 P 2.14 | 4.63 1.31 1.09 1.08 1.31 1.26 1.26
301 | 2000 | [56] 2 1700 | 1700 120 120 S 97 62.9 695 1.40 | 335.0 P 2.00 | 4.41 1.51 1.27 1.17 1.51 1.49 1.49
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No. | Year | Ref. Slab ID L L, ] ¢ § d fe £ P Vew % \ZE \& = = 2 5 @I % g % =
[No.] (mm) | (mm) | (mm) | (mm) 2 (mm) | (MPa) | (MPa) | (%) | (kN) E = g 8 § % 2 & ) & g
@) é G 4 3 5 A~ E A~ g
M| 6 ) ® (6) (7 ® || o) | an | (12) | (13) | 14 | (A5 | d6) | A7) | A8 | (19 | (0) | 2 | 22) | (23)
302 | 2004 [11] Lla 2280 1680 120 120 S 107 57.0 749 1.09 240.0 FP 1.56 | 4.20 0.98 0.86 0.79 0.98 1.04 1.04
303 | 2004 | [11] L1b 2280 | 1680 120 120 S 108 59.0 749 1.08 | 3224 P 1.54 | 4.31 1.28 1.13 1.04 1.28 1.37 1.37
304 | 2004 [11] Llc 2280 1680 120 120 S 107 59.0 749 1.09 318.0 P 1.56 | 4.32 1.28 1.13 1.04 1.28 1.36 1.36
305 | 2004 [11] L2a 2280 1680 240 120 R 109 58.0 749 1.07 246.0 FP 1.53 | 3.84 0.77 0.76 0.67 0.77 0.95 0.95
306 | 2004 [11] L2b 2280 1680 240 120 R 106 58.0 749 1.10 361.0 P 1.57 | 4.17 1.17 1.15 1.02 1.17 1.43 1.43
307 | 2004 [11] L2¢ 2280 1680 240 120 R 107 57.0 749 1.09 330.8 P 1.56 | 4.11 1.07 1.05 0.93 1.07 1.31 1.31
308 | 2004 [11] L3a 2280 1680 360 120 R 108 56.0 749 1.08 240.6 FP 1.54 | 3.66 0.77 0.68 0.60 0.77 0.86 0.86
309 | 2004 [11] L3b 2280 1680 360 120 R 107 60.0 749 1.09 400.0 P 1.56 | 3.97 1.25 1.12 0.98 1.25 1.42 1.42
310 | 2004 [11] L3¢ 2280 1680 360 120 R 106 54.0 749 1.10 357.6 P 1.57 | 3.96 1.19 1.05 0.92 1.19 1.33 1.33
311 2004 [11] L4a 2280 1680 480 120 R 108 56.0 749 1.08 250.8 FP 1.54 | 3.49 0.76 0.64 0.57 0.76 0.83 0.83
312 | 2004 [11] L4b 2280 1680 480 120 R 106 54.0 749 1.10 395.0 P 1.57 | 4.16 1.25 1.05 0.92 1.25 1.35 1.35
313 | 2004 [11] L4c 2280 1680 480 120 R 107 56.0 749 1.09 404.0 P 1.56 | 3.66 1.24 1.05 0.92 1.24 1.35 1.35
314 | 2004 [11] L5a 2280 1680 600 120 R 108 57.0 749 1.08 287.4 FP 1.54 | 3.35 0.81 0.67 0.60 0.81 0.88 0.88
315 | 2004 [11] L5b 2280 1680 600 120 R 108 67.0 749 1.08 426.4 P 1.54 | 3.84 1.10 0.94 0.84 1.10 1.23 1.23
316 | 2004 | [11] L5c 2280 | 1680 600 120 R 109 63.0 749 1.07 | 446.4 P 1.53 | 3.28 1.18 0.99 0.89 1.18 1.30 1.30
317 | 2004 [3] OCl11 2200 | 2200 200 200 S 105 36.0 461 1.81 423.0 P 2.59 | 2.95 1.65 1.31 1.26 1.65 1.37 1.37
318 | 2004 [3] OC13 2200 | 2200 600 200 R 107 35.8 461 1.71 568.0 P 2.44 | 2.61 1.57 1.27 1.21 1.57 1.46 1.46
319 | 2004 [3] OC13-1.6 2200 | 2200 600 200 R 110 33.0 461 1.67 508.0 P 239 | 2.72 1.42 1.13 1.08 1.42 1.31 1.31
320 | 2004 [3] 0C13-0.63 2200 | 2200 600 200 R 111 39.7 461 1.65 | 455.0 P 2.36 | 2.48 1.15 0.94 0.90 1.15 1.09 1.09
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% E| <2 a5 = P S | 9E| w3
No. | Year | Ref. Slab ID L L, ] ¢ § d fe £ P Vew % \ZE \& = = 2 5 @I % g % =
[No.] (mm) | (mm) | (mm) | (mm) 2 (mm) | (MPa) | (MPa) | (%) | (kN) E = g 8 § % 2 & ) & g
@) é G 4 3 5 A~ E A~ g
M| 6 ) ® (6) (7 ® || o) | an | (12) | (13) | 14 | (A5 | d6) | A7) | A8 | (19 | (0) | 2 | 22) | (23)
321 2004 [3] OCl15 2700 | 2200 1000 200 R 103 40.2 461 1.76 649.0 P 2.51 | 2.13 1.52 1.15 1.16 1.52 1.39 1.39
