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SYNOPSIS

A review of relevant papers and codes of practice from
several countries on the bearing capacity of concrete lead to the
conclusion that there was a need for a study of existing data in order
to be able to develop a simple yet reasonably accurate general formula
to predict failure.

Initially 36 cubes were axially loaded through rigid plates
and the results were compared with approximately 600 tests by
investigators from other countries. In the second series of tests
cubes were loaded concentrically through strip, rectangular and knife
edge loading pieces with base plates of different thicknesses (4 to
40mm). These results were also compared with 85 available tests by
other investigators. The distribution of axial stresses in the
concrete and hendingstresses in the steel base plate were measured
using strain gauges fixed to both the concrete and the steel base
plate.

The third®series of tests was concerned with loading through
universal columns of different sizes, as used in practice. Tests to
failure were carried out on hoth 150 and 250mm cubes through three
thicknesses of steel base plate (4, 8 and 12mm). The results from this
series of tests could not be compared with any other test results, as
none were available. i

An empirical formula for the bearing capacity of concrete
was produced from the first series of tests and then developed for
strip, rectangular and square concentric loading pieces applied to a
concrete cube through flexible plates. The formula was also used to
predict the failure load in the third series of tests with universal
columns. The test results from this series were also compared with the
the design loads recommended by: AISC(29),Draft of Steel Code(30) and
BS 449(31).

In the fourth series of tests concrete cubes were loaded
eccentrically through stiff bearings of various sizes. The empirical
.formula obtained for concentric loading conditions was extended to
predict the failure load for cubes loaded eccentrically through stiff
bearings.

Finally a linear finite element plane-stress analysis was
used to investigate the axial and lateral stress distribution in the
- concrete and steel base plate loaded through a knife edge loading
piece. The theoretical model was chosen to resemble the tests
carried out in this investigation on flexible steel base plate;
presented in Chapter 3.

CONCRETE BEARING CAPACITY STEEL BASE PLATE UNIVERSAL COLUMN
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NOTATION

Area of specimens, part of which is subjected to load.
Stiff bearing or rigid plate surface area.

Effective area that is in contact with the specimen.
I-shape bearing area.

Rectangular bearing area.

Effective cantilever length.

Width of Universal Column.

Width of concrete specimen (see Fig. 2.2).

Length of concrete specimen (see Fig. 2.2).

Depth of Universal Column.

Diameter of circular specimen.

Diameter of stiff bearing.

Eccentricities of applied load, or bearing plate,
reference to céntroid of sbecimen .

Load at failure.

Load at failure for an eccentricity of e.

Load at firstlcracking of specimen.

Horizontal component of load.

Design working load.

Design ultimate load.

Allowable bending stress of steel base plate.
Bearing stress of concrete defined as (F/Ase).

Prism or cylinder strength of concrete. |

Cracking strength of concretes.

Cube strength of concrete.

Nominal bending stress of steel base plate.

Allowable bearing pressure.

with



Note

Splitting strength of concrete (cylinder-splitting test).
Yield stength of steel base plate.

Height of specimen.

Cantilever contact length between the concrete and plate.
Ratio of bearing area in contact with specimen (Age)s to the
total area of the specimen (A).

Ratio of.fCh to £yt

Ratio of total area of the specimen (A), to bearing area in
contact with specimen (Ag.)-

Ratio of (failure load) to (area of specimen x cube
crushing stress) i.e.(F/Afcu}

Ratio of (failure load for eccentricity of e) to (area of
specimen x cube crushing stress) i.e.(Fo/Af )

Ratio of (experimental failure load)/(theoretical failure
load)

width of stiff bearing, punch or rigid plate (see Fig. 2.2).
Length of stiff bearing, punch or rigid plate (see Fig. 2.2).
Thickness of base plate.

Thickness of the flange.

Thickness of the web.

Plastic section modulus.

Angle of internal friction.

Constants of displacement function.

Global degrees of freedom.

Global reference axix.

Some notations not included in the above list, will be

specifically defined when they are first itroduced.
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CHAPTER ONE
REVIEW OF PREVIOUS RESEARCH

1.1 Introduction
1.2 Literature Review
1.3 Design Codes

1.4 Conclusion



1.1 Introduction

An important problem in the field of structural engineering
design occurs when a concrete block is subjected to a concentrated
load, eg : columns on concrete-pedestals; bridge bearings on concrete
Ipiers, foundations of some hydraulic structures, anchor plates in
prestressed concrete, concrete hinges, ,bearing blocks, and pile heads.
‘To prevent crushing of the! concrete, base plates are inserted between

the steel and concrete to distribute the load.

The material in the region of the localized force is
subjected to stresses of a very complex nature, and study of the
problem is further complicated by the non-homnogeneity and non=
elasticity of concrete. Other factors which influence the accurate

assessment of the bearing capacity of concrete are:

i) the influence of frictional restraint on the bearing
surfaces. |
ii) the distribution of compressive stresses at the bearing
surface.
iii) the geometry of a loaded surface of a specimen relative to
that of a bearing plate.
iv) the support medium, and the dimensions of a specimen.
v) the material properties and strength of concrete.
vi) the positioning and the amount of reinforcement.
vii) the positién and existence of other forms of loads acting
in addition to the normal load.
viii) the effect of different loading configuration and the

effect of cracking and shrinkage.



Under current design methods based on the codes of practice,
such as CP 110: 1972 and ACI 318: 77, the main factor in designing for
bearing capacity is the allowable bearing stress. However, a
comparison of the design codes (discussed in Chapter 1) for a square

loaded area, shows a wide variation in permissible bearing stresses.

Almost all the papers published so far, detailing both
theoretical and experimental investigations, have, with the
exception of a few ( 4,13,20 ), dealt with rigid plates and their
effect on bearing capacity. Theoretical works to date ( 7.,10,14
),which between them give a wide divergence of results, are based on
the internal friction theory. This assumes failure as a sliding
action of a single cone along planes inclined to the direction of
principal stress. The resistance to sliding consists of two parts: a
constant shearing strength or internal cohesion, and a resistance
which is proporti&nal to the normal stress on the plane of sliding,

and may be considered as due to internal friction.

In practice, however, the loaded area of a plate is quite
often less than its total area, therefore the bending of the plate and
consequently its stiffness affects the ultimate capacity. Only
Hawkins(13) has carried out a detailed analysis and considered the
influence of bending of the base plate on bearing capacity, for
concentric loading. He developed two discontinuous quadratic equations
for flexible and seﬁi—flexible Plates. The Draft of the Steel Code
8.8.2 (28), proposed an embirical elastic solution which is based on
an allowaple bearing bressure.of 0'4fcu for concrete and an allowable
bending stress of 267 N/mm? for the steel base plate. The code assumes

that when concrete reaches the strength of 0'4fcu the base plate has a



strength of 267 N/mm2. There is no experimental evidence which

supports this supposition.

The experimental works reported so far, while of considerable
interest, does not explain the factors affecting the bearing capacity
of concrete especially the effect due to the bending of steel the base
plate. There is a need for an investigation of this effect on bearing
capacity, both in concentric and eccentric loading conditions. In
addition, experiments are required to determine the effects of the

more commonly used loading pieces, such as I and H sections.

1.2 Literature Review

Bauschinger's(1) tests in 1876 were on a limited number of
sandstone cubes, but nevertheless the well known cube root formula
(fcb=fcp:3A/A5) for localised pressure was based on his work.
Bauschinger's tests were over a narrow range of ratios of footing area
to bearing area (1:1 to 7:1). His tests demonstrated that the maximum
bearing pressure that may be applied to rock and concrete footings

increases as the ratio of footing area to loaded area (Ry) increases.

Meyerhof(2) in 1953 tested 20 cubes and prism specimens, the
depths of which varied from 38 mm to 152 mm. Concentric loading was
applied through a short, high-tensile steel cylinder, 32 mm in
diameter with thick plates as the support medium. The concrete cube
strength varied from 20 to 27N/mm? , and the tests were carried out

after six to eight days.

Based on the Coulomb-Mohr theory of rupture, Meyerhof

developed a theory for a two-dimensional case of strip-loading with



large ratios of block depth to width (H/by, >1). This showed a high
correlation for small ratios of the block width to footing width
(by/Sy =2 to 6) when compared to tests by Graf (3). Meyerhof extended
his theory to apply to circular punch loading, but the correlation of

the theory to the experimental work was unsatisfactory.

The blocks tested by Meyerhof exhibited a sliding failure in
concrete due to the formation of a distinct cone under the circular
base plate. Meyerhof suggested that for strip footings the bearing
capacity increased in direct proportion to the ratio of block
thickness to footing width (H/S,). He also suggested that the angle of
internal friction of concrete and rock decreased with greater pressure

on the shear plane.

Although Meyerhof's theory for strip loading agreed closely
with tests by Graf (3) for a limited ratio of block width to footing
width.{bx/sx), it should be pointed out that Meyerhof assumed Esp/c =
1.

where C is unit cohesion

Shélson(4) in 1957 was one of the first to consider the
effect of flexible plates. He_tested twenty-one 203mm cubes which were
loaded through 6mm thick mild steel base plates. In four groups (each
group consisted of three tests), the load was applied to the plate
through a locading column which terminated in a bearing surface 25mm
square on the base plate. In the remainder of the tests, the load was
applied over the entire surface area of the base plate. The base plate
itself was bedded on top of the block in plaster of paris, and
positioned at the centre with its edges parallel to those of the

block. The concrete strength of Shelson's specimens varied from

5



SON/mm2 to around 57N/mm2 .

Shelson (4) compared his results to those of Baushinger(1),
Meyerhof(2) and Parker(5), as shown in Fig. 1.1. He made a minor
alteration to the formula recommended by ACI Building Code (ACIr 318-
56) Section 305 and compared this to the experimental results as shown
in Fig. 1.2. Shelson suggested that in the shallow blocks (H/bx <1) a
uniform compressive stress covering the region directly beneath the
loaded area extended throughout the total depth. A wedge did not form
beneath the loaded area and therefore failure was not due to splitting
. of the block. While his tests had a depth to width (H/by) ratio equal
to one, Shelson concluded that for a given ratio of footing area to
loaded area (A/A;) the maximum bearing pressure increases as the depth

to width (H/b,) ratio decreases.

Shelson then compared his wversion of the ACI formula to the
specifications of the ACI Building Code (Fig. 1.2). He claimed that
for lower ratios of footing area to loaded area (A/Ag), the ACI code
may result in a slightly lower factor of safety than anticipated,
while for ratiocs higher than 10:1 the specifications were too

conservative.

In 1958 a four part paper by Tung Au, Campbell-Allen, W.G.

Plewes and Maurice Royer(6) was published discussing Shelson's work.

i) Au pointed out that within the range of the test results,

the allowable concrete bearing stress might be increased with an

increase in the A/A5 ratio, and that the test data did not include
ratios of A/Ag (1:1 to 1:8) which occur more often in practice. Au was

not convinced that the bearing pressure on concrete at A/As =1 should
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be taken as high as that shown in Fig. 1.2, and suggested that there
was not sufficient evidence to propose a revision of ACI Building Code

(ACI 318-56) Section 305.

ii) Campbell=-Allen supported his own argument using tests
carried out at the University of Sydney on 18 mortar and concrete
cylinders loaded axially by circular steel punches over a part of
their areas. The ratio of concrete area to loaded area varied from
1.8:1 to 28:1, with the majority of tests having a ratio of less than
8:1. The mix had a 3:1 sand-cement ratio with a w/c ratio ranging from
0.62 to 0.5. Tests were carried out at 7 days' age and the concrete
strength varied from 9 to 20 N/mm2. From the results of these tests
and a comparison (Fig .1.3) with those carried out by Shelson,
Campbell-Allen noted that the wvalues of bearing pressure in his tests
were greater than in Shelson's. This he suspected to be due to the
change of shape, from square to circular cross-section. In three cases
where the depth to diameter ratios were less than 1:1, a substantial
reduction in bearing pressure was observed, conflicting with Shelson's
findings. Campbell-Allen added that Shelson's tests were all on
centrally-loaded footings, while ACI 318-56 allowed considerable
eccentricity. A small number of tests at the University of Sydney, in
which 102mm diameter cylinders were loaded through 25mm diameter discs
with wvarious eccentricities, indicated that, for the maximum
eccentricity for which any stress was permitted by ACI 318-56, the
bearing pressure was only 52 percent of the pressure when loading was
concentric. If these reductions due to eccentricity were considered in
the curve proposed by Shelson, the curve would no longer be

conservative.
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iii) Plewes indicated the importance of the depth to width
ratio which was neglected by Shelson. He argued that it was not
possible to decide, from the given data, whether the effect of varying
the depth to width ratio could be ignored. Plewes argued that
Shelson's assumptions were not clear, but he himself did not present

any experimental work to support his own statements.

iv) Royer studied the formula presented by Shelson(4),
claiming it was practically identical to Bauschinger's test(1), with a
safety factor of four. Using Shelson's test results, Royer developed a

similar formula which he suggested would be closer, to the ‘test curve.

Further relevant work in this field was done in 1960 by Au
and Baird (7). Sixty concrete blocks, whose area was 2 to 16 times the
contact area and whose depth equalled either half or the total width
of the block (203mm), were tested. A concentric load was applied
through steel base plates placed on top of concrete blocks in plaster
of paris. The concrete blocks were embedded in plaster of paris, on
steel shoe plates 6mm thick, which provided smooth bottom surfaces.
The specimens were cast from two mixes with maximum aggregate sizes of
6 and 12mm respectively. Two concrete strengths of 68 and 38 N/mm2
were used (Mix 1 and Mix 2). AU and Baird used the internal friction
theory of sliding failure as their working hypothesis, and developed a
theoretical solution which was not in good correlation with the
experimental results, as shown in Fig. 1.4. The formula presented was
sensitive to half the apex angle on a vertical plane passing through
the apex of the inverted pyramid. Since this angle varied by several
degrees in experimgnts, the results could be misleading. The effect of

aggregate size on bearing capacity is shown in Fig .1.5. The results
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indicated that the maximum leocad was usually reached shortly after the
crack appeared, and then the load-carrying capacity immediately
reduced to a small value. In examining the shallow specimens (203 x
203 x 101), no clear cut pyramids were found. The absence of pyramids

was attributed to a resistance to the sliding failure.

In a two part paper publishéd in 1960 by Ugur Ersoy and Neil
Hawkins(8), the work done by AU and Baird was discussed. Ersoy pointed
out that the theory by Au and Baird was based on the formation of an
inverted pyramid underneath the loading plate at failure. This Ersoy
indicated, did not occur in specimens having small ratios of H/b,, and
claimed that specimens failed because of the crushing of the concrete
underneath the loading plate. Au suggested that for a fixed value of
R, the bearing capacity is constant for a block having a high ratio
of depth to the side dimension of loading plate (H/sx} and decreases
for small ratios. However, no theoretical or experimental work was

given to support this statement.

Hawkins(8) argued that the assumption made by Au et al., that
the final failure by splitting was the result of combined tension and
bending in the surroundir;q concrete block did not seem reasonable.
Hawkins stated that Au and Baird's theoretlical equation implied that
fcb/ch was sensitive to the depth of the block, and also that fcb/fcp
continued to increase without limit as the ratio of contact area to
block area increased. Neither of these assumptions, Hawkins asserted,

had been confirmed by tests.

Hawkins(8) extended the formula presented by Au et.al. by

assuming that a uniform pressure was distributed over the interface

1



between the cone underneath the stiff bearing and the confining
concrete. Hence he showed that horizontal splitting pressure was a
function of C and R, . He substituted his own expression for
horizontal splitting pressure in the equation developed by Au et.al.
To support his theoretical formula, Hawkins used the tests carried out
at the University of Illinois on seventy-one 152mm and 229mm cubes
with a concrete strength varying from 27 to 65 N/mm? . The specimens
were loaded concentrically, using square steel bearing plates 19mm
thick. The comparison is shown in Figs. 1.6 and 1.7. Although the
figures indicate a good correlation between the test results and the
theory, Hawkins assumed a constant angle of internal friction of 43
degrees, which was unsupported by any experimental results. Test
series A, C and D in the figures 1.6 and 1.7 were on 150mm cubes of
cube stengths 23.7, 51.9 and 36.1 N/mm2 respectively. A more detail of

these test results is shown in Table 4.2 of Chapter 4.

Hawkins claimed that he determined the value of C from a
Mohr's circle construction, but again there were no published results.
Hawkins stated that "The bearing capacity of concrete is independent
of the depth of the block", a statement in conflict with the tests
carried out by Au and Baird on cubes (203mm) and prisms (203 x 203 x

102mm) .

