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INTRODUCTICHN

Reinforced concrete plates have been finding a varied
number of uses in modern day structurés! ranging from bearing
walls in buildings to elements in box girder bridges. Due
to their adaptability to precasting methods, and the advent
of economical, prefabricated construction technigues, the
use of reinforced concrete plates has been steadily growing.
In these applications, these plates may be subjected to
compressive stresses of considerable magnitude and the possi-
bility of buckling should be considered. Previous research
in this area, however, has been limited, and therefore no
large volume of experimental work has been aveilable for
predicting the buckling load of a plate.

This paper is a direct result of the experimental test-
ingkof twenty-four simply'supportedf rectangular plates
loaded in uniaxial compressién to failure. Varying thick-
nesses were considered, as well as different total steel
.ratios.

The basic work of developing the experimental techniques
uged in this project was performed by Swartz, et al. (6) and
"Rogacki (4). The presentation and analysis of the experi-
mental results obtained from the project falls within the
domain of this paper.

The first objective herein is to present, in a coherent

manneyr, such inuformation as is necessary to producz an accurate



representation of the buckling characteristics of the test
plates. This is accomplished through the use of appropriate
graphs and tables. The second objective is to preéent the
buckling loads determined for each plate and reference as to
the procedure used in determining ;hese loads. The third,
and final objective,_is to correlape the experimentally
derived buckling loads with the available theoretical pre-
dictions. This is done by making analytical and graphical
comparisons, and a final determination as to the most érecise

theoretical app#oach.



LITERATURE REVIIDW

Previous investigations in determining the buckling
strength of reinforced concrete plates have been quite
limited. The only work done that closely approximated the
present experiment was performed by Ernst (2) and Emmst,
et al. (3), in which mortar plates 40 in. by 40 in. (1.02 m
by 1.02 m) and 20 in. by 40 in. (0.51 m by 1.02 m) were |
tested. Plate thicknesses of 1/2.in. (1.27 cm) , 3/4 in.
(1.8% cem), 1 in. (2.54 cm), 1 1/4 in. (3.18 cm), and 1 1/2 in.
(3.81 cm) were considered. These plates, hcﬁever, were
substantially smaller than the plates presentiy being con-
sidered (4 ft. by 8 ft.[1l.22 m by 2.44 n]}, and the edges
not loaded were not iree ﬁo rotate, but were stiffened with
steel sections. The method of reinforcement was also
different, with the plates being reinforced with mesh only
in the central areas. The mode of failure observed by Ernst
was that of biaxial curvature, the mode nprmaily assoclated
with plate buckling.

More recent work has been done with load bearing masonry
walls by Yokel and Dikkers (8). These tests, however, were
 perf0rmed on specimens suppoftmd only along the loaded edges,
so that the mode of failure was not that of élate buckling,
but that of column buckling (uniaxial esurvature).

Analysis of the buckling behavior of plates with a

constant modulus of elasticity and behaving in a ductile



manner has been made by Timoshenko and Gere (7). Some
experiments with the buckling of plates are described, and
references are made to methods of experimentally determining
the value of the buckling load.

Work on the theoretical aspects of reinforced concrete
plate bﬁakling has been recently performed by Swartz and
Rosebraugh (5). Different theoretical approaches are con-

sidered, and some analytical examples are shown.



THEORETICAL BACKGROUND

For a thin, simply supported homogeneous plate subjeéted

to uniaxial compression, the buckling load, P is given by

cr'’

Timoshenko and Gere (7) as:

.2
=X D ma b,2
Per "2~ "Bt md 1
where
En>
D -

S 12 (1-v2)
a = plate length
b = plate width
m = number of half waves of buckled
surface in the direction parallel
to the applied load
E = Young's Modulus
h = plate wnickness
v = Poisson's Ratio
For the present case, in which a = 2b, the plate would

buckle into two half waves, m = 2, and Pcr would be:

2
.4 1 D : )
Pcr e | {(2)

It must be restated that Eqg. (1) is valid only for a
material whose modulus of elasticity is éonstant, which is
not the case for a reinforced concrete plate. In actuality,
the value of E decreases with the increase c¢f stress, and

Eq.,(l].would¢have to be modified to be applicable.