322 | 2006 | [57] NRI1EOFO 1500 | 1500 200 200 S 100 20.5 507 0.73 188.0 P 1.04 | 1.94 1.04 1.03 0.90 1.04 1.06 1.06
323 | 2006 [57] NR2EOF0 1500 1500 200 200 S 100 19.0 507 1.09 202.0 P 1.56 | 3.03 1.16 0.99 0.87 1.16 1.02 1.02
324 | 2006 [57] HRI1EOFO 1500 1500 200 200 S 100 70.3 471 1.49 331.0 P 2.14 | 1.93 0.99 0.95 0.82 0.99 0.97 0.97
325 | 2006 [57] HRI1EOFOr 1500 1500 200 200 S 100 71.3 471 1.49 371.0 P 2.14 | 1.92 1.11 1.06 0.91 1.11 1.09 1.09
326 | 2006 [57] HR2EOF0O 1500 1500 200 200 S 100 60.5 471 2.26 405.0 P 323 | 3.15 1.30 1.11 0.92 1.30 1.09 1.09
327 | 2006 [57] HR2EOFOr 1500 1500 200 200 S 100 71.0 471 2.26 489.0 P 323 | 291 1.46 1.27 1.05 1.46 1.25 1.25
328 | 2008 [58] 1 2400 | 2400 250 250 S 124 36.2 488 1.54 483.0 P 220 | 2.71 1.30 1.11 1.13 1.30 1.14 1.14
329 | 2008 [58] 7 3400 | 3400 300 300 S 190 35.0 531 1.30 825.0 P 1.86 | 3.16 1.12 0.94 1.07 1.12 1.03 1.03
330 | 2008 [58] 10 4200 | 4200 350 350 S 260 314 524 1.00 1046 P 1.43 | 2.85 0.88 0.81 0.94 0.88 0.87 0.87
331 2008 [59] 30U 2300 | 2300 225 225 S 110 30.0 434 1.11 306.0 P 1.58 | 1.69 1.14 1.05 1.03 1.14 1.08 1.08
332 | 2008 [59] 30B 2300 | 2300 225 225 S 110 30.0 434 2.15 349.0 P 3.07 | 3.28 1.30 0.99 0.95 1.30 0.98 0.98
333 | 2008 [59] 35U 2300 | 2300 225 225 S 110 37.2 445 1.18 301.0 P 1.69 | 1.68 1.00 0.94 0.92 1.00 0.96 0.96
334 | 2008 [59] 35B 2300 | 2300 225 225 S 110 37.2 445 2.15 317.0 P 3.07 | 3.05 1.06 0.83 0.79 1.06 0.83 0.83
335 | 2008 | [59] 55U 2300 | 2300 225 225 S 110 57.1 445 1.18 | 363.0 P 1.69 | 1.35 0.98 0.99 0.97 0.98 1.01 1.01
336 | 2008 [59] 55B 2300 | 2300 225 225 S 110 57.1 445 2.15 447.0 P 3.07 | 2.47 1.20 1.02 0.95 1.20 1.02 1.02
337 | 2008 [59] 65U 2300 | 2300 225 225 S 110 67.1 445 1.18 443.0 P 1.69 | 1.25 1.10 1.14 1.13 1.10 1.17 1.17
338 | 2008 [59] 65B 2300 | 2300 225 225 S 110 67.1 445 2.15 485.0 P 3.07 | 2.27 1.21 1.05 0.98 1.21 1.05 1.05
339 | 2009 [4] PG-1 3000 | 3000 260 260 S 210 27.6 573 1.50 1023 P 2.14 | 5.52 1.48 1.08 1.17 1.48 1.25 1.25
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340 | 2009 [4] PG-2b 3000 | 3000 260 260 S 210 40.6 552 0.25 | 440.0 F 0.36 | 0.72 0.52 0.74 0.96 0.92 1.02 0.91
341 | 2009 [4] PG-3 6000 | 6000 520 520 S 456 324 520 0.33 2133' P 0.47 | 1.43 0.64 0.92 1.21 0.78 1.28 1.13
342 | 2009 [4] PG-4 3000 | 3000 260 260 S 210 322 541 0.25 | 408.0 F 0.36 | 0.78 0.55 0.74 1.12 0.88 1.02 0.90
343 | 2009 [4] PG-5 3000 | 3000 260 260 S 210 293 555 0.33 550.0 F 0.47 | 1.12 0.77 0.94 1.33 0.88 1.24 1.09
344 | 2009 [4] PG-6 1500 | 1500 130 130 S 96 34.7 526 1.50 | 238.0 P 2.14 | 4.01 1.40 1.07 0.99 1.40 1.22 1.22
345 | 2009 [4] PG-7 1500 | 1500 130 130 S 100 34.7 550 0.75 241.0 P 1.07 | 2.22 1.33 1.27 1.17 1.33 1.47 1.47
346 | 2009 [4] PG-8 1500 | 1500 130 130 S 117 34.7 525 0.28 140.0 F 0.40 | 0.88 0.62 0.78 0.80 0.89 1.10 0.97
347 | 2009 [4] PG-9 1500 | 1500 130 130 S 117 34.7 525 0.22 115.0 F 0.31 | 0.69 0.51 0.70 0.74 0.93 1.02 0.90