Muguruma and Okamoto(9) in 1h965 tested fifty-two cubes and
prisms of rectangular and square cross-section in two series of two
and three dimensional concentric loadings. In series one, the
specimens had a rectangular cross—s.ecti-on (250 x 150), with three
di fferent heights of 500, 250 and 150ﬁ1m; the ratios of concrete area

to loaded area were 1:1 to 1:25. In series two, the specimens were

13
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loaded three dimensionally, through square steel base plates. The .
blocks were of square cross-section (200 x 200mm) with five different
heights varying from 100 to 400mm. The concrete area to loaded area
varied from 1:1 to 1:100, and the concrete strength varied from 48 to
52N/mm%. For different ratios of height to width of block (H/by), t}le
results are shown in Figs. 1.8 and 1.9. Muguruma and Okamoto developed
an empirical formula which was a function gf height and width of
concrete, for both two and three dimensional concentrated loading
conditions. The formula, however, should only be applied to high
concrete strengths (40-50N/mm? ) and low values of concrete area to
loaded area (A/Ag <10). The correlation of the theoretical and the

experimental results was not shown in the paper.

Extensive analytical work by Hawkins(10) in 1968 resulted in
approximate expressions for the bearing strength of concrete blocks
loaded both concentrically and eccentrically through rigid plates. The
expressions were based on 230 tests using mainly 152mm cubes with a
cube strength of 27 to 67N/mm?2 . Cowan's(11) dual failure criterion

for concrete was adopted for the theoretical work.

The expressions produced were a function of the apex angle
related to a vertical plane passing through the apex of the inverted
pyramid formed underneath the bearing plate. A similar approach was
adopted by Au and Baird(7). A good correlation between test results
and theory was observed when the loading was concentric and through a
square loading plate. Hawkins' equation for rectangular plates did not

predict the test results accurately.
Having produced three equations for eccentric loading,
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Hawkins recommended that the one with the least failure lcad be used.
The ratio of the test results to the theory , for loading on the
corner of the concrete wvaried from 1.29 to 1.55. For this kind of
load, Hawkins recommended a maximum ratio of Ry of unityf without

presenting a reasonable explanation.

In 1968 Hawkins(12) was one of the first to make a detailed
investigation into the effect of the bending of the base plate on the
bearing strength of concrete. Eight series of tests, mainly on 152mm
cubes with cube strength varying from 24 to 51N/mm? , were carried
out, in which base plates of different thicknesses (.75 to 25mm) were
used. Loading was concentric and through square punches with sides

varying from 51 to 58 mm.

Hawkins suggested that failure models changed depending on
whether the base plate was flexible, semi-flexible or rigid. For both
flexible and semi-flexible plates, Hawkins developed two guartic
independent equations in which the ultimate capacity increased
linearly with the plate thickness, but these equations were
discontinuous. The correlation of the test results to the theory using
three variation for flexible, semi-flexible and rigid plates had a

mean deviation of + .089(8.7%).

Hawkins also compared his theory to Shelson's tests(4), and
the correlation had a mean of 1.06 + .06(0.5%). Hawkins used a value

of the angle of internal friction of 51 for these calculations.

Chen and Drucker(14) in 1969 developed upper-bound equations

for both two and three dimensional loading. Their analysis was based
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on a modified Mohr-Coulomb failure criterion with small tension cut-
off and a limit-state theorem . Separate equations were introduced for
short (H<b,) and long (H>b,) blocks for both cases of loading. The
analysis for (H)bx), however, was based on a trial and error method.
The theory showed a good correlation for small ratios of H/Sy (3 to
6), with test data for strip loading by Graf(16) in 1934. The
parameter of ¢ = 200 and fcg = stp was used for this comparison. Chen
and Drucker( 14) compared their theory to the tests done by Campbell(6)
and Meyerhof(2), suggesting that using fcp = 10fSP and 0¢=2 00 gave
good upper-bound values. However, this comparison was not shown. For
ratios of specimen width to width of the stiff bearing (by/Sy) over 5,
the Chen and Drucker proposed that the local deformability of concrete

in tension was not sufficient to permit the application of limit

state analysis

In 1970 Hyland and Chen(17) tested 210 mortar and concrete
cylinders (152mm diameter) with three different lengths of 153, 76 and
51mm. Half of the specimens {moz:tar and concrete) had a 16mm diameter
hole beneath the loading plate of diameters 38 and 51mm. Tests were
carried out at about 34 days, with the concrete cube strength varying
from 35 to 55N/mm?2 , Three different base conditions were used. A
178x178x9.5mm steel plate provided high base friction, and a plastic

base and double punch were used to provide low friction.

The predicted values of Chen and Drucker(14) for a smooth
base condition were compared to the experimental results, and it was

suggested that Chen and Drucker's solution gave an accurate upperbound

only when H/sx was less than two. The internal friction angle of

concrete for this comparison was taken to be 30 degrees. Hyland and

18



Chen(17) indicated that concrete could be strained sufficiently to
develop almost complete plasticity throughout a concrete cylinder for
H/Dg <2 and D/Dg <4 loaded by a concentric punch. Their results
revealed that the presence of a central hole (16mm diameter) in
specimens did not have a significant effect on the observed bearing

strength.

The most extensive and comprehensive tests, which contained
1422 specimens, were carried out by Niyogi(18,19). Most of the
specimens were 203mm cubes and 203mm square prisms of varying height
(102mm to 610mm). Concentric loading was applied through sqguare,
rectangqular and strip bearing plates 12.7mm thick and of mild steel,
except for the smaller sizes, where high tensile steel was used.
Niyogi considered the effect of the following variables on bearing

capacity :

i) the size of the specimen and the plate size,
ii) the supporting medium,
iii) the concentrated locad applied from opposite ends of the
specimen,
iv) the mix proportions and strength of concrete,
v) the dimension of the specimen,

vi) the form and quantity of reinforcement.

In his first paper Niyogi(18) in 1973, only considered the
effect of the first variable above, using 440 specimens with concrete
cube strength varying from 23 to 35ﬁ/mm2 . With the results given in
Fig. 1.10 he developed an empirical formula for cubic specimens loaded

concentrically through square, rectangular and strip loading. Except
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for both large and small relative side ratios {hx/sx, by/syj, a good
correlation of formula and experimental results was shown. Niyogi
developed an expression for a correction factor for eccentric loading

which was derived from test data for square plates only.

Niyogi suggested that the ratio of the dimensions of the
specimen surface and bearing plate (by/ Sy bY/SYJ were more important
parameters than R, i.e. (A/Ag). The importance of these parameters is
shown in Fig. 1.10. He indicated that the bearing strength decreased
as the height increased, particularly when R, e 8 or less . From the
results plotted in Fig. 1.11, Niyogi suggested that in the case of
three dimensional loading, the bearing capacity decreased for
increasing ratios of H/b, with ratios of R, <8. On the other hand, the
bearing capacity increased for increasing ratios of H/b, and ratios of
Ry>8. This was in direct conflict with Shelson's conclusion. One
important point which can be drawn from Niyogi's plotted results in
Figs. 1.11and 1.12 is that the rate of increase in bearing capacity
changes for ratios of R, greater and less than 8:1, which suggests a

change in failure criteria.

Niyogi's second paper(19) in 1974 considered the effect of
support media, mix and size of specimen. His tests included 203mm
cubes and square prisms of varying heights, with mix proportions :
1:1:2, 1:1:1.5, 1:2:4, 1:3:4 and 1:4:8. Some four hundred and five
specimens were loaded concentrically through steel plates (strip=-
square) and, apart from those tests which.underwent concentric loading
from both ends, the rest were seated on the machine bed, on rubber, or

on sand.
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Niyogi drew the following conclusions

i) that the compressible bed reduced.the bearing strength of
blocks ( particularly for H/bx <2); the nature of the bed
had no effect if the ielative depth (H/b,) was above 2.

ii) that concentric locading from both ends had the effect of
reducing the bearing strength compared to localised
locading from one end only. This reduction in bearing
strength depended on the height of a specimen and the
support media.

iii) that the bearing strength could be affected to some extent
by variations in mix proportions and strength of concrete.
The richer the mix, and the higher the strength of
concrete, the lower the value of bearing strength for a

given ratio of Ro.

De-Wolf(20) in 1978 carried out a series of tests in which he
used different thicknesses of base plate (16 to 29 mm). Nineteen
cubes of varying sizes (175 to 279mm) were concentrically loaded
through a square punch, which was centred on a square base plate, for
three ratios of concrete area to base plate(1.0,2.0,4.0). The concrete
strength was approximatly 20 N/mm2 and the mild steel base plate had

a yield strength of 250 to 300 N/mm?2.

De-Wolf developed a simple empirical formula and the
correlation with the tests results was 1.01 + .0813 (8.0 %). While the
method adequately predicted the failure load for the series of tests
carried out by De-Wolf himself, he suggested that the formula could
not be directly applied to other tests. Using Hawkins (10) formula

De-Wolf set upper and lower limits to the proposed formula.
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In developing the formula, De-Wolf assumed that the concrete
strength(f,) and the ultimate load had a linear relation, which was
in conflict with Hawkins' finding(13). De-Wolf also stated that the
yield strength of the base plate had a negl£gible effect,
contradicting Hawkins' suggestion that the bearing capacity increased
in direct proportion to the square root of the steel base plate's

yield strength.

In 1979 Williams(21) carried out a comprehensive
investigation, reviewing and correlating almost all the available
data. To fill the existing gaps between the published results, he
carried out an extensive series of tests (1152 specimens) of five
basic conc;‘ete mixes with cube strength varying from 20 to 75N /mm?2
and maximum aggregate size ranging from 2.4 to 20mm. The specimens
were mainly 152mm cubes and 152mm square prisms of varying heights (25
to 475mm), loaded concentrically under a variety of loading
configurations, two and three dimensional. A series of cubes was
tested, in which a thick steel punch was positioned on a steel plate
with three different thicknesses (6, 12, 25mm). The yield strength of
the base plate was not published. Williams(21) used several different
supporting media, such as steel platens, resin sandwich, plaster, 3mm

rubber sheet and 3mm  plywood.

All the available data was plotted as shown in Fig. 1.13.
Having applied a correction factor to the data in Fig. 1.13 and having
removed the data for depth/width ratio of less than .5, Williams
plotted the results shown in Fig. 1.14. The following conclusions were

drawn.

23



(F/A_£

Ratio of

o ALL DATA PLOTTED WITHOUT CORRECTION FACTORS BEING APPLIED
© AVERAGE OF AT LEAST THREE POINTS

Ratio of Hym\yu

Fig. 1.13 Graph plotted by Williams, using all the available
data as presented in his paper.

24



bearing stress to calculated

tensile stress

Ratio of

100

90

no

70

60

MAXIMUM NND MINITMUM VBLUES SHOWHN
—— ——  MEAN LINE FITTED BY LINEAR REGRESSION ANALYSIS
..... 4.6 JEFFECTIVE NREA 10 BEARING RRER ANTIO
| ——— 3.3 JEFFECTIVE AREA T0 BEARING AREA RATIO

0 5 -
0 Op 8 o (o]
O o - —o — e %
R © St 2 o e Q.Im ||1Q|mdm~ ||||||||||| bllﬂnr.
0.1 0.2 0.3 0.4 0.5 06 0.7 0.8 0.9 1.0

Ratio of Ay\ymv

Fig. 1.14 Graph plotted by Williams, using all the available
data, corrected for varying loading conditions,
maximum and minimum values are only shown.

25



i) That the localised bearing capacity of concrete could
be calculated on an "effective area" basis, using an

equation of the form

s
--------- = K [=======m]"
fsp Ag
from experimental results for H/bx >+5 k=6.92

n= =0.47

ii) That using the effective loaded area as a basis for
determining the bearing capacity, the existing codes

limit the allowable bearing strength to :

CEB.FIP (23) 1.76f
cu
y Where ’r is the
DIN 1045 (24) 1.4 Pr design value for
concrete strength
Table 1.1
ACI 318.77 (27) 1.19€

iii) That specimens with a depth/width ratio greater than
1.5 would not be affected by the supporting materials.

This ratio was suggested by Niyogi(18) to be two.

iv) That in the case of thin steel plates locaded via a thick
steel punch, an effective area of plate could be
calculated using the 45 projected punch area, as

suggested by Shelson(4).

v) That the failure was of a tensile nature and variations in
bearing strength were not directly proportional to the

cube strength but were more closely related to the tensile
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strength of the concrete.

vi) That for edge loading on deep specimens, the effective
width of concrete contributing to the bearing strength
could be as high as eight times the width of the loaded
area. The allowable effective area in the existing design

codes are :

ACI 318.77 A /Ag £2.0
DIN 1045 \/Ap/Ag €2.0
CEB-FIP A /Ag €3.3

1.3 Design Codes

Williams(21) compared the allowable bearing stress given in
several codes of practice and showed that the recommendations were
based mainly on the compressive strength of concrete (cube, cylinder
or prism test). Some of the codes allowed f&r the geometry of the

loaded area relative to the total surface area.

CP110, clause 5.2.4.4 (22) recommended that for contact
surfaces that neither had large irregularities nor adequate
intermediate padding, bearing stresses should not normally exceed 0.4
times the characteristic cube strength. This is the value recommended

in the draft steel code.

Bearing stresses up to 0.8f,, were permitted when adequate
binding reinforcements were supplied. The high stresses (0.8f ,,) could

only be used when justified by prototype testing.
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CEB~FIP Model Code, clause?18.2.1.2 (23) recommemded the

formula:
FRau = fcd VAg Ag 3.3 foq Ag
where Fpgq, = normal force for ultimate state;
foq = design strength of concrete 4in compression =f /%

where f,, = characteristic strength of 150mm diameter x 300mm high
cylinder:

Ve = 1.5 for the ultimate 14mit state.
Therefore, the bearing strength = Fp,,/Aq, so that

fob =(£o/1:5) VAg/Ag <3.3(£5/1.5)

Lob, (Lo 1+5) Vhe/Ag $2.284.

Or, taking fo as Y

fcb 41.75fcu.

DIN 1045, clause 17.3.3 (24) recommends the following formula

for partial loading :

fop = 'r/2.1 \JAg/h, <1.4 Pr

where

Pr = the design value for concrete strength (Table 1.1)

Ay is calculated from Fig.10 of DIN 1045 (24)
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Provided that tensile force could be resisted (e.g.

reinforcement), then the equation was applicable.

Strength Nominal Design value Safety

Concrete class of strength* factor
group concrete (N/mm=) (N/mm? )
Ve Y

1 BX Bn 50 4.9 3.43 1.43
2 Bn 100 9.8 6.87 1.43
3 Bn 150 14.7 10.30 1+43
4 Bn 250 24.5 17 .20 1.43
5 BIX Bn 350 34.3 22.60 1.52
6 Bn 450 44.1 26.50 1.67
7 Bn 550 53.9 29 .40 1.83

Table 1.1 Concrete strength tables (DIN 1045)

* The nominal strength is the same as the characteristic strength
used in CP 110.

French rules CC13A 68 for reinforced concrete (25) and
Provisional Instruction(1973) for prestressed concrete (26) give the
allowable bearing stress as the prodﬁct of compressive stfess and the
ratio of the loaded area to a geometrically similar surface area, with
a maximum value of four times the compressive strehgth. The same
allowable stress is recommended for prestressed anchorages. The

formula to be used is :
£y =( K/ Pb )*fcj

where fcj = the characteristic concrete strength at an age of j days.

b = 1.8

K = increase coefficient (maximum 4).
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ACI Code 318.77 (27) states that the bearing strength for
concrete without lateral reinforcément should not exceed 0.85¢ times
the compressive strength. For partial area loading, the bearing stress
may be increased by a factor of VE?E;: provided this ratio does not
exceed 2. A minimum thickness is also recommended for the steel

bearing plates :

e » 2Mg0/8, Ja/ngs

For a lesser thickness of plate, Ay should be taken as the
area enclosed within the perimeter located at a distance te outside

the perimeter of anchorage.

Williams' Fig. 1.15 compared the design codes for a square
section block subjected to a concentric load distributed over a square

area.

1.4 Conclusion

The preceding review of the existing literature indicates
that in only three papers, Shelson(4), De-Wolf(20) and
Hawkins(10,12), was the bending effect of the base plate considered.
Since Shelson(4) only considered one thickness (6mm) of base plate,
the results of his tests therefore provide no information on the

effect of varying the base plate thickness on the bearing capacity.

De=Wolf(20) did consider plates of varying thicknesses
ranging from 16 to 32mm and introduced an empirical equation for cubes
loaded through a square bearing plate. His empirical theory, however,

was related to Hawkins' theoretical work.
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1.15 Comparison of design cocdes

for a square loaded



Hawkins(10,12) carried out a detailed analysis using rigid
and flexible plates, and introduced a theoretical formula which showed
a good correlation with the experimental results when applied to a
square-shaped loading piece. However, this correlation was poor when
the theory was applied to rectangular stiff bearings, which are

frequently used in practice.

Finally, in none of the existing work was the load applied
through universal columns to investigate the effect of varying the
geometry of the column and plate on the bearing capacity of the

concrete.
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CHAPTER TWO

EXPERIMENTAL WORK ON RIGID BEARING PLATE

2.1

Introduction

Concrete Specification

Materials

Manufacture of Specimens

Control Tests

Test Procedure

Mode of Failure

Presentation of Test Results

Correlation of Equations (2.1)=-(2.2) and Tests
Carried out by Niyogi

Discussion of the Theoretical Equation
Developed by Hawkins for Concentric Loading

Through Rigid Plate
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2.1 Introduction

From the review of previous research work concerning the
bearing capacity of concrete it was evident that a considerable number
of experiments had already been carried out on loading through
different sizes and shapes of stiff bearings oﬁ various concrete
strengths and support media. Therefore, it was not necessary to

perform a vast number of tests to

a) confirm the available experimental results,

b) obtain a better understanding of the behaviour and mode
of failure of concrete loaded through different sizes of
stiff bearing,

c) standardise the test results of previous research and the

present work.