Swartz and Rosebraugh (5) have analyzed plate buckling
-behavior specifically for reinforced concrete. Two buckling.
theories are considered, the tangent modulus and double
modulus approcaches, and the material behavior is assumed to
be either isotropic or orthotropic. ‘The developmen; assumes
that the edges are simply supported with the load applied
uniaxially with no eccentricity, and that the concrete stress-—
strain relationship is parabolic. - The non-dimensionalized

buckling strains, e__, for each of the cases considered are

cr
found from the following:

Isotropic-Tangent Modulus Approach

2 2
2 1 m 1
By = [2 + C =+ ;ﬁ- + 2) + Dsl] -

1
m2 12 1
+ C (Dyl + DS)(—E + ~§) + 2C =0 ; (3)

1 m

Isotropic—-Double Modulus Approach

2 2 | (1-e__)
2 1 M 1l : cr
e - {2+ D ) e + 4C (~—5 + + 2)
oK 81" ey 12 wf (L+{l-e ) %2
cr
2 2
; o 1 =
+ CD.E (“{'2- + —3:) = 0 . (4)
m

Orthotropic-Tangent Modulus Approach

2 - + om . ¥ - ;5
e., {2+ C IE + Dsl) ?cr + 2C (1 ecr)
2 2
m 1 _
+ C (Dy.'l. + DS) (-;2* + ;:f)» =0 (5)



Orthotropic~Double Modulus Approach

_ . (1-e ')’ﬁ 2 (l-e )’E
ecr2 = (2 + D) e, + 4 <X » [95 S # ;]
(1+(l-e ) A 1% 1+(1-e )
2 . 2
i 1
+C[D By & 2d 4 B —-~-]=0 (6)
‘ s If e yl 2
where
42
C =
hb? (1-p) 0.85 £!
cr - 1r2h2
6 (1l-v )2 e. (1-p) b®
C o) )
1.7 £ w3
D1 = =
yl. -
12 {1 vc ) Eo
2 o ,
D, = Eh I p; Z,° :
i=1 :
ES EO ,p
Dsl =
0.85 £' (1-p}
c
€
e = ST
or €
C
AES
P * Bh
_ Bss
P ¥ Bh

w
]
T
b
53]
%]
]
[
i
b
o



A = total steel area

-4
il

steel area in iEE layer

b = plate width

E_ = steel modulus
fé = concrete cylinder strength

h = plate thickness

1 = ratio of length to width of plate
m = buckling node number

= A .th

_Zi = distance of i—- steel layer from

middle surface

€E_ = concrete strain at fé
€ .. = concrete buckling stress
v = Poisson's Ratic for concrete

Using the buckling strain, € .t aS found in Eq. (3),
{(4), (5), or (6) akove, the buckling stress in the concrete,

fcx’ is given as (5):

(2 e ol - (7)



Furthermore, the plate buckling load, P__, is given by

cr
(5)

Pcr

£, (1-p) bh + E, € e_ pbh (8)

Methods of determining the experimental buckling load
are numerous, but only three are considered generally appli-
cakle here, Timoshenko and Gexre (7) give the Southwell method.
This_maﬁhod utilizes a plot of the deflection/load at the
‘poinf.of maximum deflection. The inverse slope of the result-
ing straight line gives the buckling load.

Swartz, et al. {6) describes two further approaches. A
plot of the deflection patterns is utilized in the first, and
an empirical evaluation of the buckling load is made. In the
second method, a plot of the load versus straih.at contiguous
strain gage locations is employed. Whén bucklingloccurs, the
strain on the "tension" side of the plate should become less
compressive. The buckling load, therefore, is the highest
load at which the strain on the "tension" side is still
increésingly compressive.

