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ABSTRACT

The applicébility of the assumptions of perfect
plasticity to punch loaded cylindrical'concrete blocks is
examined experimentaliy. The strain field is measured
experimentally for punch loaded blocks with varying base
conditions. The effects of block height, base friction,
and a hole located directly under the loaded area on bearing
capacity are inveétigéted.' Experimental results are compared

with results of limit analysis solution by Chen and Druckergu’s)



1. INTRODUCTION

Qﬁantitative underéténding of concrete bgaring
capacity is necessary for design of many types of concrete
members. The obvious example is a foundation structure;.
the end bearing zone of prestressed post—teﬁsioned beams
agi another. It is known that bearing cépacity increases
with the ratio of unloaded afea,to loaded area, to some
upper limit. Present design methods afe based on semi-
empirical formulas and are considered by some to be overly

' .. (1,2)
conservative.

”.'Solufions of the problem based on the assumption

(3)

of linear elastic bekavior of the material have been presented 5
however, this assumption does not hold true for concrete at
loads near failure, where the stfess—strain curve is non-linear.
A stressttrain curve for a punch-loaded block (Fig. 1) indicates
that neaf ultimate load the more highly stressed parts of a
specimen are relieved by throwing stress to those regions of the
specimen where stress is lower. Recently solutions presented

: '

(4,5)

by Chen and Drucker assume concrete to behave in a prefectly

plastic manner, allowing application of limit theorems of the
generalized theory of perfect plasticity.(s) They have been

successful in predicting failure loads.

Concrete normally exhibits brittle characteristics

however, and the assumption of perfectly plastic behavior
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requires some degree of experimental verification in order

to achieve credability. One of the purposes of this work

is to attempt to provide this Verification. In addition, the
effect of base friction aﬁd specimen height on bearing
capapity and the effect oan hole cbncentricélly located under
the loaded area are iﬁvestigated. The results of experimental
tests are compared with the prediéted values, after Chen and

Drucker.



-specimen, while grbss deflection has been considered

2. PREVIOUS WORK

(7)

Previous load tests have been made; Meyerhof .

(8)

, Au and Baird , and others have conducted tests

Shelson(Q)

on square blocké with various ratios of loaded area to
surfacé,area. Meyerhof and Shelson noted similarities in
test results with results of triaxial compression tests, and
developed rational.expressions for predicting failure loads.
Au and Baird investigated the problems associated with low
ratios of surface area to loaded area, i.e. where the loading
punch area approaéhed more ﬁearly the cross sectional area of

(1)

the specimen. More recently, Hawkins investigated the
effects of eccentric loading and developed rational expressions

for bearing capacity based on observed failure modes.

In previous investigations, the effect of block

height was takeh as negligible, unless the block was so short

that the base interfered with the formation of a failure cone,
and hence was not seriously investigated. Previous tests made

no attempt to measure strain distribution throughout the

(7)

1

The
festing of a specimen with a hole direétly under the loaded
area agaiﬁ has never been undertaken. It was felt that this
would give a close Pépresent?tion of actual'conditions at the
anchorage.of teﬁsioﬁ steel in post-tensioned pre-stressed

concrete members. Attempts have been made to quantify the
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effect of base friction on bearing capacity, and have determined
some variation in load carrying capacity due to base friction,
yet the effects of base conditions on strain diétribution in
concrete have not been previously investigated. Hence, to the
best of the author's knowledgé, these aspects of the overall
bearing capacity problem were first investigated in the work

reported here.



3. EXPERIMENTAL WORK

3.1‘ Specimens

The variables in specimen méke—up and geometry are
shown in Table 1. Two mixes were used because in previous
investigations there had been some question as to the
reliability of scaled down aggregate sizés as a means of
making small scale tesfs more truly representative o% larger
structural applications. Punch diameter was varied as a
means of cﬁanging the surface area: ' loaded area ratio;

specimen diameter was constant at 6 in. The height of the

cylinder was varied as it was felt to be an influencing

factor in determining bearing capacity. Three different base
conditions were used. A 7".7"+3/8" steel plate was intended
to provide high base friction. The "teflon" base and double-

punch arrangements were.intendéd tolge friction-reducing.
Their arrangements‘are shown in Fig. 1.

Concentriéally located 5/8 in. diameter holes were
used first to éimulate actual condition around anchorage of

‘

post-tensioning rods; later as a means by which}strain gages
could be positioned in regions of gfeatest expected strain.
Stréinrgages Wefe_employed in set 10 only; (Table 1) the

positioning of gages is shown in Fig. 2,

Three specimens of each identical configuration

were tested in order to minimize effects of inconsistent tests.
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Four standard control cylinders were cast with each batch to
be tested in compression, and in tension by the splitting

tensile test (ASTM standard methods C 496).