Tests in twelve series were carried ( 11 and 25 days after
casting ) on thirty six concrete cubes of mean cube strengths of 25.8,
and 28.15 N/mm? with standard deviations of +3.7 and 1.5%
respectively. These cubes (150 mm) were loaded concentrically through
rigid plates for ratios of (loaded area)/ (concrete area) ranging from
0.0044 to 1.0. The results of the 12 test series are given in Table

2'1.

2.2 Concrete Specification

A mix design of 1:2.5:3.5 with a water cement ratio 0.65 was
used throughout this research. All the batching was done by weight.
The cube strength of this concrete, for seven and for twenty eight

days in dry air condition, was 21.4 N/mm2 and 29.4 N/mm2
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respectively.
2.3 Materials

Throughout the experimental work in this research the

following materials were used.

Cement.=- Ordinary Portland Cement (0.P.C) from a local
supplier.

Fine Aggregate.- Local zone 3 sand.

Coarse Aggregate.- Crushed aggregate with a maximum size of

10 mm .

Both fine and coarse aggregate, supplied from local pits in
the Birmingham area, were dried and stored in the laboratory before

mixing.

2.4 Manufacture of Specimens

_ The materials were mixed in a "Linear Cumflow 1A" mixer
of 0.25m3 capacity. The 150mm cubes were cast in steel moulds on a
vibrating table. After one day the specimens were stripped down and
stored in the laboratory in the open on wooden racks to ensure that
air could circulate freely over all surfaces. To ease the handling of
the concrete mix, two batches of 150mm cube specimens were cast on

separate days.

2.5 Control Tests

Control specimens were also cast from each mix, cured in the

same way and tested in order to determine the physical properties of

35



material used. Three 100mm cubes were tested in order to determine the
cube strength of the specimens. The tensile strength was calculated
from the average splitting load of three cylinders 200mm long by 100mm
diameter. These control tests were carried in accordance to the

recommendations in BS. 1881: 1970 (28).

To determine Young's Modulus three 200x100mm cylinders were
placed in a central position on the machine and loaded axially. As the
cylinder required capping, the mould in which the cylinder was cast
was filled to within 15mm of the top and, after the concrete had
started to set, the remaining space was made up with plaster of paris
and carefully levelled off. Before loading, two type (PL-60-11)
electrical resistance strain gauges were fixed longitudinally to the
surface, at opposite ends of a diameter and parallel to the axis of
the cylinder at mid-height. Readings of each gauge weretaken before
loading commenced and at each half ton increment until it became
impossible to take readings. After this stage, the strain recorder was
then disconnected from the extension box and the loading was continued
until failure. The strain readings at each value of the applied load
were averaged and the modulus of elasticity for the concrete in

compression was calculated.

2.6 Test Procedure

The bearing specimens were placed in a central position
on the machine, at right-ahgles to the direction in which they were
cast, and loaded concentrically through a square mild steel bearing
plate 20mm_thick. To produce a range of ratios of (loaded area)/

(concrete area), thirty-six 150mm cubes were tested through 12
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different size bearing plates, the smallest being 10x10mm (R = .0044)
and the largest 150x150mm (R = 1.0). Few tests were also carried out
in which load was applied through a rigid strip loading piece. The
purpose of carrying these tests was to establish a clear pattern of

mode of failure and its comparison to those of square loading piece.

The thick upper platen of the testing machine was in
contact over the entire area of the bearing plate and the load was
applied at an average rate of one ton every thirty seconds . The
specimens were loaded until failure occurred i.e. load dropped of f.
The bearing plates after use did not indicate any flexural or other
deformation, except in rare cases where some minute local deformations
were observed at the edge of the plates. This local deformation could
be the result of the testing machine not being in contact over the
entire area of the bearing plate, which in turn had caused the
over-stressing of one of the edges of the plate. The deformed plates
were then replaced by new ones. For each specimen the ;oad at first
crack, the progress of cracking, the mode of failure and the maximum

load were recorded. For some specimens photographs were taken.

2.7 Mode of Failure

A typical appearance of the cubes at failure for strip and
square loading is shown in Photographs 2.1 and 2.2 respectively. With
concentric loading, for small ratios of loaded area to concrete area
(R), cracks formed on the top of the block around the edges of the
rigid plate as the specimen was loaded. The fracture continued
downwards and inwards, and its appearance indicated splitting and

sliding at failure. As loading increased and failure approached,
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Plate 2.1 Typical crack formation at failure under strip loading-

condition on 150mm cubes. Scale 1 : 3.95

Plate 2.2 Typical crack formation at failure under square loading

condition on 150mm cubes. Scale 1 : 3.95

38



cracks occasionally developed from the corners of the bearing plate,
extending outwards. Failure occurred with the punching out of an
inverted cone (Photograph 2.2) or wedge (Photograph 2.1). For large
values of R the pattern of failure changed from that above to one of
crushing, similar to a cube crushing test (Photograph 2.3). In fhis
case, failure was always accompanied by the formation of debris. The
difference between the failure and the initial cracking loads
increased as the .ratio R increased, and this difference was a maximum

for R= 1.0, a fact noted previously by Niyogi(18).

2.8 Presentation of Test Results

In almost every paper reviewed, the results of the tests were
plotted with a dimensionless ratio of bearing capacity (failure load
divided by loaded area, F/Ag) to concrete strength (cube or prism) as
the ordinate, and the ratio of concrete area to loaded area (A/AS} as
the abscissa. This method has the disadvantage that when A  --=> 0,

F/AS =y (X);e

An alternative method of plotting the results is suggested in
thié investigation. The ratio of failure load divided by concrete
surface area F/A to concrete cube strength (fcu} is the ordinate and
the ratio of loaded area to concrete surface area (A /A) is the
abscissa. It should be pointed out that a distinct advantage of this
plotting method is that both the ordinate and the abscissa have a
maximum value of unity. This is reached when a concrete cube is loaded
through a rigid plate covering the entire upper surface of the
specimen (A /A = 1), which corresponds tc the standard crushing test

for concrete.
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Plate 2.3 Typical formation of double cone after failure under

concentric loading condition on 150mm cubes.

Scale 1 : 35.95
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The results of the 12 test series (each series comprising
three tests) are given in Table 2.1. In this table, the concrete cube
strength and tensile strength are expressed in N/mmz, the size of the
square plates are given in mm and the ratios of R and n are

dimensionless.

Figure 2.1 shows the results plotted in the manner proposed
above. The results show that the rate of increase in bearing capacity
decreases as the ratio of loading to concrete area (R = A /A)
increases. This was also observed by Niyogi (18) who suggested that
the rate of increase in bearing capacity changes at the point where

AS/A is greater than 1:8.

Using the least-square-curve fit method for the first four
test series with R less than 0.125 (1:8), the best fit is a straight
line with the index of determination equal to 0.93. The equation of

this line is :

The best fit for the eight test results with a ratio of
loaded area to surface area (R=A /A) greater than 1:8 is a straight
line with the equation of n = 0.19 +0.77R and of index determination
equal to 0.98. However, this equation does not quite satisfy the
boundary condition at R = 1. Therefore the following steps were taken
in order to find the equation which satisfies the boundary condition

yet is close to the best fit equation :-

1) When A /A equals unity, the value for n = F/(Af o,)
also equals unity since F/A is the crushing strength

of the concrete -{fcuL
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2) Another point is found using the above equation and

solving for n when R=(A_/A) is equal to 0.125(1:8).

The straight line which is found in this way has an equation

of =
n=20.15 + 0.85R (2.2)

This satisfies the boundary condition and approximate to the
equation found using the least-square-curve fit method. Using
Eguations (2.1) and (2.2), Fig 2.2 is plotted ; in the same figure the

twelve test results are also plotted for comparison.

The difference in the gradient of the two straight lines can
be explained as follows. For the loaded area to concrete area (R=Ag/R)
less than 1:8, visual observation suggested that a singl.e cone and
splitting of the cube occurred. However, for ratios higher than 1:8,
cubes showed a double cone with multiple vertical crack followed by

crushing.

In the same way, data from approximately 600 available tests
by other investigators (8,9,18,19,21) was plotted in order to confirm _
the validity of Equations (2.1) and (2.2). These results, shown in
Table A.1, came from experiments involving cube specimens of sizes
102=-305mm. The cubes were loaded concentrically through bearing plates
of various areas and of three shapes : strip (bearing over the full
breadth of the specimen), rectangular and square. The 600 test results
are plotted in two Figs. 2.3 and 2.4 for R less and greater than 1:8
respectively. The solid and dotted lines in the figures
correspondingly represent the lines suggested by Author (Equations

2.1, 2.2) and the best fit lines obtained for the tests by other
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investigator.

The results of both previous and present tests are plotted in
Figure 2.5. The correlation of the present test results and those of
other researchers is good, bearing in mind that the tests were done in
different locations under different standards of locading and with a
wide range of concrete strengths. In some cases the concrete cube
s_trengths were not given by the investigators and for these results

concrete cylinder strength has been divided by a factor of 0.8.

2.9 Correlation of Equations (2.1),(2.2) and Tests Carried Out by

Niyogi.

The two empirical Equations (2.1),(2.2) were used to predict
the ultimate lcad of tests done by Niyogi (18) on 203mm cubes loaded
concentrically through strip, rectangular and square bearings. Also
for comparison, the theoretical Equations (5) and (7) proposed by
Hawkins (10) for square and rectangular rigid bearing plates were used
to calculate ti'le ultimate failure load of the tests above. These
results are shown in Tables 2.2, 2.3 and 2.4. The value of K in

Hawkins' equations was taken from his Table 4.

Table 2.2 compares Niyogi's (18) test results for rectangular
rigid plates with the results obtained using the Author's and Hawkins'
equations. The standard dex;'iation_a.nd the percentage difference of all
tests with rectangular bearing plates are + 0.058, (6.0%) using the
Author's equations and + 0.25, (26.0%) for Hawkins' theory. Table 2.3
shows Niyogi's (18) test résults for square rigid plates. For this set
of tests the standard devia.tion and the percentage difference for both

the Author's and Hawkins' equations are + 0.074, (7.0%) and + 0.12,
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(13.0%) respectively. The results of the last set of tests, with strip
rigid plates are shown in Table 2.4. The standard deviation and the
percentage difference using the Author's and Hawkins' equations being

+ 0.028, (3.0%) and + 0.29, (28.8%) respectively.

It is clear from these results that the suggested simple
formulae épredict the failure load for all ratios of loaded area to|

concrete area (AS/A) with a reasondbly degree of accuracy.

2.10 Discussion of the Theoretical Equation Developed by Hawkins for

Concentric Loading Through Rigid Plate.

In developing his theoretical Equation (5) for concrete
prisms loaded through square rigid plates Hawkins (10) assumed that an
inverted pyramid was formed underneath the loading plate, and the
downward penetration of this pyramid would cause horizontal pressures
distributed uniformly over the interface between the pyramid and the

confining concrete.

Based on the dual failure criterion for concrete suggested by

Cowan (11), Hawkins developed the following theoretical formula,

______ =14 ====== (VR - 1) (2.3)
: e

Where Ha = =msmamm

o
K = =ee—ee Cot2a ( a’=45---;-- )
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By rearranging Equation (2.3) Hawkins presented the following
expression (Equation (7) in his paper) for rectangular shape loading

piece.
F K b, S

P4
______ =1+ [ ( 3 = s=m== = 1) ] (2.4)
Asler 2 VEig Sy Sy

This Equation (2.4), Hawkins argqued was only applicable,
provided the tensile strength of the concrete is developed through

both restraining dimensions of the uppermost slice.

The theoretical Equation (2.3) implies that F/Asfcp continues
to increase without limit as the ratio of block area to contact area
R, increases. It further implies that for the ratio of R, equal to
unity F/Asfcp will also be equal to unity. This in turn sug{gests that
when the rigid base plate covers the whole surface of the concrete

cube the ratio of F/A will be equal to the concrete cylinder strength.

Neither of these suggestions can be confirmed by tests.

Hawkins claims that .Equation (2.3) is also applicable to a
cylinder specimen loaded through a circular plate. However, having
applied his Fquation (2.3) to the tests carried out by Meyerhof (2) on
cylinder specimens loaded through circular loading pieces, Hawkins
found that the correlation of the theory and the tests was reasonable
only when the ratio of A/Ag was limited to a maximum of 40. The
correlation of Hawkins' theory and Meyerhof's test results when ratio
of A/A; was limited to a maximum of 40 had a standard deviation and

percentage difference of + 0.238 ( 21% ).

Both Hawkins' and the Author's equations are drawn in Fig.
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2.6. Hawkins' equation was drawn for three valqes of concrete cube
strengths of 11, 30 and 70 N/mm2 with value of K equal to 50. As can
be seen from Fig. 2.6 for the value of fcu = 30 N/mm2 and ratio of
0.03 < R <0.05 Hawkins' theory agrees quite well with the equations

suggested by the Author.

As shown in Fig.2.6 Hawkins' theory suggasts that as the
value of f_, decreases the ratio of F/fcuA increases and this increase
is considerable for concrete cube strengths of 11 and 70 N/mmz.
However, tests carried out on concrete cubes loaded through square
rigid plates by Niyogi (19) and Williams (21) with cube strengths of
11.4 and 70.9 N/mm2 (shown in Table A.1 of Appendix A) do not agree

with the trend suggested by Hawkins' theory.
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CHAPTER THREE

EXPERIMENTAL WORK ON PLEXIBLE BEARING PLATES

3.1 Introduction

3.2 Concrete Specification

3.3 Test Procedure

3.3.1 Initial Tests

3.3.1.1 An Investigation of the Distribution
of Stress on the Top Surface of the
Steel Base Plate

FeBalie2 Investigation of the Distribution of
Stress on the Top and Bottom Surfaces
of the Steel Base Plate

3.3.2 Main Tests

3.3.2.1 Strip Loading

3.3.2.1.1 Tests With Varing Concrete Strength

3.3.2.1.2 Tests With Varing Thickness of Steel
Base Plate

3.3.2.1.3 Tests With a Strip Loading Piece

3.3.2.2 Tests With Square and Rectangular
Loading Pieces

3.4 Discussion of the Initial Test Results

3.5 General Observation and Mode of Failure

3.6 Presentation and Discussion of the Main Test

Results
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3.1 Introduction

In the preceding chapter, empirical formulae were developed
for calculating the ultimate load for concrete cubes loaded
concentrically through rigid strip, rectangular and square steel
plates. In this chapter the work is extended to applying the load

through flexible base plates of different thicknesses.

Initial tests were carried out to establish the bending
stress distribution in the base plates when loaded through a strip
bearing piece. In the first series of main tests, 150 mm concrete
cubes with varyiné cube strengths of 10 to 40N/mm2 were loaded
through a thin (4mm) steel base plate. In the second series, concrete
cubes of cube strengths 40 and 32 N/mm? were loaded through different
thicknesses of steel base plate (4 to 40mm). For both these series,
knife-edge loading was applied and, in some tests, strain gauges were
fixed to the concrete.cubes in order to determine the axial strain

distribution.

In the third series, tests were carried out on 250mm cubes
where knife-edge loading was applied through 6 and 12mm thick steel
base plates. In the fourth series of tests with 150mm cubes of
strengths 30 and 37N/mm2, 4mm thick base plates were used to which
load was applied through rigid strip plates of progressively
increasing width 10, 32 and 98mm. Finally, in the fifth series of the
main.tests , with 150mm cubes, concentric loading tests were carried
out, for different sizes of rigid square and rectangular loading

pieces. The sizes are tabulated in Table 3.1.
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3.2 Concrete Specification

In manufacturing the concrete, the same materials and
processes as explained in Chapter 2 were used. The crushing strength
of the control specimens for the tests is given in Table 3.1. The
values given for cube compressive strength (f_,), tensile strength
(fsp) and modulus of elasticity (E.) are the average values obtained
from testing'three control specimens. The methods used in obtaining
the splitting tensile strength and the modulus of elasticity are

explained in Chapter 2.

3.3 Test Procedure

All the specimens were placed in a central position on the
machine at right-angles to the direction in which they were cast. Mild
steel base plates were placed symmetrically on the upper face of the
cube specimen, and the loading piece was placed on top of the plate so
that the longitudinal axis of both the plate and the loading piece

were colinear with an axis of the cube.

The upper platen of the testing machine was brought into
contact w;th the upper surface of the loading piece (Photograph B.3),
and the load was transmitted through the base plate to the concrete.
The load was applied at a constant rate of one ton for every thirty
seconds on average (except when gauge readings were taken). The

specimens were loaded in this manner until failure occurred.