The "Rankine-Gorxrdon” empirical'apgroach to buckling
failure is applied by Ernst (4) to reinforced concrere. For
a rectangular reihforced concrete plate, simply supported

and loaded on two opposite edges, the buckling stress in the



concrete, f

10

is given by Ernst as:

cr
= £
fcr = c -
14+ C (=5
Per
where
fé = eoncrete cylinder strength
Bay = elastic buckling stress
2 -
= n — S + B )2 E
12 (1-v4) a b 2
(g
C = experimental coefficient

3.0 (as proposed by Ernst)
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EXPCRIMENTAL SETUP

The test plates considered were rectangular in shape,
measuring 4 ft. by 8 ft. (1.22 m by 2.44 m), with thicknesses
of 1 in. (2.54 em), 1 1/4 in. (3.18 c¢cm), and 3/4 in. (1.89 cm).
Rainforcing of thé plateé was in the form of two-way mesh made
of No. 12 wize {(0.105 in. [2.667 mm] in diameter) with a yield
point of 76,800 psi (5.31 x 105 kH/mz). The mesh was placed
in one or two layers with steel ratios, (As/bh} x 100, of
0.20, 0.50, 0.75, and 1.00 per cent. Two standard 6 in.
(15.24 cm) diameter by 12 in. (30.48B cm) test cylinders were
madea for each plate, and tested on the day of the plate test
{28tnh day from casting). Complete plate and cylinder proper-
ties are lizted in Tables 1 and 2.

The plates were tested in a load frame with boundary
cnndiiions designed so that the edges of the plate were free
toc rotate, but with nn displacement normal to the edges of
the plate allowed. This meant, essentially, ﬁhat the plates
were simply supported on all edges. The load was applied
along the short edges of the specimens. Dial gages and re-
sistance strain gages were attachgd in various configuratigns,
and the load applied axially in compression, as free from
eccentricity aé possible. Readings of deflections and strains
were taken ar various load levels until collapse occurred.

For comprehensive explznations of the plate fabrication tech-
nigues, testing equipment, and testing procedures, sea.(4)

and (6).



Tabie 1 -~ Plate Properties

BPlate Average Steel Number
Kumber thickness, ratio, in of steel
in inches per cent layers
(1) (2} (3} (4)
1 0.9%6 0.20 1
2 1.00G0 Q.20 -1
3 1.010 0.50 Z
4 1.005 0.50 2
5 1.60 L 2
6 1.04 0.75 2
7 0.99 1.00 2
8 0.927 Lo B0 2
9 1:25 06.20 1
10 1.25 0.20 1
12 1255 .50 2
i2 1.243 + B850 2
13 125 , 0.75 2
14 1.27 .75 2
15 1,28 .1,00 2
16 1.24 1.00 2
17 0.757 2.20 1l
18 0.763 0.20 i
19 0.757 0.50 1
20 0.747 0,50 1
21 0.76 0.75 1
22 0.758 075 1
23 0.763 1.00 1
24 0.782 ‘ 1.00 1

Note: 1 in. = 2.54 cm.



- Table 2 - Concrete Properties

Average cyl- Average strain
Plate inder strength, | at f¢&, g, in
Number | f&, in pounds inches per inch
per square inch x 10-3
(1) (2) (3)
1 3896 2.10
2 3802 1.52
3 3156 1.83
4 3430 1.69
5 3298 1.80
6 3546 2.30
7 3688 1.89
B 3201 1.80
9 2564 1.94
10 2653 1.76
11 2414 175
12 2600 2.40
13 2546 2.00
14 2873 1.87
15 2882 1.92
16 2590 2.02
17 3272 1,89
18 3386 1.72
19 3448 1.88
20 35446 1.98
21 3646 2.09
22 3590 1.98
23 3396 1.67
24 3917 1.87
. E o A 2
Note: 1 psi = €.89 kN/m".

13
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EXPERIMENTAL RESULTS

The number of pilates tested in the project was twenty-
fpuf, with properties as listed in Table 1. The plate
thickness was an average value of the thickness measured
at six different ﬁoints on the plate. The steel ratio is
listed in per cent, and the number of steel layers one or
oo : & o .