348 | 2009 [4] PG-10 3000 | 3000 260 260 S 210 28.5 577 0.33 540.0 F 0.47 | 1.21 0.77 0.93 1.12 0.84 1.22 1.08
349 | 2009 [4] PG-11 3000 | 3000 260 260 S 210 31.5 570 0.75 763.0 P 1.07 | 2.56 1.03 0.97 1.06 1.03 1.12 1.12
350 | 2010 | [60] S1 1500 | 1500 152 152 S 127 47.7 471 0.83 | 433.0 P 1.19 | 1.81 1.33 1.26 1.22 1.33 1.49 1.49
351 | 2010 | [60] S2 1500 | 1500 152 152 S 127 47.7 471 0.56 | 379.0 P 0.80 | 1.22 1.16 1.26 1.26 1.16 1.55 1.49
352 | 2012 | [61] A0 1050 | 1050 200 200 S 105 21.7 492 0.66 | 284.0 P 0.94 | 1.81 1.43 1.46 1.15 1.43 1.54 1.52
353 | 2012 | [61] BO 1350 | 1350 200 200 S 105 21.7 492 0.75 | 275.0 P 1.07 | 1.88 1.38 1.35 1.14 1.38 1.41 1.41
354 | 2012 | [61] Cco 1650 | 1650 200 200 S 105 21.7 492 0.70 | 264.0 P 1.00 | 1.66 1.33 1.33 1.18 1.33 1.39 1.39
355 | 2012 [5] S-1 1800 | 1800 249 249 S 117 28.4 433 0.43 | 2522 F 0.61 | 0.68 0.83 1.06 1.05 1.29 1.16 1.14
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356 S11-028 2200 | 2200 200 200 S 120 112.0 459 0.28 | 278.6 F 0.39 | 0.29 0.65 0.96 1.12 1.92 1.13 1.19
357 S11-050 2200 | 2200 | 200 200 S 117 112.0 459 0.50 | 393.6 F 0.72 | 0.51 0.95 1.16 1.21 1.58 1.22 1.29
358 S11-090 2200 | 2200 200 200 S 117 112.0 537 0.90 | 438.6 P 1.29 | 1.16 1.06 1.06 0.99 1.06 1.06 1.06
359 S11-139 2200 | 2200 200 200 S 114 112.0 501 1.39 | 453.6 P 1.99 | 1.58 1.14 0.99 0.89 1.14 0.98 0.98
360 S13-028 2200 | 2200 600 200 R 120 114.0 459 0.27 308.0 F 0.38 | 0.27 0.53 0.79 0.99 2.18 1.01 1.07
361 Authors’ S13-050 2200 | 2200 600 200 R 117 114.0 537 0.50 | 418.0 F 0.72 | 0.63 0.74 091 0.97 1.44 1.04 1.06
362 | currentslabs S13-090 | 2200 | 2200 | 600 | 200 | R | 117 | 1140 | 537 | 090 |5580 | P | 129 | 1.13 | 099 | 1.00 | 096 | 1.08 1.08 1.08
363 S13-143 2200 | 2200 600 200 R 114 114.0 501 1.43 718.0 P 2.04 | 1.57 1.32 1.14 1.05 1.32 1.23 1.23
364 S15-028 2700 | 2200 | 1000 200 R 117 97.0 459 0.27 321.3 F 0.38 | 0.25 0.49 0.68 0.97 2.42 0.97 1.04
365 S15-050 2700 | 2200 | 1000 200 R 117 97.0 537 0.50 | 456.3 F 0.71 | 0.58 0.70 0.79 0.95 1.59 1.00 1.04
366 S15-090 2700 | 2200 | 1000 200 R 117 97.0 537 0.90 656.3 P 1.29 | 1.06 1.00 0.93 1.00 1.28 1.12 1.12
367 S15-143 2700 | 2200 | 1000 200 R 114 97.0 501 1.43 775.3 P 2.04 | 1.47 1.22 0.98 0.99 1.22 1.17 1.17
Note: . . . . Minimum= | 049 | 064 | 057 | 075 | 073 | 0.76
Unit conversion: 1 mm = 0.03937 in; 1 kN = 0.2248 kip; 1 MPa = 145.038 psi.)
tCo'LiszBn (3) — [#] corresponds to the number of each reference given in the main paper and in pages A25 Maximum = | 2.32 2.04 1.82 2.42 1.69 1.69
(o}
Column (9) — Column shapes: S = Square; R = Rectangular; C = Circular Average= | 1.26 1.14 1.04 1.31 1.21 1.20
Column (15) — Observed Failure Mode: F = Flexural Failure; P = Punching Failure
Column (16) — pss is taken to be 0.007 for the proposed Simplified Method as shown by Eq. (12b) COV=| 0.249 | 0.174 | 0.152 | 0.214 0.151 0.152
Column (17) — pss = proposed limiting reinforcement ratio, calculated using Eq. (12a)
5th Percentile = 0.75 0.80 0.76 0.90 0.91 0.89
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NOTATIONS