3.3.1 Initial Tests

In an attempt to understand the behaviour of steel base

plates whilst under load a few tests were carried out with strain
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gauges fixed on the top and bottom surface of the base plates. In this
way the bending strains on top and bottom surfaces of base plate were

recorded.

3.3.1.1 An Investigation of the Distribution of Stress on the Top Surface

of the Steel Base Plate

In one test with a 150mm cube of cube strength of 30N/mm2,
the knife-edge loading piece was applied concentrically through a 4mm
thick steel base plate. Eleven electrical strain gauges of the type
(PL.3) were fixed to the base plate at right-angles to the
longitudinal axis of the knife edge load. The disposition of the
. gauges is shown in Fig .B.2 of Appendix B. When all the gauges had
been fixed to the plate, a wire was soldered to each of the tags, two
per gauge. The other ends of the leads were connected to the terminals
of an e#tension box (type 23 u No 6718) which was connected to the
Pieckel (type B 103U No. 6552). For all the gauges only one dummy was

used, as it could be switched into each gauge circuit in turn.

Before loading commenced, the reading of each gauge was taken
and then at each increment of load, until the stage when it became
impossible to take readings due to fluctuations of the strains. The
strain recorder was then disconnected from the extension box and the

loading was continued until failure (load dropped off).

With the same concrete strength and size, two other testq
were carried out in which loading pieces (10 x 150mm) were
concentrically applied through a 4mm thick steel base élate.Strain
gauges were fixed to the plate as before, but in the first test only

two strain gauges were used. These were placed opposite to one another
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under a gap in the loading piece (9 x 4mm) and along the edge of the
strip loading. In the second test, three strain gauges were placed
along the edge of the strip loading and under the gaps, at distances
of 45mm. The shape of both knife and strip loading pieces and the
disposition of the strain gauges are shown in Photographs B.1 and B.2

(Appendix B).

3.3.1.2 Investigation of the Distribution of Stresses on the Top and

Bottom Surfaces of the Steel Base Plate

A gap was made in the concrete, and strain gauges were fixed
in the centre of the top and bottom surfaces of the 4mm thick base
plate. The gap in the 150mm concrete cubes was made just deep enough
(5mm) to take the electrical lead on the bottom face of the plate. The
strain gauges were put in position and readings taken, as explained in

Section 3.3.1.1.

3.3.2 Main Tests

These tests were divided into two groups of strip and square
loadings. The positioning and reading of strain gauges in the main
tests was the same as the methods explained in Section 3.3.1.1, and

the loading configuration was the same as in Section 3.3.

3.3.2.1 Strip Loading

In all the tests in this group, which was comprised of four
series, 150mm cubes were used except in series 3, where 250mm cubes
were tested. In all of the tests with strip loading, only one strain

gauge was fixed to the base plate, which was positioned at its centre
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and at right-angles to the longitudinal axis of the knife edge load.

3.3.2.1.1 Tests With Varying Concrete Strengths

In this series of tests, four different concrete cube
strengths ranging from 10 to 37 N/mm2 were used. Knife-edge loading
was applied through a 4mm thick steel base plate. In three tests; with
concrete strengths of 10.2, 13.7 and 37 N/mmz, five electrical strain
gauges were fixed to the surface of concrete specimen, parallel to the
longitudinal axis of the loading piece. Gauges of the type (PL-60-11)
were spaced as close together as possible in the region in which high
compressive stresses were expected. The disposition of the gauges is
shown in Photograph B.3 and Fig. B.5. Before loading commenced the
reading of each gauge was taken and then at each increment of loading
(every thirty seconds), until it became impossible to take any reading
due to fluctuation of the strains. The results of these longitudinal
strain measurements for tests with concrete strength of 13.7 and
37N/mm? are tabulated in Tables 3.2 and 3.3. The test results with
concrete strength of 10.9 N/mm2 are tabulated in Table B.5. A

discussion of this set of tests is presented in Section 3.6.

3.3.2.1.2 Tests With Varying Thickness of Steel Base Plate

Tests to failure were made on eight different thicknesses of
steel base plate (4, 6, 8, 10, 11.6, 22.5, 30, 40mm). Load was applied
through a knife-edge to 150mm cubes. In the first four tests the
concrete cube strength was 40N/mm2 and in the last three it was
32N/mm? . The cube strength in the test with 11.6mm thick steel base

plate was 37N/mm?. In two of the tests, with base plate thicknesses of
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Load Stress in concrete at five different positions N/mm2 !
KN 1 2 3 4 5
0.00 0.00 0.00 0.00 0.00 0.00
2.50 1.64 1.46 1410 0.55 0.18
7.50 2.56 2.56 1.83 1.10 0.55

15.00 4.47 4202 2,92 1.64 0.82

25.00 7+30 - 7512 4.93 2.74 " 1.46

35.00 10.22 9.50 6.75 3.65 2.19

45.00 12.14 11.86 8.39 4.38 2.58

55.00 15.15 14.10 10.04 . 5.29 3.10

60.00 17.16 15.50 11.30 6.02 3.56

65.00 18.90 16.88 19,39 6.75 3.83

70.00 20.99 18.79 13.69 7.48 4.20

75.00 20.99 19.89 15. 15 8.12 4.47

82.50 24.64 22.10 17 .52 9.31 4.75

90.00 30..11 25.60 19.89 10.95 5.11

97.00 U S.* U S i i 0 U S. U S.

Table 3.2. Concentric knife-edge loading through a 4mm steel base

plate on a 150mm concrete cube (fouy ™ 13-7N/mm2)-

* No reading could be taken due to fluctuations.
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Load Stress in concrete at five different positions N/mm2
KN 1 2 3 4 5
50.0 0.96 0.44 0.80 0.82 0.58
55.0 1.31 0.73 1.00 0.88 0.64
60.0 1.90 1.50 1.40 1.20 0.96
65.0 2.50 2.00 1.80 1.50 1.00
70.0 3.00 2.50 2.30 1.80 1.30
75.0 3.94 3.40 2.74 2.20 1.50
80.0 4.76 4.00 3.42 2.60 1.90
85.0 5.70 5.00 4.00 3.00 2.00
90.0 6.90 6.00 6.50 3.50 2.40
95.0 8.30 7.50 5.60 4.00 2.80
100.0 9.20 8.20 6.20 4.50 3.00
110.0 11.80 10.50 7.70 5.40 3.50
115.0 13.30 11.80 8.50 6.00 3.90
120.0 15.00 13.00 2.00 6.40 4.40
125.0 16 .00 14.50 9.80 6.80 4.75
130.0 17.70 15.60 10.60 7.30 5.00
137.0 20.00 19.00 11.00 7.80 5.00
147.0 29.00 24.00 13.00 8.80 5.80
155.0 35.30 31.70 15.50 9.30 6.30
165.0 U S. U S. U S. U s. U s.
175.0 U s. U s. U S. U s. U S.

Table 3.3. Concentric knife-edge loading through a 4mm steel base

plate on a 150mm concrete cube (foy = 37.0N/mm2J.
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6.0 and 11.6mm, five strain gauges were fixed to the surface of
concrete, in the same way as explained in section 3.3.2.1.1. The
results of these longitudinal strain measurement for the test with
plate thickness of 11.6 mm are tabulated in Table 3.4 and for the test

with plate thickness of 6mm is tabulated in Table B.6.

Tests were also carried out on 250mm cubes with a cube
crushing strength of 24.8N/nun2- Knife-edge loading was applied through
6.0 and 12mm thick base plates, and the results of these tests are

tabulated in Series 3 of Table 3.1.

3.3.2.1.3 Tests With a Strip Loading Piece

The results of this set of tests are tabulated in Series 4 of
Table 3.1. Rectangular strip loading pieces were applied through 4.0
and 6.0mm thick base plates to the 150mm cubes. A concrete strength of
30N/mm2 was used for the 150 x 10mm strip loading. The cube strength
of the concrete for 150 x 32mm and 150 x 98mm strip loadings was
37.5N/mm2..For this series, no strain gauges were fixed to the base

plates.

3.3.2.2 Tests with Square and Rectangular Loading Plates

Series 5 of the tests was carried out on 150mm cubes which
were loaded through fectangular and square loading pieces. The load
was applied through 4mm thick steel base plates. It was not necessary
to perform a large number of tests, as this had been done by other
researchers {4,13,20)..The purpose of this limited series of tests was
to establish a clearlpattern of failure and to compare the results

with previous reports. The results of this series are given in Series
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Load Stress in concrete at five different positions N/mm2
KN 1 2 3 4 5
80.0 0.35 0.58 0.44 0.29 0.00
90.0 1.00 1.00 0.73 0.59 0.15
100.0 1.50 1.80 0.73 0.93 0.44
110.0 2.30 2.20 1.70 1.20 0.73
120.0 3.00 3.00 2.40 1.90 1.30
130.0 3.70 3.80 3.10 2.30 1.50
140.0 5.30 5.00 4.00 3.10 2.00
150.0 6.60 6.20 5.00 4.00 2.60
160.0 7.00 7.30 5.80 4.70 3.10
180.0 10.00 9.00 7.70 6.00 4.10
190.0 12.40 11.60 9.30 7.30 5.00
200.0 14.60 13.70 10.90 8.50 5.90
210.0 16.60 15.50 12.40 9.90 6.60
220.0 19.00 17.50 17.70 10.80 7.40
230.0 23.30 21.30 16 .60 12.80 8.60
250.0 33.60 28.20 20.70 15.50 9.80
270.0 45.0 36.20 25.40 17.50 10.70
300.0 U s. U S. U S. U S. U s.
320.0 U s. U Ss. U sS. U S. U S.

Table 3.4 Concentric knife-edge loading through a 11.70 mm steel base

plate on a 150mm concrete cube (fcu=37.0N/mm2)-
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5 of Table 3.1.

3.4 Discussion of the Initial Test Results

Table.B.T gives the results of the tests in which the
concrete cube was loaded concentrically through a 4mm thick base plate
with a knife-edge loading piece. This table shows eleven values of
stress for every increment of locading, which correspond to the eleven
strain gauges fixed to the base plate at right-angles to the direction
of the load applied. The disposition of the gauges is shown in
Photograph. B.2 and Fig. B.1. The table also shows the average of the
readings corresponding to the gauges fixed on the same line, parallel
to.the direction of the load applied. The letters C and F in the load
column of the table refer to the load at which a crack first appeared

and the failure load, respectively.

Graphs of stress plotted against distance from the centre
line for every increment of loading are plotted in Fig. 3.1. The
number on a graph indicates the load in Kﬁ.'rhe dotted lines drawn are
based on the assumed symmetrical conditions of loading. It can be seen
from Fig. 3.1 that for large load values, plastic hinges occur in the
steel base plate close to the knife edge load. As a result of this
mechanism and the formation of the hinges, the plate was deformed into

a shallow V-shape.

The results of the second series of initial tests with étrip
loading pieces (150 x 10mm) are tabulated in Tables B.2 and B.3. It
can be seen that the readings from corresponding gauges are

approximately the same wvalue.
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The results of the final series of initial tests, in which
the stresses on both sides of the plate were measured, are tabulated
in Table B.4. The results indicate that the stresses (tensile and
compressive) directly underneath the loading piece are almost
identical and there is little friction resistance between the steel

plate and ccncrete.

3.5 General Observations and Modes of Failure

In the tests with different thicknesses of base plate (4.0 to
40mm), it was observed that for a knife edge loading and the thin
plates (4 to 8mm), parallel crack lines, some distance apart were
formed in the 'concrete along the direction of the applied load, as
shown in Photograph B.4. A vertical crack also started from the apex
of the wedge formed underneath the loading piece, which propagated
downwards and inwards, suggesting a splitting and sliding mode of

failure.

A similar pattern of failure was reported in Chapter 2 for
small ratios of R with concrete loaded through rigid strip loading
piece (Photograph 2.1). The sharp parallel crack lines aiong the edges
of the rigid strip plates are noted in Photograph 2.1 in comparison to
the jagged cracks in the concrete loaded through an 8Smm thick base
plate. Also, the wedge formed under the base plate is already crushed
in comparison to the uncrushed wedges formed by rigid loading.
However, the general patterns of failure are the same for rigid and

flexible plates.

The horizontal distance between the top of the two surface

cracks increased as the thickness of the base plates increased, until
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the maximum distance was reached. (This distance in a test with 12m
thick base plate and 150mm concrete cube of cube strength of 37N/mm2
was approximately 80mm.) Once this distance had been attained, the
pattern of failure changed from that detailed above to one of
crushing, in which the failure occurred with the punching out of an
inverted cone, accompanied by the formation of debris, similar to cube

crushing tests.

In all the tests with flexible base plates, the plate lifted
at its free ends as loading increased, and when failure had occurred
it was observed that the plates had been bent permanently into a
shallow V=shape. The reading of srain gauges fixed at the centre of

the steel base plates also showed a permanent deformation.

3.6 Presentation and Discussion of the Main Test Results

The results of the five series of concentric loading tests
are shown in Table 3.1. The properties of the concrete used, together
with plate dimensions, the dimensions of the loading piece and failure
load are given for all tests. From the results of the first series of
tests with one thickness of base plate (4mm) and increasing concrete
strength, it was found that as concrete strength increased the failure
load increased. However, this increase was not linear, and for one
thickness of base plate the rate of increase in failure load decreased
with the increase in cube strenéth. In the second series of tests with
eight different thicknesses of steel base plate ranging from 4 to
40mm, it was found that in all the tests except with 40mm thick base
plate the plates were permanently deformed into a shallow V-shape. As

a result of this deformation plastic hinges were formed in the steel
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base plates.

In tests (S1,52,54,56,S8 and S9), strain gauges were fixed to
the surface of the concrete parallel to the direction of the load
applied. The purpose of these tests was to find the distribution of
the longitudinal stresses in the concrete under different thicknesses
of base plate. Graphs of longitudinal stress plotted against distance
from the centre line of the cube for every increment of loading are
plotted in Figs. 3.2, 3.3 and 3.4 for the three tests SZ, S4 and S9.
The number on a graph indicates the load in KN. The dotted lines
indicate the distribution of the longitudinal stress on the other half

of the concrete, based on the symmetrical condition of loading.

It is clear from Figs. 3.2, 3.3 and 3.4 that the distribution
of the stresses is not uniform within the contact area. In fact the
rate of increase in the stresses for an increased load is quite higher

at the centre line than at the edges of the contact area.

For the higher concrete strength of 37N/mm2, a considerable
load was applied before any measurable reading could be taken from the
strain gauges. These were 80 and 130 KN. for tests with 4 and 11.7mm
base plates. Comparing the two Figs 3.2 and 3.3 (which refer to the
same plate thickness of 4mm and two different concrete gtrenqths of
13.7 and 37N/mm?), it should be noted that with higher concrete
strength the steel base plate experiences larger bending deformation,
therefore stresses are concentrated within a smaller contact area. On
the other hand, for the same concrete strength (37N/mm2) and
increasing plate thicknesses from 4 to 11.7mm in tests S4 and 89, it
can be seen from Figs. 3.3 and 3.4 that as the plate thickness

increases, the gradient of the curves becomes less, and the stresses
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are distributed over a larger contact length.

In the future it may well be decided that the real contact
length is an important factor in finding the bearing capacity of the
concrete under such a loading configuration. However, for simple
analysis it was decided to assume a rectangular pattern of stress
distribution, whose width corresponds to the contact length of an

equivalent stiff bearing at failure.
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CHAPTER FOUR

THEORETICAL WORK FOR AXIALLY LOADED CUBES

4.1 Introduction

4.2 Square and Rectangular Loading
4.2.1 For Ratio of R< 0.125
4.2.2 For Ratio of R> 0.125

4.3 Strip Loading Piece
4.3.1 For Ratio of R< 0.125
4.3.2 For Ratio of R> 0.125

4.4 Correlation of the Theory and Test Results
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4.1 Introduction

In Chapter 2 empirical formulae were presented for concrete
cubes loaded through rigid base plates. In the preceding chapter the
work was extended to loading through flexible and rigid plates (4 to
40mm thiak).a series of test results were presented in which strip
knife—edge, square and rectanénlar loading pieces were used. Modes of
failure and the distribution of stresses on both the concrete and the
base plates were discussed. In this chapter the empirical formulae
based on stiff bearing area are extended for cases of loading through
different thicknesses of base plate and varying cross sections of

loading piece.

4.2 Square and Rectangular Loading

Consider a cube loaded with a force F through a loading piece

and flexible base plate, as shown in Fig. 4.1.

S L
g / 2
=~ Sx= o

e ‘i %--q L*Sxa1|-%-_g
e 2
PN L
EimaC
i IR o
LY | by
L d S
-- i
fo——— Dy ——ey f—— Bx —=i 7
(a) Elevation oL (b)) Plan ) (c) Sectien YY

Fig. 4.1 Configuration of loading through a steel base plate

with a thichness t.
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The loading piece dimensions are Sy by s but the

Y.l'
"equivalent stiff bearing area" has dimensions which are greater ,

i.e. (S, + L) by (SY + L) where L is the length of the steel base

X

plate that is in contact with the cube as shown in Fig.4.1b.