3.2 Materials
Regular (Type 1) Portland cement was used in both
mixes. The "mortar" mix was made with sand and cement only,

while the concrete mix contained sand, cement, and 1/2 in.

nominal crushed stone aggregate. The fineness modulus of
sand was 2.74%. The results of a sieve analysis are shown in
Fig. 3.

The following mix ratios (by weight) were used in

making the test specimens.

Mortar:
Water: cement 1: 1.9
cement: sand 1: 3.0
Concrete: :
: Water: cement 1 2.45
cement: sand 1 1.6
cement: stone 1 1.5

-Each batch of materials was mixed in a rotary type
mixer, and cast in'éccordance with AAS.T;M. Standard Methods
C 192, except that_cylipders shorter than 6 inches_were filled
with only two layers. ‘The specimens with holes were cast with
a steel pipe placed in_the center of the mold and covered with
grease to facilitate easy reﬁoval. The apparétus used 1is

shown in Fig. 4.



3.3 Test Apparatus

ffhe loading punches were made of tool steel lAin.
thick and.l.S and 2.0 in; in_diametef; all surfaées>machiﬁed{
They were centered by means of a ﬁasonite template. The
testing machine used was a 300 kip capacity Baldwin hydraulic

type, fitted with a spherical loading head. In the tests

C

‘ where no strain gages were used, the punches were placed
concentrically over tHe hole in tests of specimens with holes
in them. In the later tests with strain gages, punches Qere
placed concentrically with respect to the cylinder. The
maximum ecéentricity of the.hole in all tests was 1/h iﬁ. from
center. The loading Punches were centered on the specimen in

all tests of solid blocks, using the masonite templates.

The teflon thickness was chosen arbitrarily; at first
“a thickness of .003 in._was used, but was abandoned in favo? of
.005in., Thickness as the_latterbwas not punctﬁfed-dﬁring testing
. . . E
by grains of cement, sand, etc., as was the former. Plexiglas
wés chosén as a suitable plastic layer, following conclusions

(9)

by Shah . Strain gages used in the last set of tests were
SR-4 Type‘A—X?S with gage factoré varying betwéén 1.98 égd 2.04,
At first, a manually balahcing type Baldwin recorder was used,
but was later discarded in favor of an automatic digital recorder.

Figure 5a shows a "teflon" base specimen with strain gages in

position for testing.
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In some early tests, one Ames dial gage was placed
‘between the upper and lower plateﬂé‘of the-testihg machine
in an attempt to find any qualitative differences in the’
load;deflection curves of "short" and tall ecylinders, and
"smooth" base and "rough" base cylinders. This arrangement is

shown in Fig. 5b.

3.4 Test Procedure

One day affer casting, mplds were stripped from the
specimens and specimens were placed in a lOO% relativé hﬁmidify
curing room at aﬁout 759F for four days; six days in tests
where electric strain gages were employed. They were then
placed in the atmosphere of the main lab to allow drying, in
.order to\take advantage of tﬁe gain in étrength due to drjing.
Most specimens were tested at about 7 da&s;_set 10 was tested
"at about 31 déys. ~The-curing time was primarily determined

by scheduling problems.

Loaa was abpliea at the épproximaté‘rate of 1 kip
every 10 seconas, continuously until failure. Set iO was
loaded similarly,- the loadihg be;pg>stopped andAﬁeld )
approximately constant while strain gage readings were takgn'
at two kip intervals. The time necessary to read all.the
gages was.about‘one minute using the manually balancing
recorder, and about 1/2 minute when using the digital-récorder.

When failure was impending the recording interval was reduced

to 1 kip.
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In tests where the teflon base was used, fresh
pieces of teflon were used for each test..  In placing the

strain gages, each specimen was cleaned using first a

commercial solvent, then acetone. Duco cement (solvent-
release type) was used to attach gages to specimens. In-
teriorlgages were placed using an elastic rubber hose. The

~

gage was attached to the outside of the hose, the hose
inserted into the hole, and then inflated with air, forcing
the gage against the inside cylinder wall. After each test,
the exact position of each gage on the specimen was measuréd.
This.proéedure resﬁlted.in a composite picture of strain

distribution for both a smooth base and rough base specimen.