Greek symbols

oo = geometric coefficient for the strength of a slab calculated using yield line analysis (Vfiex =atom)

as = ACI 318’s coefficient that accounts for the interior, edge and corner columns
S = ratio of long to short sides of the column

w  =rotation of a slab

p = average reinforcement ratio

px = reinforcement ratio 1004s/(L* d) in the x-direction

py = reinforcement ratio 1004s/(Lx d) in the y-direction

ps = limiting reinforcement ratio

Alphabetic symbols

As = Total cross-sectional area of flexural reinforcement within a slab length L
bo = critical perimeter (used in ACI 318, CSCT, Peiris-Ghali, and authors’ proposed Method)
b1 =length of the longer side of critical perimeter bo

b2 =length of the shorter side of critical perimeter bo

c1 = length of the longer side of the column

c2 = length of the shorter side of the column

d = average effective depth

d; = maximum aggregate size

dgo = reference aggregate size (= 16 mm)

Es = elastic modulus of steel reinforcement

fo = cylinder compressive strength of concrete

fy  =yield strength of flexural reinforcement

k = Eurocode 2’s size effect factor

kcr = column rectangularity factor (used in authors’ proposed method)

krr = low reinforcement ratio factor (used in authors’ proposed method)

ksz = size effect factor (used in the authors’ proposed method)

L1 = Length of the longer edge of the slab
L> = Length of the shorter edge of the slab

m = moment capacity per unit width

r = radius of a slab, taken as 0.2L where L is column-to-column span

rs  =radius of a slab used in CSCT, take as 0.22L where L is column-to-column span
u; = critical perimeter used in Eurocode 2 method

V' = Shear load of a slab

Ve = punching shear strength of a slab

Veale = calculated strength of a slab

Vexp = failure load (experimental) of a slab

Viex = shear force that will cause flexural failure of the slab calculated using yield line analysis
Vra = punching shear strength (defined by Eurocode 2 and CSCT)

Acronyms
ACI = American Concrete Institute

COV = coefficient of variation

CSCT = critical shear crack theory

EC2 = Eurocode 2

HSC = high strength concrete

LVDT = linear variable differential transformers
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