Resolving forces vertically,
F o= (Sy+L) (Sy*L) £y (4.1)
Where £, is the bearing strength of concrete.

The second equation can be derived by considering Fig. 4.1
Assuming a uniform stress distribution and that the projection of the
flexible plate beyond the edge of the loading piece acts as a
cantilever beam, the bending moment on a cantilever of length L/2 for

a unit width is,

M= £ ( =———- ) (4.2)

From the theory of bending, for unit width of steel base

plate,

where ZP =-t2/4 is the plastic section modulus of a steel base plate

of thickness t. Therefore,
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L2 £
fcb( ) =

8 4

therefore
£2

£ = 2f  m—————
cb

N Lz

F = (Sx+L)(SY+L)(2fy ------ )

(4.3)

(4.4)

(4.5)

Depending on the value of A /A (area of concrete in contact with

specimen)/(area of specimen), being less or greater than 0.125 two

empirical Equations (2.1) and (2.2) were developed in Cﬁapter TWO.

4.2.1 For Ratio of R< 0.125

From Chapter Two Equation (2.1) was developed for ratios of

R<0.125.
F Age

——————— = 1,36( =————— )+0.085
e S A

Bge = (Sy+L)(Sy+L)

Substituting for A_, in (4.6)
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F = 1'36fcu,(sx+L}(Sy+L}+0'OBSAfCu (4.7)
Substituting for F in (4.5)

1.36F oy (Sy+L) (Sy+L)+0.085AF , = (Sy+L) (Sy+L)(2£, iy )

Dividing both sides of the above equation by {sx+LJ{SY+L)fcu

0.085 A 2f £2
1.36 + = X (4.8)
(Sx+L)(SY+L} f

Multiplying both sides of the above equation by L2 and expressing the

equation in terms of L

16 16 A 16A £
R, (L4 + g (S,#Sy) (L) + ( R e - 23.53 =====) (L2)
t t . t = fcu
23.53f £
- —m—————ia (Sx+Sy) (L) = 23.53 -==--- Ag = 0.0 (4.9)
fcu fC'I.'l.

4,2.2 For Ratio of R> 0.125

From Chapter Two Equation (2.2) was developed for ratios of

R> 0.125.

F Ao
------- = 0.85( ====== )+0.15 (4.10)
£ P A
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As in Section 4.2.1, substituting for F in Equation (4.10) the

following expression can be developed,

0.15 A 2f £2
0085 += = X {4-11)
(Sx+L)(Sy+L) fou L

Following the same procedure as that for ratio of As/A <0.125

the final formula in term of L is as follows:

—————— (L) + === {Sx+Sy)(L3) + s + g - 13.33 __Z__}(L2)
¢ t - - £ oz
13.33fy fY
. eaan oy e e e (SX+SYJ(L) = 13s13 ==mmm— Ag = 0.0 (4.12)
fcu fC‘I.l

4.3 Strip Loading Piece

In this case of strip loading one side of the loading piece

is equal to one side of the specimen.

Therefore, resolving forces vertically,

F = (Sg+L) (by) £ep (4.13)

Using Equation (4.4) and substituting for f it can be written :
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F (S aL)(D,){ swe=mscas ) (4.14)

4.3.1. For Ratioc of R < 0.125

Following exactly the same procedure as in Section 4.2.1 by
combining Equations (4.6) and (4.14), an expression in terms of L can

be written as follows,

16 bx 16 2 fy
----- (L) 4 { Bmm g oy (12) @ 23,5 == (E)
t t t fou
fY
= 2305 (Sx) ------ = 0.0 (4.15}
fC‘IJ

4.3.2 For Ratio of R > 0.125

In the same way as in Section 4.2.2 by combining Equations

(4.10) and (4.14), an expression in term of L can be developed as

follows,
5.7 by 5.7 £
=i (L) + ( S S ML) = 133 weaie (L)
2 t t 2
£y
= 13.3 (Sy) =====- = 0.0 (4.16)
fcu
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4.4 Correlation of the Theory and Test Results

The results of the tests described in Chapter 3 are tabulated
in Table 4.1 and the theoretical failure load and ratio of measured to
calculated failure load are also shown. To further support the
proposed method, the test results of Hawkins(12) and De=Wolf(20) are
also given for comparison, as shown in Tables 4.2, 4.3. To make a
clearer comparison between the present theory and that of Hawkins, the
formula proposed by Hawkins was also applied to De-Wolf's test results

and tabulated in Table 4.3.

In calculating the failure load in De-Wolf's tests, the
Author's method produced a mean of 1.12 with a percentage difference
of 7.5%. Hawkins' method gave a mean of 1.09 with a percentage

difference of 13.0.

It should also be emphasised here that the present formula
has been applied for different shapes of loading piece i.e. strip,
knife-edée, rectangular and square. Although Hawkins(13) developed a
formula for strip loading, the equation has several limitations, one
of which is that the depth of the block should be 1.5 times its width,
and therefore the method cannot be applied to cubic blocks. When
Hawkins(13) applied his equation for strip loading to a series of
tests conducted at Sydney University, he decided that the equation did
not realistically predict the-observed effects of changes in concrete
compressive strength, and the cofrelation between measured and
calculated bearing capacities was poor. In the case of rectangular
loading plates, Hawkins'{!d,12) formula showed a poor correlation
when compared with his own teéts. Hawkins pointed out that his formula

for rectangular loading pieces was not sufficiently accurate. Hawkins'
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formula for a square loading piece is also restricted to ratios of

A/A less than 40.
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5.1 Introduction.

The tests of previous researchers, and thoée carried out in
this work so far, were on prisms or cubes of concrete where the load
was transferred through strip, rectangular, and square loading pieces
of different sizes. In practice however, Universal Columns (H and I
sections) are often used to transfer the load to the foundation via
base plates of different thicknesses. It was therefore decided to
carry out a series of tests using Universal Column sections as loading

pieces.

Four series of tests were carried out using 150 and 250 mm
cubes. In the first series 150 mm cubes were loaded through Universal
Columns of various flange width from 10 to 76 mm. In this series of
tests 4 mm thick base plate was used. In the next three series 250 mm
cubes were tested using plate thicknesses of 4, 8, anq 12 mm. Details
of both the concrete and the loading sections used in each series are

given in Table 5.1

5.2 Concrete Specification

In manufacturing the concrete, the same materials and mix

i
design as explained in Chapter 2 were used. The strengths of the
control specimens in each series of tests are given in Table 5.1. The

values given are the average obtained from three control specimens.

5.3 Manufacture of Specimens

5.3.1 Mould

Steel moulds were used to cast the first series of tests
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involving 150 mm cubes similar to the tests performed in Chapter 2.

For Series 2, 3, and 4 timber moulds 20 mm thick consisting
of four wall sections and a base, were used. The interior of the first
set of moulds had no special surfacing and as a result their shape was
rapidly lost and the timber surface deteriorated. Therefore it was
decided to line the walls and the base of these moulds with formica
sheets on the inner face. This increased the useful life of the moulds

and produced a smoother surface to the concrete.

5.3.2 Casting and Curing

Before casting commmenced the moulds were assembled and
checked for squareness and then oiled. The materials were mixed in a
'Linear Cumflow 1A' mixer of 0.25 m> capacity and cast on a wvibrating
table. Each mix included cylinder and cubes required for tpe control
test specimens.‘The specimens were cast in layers. The first layer in
the mould was vibrated until air bubbles on the surface disappeared
and the same process was repeated for each layer. The concrete control
specimens were also cast and vibrated in layers as the work
progressed. The top surfaces of all specimens were trowelled smooth
and level with the top of the mould. After one day the specimens were
stripped down and stored in the laboratory in the open. The reason for
storing these specimens in the open was to be consistent with the
tests previously performed in this research. As before, specimens were
stored on wooden racks to ensure that the air could circulate freely

over all surfaces.
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5.4 Test Procedure

The bearing specimens were placed in a central position on
the machine at right angles to the direction in which they were cast.
Mild steel base plates machined down to the required thickness
(4,8,12mm) were placed symmetrically on the upper surfacg of the cube.
The upper and iower edges of the Universal Columns were accurately
machined true and parallel to each other in order to facilitate
symmetrical loading of the cube when pressure was applied uniformly on
the upper edges. To provide a wide range of ratios of (flange width)/
(depth of section), varying from 0.1 to 1.0, flanges were machined

uniformly and parallel to each other in each test series.

The Universal Columns were positioned centrally on the base
plate so that the longitudinal axes of both the plate and the column

were colinear with an axis of the cube.

The upper platen of the testing machine was in contact with
the entire area of the bearing plate. Load was then applied at an
average rate of one ton for every thirty seconds. The specimens were
loaded until failure occured i.e. the load dropped off. For each
specimen the load at first crack, the progress of cracking, the mode

of failure and maximum load were recorded.

5.4.1 Test Series One

In this series 150mm cubes of cube strength 28&1N/mm2 with
a standard deviation of 2.6% were loaded through I-sections (76 x 76 x
12.65Kg) for ratios of (flange width)/(depth of section) ranging from

0.132 to 1.0. Four millimeter thick steel base plates of yield
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strength 260 N/mm2 were used in this series and the thickness of the
web of the I-section was 5.5mm. A micrometer was used to measure the
thickness of the flange at several points and the average of these
readings is shown in Table 5.1. In the same table the ratio of flange
width to depth of section, cube strength of the concrete specimen and

the ratio of the failure load to fon are tabulated for every test.

5.4.2 Test Series Two

In this series, which consisted of 8 tests, 250mm cubes were
loaded through a 152 x 152 x 23Kg UC via a 4mm thick base plates of
yield strength 250 N/mmz- In four tests with concrete cube strength of
34 N/mm2 (standard deviation of 4.4%), ratios of flange width to
depth of section were 0.07, 0.46, 0.6 and 0.86. The remaining four
tests were on concrete with cube strength of 30 N/mm2 (standard
deviation of 5.0%) in which the ratios of flange width to depth of
section were 0.2, 0.33, 0.73 and 1.0. The results of this series of

tests are presented in Table 5.1.

5.4.3 Test Series Three

The load in this series of tests was applied through a 152 x
152 x 37Kg UC via 8mm thick base plates (yield strength 250 N/mm2) on
250mm cubes. Seven tests were carried out with concrete of cube
strengths 34.4 and 26 N/mm? , and standard deviations of 4.5% and
3.4% respectively. Ratios of flange width to depth of section varied
from 0.06 to 0.93. In all the tests flange and web thickness were 8.1

and 11.5mm respectively.
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5.4.4 Test Series Four

The same sizes of.concrete specimen and Universal Column as
those of series three were used in these tests. A total of 6 tests
were carried out with base plates of 12mm thickness and yield strength
of 259 N/mmz. The specimens had a cube strength of 26 N/mm2 with
standard deviation of 2.2% and the ratios of flange width to depth of

section varied from 0.31 to 0.93.

5.5 Mode of Failure.

A typical pattern of cracks and mode of failure is shown in
Photograph 5.1. for two tests with 250mm cubes and ratios of B/D=1 and
0.2. The thickness of the base plate was 4mm. As the specimen was
progressively loaded cracks formed on the top of the specimen around
the edges of the Universal Column. As loading increased and failure
approached, major inclined cracks usually developed in the corners of

the block.

After a test was completed and the load dropped of £, when the
plate was removed a tracing of the shape of the I-section loadiné
piece was left on the face of the plate which had been in contact with
the concrete. Photograph 5.2 shows a typical pattern left on the‘plate
for the ratio of B/D = 0.6. The shape of this pattern includes the
area of the column web, flanges and the equivalent stiff bearing.
Lines were drawn round these tracings on all the plates in order to

provide a clearer photographic image.

For three of the tests in series two with 250mm cubes and 4mm

thick base plates Photographs 5.3, 5.4 and 5.5 were taken for three
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Flate 5.1 Typical crack formation at failure under a column base.
(a) bmm thick base column loaded through column of B/D = 1.0
(b) 4mm thick base column loaded through column of B/D = 0.2
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Plate 5.2 A typical tracing of contact area on a plate after testing.
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Plate 5.3 Tracing of contact area on a 4mm thick column base for ratio

of B/D = 0.07.
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Plate 5.4 Tracing of contact area on a 4mm thick column base for ratio
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Plate 5.5 Tracing of contact area on a 4mm thick column base for ratio

of B/D = 0.86.
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ratios of B/D = 0.07, 0.6 and 0.86 respectively. For the ratio of B/D
= 0.07 the shape of the pattern on the plate is very close to a
rectangle, whilst Photograph 5.4 for ratio of B/D =0.6 shows the
outline of an I-shape. However, for the ratio of B/D = 0.86 it seems
that the pattern is somewhere between these two, suggesting a

transition from an I-shape to a rectangle.

With an 8mm thick base plate in series three, for ratios of
B/D = 0.31 and 0.93, Photographs 5.6 and 5.7 were taken respectively.
For a small ratio of B/D = 0.31 the pattern of tracing on the plate is
very close to a rectangle, as compared with a large ratio of B/D =
0493 where the outline is again somewhere Eetween the rectangle and

the I-shape.

Photograph 5.8 shows a typical pattern of contact area on a
12mm base plate in series four for the ratio of B/D = 0.93. Thg jagged
line drawn around the tracing.in Phétograph 5.8 is unsymmetrical about
the web and could be the result of both the non-homogeneity of
concrete material and the effect of slightly unsymmetrical loading.
However, the shape of the tracing is a transitional one (somewhere
betwéen rectangular and I-shape), though closer to a rectangle than an
I-shape. With 4mm thick base plate and 150mm cube in series one, the
éatterns on the plates with B/D = 0.27 and 0.8 are shown in

Photographs 5.9 and 5.10.

From the representative photographs showing the shape of
patterns left on the plates it can be concluded that for one thickness
of base plate the shape of the effective bearing area in contact with

the concrete changes for different ratios of B/D.
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Plate 5.6 Tracing of contact area on an 8mm thick column base for ratio

Of B/D = 0.31-

Plate 5.7 Tracing of contact area on an 8mm thick column base for ratio

of B/D = 0.93.
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Plate 5.8 Tracing of contact area on a 12mm thick column base for ratio

of B/D = 0.93.
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Plate 5.9 Tracing of contact area on a 4mm thick column base for ratio

of B/D = 0.27. °
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Plate 5.10 Tracing of contact area on a 4mm thick column base for ratio

of B/D = 0.8.
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5.6 Theog.

The current method of. design procedure of column base plates
recommended by AISC (29) assumes that the column load is uniformly
distributed over the base plate within a rectangle whose dimensions
are 0.95 of the ::olumn depth and 0.8 of the flange width. The AISC
method also assum.es that the plate projéctions beyond the critical
sections act as cantilever beams. However, there is no available
explanation as to why these values of 0.95 and 0.8 are assumed. As
was shown experimentally in Section 5.5, the crack line pattern
changed for various ratios of B/D and it would not therefore be
reasonable to assume a rectangular distribution of load for every

ratio of flange width to depth of section.

In this research, in order to extend the empirical formula
developed in chapter 4, two shapes of bearing areas are assumed as
shown in Fig 5.1. An I-shape bearing area (A'B'Q P M N D'C' H G F K)
and a rectangular one (A'B'D'C'). From F.ig 5.1 the areas for the

rectangle and I-shape bearing can be evaluated as follows :

For a rectangular shape loading piece the effective area of

bearing is,
Apec = Age = (B+L)(D+L) ' (5.1)

Where Apo,. is the area of the rectangular shape bearing.
For an I-Shape lcading piece the effective area of bearing

is,
Ap = Agg = 2(tg+L)(B+L)+(D=2tg=L) (£,+L)
Where Ay is the area of the I-shape bearing.
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Simplifying the above equation,

A; = A =L24+L(2B-t_+D)+2t B+t D=2t t, (5.2)

5.6.1 Ratio of R <0.125

Using the formulae developed in Chapter 4, Equation (4.8),

0.085 A 2f t
1.36 =5 = X T

se cu

("' = )(- )(00085 ----- +1u36)"1= 000 {503)

5.6.2 Ratio of R >0.125

Equation (4.11) developed in Chapter 4 can be used for ratios

of AS/A >0.125,

0.15 A 2f £2
0.85 + = x P

Se cu

Rearranging the above equation,

2
£ s L A
(==——— }(---5--){0.15 ______ +0.85) - 1 = 0.0 (5.4)
2y £ Ase
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In Equations (5.3) and (5.4) the corresponding expressions
for Ag, as obtained for rectangular and I-shape bearing areas and
expressed in Equations (5.1) and (5.2) should be used whenever

required.

5.7 Presentation of Test Results.

The results of the four series of tests including control

tests are tabulated in Table 5.1.

In Figs 5.2 to 5.7 the values of n (ratio of failure load to
(area of specimen x cube crushing strength)) for different ratios of
B/D are plotted. The broken and unbroken lines in these figures are
from Equations'(5.1) and (5.2). The broken line assumes an I-shape and
the unbroken line a rectangular bearing stress area. It should,
howéver be pointed out that the value of contact-lengﬁh L in.- Equation
(5.1) and (5.2) was found using Equations (5.3) and (5.4). These
equations were used for values of R less than 0.125 and greater than

0.125 respectively.