The results of the tests on ﬁhe standard test cylinders
are listed in Table 2. Two cylinders were made and tasted
for each plate, and the values of the.cylindér strengthf:fé,'
.and the strain at fé, E, s are average values for these two
eylinders. The design strengths for plates numbered.l through
8 (1 in. [2.54 om] thickness) and 17 through 24 (3/4 in.

4

[1.89% ém}-vhiﬂkness) was 3,000 psi (2.067 x 10 kN/mz}, and

2,500 psi (1.723 x 10%

-kN/mZ) for plates numbered 9 through
16 (1 1/4 in. [3.18 cm] thickness)}.

Deflection profiles along the vertical cénterlines for
plates numbered 1 through 24 are shown in Appendix A, Figures
A} through A24. The deflections are adjusted values, that
iz, the values at the edges of the plates were adjusted to
zero, so that all displacements were relative to the edges.

A deflection profile is given for each load level at which
deflection readings were taken. The actual loads at theze
load levels are listed in Table 2l. The deflection profiles

for the 3/4 in. (1.8% cm) plates {(plates numbered 17 through 24)



show that buckling was by bulging into two or three panels.
The 1 in. (2.54 cm} plates (plates numbered 1 through 8)
buckled into both one and two panels. The 1 1/4 in. (3.18 cm)
plates (plates numbered 9 through 16) all buckled into one
panel. - The reason for the varying buckling geometries is
~ probably related to the difference'in the relative bending
stiffnesses of the plates. Most of the plates that buckled
into more than cne panel displayed contraflexure points that
were relatively stable in_iocation until the onset of buckling.
The mode of buckling_of all the panels was that of plate
buckling (biaxial curvature), versus that of column buckling
(uniaxial éurvatqre). I+ should be noted that the deflection
profile for plate number 5 (Figure AS) is incomplete. his
was due to equipment difficulties which prevented deflection
readings from being’:ecorded for load ievels 1 through 7.
The adjusted profile for plate number Slwas set to zexo at
locad level 8.

The centerline deflection profiles.were used'in making
Southwell plots for each plate. The Southwell method
involved aetermining the location of the largest deflection,
and'élmtting deflection versus deflection/load, the inverse
slope of the resulting straight line being the:buckling |
load according to Timoshenko and Gere (7). Southwell plotg
for plates numbered 1 through 4 and & through 24 are presented

in Appendix B, Figures Bl through BZ3. A Scouthwell plot for
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plate number 5 is not presented due to the incompleteness
of the deflection data. The value of the buckling load -
determined by this method is shown on each plot.

The'lést technique employed in determining the buckling
loads was the utilization of the strain versus load plots at
the strain gages closest to the pmint of the largest deflec-
tion.. In the majority of cases, the strain on the "tension”
face of the plate became less compressive at.a distinct
point, that point being the buckling load. Strain versus
load plots are presented in Appendix.c, Figures Cl through
C20. Plots are lacking for plates numbered 1, 4, 3, and 6,
due to their failure to show any distinct change on the part
of tﬁe straiﬁ gages before collépse. | |

In determining fhe.experimehtal buckling "load, ?cre'
the primary method used was that of thé strain versus load
plots. The reasons for this were numerous, as given in (6).
The deflection profiles were inconclusive in showing any
distinct change at the buckling load for most of the plates,
due to the presence of unavoidable eccentricities in the-