3.5 Accufacy‘of Results

Table 2 contains the_average ultimate bearing
-pressure for all test configﬁratioﬁs; The coefficienfs of
variation are also given. In ﬁoét cases the coefficient of
:variationbwas'less than 10 percent. Table 3 gives the bearing
‘pressuréAat failure divided byvfé of the batch from which
the respective specimens were made. This procedure is intended
to eliminate variables’iﬁtbbduceérby differences in mixes and
curing conditionsT Every‘effortiwas.méde to keep test proqedureé

uniform, but small variations in loading rate were unaviodable,

as the valves of the testing machine were manually controlled.

The limits of physical measurement may have introduced

errors that may have been more truly negligibie had the scale
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of the tests been larger. It appears that these physical
effects are dominant as an error soﬁrce over recording errors.
Many of these physical préblems could be reduced or eliminatéd
by'enlapging the scale of the tests. For example, the magnitude
of an error of 1/4 inch on a 6 inch specimen is twice the mag-
nitude that would result from the same absolute error on a 12

inch specimen.

Strain gage readings are taken fo be accurate within
3 percent. The "morfar"mi# was chosen for the strain gage
tests to eliminate the possibility of the gages "riding'" a
large piece of aggregate and hence not recording a representative

strain in the material.
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4. RESULTS

4.1 Effect of Friction on Bearing Capacity
' (10)

Hansen, Nielsen, Kielland, and Thaulow using

data from tests by Thaulow(ll), found that "reduction of
height on the test spécimen involves a significaﬁt increase
in apparent strength provided fric%ion is present on thg teét
surface"., They also state that by making the speciﬁen height
equal to twice the diameter, the friction effect can be
praétically eliminated. However, this information is the

result of tests on specimens loaded over their entire surface

and hence, cannot be directly combared with results of punch-

loaded tests.

. Qualitative comparisons can, however, be made. Note
in Table 3, neglecfing the double punch column; that in only
two data sets out of six doés thé steel base specimen strength
exceed that of the tefion base specimeﬁ of height 2 in., where
the effect of friction is expectea to be the greatest. This
is seen'again in Figs. 6 throﬁghzg. It is postulated that the
weakeningieffect ofjthe friction-reducing teflon-layer b;se

was more than offset by the strengthening effect of the uniform

bearing surface that was provided by the teflon-layer arrangement.

The idea that the effect of friction increéses with

decreasing specimen height was reinforced by results of the load-
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deflection curves from the dial—gagé tests previously
mentioned. Differences in behavior after first crécking
were distinguished between "short" and "tall" specimens.
Short specimens often achieved ultimate load well after
large cracks were observgd in the specimen. Typical load-

deflection curves are shown in Figs. 10 and 11.

4.2 Modes of Failure

Two modes of failure were observed, "cone" formation
and "column" formation combined with radial splitting. The
formation of a column was ohly observed in 2 in. high specimens
loaded with 2 in. punches. Both modes of failure were.observed
in specimens with and withouf the center hole, and in both type
mixes. Cracks around the punch always spread radially oufward,
and were always separated by approximately equal angles.

-Failure modes are seen in Fig. 12.

4.3 Strain Distribution

Figure 13 shows the distribution of both horizontal
and Qertical strain along the central axis of a "composite"
tést specimen. Note that as depth from the loaded surfa;e
increases, thé magnitude of the compressive strain decreasgs'
to a greater extent in the double punch specimén than in
either the steel base or the teflon base specimen. The double

punch specimen also has a greater region of horizontal tensile

stress (hoop-type tension around perimeter of the hole) than
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does the steel base specimen, with the teflon base specimen
about equalling the double punch specimen. This indication
of greater distribution of tensile strain in teflon and
double punch specimens coupled with the higher strength,
suggests that first cracking, and heqce, failure in the tallér
specimens where base friction is less of a factor, is controlled
by the tensile strength of the material. This is also an
indication of plastic redistribution of stress, supporting Chen

and Drucker's assumptions(u’s).