From Fig 5.2 for test series one with 150mm cube it can be
seen that the correlation of test results to empirical theory for a
rectangular shape bearing is good, especially for the ratios of B/D
between 0.2 and 0.8. The mean, standard deviation and the percentage
difference for the results in th;s range of B/D are 1.04 + 0.04 (3.8%)

respectively.

Figs 5.3 and 5.4 show the test results plotted for series
two, with 250mm cubes of cube strengths 34 and 30 N/mm2 loaded

through 4mm thick steel base plates. Both figures indicate that in
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Fig. 5.2 Experimental results of author, for axial loading via a

steel I-section on 150 mm cubes.
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steel I-section on 250 mm cubes (t = 4,0 mm, fﬂu = 34 N/hmz).
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Fig 5.4 Experimental results of Author, for axial loading via a

steel I-section on 250 mm cubes (t = 4,0 mm, f,=% N/bmz).
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contrast to series one, some test results are within the two
theoretical lines and the others correlate quite well with the I-shape
bearing area theory. From Fig 5.3 with concrete strength of 34 N/mm2
+ 1t seems that as the ratio of B/D increases (above 0.6) the shape of
the bearing area changes from an I-shape to a rectangular one.
However, for this thickness of base plate in this series none of the
test results correlate with the theoretical line based on rectangular
shape bearing area. Fig 5.4 shows that for small ratios of B/D the
test results are between the theoretical lines and as this ratio
increases, the test result is very close to the dotted line based on
an I-shape loading area. However, for ratios of B/D around unity the
test result is between the two lines. The reason for the change in
shape of the bearing area from rectangular to I-shape is given in the

discussion section of this chapter.

The results for series three with 8mm thick base plate and
250mm concrete cubes of cube strength 34.4 and 26 N/mm?2 are plotted
in Figs 5.5 and 5.6. Although not all of the test results are on the
theoretical line for rectangular bearing area, nevertheless the
results are either within the two lines or very close to the
theoretical solid line. Comparing Figs 5.3 and 5.4 for 4mm thick base
'plate to Figs 5.5 and 5.6 for 8mm thick base plate, it seems that as
the thickness of the base plate increases the shape of the bearing
area changes from an I-shape to a rectangular one. Fig 5.7 shows the
te;t results from series four, with 250mm cubes of cube strength 26
N/mm2  and 12mm thick steel base plates. There is a good correlation

between test results and theory for a rectangular shape bearing area.
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In order to be able to study the results obtained from these
series they are all plotted in Fig 5.8. In this figure the results are
plotted with a dimensionless ratio of Ar/Agec ( calculated areas of I
to rectangular shape bearing), as the ordinate, and the ratio of B/D
(flange width to depth of section) as the abscissa. The numbers in the
circle’'indicate to which series the results beiong.The letters I, R
and T shown next to each test result indicate whether that particular
test result could be best predicted by the empirical theory for I, for
rectangular bearing area or if it was on the transitional lines

somewhere between the two.

From Fig 5.8. it can be seen that for values of B/D greater
than 0.85 and also for values of 0.4 < Ay /Ap,. < 0.6 , almost none of
the test results could be predicted by either theory. The shaded
sections are referred to in this research as 'transitional areas'. For
values of A; /Apec > 0.6 the test results were predicted with a
reasonable degree of accuracy using a rectangular shape bearing area.
For values of Ay /Ap,. < 0.4 the I-shape bearing area theory is more

accurate.

5.8 Discussion

It is of considerable interest to note that in most cases for the same

thickness of base plate and concrete strength the shape of the bearing
area changes from rectangular to I-shape as the ratios of B/D
increase. However, for some values of B/D the bearing area assumes a
transitional shape between the two. This can be clearly seen from the
results plotted for series two in Fig 5.8, where for values of B/D

less than 0.16 the test result is on the theoretical line assuming a
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<] 150 L 0e13=1,0
2 250 b 0,07=1,0
5 250 8 0.06-0.93
b 250 12 0.31=0.93

e
¥

Rectangular shape bearing area
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I-shape bearing area
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N
St \X
————— \fs

Ratio of B/D

Fig. 5.8 Test results plotted from 4 series with 150 and 250 mm

concrete cubes, using I-sections of various ratios of B/D.
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rectangular bearing area. As the ratio of B/D increases to B/D = 0.4
the test results lie between the two theoretical lines. For ratios of
B/D = 0.4 to 0.85 the results obtained from the tests were very
closely predicted assuming an I-shape bearing area. However, for
ratios of B/D greater than 0.85 the test results again lie between the
two theoretical lines. Therefore it can be concluded that the shape of
the bearing area goes through cyclic changes, namely rectangular,

transitional, I-shape, and then rectangular, as shown in Fig 5.8.

The only test result not compatible with the described
cyclic pattern in series two is the point with B/D = 0.6. This test
result is on the transitional area, as shown in Fig 5.3. Nevertheless,
as the ratio of B/D increases (above 0.6), the test results lie on the
I-shape theoretical line, i.e. B/D = 0.73; for ratios of B/D > 0.73
there are two test results which are on the transitional lines. This
is in agreement with the comments made cbncerning the cyclic change in

the shape of the bearing area.

With the 8 and 12mm thick base plates of series three and
four, it seems tbat in order to have a complete cycle of change, test
results are required for ratios of B/D greater than unity. In series
three, with an 8mm thick base plate and ratios of B/D < 0.47 the
rectangular shﬁpe theory closely predicts the failure load, and for
ratios of 0.47 < B/D < 1.0 the results lie on the transitional lines.
With a thicker base plate (12mm) in series four however, test results
can be quite accurately predicted using the empirical theory based on

the rectangular bearing area.

The physical interpretation of this change in the shape of

bearing area can be explained with reference to Fig 5.1. The main
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factor in determining whether the bearing area assumes an I-shape
pattern (A'B'QPMND'C'HGFK), rectangular-shape (A'B'D'C'), or
transitional one, depends on the contact length between the base plate
and the cube. For small values of contact length the difference
between the rectangular area Apec and I-shape area A (shaded areas
shown in Fig 5.1, NGFk and MNQP) is considerable and there will be no
overlap between the two shapes. In this situation the bearing area
assumes an I-shape pattern. However, as the contact length increases
the difference between the Apec and Ar decreases and for certain
values of contact length this difference in the areas of bearing will
be small enough, so that there will be an overlap. Conseguently for
this value of contact length, the shape of bearing area will be a
rectangular one. Clearly a transitional shape is formed when the
contact length is not large enough to cause an overlap nor the contact
length is guite small in order for bearing area to have an I shape. In
this case the assumed bearing area is some where between the

rectangular and the I shape, which is called transitional shape.

In series one ( with 4mm thick base plate and a 150mm cube),
although for ratios of 0.13 < B/D < 0.9 the contact length is small in
comparison to series four, nevertheleés the difference between the I-
and rectangular shape area is minimal. Therefore there is an overlap
between the two shapes. However, for ratios of B/D above 0.9 the
difference between the two assumed shapes gets larger and therefore

there is a transitional area instead of the overlap.

Finally it can be concluded that as ratios of B/D increases
the bearing area assumes any one of the three shapes of rectangular, I

or transitional pattern. In series four with a thick base plate and
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for the range B/D < 1 the pattern assumed a rectangulaf shape. In
tests using a thinner base plate, as in series two, the full cyclic
pattern was observed - namely, rectangular, transitional, I, and then

transitional shape.

5.9 An Alternative Method of Presenting the Test Results.

The four series of test results are plotted in Figs 5.9 and
5.10. In both figures values of n (ratio of failure load to (area of
specimen x concrete cube strength) are plotted for different ratios of
R (the area of the steel base plate in contact with the concrete /

area of concrete).

In Fig 5.9 values of R for each test result are obtained by
assuming that the loading piece is of the dimensioﬁs B by D (width and
depth of section). For this Equation (5.1) is used. In Fig 5.10,
however, values of R are obtained by using Equation (5.2) for an I=-
shape loading piece. Tables 5.2 and 5.3 show the results plotted in

Figs. 5.9 and 5.10 respectively.

In both Figs 5.9 and 5.10 two straight lines are drawn for
values of R less than and greater than 0.125. These lines are drawn
from Equations (2.1) and (2.2) obtained in Chapter Two for loading

through rigid plates of various sizes.

In Fig 5.9 the test results are either on or below the lines
for stiff bearing plates. This implies that, assuming a rectangular
loading piece instead of the actual I-shape loading section, the
calculated results would either be very close to or above the actual

experimental values. On the other hand, the results drawn in Fig 5.10
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No Size Thickness

| X 150 4

I A 250 b

11 a 250 8

Vv o 250 12
g Assuming a rectangular shape of

bearing area
: . L
- Equation (2.2) \ ®
JI
@
S o
]
X
+ @
m
m
F
-
- b4 A A
&

- ‘ ‘ A

<—— Equation (2.1)
o} »d .2 ] Y i .5 P o .3

Fig. 5.9 Relationship between F/ (fcu“ and Ase/ A for experiments

by Author, assuming a rectangular shape of bearing area.
126



A)
cu

Ratio ( F / ¢

Ratio ( A / A )
se

Series Symbol Cube Plate
No Size Thickness
I X 150 S
II A 250 L
IIT a 250 8
v & 250 12
+ Assuming an I-shape
bearing area
®
L .
- Q
me
L}
o \
2.9 ;
l; z % Equation (2.2)
A %L
‘EEI
b4
X
F Y
i T
<—— Equation (2.1)
g 1 .2 3 . 4 S .B .8 Sid

Fig. 5.10 Relationship between F/ (fcuA) and Ase/ A for experiments

by Author, assuming an I-shape of bearing area.
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are all above the lines for stiff bearing apart from a few with 4mm
thick base plates and 250mm cubes. Therefore, the assumption of an I-
shape stiff bearing would generallyunderestimatethe experimental

results.

This finding is in agreement with the results plotted in Fig
5.8. This figure shows that only three of the tests carried out in
this research are within the area where an I-shape bearing area may be
assumed. Of course, the trend of the results plotted in Fig 5.8
indicates that for the assumption of an I-shape bearing area to be
true, a steel base plate thinner than 4mm should be used with a 250m¥

cube.

Figure 5.11 is plotted with n1 (experimental / calculated
failure load) as the ordinate and the ratio of BD/t2? as the abscissa.
In Fig 5.11 failure load was calculated based on a rectangular loading
piece of dimensions B by D as in Fig 5.9. As can be seen from this
figure, for ratios of BD/t2 equal to approximately 200 and less, the
assumption of a rectangulér loadiné piece instead of the actual I-
section is reasonable. However, as this ratio of BD/t2 increases from
200 to 500, the ratio of n1 decreases. This indicates that for these
ratios of BD/t2 (200-500) a rectangular bearing area increasingly
overestimates the test results. For values of BD/t? above 500 the
pPlotting shows that there is a little change in the ratio of n1, and

this ratio is very close to 0.65.

Although there is a change in the ratio of n1 for increasing
ratios of BD/t? above 200, nevertheless in éractice we are generally
concerned with designs where the ratios of BD/t2 are approximately 200
or less. For example, if in a design of a column base the required
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column section is 356 x 406 x 235Kg UC. and the thickness of base
plate is 25mm, then the ratio of BD/t2 will be 240 and for this ratio
a rectangular shape bearing area yields a reasonably accurate

prediction of failure load.

5.10 Discussion of Theories for Design of Base Column Presented by

AISC , Draft of Steel Code and BS 449

For a thickness of base plate t and the effective cantilever
lengths a, and b, as shown in Fig 5.12, AISC (29) includes formula for

working design load as follows :

Assuming the uniform distribution of bearing stress, from the
simple theory of elastic bending for a strip of steel base plate of

unit width,

0-95D

Fig. 5.12 Loading configuration for AISC method.
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£y mmm——= £ mm——— OR £ ===—- = £ mm——

Where,

fp is allowable bearing pressure (fp = 0.25 fqp)
fy, is allowable bearing stress in steel base plate

(fp = 0.75 £y)

Rearranging the formulae for t in terms of a, and bgr

Inserting the allowable design stresses for concrete f_. = 0.25f and

P cp
steel fb = 0.75fy,
0.75fy - _0.75fy
ag = t ' bg = t [===—m——=-
Frse 0.25fcp 0.75fcp

Simplifying the above equations,

(5.5)
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be - (5.6)
From Fig 5.12 the steel base column has dimensions,

X = 2ae + 0.8B (5«7)
The Design Working Load (F,) is

Fy = 0.25f, X ¥ (5.9)

In a similar manner, the Draft of Steel Code(30) developed a

formula for Ultimate Design Load, based on the simple theory of

bending,
K ¢
I De fo—— X /2 —
'r? T =1
| |
| |
| |
| |
| |
Y D ]P-—O-SB ~; de
| |
| |
| 1
|
= —
o B —=
X
I X g

Fig. 5.13 Loading configuration based on the information in

the Draft of Steel Code.
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Where,

fN is the design bending strength of a steel base plate taken as

267 N/mmz.
£ i = 0.
p is the allowable bearing pressure {fP 0.4, )

Therefore,

3 x 0.4fcu

Simplifying the above equation,

b = cmmmmeeea (5.10)

However, the effective value of ag is defined by.Draft of Steel Code

as follows,

8, = X - 0.4B but < apg, (5.11)

min = 048X > 0.35(D-b,)
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From Fig 5.13 the steel base column has dimensions,

X = 0.8B + 2a, (5.12)

=D+ 2h (5.13)

Therefore, the Ultimate Design Load {Fu} can be calculated as follows,

Fy = 0.4f,, X ¥ (5.14)

A similar design of column base is recommended by the BS 449

(31), based on the simple theory of bending.

Assuming a uniform distribution of bearing stress for strip

of steel base plate of unit width,

£y ————- = £ =———— OR fy =———- PR Sp——

@

p—— O ————

e ———— e e e O

— B —

Fig 5.14 Loading configuration for BS 449 method.
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Rearranging the above formulae,

OR £

Where,

fp is allowable bearing pressure (fp = 0.25 £,,)
fy, is allowable bearing stress in steel base plate

(£, = 185 N/mm?)

Rearranging the formulae for t in terms of a_, and bg.

Inserting the allowable design stresses for concrete fy = 0.25f,, and

for steel fb = 185 N/mmza

185 185

3 x 0-25fcu 3 x 0.25fcu

Simplifying the above equations,

8y =t e (5.15)

15.71 ¢
Do ot (5.16)
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From Fig 5.14 the steel base column has dimensions,

X = 2a, +B (5.17)

Y =2b_ + D (5.18)

The Design Working Load (F,) is

T, 0250 % ¥ (5.19)

5.11 Correlation and Discussion of Allowable Design Load Recommended

by AISC , DSC and BS 449 to THE Tests Carried Out by the Author.

The equations of AISC (29), Draft of Steel Code (30) and BS
449 (31) for column base were applied to the four series of tests
carried out by the Author and the results of the comparison between
the equations and the tests are tabulated in Table 5.4, 5.5 and 5.6.
Details of the calculation are presented in the subsiduary Tables

C.1,C.2 and C.3 of Appendix C.

As can be seen from Tables 5.4, 5.5 and 5.6 for test Series
I, II and III as the ratios of B/D increase both the ratios of F/Fu

and F/Fw decrease.

In Series II with a 4mm thick steel base plate and 250mm
cubes there is a wide range in the ratio of measured to calculated
failure load for increasing ratios of B/D, between 0.066 to 1.0. These
ranges are 5.37 to 1.55 (F/Fu} for Draft of Steel Code (30). For
AISC(29) and BS 449(31) the ratio of F/F, ranges between 10.13 to 4.48
and 8.31 to 3.09 respectively. As the thickness of the steel base

plate increases, as in test series III with 8mm thick steel base
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plate, this difference in the ratio of measured to calculated failure
load decreases. For this series of tests with increasing ratio of B/D
from 0.062 to 0.93 the ratio of F/F, ranges from 3.18 to 1.94, the
ratio of F/Fw for the AISC and the BS 449 ranges from 5.37 to 4.57 and
4.64 to 3.33 respectively. In Series IV, however, with a 12mm thick
steel base plate and 250mm cubes, as the ratio of B/D increases from
0.31 to 0.93 there is little change in the ratios of F/F, and F/F,.
These ratios for the Draft of steel code vary between F/F, = 2.13 to
2.42; for the AISC and the BS 449 vary between 4.14 to 4.65 and 3.82

to 3.37 respectively.

The reason for this wide range in ratios of measured to
computed failure load (especially for a thiner steel base column) is
because of the assumption made by the AISC, the Draft of Steel Code
and BS 449. This assumption is that for all thicknesses of steel base
plate the column acts as a solid rectangle. The dimensions of this
rectangle is assumed by the AISC, the Draft of Steel Code and BS 449
to be 0.95D by 0.8B, D by 0.8B and D by B respectively. This
assumption, as pointed out in Section 5.9 of this chapter, was

reasonable only when thick steel base plates were considered.