- loading. _Theneffects of the eccentricities were very
difficult to determine so that they could not readily be
seen in the prbfiles. The Southwell plots yielded definite
values for the experimentalrbuckling-1oads, but in all cases
except plate number.2, this load was higher in wvalue than

theexperimental collapse load. The applicability of



Southwell's method in the ?resent case 1s questionable (6)
dve to the fact thaet reinforced concrete is not a linearly
elastic naterial. This method was developed for a linearly
elastic material, as shown by Timoshenko and Gere (7), so
that it is not surprising that the buckling loads obtained
using it were not of acceptable accuracy. In all the cases
for which the strain versus locad plots yielded=a-distinét
buckling load, this load was usedl. For the plates for which

a strain versus load plot did not yield conclusive buckling

loads, the other methods were utilized. For plates numbered

1l and 4, Southwell plots were available, and these were used
in determining the buckling load. -For plate number 5, for
which the Southwelllglot was not available, and plate

number 6, the deflection prafiles were used. For these
plates, however, the deflection profiles did show definite
points at which buckliné appeared to occur, and these values
were used. The values of the experimental buckling leads,

Pcre' and the collapse loads, Pf( are shown in Table 3.

17



Table 3 - Comparison of the Buckling Results
With the Tangent Modulus Formula

Plate Experimental Collapse Tangent modulus
nunber buckling load, load, Pf, buckling load,
Pcra' in Kips in Kips Pcrt' in Kips (5)
(1) (2) (3) (4)
1 125,54 3302 116.0
2 100.4 113.9 115.90
3 90.6 99.9 105.0
4 125.74 120.1 1i8.0
5 130.2P 140.2 113.0 -
6 133.4P 155.5 118.0
7 130.0 143.9 124.0
8 100.8 102.3 106.0
9 116.0 140.7 116.0
10 140.0 156.5 123.0
11 120.4 143.1 120.0
* 12 120.2 143.8 119.0
13 100.2 S115.1 128.0
14 128.9 161.0 148.0
15 158,31 172,.3 155.0
16 130.6 162, 3 134.0
17 80.4 - 96.5 - 59.0
18 80.1 89.1 65.5
19 70.1 '84.9 63.1
20 753 83.8 61.0
21 75.6 82.8 63.2
22 - 70.0 80.0 64.4
23 70.0 78.0 68.9
24 80.0 90.0 78.3

Note: 1 Kip = 4,448 kN

A0btained from the Scuthwell Method
bobtained from the Deflection Plot

18



- Table 3 - Comparison of the Buckling Results With
the Tangent Modulus Formula (Continued)

I

Buckling ;
Plate Pere Pg Pg ' stress in for
number |- P = P concrete, : I
: crt crt cre Eppes in psi C
{5} (6) (7 (8) (9) 1 (10)
1 1.082 0.95 0.882 25758 0.6612
2 .84 0.96 1.13 2065 0.543
3 0.86 0.95 1.10 1806 - 0.572 .
4 1.072 1.02 0.962 - 25304 0.7392
5 1.150 1.24 1.08b 25500 0.773P
6 1.12P 1a 2l 1.162 | 2470b 0.696°
7 1.05 1.16 1.11 2590 0.702
& 0.95 0.96 1.01 2050 0.641
9 1.00 1.21 1.21 1908 0.745
10 1.14 1:27 1.12 2275 0.866
11 1.00 1.19 1.19 1922 0.798
12 1.01 1.21 1.20 ' 1924 - { 0,740
13 0.78 0.90 1.15 1565 0.614
14 0.88 1.09 1:24 2029 0.706
15 0.97 1.11 1.15 .. 2265 0.785
16 0.97 1.21 1.24 2030 0.785
17 1.36 1.64 1.20 2185 0.668
18 1.22 1.36 1.11 2160 | 0.638
19 1.11 1.34 1.21 1872 0.543
20 1.23 1.37 1.11 2040 0.575
21 1.20 1.31 1.10 2070 0.572
22 1.09 1.24. 1.14 1854 0.516
23 1.02 | 1.13 1211 1805 0.531
24 1,02 1.15 1.12 2010 0.513

Note: 1 psi = 6.89 kN/m2
A0btained from the Southwell Method
bohtained from the Deflection Plot