- .Figure 14 illustrates horizontal distribution of
vertical strain at the base of each type of specimen. The
ﬁore upiform distribution of strain in déuble punch and
teflon sPeéimeﬁs agaiﬁ‘indicates plastic behavior. It may be
argued that increased strengths are due primarily to the
apparently more uniform stress distributions in teflon and
_double;punch specimens. However.the fact that failure always
occured by a cone-formgtion splitting mechanism indicates
that uniform stress distribution at the base causes small
strength increases in comparison with the effect of increased
distribution of tensile stress indicated by the temnsile strain
disfribution. An assumed tensile stress distribution is seen
in Fig. 15, It is believed that the tensile stress is first
present in the region just below the failure cone. As load
-increases, the tensile‘st;ess is distributed throughout.the
specimeﬁ. Cracking occurs when ultimate tensile stress is

reached, which occurs just under the failure cone.
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4.4 Effect of Height on Bearing Capacity

Results indicate that increasing the height of the
test specimen definite;y increases the bearing capacity.
However, it would be premature to attempt to quantify the
effect from these tes?s. This phenomena is in accordance with
the ideas mentioned above, as increased height yields increased

capacity for distribution of tensile stress.

4.5 Comparison of Results with Solution of Chen and Drucker

The solution presented by Chen and Dfucker is seen
in Fig.'iGL Predicted values are given in Table 3, and in
Figs. 6 through 9. From these'comparisons it is concluded
that Chen and Drucker's solution gives an accurate upper bound
. for test resplts when H/2a is léss than 2.0. For H/2a
greater than 2.0, the discrepancy between predicted and observed
‘values is too greét to allow consideration of the predictions
as being accurate. It would appear that up to some value for
4H/2a (the suggested value of 2.0 1is arbitrary and is not part of
Chen and bruckerYs solution) the assumption of plastic behavior
is valid. For greater values of H/2a the assumption is no.

longer valid and crack'prop0gation dominates.

In computing failure loads from the equations of Chen
and Drucker, the tensile strength of the material was taken
as 1/12 of the standard cylinder compressiVe's{rength. This
was done because of a report that the splitting tensile test

yielded results which were approximately 30% too high.(lQ)
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S
L.,6 Effect of Concentrically Located Hole

Table 3 reveals that the effect of the centrally
vlécatéd hole is much smaller than would be expected if the
compressive strength of concrete was assumed to control load
carrying‘capacity. This observation again lends support to

the idea that the tensile streng%h of the material governs
failure, along with the specimen's ability to distribufe

tensile stress throughout its volﬁme. According to this idea,
since little material was. removed, little_change in test results

should be expected. This 1s what was observed in tests.
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5. CONCLUSIONS.

From the results of this work some definite
conclusions are evident, and the need for further study exists
in some areas.

a. Frictioﬁ effect.

.Test results indicate that friction on
the base of punch-loaded blocks causes no increase in their
load carrying capacity. The difficulty in separating the
effect of friction from the many fhings that might.influence
the specimen's load carrying capacity is great however, and
this problem requires fur?her invéstigation. Friction does
appéar to have some influence on strain distribution.
| b. Strain Distributién and Ultimate Bearing

Capacity.

The correlation of tensile strain
distributiop and ultimate bearing capacity indicates thaf
maximum tensile stress is the governing factor in failure. The
strain distribufion is an indication of plastic stress distribu-
tion throughout the test specimen.- However, further evidence
is needed to reinforce these conclusions; notably with mo;e
pomplete instrumenfation and a larger scale specimen.

c. Effect of Specimen Height on Ultimate Bearing

Capacity.

There is a definite increase of qltimate

strength with specimen height for punch-loaded blocks. Further

tests are needed to quantify this effect.
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e. Effect of Hoie. V.
'. The results of‘%ests on specimens
with a 5/8" diameter centrally located hole reinforce the
idea that failure is controlled by the attainment of ultimate

tensile stress and that ability to distribute tensile stress

throughout the specimen results in increased bearing capacity.
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TABLE 1.

SPECIMEN CONFIGURATION

s Make Type | = Punch Cylindern Number Tested
e ' Diameter Height Steel Teflon Double
t A (in.) - (in.) Base Base | Punch
1 6 3 3 3
o2 1.5 3 3 3 3
3 a 2 - 3 3 3
Y = 6 3 3 3
5" o, o 2.0 3 3 3 3
6 = ' 2 3 3 3
7 o 6 3 3 3
8 = 1.5 3 '3 3. 3
9 ‘ = 2 3 3 3
10% 59 , 6 4 4 4
11 = 2.0 "6 3 © 3 3
12 ' 3 3 - 3 3
13 2 3 - 3 3
14 6 3 3 3
15 a 1.5 3 3 3 3.
16 H 2 3 3 3
17 e 6 3 3 3
18 ' @ 2.0 3 3 3 3
19 > 2 3 3 3
20 3 6 3 0 3
21 Z 1.5 3 3 0 3
22 o = e 2 3 0 3
23 H O 6 3 0 3
24 = 2.0 3 3 0 3
25 2 3 0 3