These results indicate that neither the AISC or the Draft
of Steel Code or the BS 449 give a reliable prediction of the failure
load when applied to a thin steel base plate. Nevertheless in practice
these methods are safe with a high percentage of coefficient of

variation as shown in Tables 5.4 to 5.6.
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. CHAPTER SIX

EXPERIMENTAL WORK ON UNIAXIAL ECCENTRIC. LOADING

6.1 Introduction

6.2 Specification and Manufacture of Concrete
Specimens

6.3 Test Procedure
6.3.1 Eccentricity

6.4 Mode of Failure

6.5 Presentation of Test Results

6.6 Theory

66,1 Ratio of R< 125
6.642 Ratio of R> .125
6.6.3 Evaluation of Reduction Factor for

Various Eccentricities of el
6.7 Theory Developed by Niyogi for Eccentric
Loadinq of Concrete Cubes
6.8 Application of the Author's and Niyogi's
Theories to the Available Test Results
6.9 Comparison and Discussion of the Two Empirical
Equations Recommended by Author and Niyogi for

Uniaxial Eccentric Loading
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6.1 Introduction

The test results presented in the preceding chapters were all
based on concentric loading. In this chapter, however, concrete cubes
loaded eccentrically through stiff bearing plates of various sizes are
considered. The purpose of carrying out such tests was both to
standardise the experimental results and also to £ill the gap which

existed in the tests performed by other researchers.

Three series of tests were carried out in which
eccentricities of 10, 40 and 50mm were considered. The results of the

three test series using 150mm cubes are tabulated in Table 6.1.

6.2 Specification and Manufacture of Concrete Specimens.

The same materials, mix design, manufacturing process and
curing as explained in Chapter 2 Wwere implemented for the specimens
tested in this chapter. The values of control tests given in Table 6.1

are the average values obtained from testing three control specimens.

6.3 Test Procedure.

The specimens were placed in a central position on the
machine, at right-angles to the direction in which they were cast, and
loaded eccentrically through square mild steel bearing plates 20mm
thick. Bearing plates machined down to the required size were placed
uniaxially on top of the concrete specimens so that the four sides of
the bearing plate were parallel to the four sides of the cube. The
thick upper platen of the testing machine was in contact with the

entire area of the bearing plate. Load was then applied at an average
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rate of one ton for every thirty seconds until failure occurred i.e.
the load dropped off. For each specimen the load at first crack, the
progress of cracking, the mode of failure and maximum load were

recorded.

6.3.1 Eccentricity.

To achieve greater eccentricity whilst still keeping the
bearing plate within the top surface of the specimen, a smaller
bearing plate must of necessity be used. With this in mind, tests wére
carried out on 150mm cubes in which eccentricities of 10, 40 and 50mm
were considered. With an eccentricity of 10mm tests were carried out
for ranges of R (loaded area/concrete area) 0.004 to 0.44. For these
tests the cube strength of the concrete was 31.4N/mm? with standard
deviation of 0.6%. With 40mm eccentricity three ratios of R = 0.018,
0.07 and 0.16 were considered. For 50mm eccentricity only one ratio of
R = 0.018 could be evaluated since larger bearing plates would have
extended beyond the edge of the specimen. In the tests with 40 and
50mm eccentricity the concrete cube strength was 31.7N/mm2 with

standard deviation of 2%.

6.4 Mode of Failure.

Photographs 6.1 to 6.4 show a typical pattern of cracks and
mode of failure for four different sizes of stiff bearing : 20, 40, 70

and 100mm?2.

A distinct difference in the mode of failure between
eccentric loading and concentric loading is that in the former the

first visible crack always appeared on the side of the specimen
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Plate 6.1 Typical crack formation at failure under square eccentric

loading condition. (e = 50mm , As = 20mm2)
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Plate 6.2 Typical crack formation at failure under square eccentric

loading condition. (e = 4Omm , A= hOmnz)
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Plate 6.3 Typical crack formation at failure under square eccentric

loading condition. (e = 10mm , A = 70mm2)

Plate 6.4 Typical crack formation at failure under square eccentric
loading condition. (e = 10mm , A = 100mn®)
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nearest to the bearing plate. This could be due to the less confining
pressure from the side of the concrete nearest to the bearing plate.
In concentric loading, however, the cracks generally originated from
near the loaded surface. For large values of eccentricity, as shown in
Photograph 6.1 (50mm eccentricity and 20mm? stiff bearing), no crack
developed on the side of the specimen furthest from the stiff bearing.
With 70mm2 stiff bearing and eccentricity of 10mm, as shown in
Photograph 6.3, somewhat smaller cracks developed on the side of the
specimen furthest from the stiff bearing plate. The same form of crack
can also be seen in Photographs 6.2 and 6.4 with 40 and 100mm?2 stiff
bearings. With small ratios of loaded area to concrete area (R), as in
the case with concentric loading, failure occurred with the punching
out of an inverted cone, and for large values of R failure changed

from that above to one of crushing, similar to a cube crushing test.

6.5 Presentation of Test Results.

The results of tests carried out are tabulated in Table 6.1.
In Fig. 6.1 test results plotted with dimensionless ratio of failure
load divided by concrete surface area, F./A to concrete cube strength
(fcu) as the ordinate and the ratio of loaded area to concrete surface
area {AS/A) as the abscissa. Three sets of test results with
eccentricities of 10, 40 and 50mm are plotted as explained above. The
solid drawn in Fig. 6.1 is based on the empirical formulae Equations
(2.1) and (2.2) developed in Chapter 2 for concentric loading i.e.
zero eccentricity. It is clear from the plotted results that the
bearing strength decreases with increasing eccentricity for a constant
ratio of R. As can be expected for the small eccentricity of 10mm the

results are very close to the empirical line for zero eccentricity,
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cu

Ratio ( F / £

.5

Ratio ( As/ A )

Test Symbol Square plate Eccentricity
No size
E1-E6 X 10-100 10
E7-E9 20=-60 Lo
810 a 20 50
<—— Equation (2.2)
S
<«—— Equation (2.1)
a
t
.1 -l o .4 e B 0 8 s

Fig. 6.1 Experimental results of Author, for 10, 40 and 50 mm

eccentric loading via rigid loading piece on 150 mm cubes.
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yet they are all below the zero eccentricity line.

6.6 Theory.

Based on the following assumptions an empirical theory is
developed for the bearing capacity of concrete under various

eccentricities.

a)Bearing strength decreases with increasing eccentricity

for a constant ratio of R,

b) For the same value of eccentricity el the bearing capacity

decreases for increasing ratios of R,

Based on the above statements it is therefore possible to

draw two lines for zero and el eccentricity, as shown in Fig. 6.2.

6.6.1 Ratios of R<0.125.

From Chapter 2 for zero eccentricity and R<0.125 the

following equation was developed.
n= 1.36 R +.0.085 (6.1)
For an eccentricity of e1 Equation 6.1 can be written as follows
Ngq = Rgq (1.3 R + 0.085) (6.2)

where R,q is defined as a reduction factor for eccentricity of el.

Negy 1is defined ag ===——r=- ( Foq is the failure load

for eccentricity of e1)
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Equation (2.2)
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Fig. 6.2 Theoretical lines for zero and el eccentricity.
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Dividing the two Equations 6.1 and 6.2,

n (1.36 R + 0.085)

(1.36 R + 0.085)Rg 4

el

Therefore

n =n Re1 (6.3)

e

where n can be calculated using Egquation 6.1.

An expression for R,y is developed in Section 6.6.3.

6.6.2 Ratios of R>0.125.

Following exactly the same procedure as in Section 6.6.1 and
using the empirical equation developed in Chapter 2 (Eguation 2.2),
for ratios of R > 0.125, a similar expression for reduction factor

with an eccentricity of e1 can be found as follows,

el = ‘7] Re1 (604}

where

n=20.85+ 0.15 R (6.5)

6.6.3 Evaluation of Reduction Factor for Various Eccentricities of e1.

The relationship obtained for reduction factor, Equations 6.3

and 6.4 can be simplified as follows,

R = e ——— ' (6-6)
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The above Equation 6.6 indicates that the reduction factor
for an eccentricity of el is the ratio of the ultimate load for
eccentricity of el to the ultimate load for concentric loading i.e.

zero eccentricity.

In order to evaluate the reduction factor Rg 4 t?St results
obtained in this research for eccentricities of 10, 40 and 50mm and
those carried out by Niyogi (18) for eccentricities of 25, 38 and 51mm
are used. From these test results the average values of F. /F for
various ratios of e/b, are obtained as shown in Table 6.2. The best
fit obtained using least-square curve fit method for the test results
is an exponential function with the index of determination equal to

0.97. The equation of this function is of the following fomm,

1 = ===== = 0.0235 (EXP) 9.275 ====- (6.7)

This equation does not, however, satisfy the boundary
condition for zero eccentricity. Therefore, the following steps are
taken to find an equation which both satisfies the boundary condition

and yet is close to the best fit Equation 6.7.

Assuming that the equation which satisfies the boundary

condition is of the form,

F e
e
1 = ===== = 0.0235 (EXP) 9.275 ===== + €1 (6.8)
F bx

where C1 is a constant.
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Cube Ratio Failure Ratio Ratio Average
Size of Load of of of
Researcher
b . A
Ag/A Fo e/b, Fo/F T-Fe/F
mm3 mm,/mm KN mm,/ mm
150 0.0044 54.0 0.067 0.84
150 0.0710 3275 0.067 0.99
150 0.1600 191.3 0.067 0.95
Author 150 0.2200 235.4 0.067 0.99 0.05
150 0.3600 313.9 0.067 0.96
150 0.4400 363.0 0.067 0.98
150 0.0180 48.1 0.270 0.62
Author 150 0.0710 89.0 0.270 0.69 0.33
150 0.1600 140.4 0.270 0.69
Author 150 0.0180 39.5 0.330 0.51 0.49
203 0.0160 121.0 0.125 0.91
203 0.0310 145.7 0.125 0.96 0.06
Niyogi 203 0.0630 193.6 0.125 0.94
203 0.2520 431.7 0.125 0.94
203 0.0310 139.4 0.188 0.92
Niyogi 203 0.0630 186.1 0.188 0.91 0.10
203 0.2520 389.2 0.188 0.87
203 0.0160 87.3 0.250 0.66
Niyogi 203 0.0310 120.3 0.250 0.79 0.25
203 0.0630 164.2 0.250 0.81

Table 6.2 Results of tests carried out by the Author and Niyogi for

uniaxial eccentric loading.

S F (the ultimate load), is obtained using the Equations(2.1) and

(2.2) of of Chapter 2.
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When e = 0 then F, = F and substituting for e and F_ in

Equation 6.7 we will find C1 as,

# 0
1 = ===== = 0.0235 (EXP) 9.275 ( ====- ) + C1
F b,

1=-1=0.0235 + C1

Therefore,

c1 = -0.0235

Substituting back for C1 in Equation 6.8,

F e
e
1 = ===== = (0.0235 (EXP) 9.275 ===== -~ 0.0235
F bx
r, e
————— = 1.0235 = 0.0235 (EXP) 9.275 =====
F by

But F_/F was defined as the reduction factor Rg.

Therefore,
=
Ry = 1.0235 = 0.0235 (EXP) 9.275 ===== (6.9)
bx
To summarise,
N, =Rg n (6.10)

where,
n=1.36 R + 0.085 for B <€ 0.125

n = 0,80 R # 015 for R > 0.125
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and R, can be found from Equation 6.9

6.7 Theory Developed by Niyogi for Eccentric Loading of Concrete Cubes.

Niyogi (18) developed an empirical equation for eccentric

loading on square plates which is of the fomm,

Although the overall pattern of Niyogi's eguation is similar
to Equation 6.10 presented in this research, however, Niyogi's
expressions for n and R, are very different to those developed here.

The following expressions were developed by Niyogi for n and Ry

n=20.8 R =-0.23 (6.11)
e e
Rg = 2.36 (0.83 = ( ==m==-= )2) = 0.94===-= - 1.15
bx bx
(6.12)
Therefore,
e e
ng = (0.84 R = 0.23R)(2.36 0.83 = ( ====- )2 - 0.94 —==-m - 1.15)
bx bx
(6.13)

6.8 Application of the Author's and Niyogi's Theories to the Available

Test Results.

Both Equation 6.10 developed by the Author and Equation 6.13
produced by Niyogi (18) were used to predict the ultimate load of

tests carried out in this research, (Table 6.3), and tests carried out
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by Niyogi (Table 6.4). As shown in Table 6.3, applying Niyogi's theory
to'the tests carried out in this research produces a mean of 1.068
which is an acceptable result. However, the values for standard
deviation and the percentage difference are + 0.176 and 16.5%. The
empirical theory developed in this research produces a mean of 0.954
with a standard deviation of + 0.0605 and percentage difference of

6.3%‘

To further support the proposed method developed in this
research both Equgtions 6.10 and 6.13 were also applied to the tests
carried out by Niyogi. As is shown in Table 6.4 the proposed empirical
formulae in this reséarch, Equation 6.10, give a more accurate

prediction of failure load than Niyogi's Equation 6.13.

6.9 Comparison and Discussion of the Two Empirical Equations Recommended

by Author and Niyogi for Uniaxial Eccentric Loading

The equations developed by the Author and Niyogi were both of
the form n, = n R,. However, it should be pointed out that despite the
overall similarity in the form of the two equations, the expression
for n and R, are very different. To compare this difference, the
expressions developed for reduction factor (Rg) both in this research,
Equation 6.9, and Niyogi's Equation 6.12 were drawn for different

ratios of e/b, in Fig. 6.3.

Equations 2.1 and 2.2 for zero eccentrcity from this research
and 6.11 from Niyogi's are also plotted in Fig. 6.4. As can be seen,
the expression presented by Niyogi for n is of a parabolic form. The

shape of this curve suggests that for the ratio of A /A = 1, when the

165



Reduction Factor (Re=Fe/F)

.

Equation (6.9)
T Author's theory
+
Equation (6.12) /r
Niyogi's theory
!
0 v d .l ]

Ratio (€/bx )
Fig. 63 Comparison of Author's and Niyogi's theories for various

eccentricities loaded via a rigid loading piece.
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Equation (2.2)
Author's theory

i

Equation (2.1)
Author's theory
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\

Equation (6.11)
Niyogi's theory

0 . | .2 e -4

- .8 .7

Ratio ( As/ R
Fige 6.4 Comparison of Author's and Niyogi's empirical formulae for

concrete cubes loaded via a rigid lcading piece.
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rigid base plate covers the whole surface of the concrete, the value
of F/Af,, is equal to 0.61. This is not a reasonable result since, for
the ratio of Ag/A =1, the ratio of F/Af ., should be equal pp unity.
The equation presented by Niyogi also suggests that for the ratio of
Ag,/A = 0 the value of F/AfCu = 0. This in turn implies that the

cohesive stress of the concrete equals zero, which is not true.
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CHAPTER SEVEN

REVIEW OF THEORETICAL ANALYSIS OF THE BEHAVIOUR

of CONCENTRICALLY LOADED CONCRETE PRISMS

7.1 Introduction

7.2 Historical Review

7.3 Comparison and Discussion of Reviewed Work
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7.1 Introduction

The analysis of the distribution of stresses of a foundation
loaded through a rigid steel base plate using various linear
theoretical methods utilising the continuum method of stress analysis
has been extensively investigated (33-44). Other researchers (32,33)
have reviewed much of the theoretical work concerning a concentrated
load acting on a small area on the free end surface of a prism made of
a elastic material. Therefore, it is not intended here to analyse all
the existing methods but, in order that this work may be put into its
historical perspective, a discussion of the more relevant theoretical
attempts at solving the stresses in foundations loaded through rigid

base plates is necessary.

7.2 Historical Review

The strength of material approach is perhaps one of the first
methods used for calculating the stresses in blocks loaded
concentrically on a small upper surface area. Morsch (34), Bortsch
(35) and Magnel (36) are among a few who have presented theoretical
formulae using the above approach, in which the block was generally

considered as a deep beam.

In 1924 Morsch was one of the first to develop a rather
simple expression for calculating stresses in blocks subjected to
concentrated loads. His work was based on some tests that were carried
out mainly on stone blocks although a few were made on plain and
reinforced concrete. Morsch assumed that the stresses produced by a

concentrated load applied on one face of prism are distributed
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uniformly at a distance from the face equal to the width of the
prism. Morsch's second assumption was that the curvature of the
compressive and tensile stress trajectories caused the tensile
stresses, these tensile stresses were distributed according to a
second order parabolic law. It should be pointed out that the
assumptions made by Morsch was also made by Bortschf(35) and Magnel(36)
and many oﬁhers until the 1970s. In order to have some agreement
between the calculated and measured values of tensile stress Morsch

recommended a correction for the depth of the block.

A more advanced approach was made by Bortsch(35) in 1935 to
the problem of bearing capacity as well as stress distribution in a
block under a partial concentric load. Bortsch assumed a distributed
load on the contact area as a cosine function and developed

expressions for transverse, longitudinal and shear stresses.