COFPRELATION OF EXPERIMENTAL RESULTS WITH THEORY

The major part -of the correlation of the experimental
results involved the experimental buckling loads. These
loadé were compared with different theoretical approaches
and a determination was made as to the most accuraté of
these theories. The four approaches considered by Swartz
and Rosebraugh (5) are examined here, as well as a determina-
tion of the validity of the "Rankine-Gordon" formula as
proposed by Ernst (2). In order to decide upon the most
applicable theory, it was necessary to non-dimensionalize
the buckling parameters. To get an accurate compariscn
between the.rcsults of the plate experiments and.those pre-~
dicted Ly the theories, the concrete buckling stresses
obtained expasrimentally, fcr' were non-dimensionalized by
dividing them by the average cylinder strength, fé, and the
plate widths b, were non~dimensionalized by dividing them by
the plate thicknesses, h. The experimentally obtained
concrete buckling stresses and the fcr/fé ratios for the
plates are listed in Table 3. These ratios were averaged
for each pair of plates and plotted in Figure l. Also
plotted were the representaticns of the four theoretical
approaches given by Eqgs. (3).through (7). It is apparent,
upon inspection of Figure 1, that all but one of the averaue
expeérimental values fall above the curve representing the |

isotropic~tangent modulus theory, whereas the rerresentations

20
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of the orthotropic~tangent modulus, isctroéic—double,modulus,-
and orthotropic-double médulus theories all appear to be
unconservative and exceed the majority of the average exper-
imental values. Therefore, the isotropic~tangent modulus
theory has been selected as being the most accurate depiction
of the plate buckling behaViOr. |

The correlation with the "Rankine-Gordon" formula
Eg. (%), as proposed by Ernst, was made in a similar manneﬁ
as with the theoretical approaches. <Concrete buckling
stresses obtaine@ from the "Rankine-Gordon" formula uéing
the initial tangent modulus for E, were non—dimensionalized
and plotted on Figure 1. The experimental constant, C = 3.0,
proposed by Ernst was used, and it is cbvious, that while
the average experimental values are all well above the
curve, the formula is overly conservative as-éomparea to
the isotropic~tangent modulus theory.

The isotropic-tangent modulus theory being chosen as
the most precise of the approaches, further cor:elations
were made with the experimental results. The theéretical
values of the tangent—quulus buckling 1°ad5"Pcrt' waere
determined for each plate, and are listed in Table 3,

Ratios of Pc , the experimental buckling loads, to Pc

re
were calculated for each plate, and plotted as shown in

re

Figure 2. It is obvious from the plot that the tangent

modulus theory is on the conservative side as compared to
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the experimental buckling loads, the coefficient of vari-
ation being 13 per-éent. ‘The difference is not large
considering the normé for experimental work. Another cor-
relation was made between the'experimen;al collapse loads,
Pf, and Pcrt‘ The ratios are listed in Table 3 and the )
results plotted in Figure 3. This plot points outr the fact
that the experimental collapse loads are generaily above

the tangent modulus buckling loads, an important consider-
aﬁion in terms of safety. The coefficient of variation was 
14 per cent. Figure 3 helped to finalize the“ccncluéion
that tha tangent modulus theory was precise, yet conservative,
a-major-prar&qﬁisite-for‘any further attempt to-dévelop-a .
praétical design formula,

Two furthef correlatibns were madq. The exﬁeximental.
collapse loads were compared with the experimental buckling-
loads in order to determine the post-buckling strength
increase. The ratios of Pf/Pcre are listed in Table 3.
These ratios show that, with the exceptions of plates
numbered 1 and 4, the buckling loads were below the collapse
loads. Plates numbered 1 and 4 d4id not conform because the
buckling loads were-obtained from the Southwell plots, which
are thought to be unconservarvive., These results indicate
that & post-buckling strength increasa, while slight, is
nevertheless present.