*With Strain Gages . at 34 days. (Total # = 210)




|

TABLE 2

Numerical Results & Cbefficiént of Varilation

o Height {Ult. Bearing Pressure Coef. Variation, %
o v o5 . in. Steel |[Teflon |Double |[Steel Teflon | Double
w 0 > 8 © : Base Base Punch Base Base Punch
= B = e
A
1 " 6 . 15,180 |16,300 {13,400 4.7 8.5 6.8
2 a . 3 11,750 |11,400 |14,950 8.7 20. 5.1
3 3 — 2 9,140 | 9,830 111,620 3.0 9.4 3.8
n o 6 8,260 | 9,440 | 9,300 6.2 4.7 <5
.5 3 7,530 | 5,800 8,270 12.7 15.7 <5
6 o 2 8,840 | 6,570 7,220 3.2 6.7 8.3
7 e 6 16,090 |16,400 [17,150 <5 4.9 4.2
8 ol m 3 10,580 { 9,250 {18,030 <5 20 2.3
9 =l 4 2 8,980 | 8,460 (13,770 50 7.8 4,3
10° = 6 11,650 j11,450 {11,850 - - -
11 = 6 8,960 | 8,370 9,570 <5 5.0 <5
12 = 3 6,820 | 6,910 (11,070 |, <5 6.8 8.2
13 = 2 5,400 | 5,950 7,330 11.7 15.8 12.4
14 6 12,200 12,970 20,650 4.7 10.1 <35
15 A 3 |i8,u475 {12,100 {18,270 6.0 6.9 8.6
16 H 2 16,520 110,080 {15,230 5.5 10.9 5.9
17 o "6 - |15,100 | 9,300 |L2,470 - - 10.7
18 wml 2 < 3 9,400 | 6,780 11,230 <5 10.6 10.8
19 e o~ 2 8,380 | 5,810 | 9,300 2.4 <5 4.6
20 . 6 21,000 = 21,000 4.6 - <5
21 2 g 3 16,300 - 20,400 <5 - 9.5
22 S — 2 13,170 - 17,320 <5 - <5
23 =al o 6 12,700 - 110,080 <5 - <5
24 232 3 8,730 - 10,080 8.9 - <5
25 : 2 7,400 - 110,300 9.1 - <5

»

Ult. Bearing Pressure for Specimens With hole is given.
here as P/(Ap - AH); P=Load, AP‘= Area Punch, Ay = Area

oo : Hole.

%Tested at about 34 days.

€C-



TABLE 3

Non-Dimensioned Results - Comparison With Predictions of Chen & Drucker.
£
o o © - Height Ult. Bearing Pressure/ ¢ [Predicted by
$ ﬁ & g . in. Steel Teflon {Double Chen & Drucker
' = £t 5 o Base Base Punch
[aFgyan]
1 _ . w 6 2.98 3.71 3.04 5.70
2 2 3 3 2.30 2.59 3.40 3.45
3 3 2 - 1.80 2,23 2.63 2.78
n 2 o 6 1.62 2,10 2.18 3.76
5 o o 3 1.48 1.59 1.93 2.38
6 < 2 1.73 1.49 1.68 1.88
7 = - ) 2.96 2.88 3.28 5,70
8 = i 3 1.95 1.62 3.56 3.45
9 2 1.49 1.49 2.72 2.78
10f¢ e 6 2.22 2.14 2.18 3.76
11 = o 6 1.80 1.61 2.12 3.76
12 < 3 1.37 1.33 2.45 2.38
13 2 1.08 1.12 1.62 1.88
1y - 6 3.00 3.12 3.21 5.70
15 o = 3 2.88 2.91 2.89 3.45
16 — 2 2.58 2.42 2.37 2.78
17 = - 6 2.36 2. 24 2.07 3.76
18 5 % o 3 1.47 1.63. 1.86 2.38
19 £ 2 1.31 1.40 1.54 1.88
200§ o 6 3.1u 3.11 5.70
21 = . 3 2.42 Not 3.03 3.45
22 8 = ! 2 - 1.97 Cast 2.57 2.78
23 22 o 6 2.08 ' 1.55 3.76
24 < 3 1.43 Not 1.68 2.38
25 2 1.21 Cast 1.48 1.88

Ult. Bearing Pressure for Specimens with Hole is given here as L

This is done to allow comparison with formula prediction by Chen & Drucker.

#*Tested at about 3&4 days.
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Expression of Chen and Drucker [4]
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