Magnel(36) in 1949 was the first researcher concerned with
stress concentration, in particular the anchorages of prestressed
concrete beams. Magnel's theory was based on the assumption that the
transverse stress diagram at any plane parallel té the central axis of
the beam was that of a cubic parabola. He developed an expression for
transverse stress and by considering the equilibrium condition for an
infinitesimal element Magnel produced an expression for the shear

stress in the block.

Guyon (37) in 1951 took a different approach in his paper on
the stresses in prismatic bodies loaded on their surface. Applying the
continuum approach, Guyon assumed a semi-infinite prism of unit
thickness loaded by forces of any magnitude and inclination to the top

surface (the longitudinal axis being vertical). In order to describe
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the stress system required to keep the prism in equilibrium under the
action of the applied load Guyon considered a method employing Fourier
series, a technique also used by Timoshenko (38). By developing a
Fourier series Guyon developed an approximate solution for the two-
dimensional case of plane-stress analysis. He then extended his theory
to a three dimensional loading of small areas on prisms by modifying
the coefficients. Guyon's theory has been used with some success in

the design of end-blocks of prestressed concrete beams.

In 1960 Rowe and Zielinski (32) published a research report
concerning the stress distribution in the anchorage zone of post-
tensioned prestressed concrete members. They compared Guyon's theory
with the results of photo-elastic tests performed by Christodulides
(39-40) and also with the results of their own tests on concrete
prisms. Their comparison showed that Guyon's theory considerably
underestimated the maximum tensile stress developed in the block by,
in some cases, as much as fifty percent. It should be pointed out here
that Guyon's theory was primarily developed for the two-dimensional
case of plane-stress and the model used by Rowe and Zielinski for
their experiments, i.e. prisms loaded through square rigid plates
(three dimensional loading) was different from the model used by
Guyon. Hence good agreement between the results of the two different
models could not be expected. Bleich (41). also developed a two

dimensional solution by making use of an Airy stress function.

Ban, Muguruma and Ogaki (42) reported a reasonable agreement
between predicted strains by Bleich and strains measured in their
tests with electrical resistance gauges across a longitudinal axis.

The work by Bleich(41) was extended theoretically to three dimensions

172



by Sievers (43) using a modification of Bleich's two dimensional
approach. Good agreement was reported by Muguruma et al. between
surface strains measured on the outside of a concrete block and those
predicted theoretically along the internal central axis, but no

justification was given for this wholly irrelevant comparison.

An exact theory for end-block analysis for two and three
dimensional loading, satisfying all the equations of elasticity and
the boundary conditions within the elastic limit has been given by
Iyengar (33). The theoretical values calculated by Iyengar's exact
solution were checked against experimental results obtained by
Muguruma et al. (9). In these tests prisms and cubes were loaded
through strip loading pieces of increasing width. Three ratios of
block depth to width (H/bx) were considered (2, 1, 0.6). The
comparison showed that there was a good correlation for large values

of strip loading width with H/bx of 2 and 1.

Muguruma et al. argued that the assumption made by Iyengar
that the initial crack took place when the calculated maximum tensile
splitting stress on the central axis of the concrete block exceeded
the tensile strength of concrete was not strictly true. Muguruma et
al's experiments indicated that the initial crack did not always
appear along the central axis of the block and plastic deformation
took place by reason of higher tensile stress in some critical part of
the block just before reaching the initial cracking level. However, as
was pointed out by Muguruma et al. for all practical purposes the
assumption made by Iyengar for approximate elastic solution was

reasonable.
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7.3 Camparison and Discussion of Reviewed Work

The theoretical solution presénted, in common with most other
theories, assumes concrete to be a homogeneous, isotropic, elastic
material. In the theories discussed here, failure of the material is
governed by some form of limiting tensile stress or strain criterion.
There is no doubt that the assumption that this material behaves as a
linearly elastic homogeneous solid is a serious one; without making
this assumption any attempt at a completely theoretical solution of
the state of stress of a prism under concentrated loading becomes
totally intractable. In particular, as was shown in the previous
chapters, the manner in which a member is loaded can affect the
behaviour of the material and therefore the values of the limiting
stresses and strains which occur when the member is loaded to failure.
Perhaps one of the very serious implications of such an assumption is
that the values of the elastic moduli of concrete in compression and
tension are equal and remain constant throughout the entire loading
range. Some authorities such as Chen (44) have argued that concrete
loaded in uniaxial compression, as shown in Fig.7.1, indicate
characteristic differences in behaviour through three distinct stages

of loading :

(i) in the first stage, the action is nearly linearly

elastic;

(ii) in the second stage, an appreciable part of the

nonlinear deformation is irreversible or plastic;

(iii) 4in the third stage, which begins at approximately 75 to
85 percent of the ultimate load, a general breakdown of

the internal continuity of the material develops, and
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the unstable strain-softening portion of the stress-

strain curve gradually develops for increasing

deformation.
il
feu
L.ay
Lateral
strain
6.3 PFo?ortionality
( limit ;
Axial strain
]

€

Fig. 7.1 Typical plot of compressive stress Vs. axial and

lateral srain.

In his discussion of the modulus of elasticity Guyon (45)
claims that for stress values up to 0.1fcu there is an instantaneous
or immediate modulus of elasticity. It then decreases as the stress

increases.

The distribution of transverse stresses on the prism's
central lines as obtained through various theories and experiments,
has been presented by Zielinski et al. (32) and here is shown in Figs.
7.2a to 7.5a. These results are predicted by normal symmetrical
loading for four ratios of S,/b, (width of loading piece to that of

concrete specimen), 0.31, 0.43, 0.53 and 0.67. Although the value of
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the maximum tensile stress, its distance from the top of the prism and
the point of zero stress all differ for various theories, nevertheless
the general pattern of the stress distribution presented by all the
researchers is the same. This pattern of transverse stress

distribution can be explained as follows :

Owing to the different stiffness characteristics of the steel
plate and concrete, the bearing plate restrains the lateral expansion
of the concrete, thus inducing complex triaxial compressive stresses
in the concrete below the plate. The increase in bearing strength as
the ratio of Sx/bx increases ( as was noticed in previous chapters) is
in fact due to an increase of the.load-carrying capacity of the
material in the region beneath the loaded surface, which is in a state

of high compressive stress.

From the plotted results it can also be concluded that for
concrete prisﬁs ( H > 2by) loaded concentrically through vafious
ratios of stiff bearing to concrete surface area, failure generally
initiates along the bouﬁdary of a cone at points of maximum shear
stress. Once_the shear resistance along the surface of the cone is
overcome, the cone is forced into the concrete block, creating a
wedging action and setting up high tensile stresses perpendicular to
the load. The propagation of iensile cracks in the complex
compression-tension stress field, caused by the wedging action of the
cone, appears to govern the failure of the prism under such loading.
The experimental results of the tests carriéd cut by Zielinski et al.
(32), Fig. 7.2a to 7.5a, indicates that the position of the maximum
tensile stress is nearly the same for different ratios of Sy/b, but

the actual value of the tensile stress decreases for increasing ratios
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of Sx/bx' Fig. 7.6 shows the theoretical and experimental ratios of
tensile to compressive force as a function of Sy/by+ The fact that the
maximum tensile stress occurs at approximately the same distance from_
the loading force for varying ratios of 84/by, can be attributed to the
specimen's height being twice its width, which results in there being
little or no influence from the frictional force between the concrete
and the lower platen of the machine. On the other hand, ;s the ratio
of S,/by increases the compressive stresses extend overa greater depth
of the block which in effect reduces the amount of tensile stress as

shown in Fig. 7.6.

Conseqﬁently mode of failure proposed by Author for each of
the tests with different ratios of Sy /by are those shown in Figs.
7.2b to 7.5b. This pattern of failure is similar to that presented for
narrow strip loading (Photograph 7.1). As can be seen from the
photograph, when cubes are loaded through a narrow strip loading,
failure occurs with the formation of a wedge and is accompanied by
sharp splitting. Howevér, as the area of the loading piece increases

there forms a double cone and multiple vertical cracks.

Of course it is noted that in all the tests carried out by
the Author locading was on a cubic specimen, which is more susceptible
to the frictional force between the concrete and the lower platen. It
should also be remarked that, as shown in Photograph 7.1, the depth of
the wedge increases for greater width of loading piece. Although it
was not possible to obtain the exact angles of failure, nevertheless
Photograph 7.1 clearly shows that this angle increases with wider

loading pieces.
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Plate 7.1 Comparison of crack formation for increasing
ratio of Sx/bx on 150 mm cubes.

(Scale 1:3.95)
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CHAPTER EIGHT

FINITE ELEMENT ANALYSIS OF THE BEHAVIQOUR OF CONCRETE CUBES

LOADED CONCENTRICALLY THROUGH FLEXIBLE STEEL BASE PLATES

8.1

Introduction

Theory

Finite Element Characteristics and Computer Program
Subdivision of Structure

Theoretical Results

8.5.1 Initial Results
8.5.2 Secondary Results With Reduced Moduli of
Elasticity.

Discussion and Conclusion
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8.1 Introduction

Up to Chapter Six inclusive in this work, empirical formulae
were developed for calculating the ultimate load of a foundation
loaded through rigid and flexible steel base plates. In tests with
flexible steel base plates it was observed that as load increased,
except with a very thick steel base plate(40 mm) the plates lifted up
at their free ends. At failure plates were permanently deformed into a
shallow V-shape and plastic hinges occured in the steel plate close to
the knife edge load. The development of the empirical formulae was
based on the assumption of a rectangular block pattern of stress
distribution, whose width corresponded to the contact length of an
non-flexible bearing at failure. It was pointed out that the real
contact length was an important factor in finding the bearing capacity

of the concrete under such a loading configuration.

As a result of such findings it was felt desirable to make
some theoretical determination of the stress distribution which

resulted from the type of loading described above.

The theories discussed in Chapter Seven were concerned with
the distribution of stress when the load-had been applied through a
rigid steel base plate; however, no fundamental approach to the
problem of investigating the distribution of stress in a foundation
loaded through a flexible base plate using a linear method had been

attempted until the work reported in this thesis.

In this chapter an attempt has been made to use a plane-
stress finite element method with the available knowledge of the

experimental results presented in previous chapters in order to bridge
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the gap in the existing work.

8.2 Theory

In recent years the finite element method has become widely
accepted by fhe engineering profession as an extremely valuable method
of analysis. The reason for this development is that a variety of
problems with different boundary conditions can be dealt with
automatically by means of the electronic digital computer, once a
suitable analysis program has been written. Through such an analytical
method it is possible to obtain an estimate of the stress and the
strain throughout the element, and typically at the centre, on a two-

dimensional grid which represents the elastic stress plane.

Plane elasticity problems may be separated into two classes,
namely plane-stress and plane—strain problems. In plane-stress
problems the continuum is usually thin relative to other dimensions,
and stresses normal to plane are absent In plane-strainhproblems,
however, the strain normal to the pléne of loading is assumed to be
zero. In this thesis it was decided to use a rectangular element in
plane-stress as this was most suitable for the type of loading
considered. The method of solving plane-stress problems through the
derivation of the element stiffness matrix of a 4 node rectangular
element having two degree of freedom per node has been investigated by
many researchers, and a clear description of the element has been

given by Rocky et al. (46).

8.3 Finite Element Characteristics and Computer Program

The program that was used in this work has been developed at
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the University of Aston, notably by Bray (47). This program was
suitable for running on the ICL 1900 and has now been extended in this
research to use the GINO graphical library for plotting the output

data.
The displacement functions in the X and Y directions were
assumed to take the form
u=a, + azx + a3Y + a;zxy
v = a5 + aGX + 37Y + aBXY

respectively, implying that the strain take a linear form of

du
———— = A, + ayY
dXxX
dv
--== = a5 + agX
dY
du dv
———— o me—— = a2 + a4Y + a? + aa)(
dy dX

8.4 Subdivision of Structure

In finite element analysis it is assumed that elements are
only interconnected at their nodes. This assumption by itself means
that continuity requirements are generally only satisfied at the nodal
points. In general, thgrefore, the;accuracy of the solution increases
with the number of elements taken. On the other hand, the increase in

the number of elements results in an increase in the required
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computation time, which in effect increases the cost of obtaining a

solution.

The model chosen in this work was to resemble the tests
presented in Table 3.1 of Chapter 3. These tests (S5 to S12) were on
150mm concrete cubes, in which a knife-edge load was applied
symmetrically through plates of increasing thicknesses (4 to 40mm). A
mesh of 320 rectangular elements with a 4 node having two degrees of
freedom per node (Fig. 8.1a) was considered in this investigation. The
top row of the elements belong to the steel base plate and the rows

below to the concrete cube.

A plate of dimensions 150x150mm and of thickness 150mm was
used to simulate the concrete cube. A plate of 150x150mm and of
various thicknesses (4, 22.5, 40mm) was used to simulate the flexible
steel. base plate which was placed on the top surface of the cube. As a
result of the loading being symmetrical about the vertical centre line
it was only necessary to analyse half the plate; the nodes on the
centre line being given horizontal restraint. The plate was regarded
as being fixed at its base by giving two degrees of fixity to the
nodes along the base. This condition in effect implied that friction
between the cube and the lower platen of the machine does not allow
the cube to expand freely. This assumption was made in the light of
the tests carried out by both the Author and Zielinski et al. (48).
These tests showed that in general there did not appear to be any
visible cracking near the base of the concrete cube until 90% of the
ultimate load. This is considered to be due to the existence of
friction which does not allow the cube to expand freely.‘In this

situation straining can take place without the disintegration of the
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cube. It must be pointed out here that although the tests showed no
visible cracking at the base of the concrete until approximately 90%
of ultimate load, this does not mean that micro-cracking which is the

main factor for nonlinear behaviour of concrete did not occur.

The value of Poisson's ratio recommended by many authorities
(44, 50, 51) for concrete under uniaxial t;;ompressive locading ranges
from 0.15 to 0.22. Nevertheless, Chen (44) claims that under uniaxial
loading Poisson's ratio remains constant until approximately 80% of
cylinder strength, at which stress the apparent Poisson's ratio begins
to increase. This ratio is believed to be around 0.5 for the unstable
crushing phase. However, for the analysis carried out in this work,
Poisson's ratio of the concrete and the slteel base plates were taken

to be 0.2 and 0.35 respectively for the first set of results.

The load applied at the position corresponding to thle centre
of the upper face of 1:-.he steel base plate is shown in Fig. 8.1. The
magnitude of this load and values of modulus of elasticity for
different thicknesses of base plate correspond to the measured
ultimate load and measured values of Young's Modulus, as presented in

Table 3.1 of Chapter 3.

8.5 Theoretical Resultsl

8.5.1 Initial Results

In order to analyse the theoretical axial and lateral stress
distribution in both the flexible steel base plate and the concrete
under knife-edge loading, three of the tests presented in Chapter 3

with 4, 22.5 and 40mm thick steel base plates were considered. In
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Table 3.1 of Chapter 3 the three tests considered are presented under
the test numbers S5, S10 and S12 and the properties of both the steel
base plate and the concrete are also given. The ultimate loads for
these tests are shown in the same table. The results of the computer
analysis are shown in Tables 8.1, 8.2 and 8.3, in which both axial
(toprow) and transv;rse stresses (bottom row) at the centre of each
element are given, the negative sign indicating compresive stress.
The Poisson's ratios used in this analysis were 0.2 and 0.35 for the

concrete and steel base plate respectively.

The results of axial stresses for the three rows of concrete
elements parallel to the loaded surface (121-150) are plotted for the
three tests in Figs. 8.2, 8.3 and 8.4. The axial stress for each row
of elements is drawn with respect to the top face elements in that
paricular row. The plotted results for 4mm thick base plate show that
only the elements within the vicinity of the applied load are under

noticeable stress.

In fact, the stress distribution predicted by the plane-
stress analysis indicates that in the planes some distance below the
top surface, the stresses are more uniformly distributed than in the
cross-sections just below the loaded surface. This pattern of
distribution can be very clgarly seen in Fig. 8.2 with the 4mm thick
base plate. The elements 141 to 146 experience no axial stress but
there is a rapid increase in axial stress from elements 147 to 150.
With the thicker steel base plates, as shown in Figs. 8.3 and 8.4, the
axial stresses are more uniformly distributed along the cross-sections

parallel to the loading surface.

It should be pointed out here that some of the elements of
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Vertical distance in mm
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Elements 1-150 represent concrete block

Elements 151-160 represent steel base plate

Applied
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(0.633 KN/mm)
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Horizontal distance in mm
Fig. 8.2 - Axial stress profile at the centre

of each element (t=4mm) for the
three top row of the concrete
specimen, stress lines are drawn
with respect to the top of each
element.
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Vertical distance in mm,

.1'2'

Elements 1-150 represent concrete block

Elements 151-160 represent steel base plate

Bpplied load

(:.766 KN/mm)

of each element
three top row of the concrete specimen
stress lines are drawn with respect

to the top of each element.
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(t=22.5mm)
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Horizontal distance in mm
Bl 8,3 Axial stress profile at the centre
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Elements 1-150 represent concrete block
Elements 151-160 represent steel base plate

Applied load
(2.403 KN/mm)
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