The final correlation wade was that of the non-dimension-

alized concrete buckling stresses with the total steel ratio.
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The comparison is shown in Figure 4. The average experimental
values do not form any specific pattern, indicating that the
total steel ratio did not influence the buckling stress to
any large degree. The amount of steel present, however,
would influence the behavior of a plate in other ways. A
minimum total steel ratio would be required to satisfy
temperarure and shrinkage requirements. In addition, as
shown by Figure 5, there is a definite relation between

the total steel ratioc and the ductility of the plartes.
Figure 5 presents a plot of lecad versus deflection for the
3/4 in. (1.89% cm) test plates at the point of largest de-
flection. It is observed that as the total steel ratic is
increased, the maximum deflection achieved increases. This
would indicate that as the total steel ratic increases, the
- ductility of a plate increases. The final relation of the
total steel ratio to plate behavior is that if larger load
carfying capacities are requifed, larger total steel ratios

cnuld be used.
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- CONCLUSIONS

The principal method uéed in selecting the experimental
buckling lnads, that of the strain Versus load plots, was
found to be adaQuate. The centerline deflection profiles
and the Southwell method failed to -designate reasonable
huckling loads. Due to the fact that it was necsssary to
use the Southwell plot method for two plates, and the de-
flection prbfile method for two plates, it should be noted
that the results were accordingly affected to some degree.

The type of failure observed in the plates, hiaxial
curvarure, was the correct mode, it being normally associatod
with plate buckling.

Of the four theoretical approaches considered, tho
isotropic-tangent modulus theory adeguately predicred the
buckling characteristics of the reinforced concrete plates.
The variations of the tangent modulus theory frém‘the ex-
perimental results, on the order of 13 per cent, was a
reasonable deviation for experimental work of this kind.

It is concluded that the isotropic-tangent modulus theory

is an adecuate basis from which te develop a practical
design formmla. The “"Rankine-Corden" formula as proposed’
by Ernst {(2) was found to be unacceptable in adequately pre-
dicting the buckling behavior. Since it i3 basizally an
empirical eguation, its failure does not propose any serious

theoretical guestions.

29



The effects of the total steel ratio were found not to
be a major factor inrdetermining concrete buckling stresses.
It was shown, hbwéver,,thét increasing the total steel ratio
would increase the ductility of the plates. In additioh,
total steel ratios affect temperature and shrinkage prop-
erties, as well as the total load éarrying capac@ty,

The effects of loading eccentricity wére'difficult to
determine, and were the reasons for the failure of the de-
flection profiles in determining the buckling. 8ince, in
practical problems, eccentricities would be.a major factor,

further work in this area is also needed.
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APPENDIX A

DEFLECTION PROFILES ALONG VERTICAL CENTERLINES
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Table AL - Leoad Levels

Load level, in Kips

Plate ,
number 1 2 3 4 5 6 7
(1) (2) {3} (4} (5) {61 (7) (8)
1 19.6 29.7 40.4 50.6 59.5 70.7 80.2 .
2 20.8 29.8 40.5 50.9 0.4 | 70.8 77.6
3 20.1 39,3 50.9 60.6 70.1 | 80.0 30.6
4 20.3 30.8 40.1 49,7 59.7 Tdad 80.4
5 12.6 40,5 49,3 59, 70.4 80.2 90.5
6 1945 ! 40.9 60.5 80.9 100.2 109.4 120.4
7 26.1 ; 39.5% 6C.1 80.2 100.1 ¢ 110.0 19,9
2 G,0 40.3 60,3 80.2 90.5 95.6 100.8
¢ 0.0 39.8 EL.6 60.1 70.1 80.0 91.0
10 20,1 40,2 £, 70.6 20.5 90.2 100.6
11 [ 12,5 40,1 ED.E 80.2 | -100.1 110.4 120.4
12 0.8 1 39,49 60.2 80.2 00,2 110.1 120.2
13 i 2.0 40,0 6.2 80.3 100.2 110.3 i
14 ] 15,2 4¢.0 60.4 81.0 100.3 110.1 120.2
15 b .230,.0 39.9 60.0 80.3 100.6 1105 128.,5
16 20,3 | 33,7 | 60, §C.3 | 108.3 | 110.6 ] 120.5
17 1 20,4 29.9 a0. 1 50.2 55.1 60.2 65.4
18 e | 40, 4 50.0 60.1 55.4 70.1 Ty 2
19 i 30,8 39.8 50,40 B2 70.1 80.2 B4.9
20 i1 19.6 40.3 Bl 60.2 64.9 70.2 75.3
21 | 2001 | 40.1 | 50.0 | 60.1 65,2 70.0 75.6
22 | 0.2 40.1 43.9 60.0 65.2 70.0 76.7
23 j Ph.1 40,0 1'50.0 60.0 65.0 70.0 75.0
24 | 26.0 40,0 5040 50.0 65.0 70.0 75.0
Mote:r 1 ¥ip = 4,445 kN
Nete: The symbol we--- denotes that deflection readings

werse terminated at that point.



Table

Al - Load Levels {Continued)

33

Load level, in Kips

Plate
nunber 8 9 10 11 12 13
(9) (10) (11) (12) (13) (14) (15)
1 0.1 100.6 | ===
2 91.1 110.4 108.8 | =—===
3 96.7 | m=——-
4 90.5 100.4 105.5 111.6 | ~w=w-
5 99.9 1111 120.6 1302 140.2 | ====-
6 126.1 133.4 140.0 | ==~=-
7 130.5 | =e==—-
B | s
] 100.0 110.6 | ===w-
i0 110.2 120.0 124,66 | ====-
11 130.2 | ====-
12 -
13 = e o
14 129.9 | ===—-
15 130.4 140.1 150.1 -
16 130.6 140.6 | ===—- :
1% 70.5 75.4 80.4 84.6 90.4 95.8
18 §0.1 84,5 | ==——- -
18 | ==——-
20 80.3 -
21 80.2 | ===—-
22 80.0 e e
23 6.8 718,53 -
24 80.0 85.0 90.0 | ==—w=-
Note: 1 Kip = 4,448 ki :
Note: The symbonl —-----~ denotes that deflection readings

.were terminated at that point.
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HOTATION

The following symbols are¢ used in this paper:

a = plate length

Bg

Asi
b

C

cr

n

total steel area
steel area in iEﬂ layver
plate width

exparimental coefficient in "Rankine-Gordon"
egquation

plate stiffness coefficient

plate stiffness coefficient

constant in elastic buckling equation
plate stiffness coefficient

plate stiffness coefficient
plate stiffness-coefficient
non~dimensiocnalized buckling strain
Young's Modulus

éteel modulus

concrete cylinder strength

concrete buckling stress

plate thickness

‘ratio of plate length to plate width

number of half5waves of buckled surface in the
direction parallel to the applied load

bucklinq node number
total steel ratio

elastic buckling stress
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2 e sBH
steel ratio in i~ layer

buckling load

geperimental buckling load

tangent modnulus buckling load

collarse load

distance of iEE
concrete strain
concrete strain

Poisson's Ratio

Poigson's Ratio

steel layer from middle surface
=0
at tc

at buckling

for concrete-
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ABSTRACT

This thesis presents the buckling characteristics of
twenty-four reinforosd concrate plates %hat-were tested in
uniaxial compressicn, along with correlations with theoret-
ical approéchesa Centerline deflection plots, Southwell
plots, and strain versus load plots are presented for the
points of buckle for each plate. Methods of determining the
experimental buckling load are presented, along with a dis-
cussion of the available théoriés-for predicting the buckling
loads of reinforéed concrete plates. The experimental setup
igs explained, and explanations of the experimentally determined
‘parameters are also given.

Jt is determined that the strain versus load method of
designating the buckling load was the most accurate one, and
-reasons for the inadequacy of the othér methods are presented;
The isotropic-~tangent modulus theory is found to be the most
accurate approach in theoretically predicting the buckling
characteristics of the plates, and correlations are made with
the experimental buckling lcad, the experimental collapse
load, and the total steel ratic. The common parameter used
in the correlations was a non—-dimensionalized form of concrete
buckling stress. The “"Rankine~Gordon® formula is found to
be unacceptsble in predicting buckling stresses, and the
total steel ratio is determined not to be a major factor.

Further suggestions as to future research are also given,



