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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 bendingstresses 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. 

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 chosento 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



ACKNOWLEDGEMENTS 

The author would like to thank Dr L H Martin for his help 

during the course of this research. His thanks are also due to Dr DJ 

Just for his supervision of the work on the finite element analysis. 

Thanks also go to Mr J H Hollins and all the technical staff 

who helped during the experimental work. 

The author is indebted to Miss A K Holloway for her help in 

typing of the manuscript.



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 Colum. 

Width of concrete specimen (see Fig. 2.2). 

Length of concrete specimen (see Fig. 2.2). 

Depth of Universal Colum. 

Diameter of circular specimen. 

Diameter of stiff bearing. 

Eccentricities of applied load, or bearing plate, 

reference to Gentroid of specimen . 

Load at failure. 

Load at failure for an eccentricity of e. 

Load at first cracking 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/A, se)* 

Prism or cylinder strength of concrete. 

Cracking strength of concrete. 

Cube strength of concrete. 

Nominal bending stress of steel base plate. 

Allowable bearing pressure. 

with



Esp 

Ry 

| 

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 (A to the se) 

total area of the specimen (A). 

Ratio of f,,, to fqy: 

Ratio of total area of the specimen (A), to bearing area in 

contact with specimen (A,,)- 

Ratio of (failure load) to (area of specimen x cube 

crushing stress) i-e.(F/AE oy) 

Ratio of (failure load for eccentricity of e) to (area of 

specimen x cube crushing stress) i.e.(F,/AfQy 

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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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 

piers, 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-honogeneity 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 position 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 proportional 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 semi-flexible plates. The Draft of the Steel Code 

8.8.2 (28), proposed an empirical elastic solution which is based on 

an allowable bearing presaur elon 0.4f 0, 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 0-4f 0 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 

(fop2f op W/A/Ag) 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 (Rg) 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/b, >1). This showed a high 

correlation for small ratios of the block width to footing width 

(b,/S, =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 (b,/s,), it should be pointed out that Meyerhof assumed £gp/C = 

1. 

where C is unit cohesion 

Shelson(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 loading 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



50N/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 (ACI, 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/b Cie 

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 (Hb) 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 version 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/A,), the ACI code 

may result in a slightly lower factor of safety than anticipated, 

while for ratios 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/A, yatio, and that the test data did not include 

ratios of A/A, (1:1 to 1:8) which occur more often in practice. Au was 

not convinced that the bearing pressure on concrete at A/B, =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 values 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 various 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.



a
)
 

cp
 

s 
(
E
/
A
 

R
a
t
i
o
 

of
 

i
s
)
 

s 
cp
 

(
F
/
A
 

R
a
t
i
o
 

of
 

  

  

  

© Mortar tests H/D>1 

G Concrete tests 

8 7 a Mortar tests H/D<i 

ro @ Tests by Shelson 

6 

  

  

  

                    
  

CA, 
2 Q. 

Ee a 

Q 

4 7 

0 10 20 40 50 
Ratio of (A/A,) 

Fig. 1.3 Concentric loading tests on mortar and 
concrete cylinders, carried out at the 

University of Sydney. 

  

  

  

Si a 

——— theoretical curve a 
A1A series ~ smail agg. ea $ 

4 @ 2A series ~ large agg. a 
@ Shelson's tests ~ small ogg. a7) | 

  

  

  
    

Lf 

3 : 

ee i 4st 
— 

                                    
2 4 6 8 10 12 i4 16 

Ratio of (a/a,) 

Fig. 1.4 Comparative study of results for 203 mn 

cubes by Au and Baird.



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/mm? 

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 experiments, the results could be misleading. The effect of 

aggregate size on bearing capacity is shown in Fig.1.5. The results 

10
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indicated that the maximum load 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 published 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/by, 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/S,) 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 gureounaias concrete block did not seem reasonable. 

Hawkins stated that Au and Baird's theoretical equation implied that 

Fob/fop was sensitive to the depth of the block, and also that fop/fop 

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 etal. by 

assuming that a uniform pressure was distributed over the interface 

ue



between the cone underneath the stiff bearing and the confining 

concrete. Hence he showed that horizontal splitting pressure was a 

function of C and Rp . 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 froma 

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 1965 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-section (250 x 150), with three 

different heights of 500, 250 and 150mm; 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/b,), the 

results are shown in Figs. 1.8 and 1.9. Muguruma and Okamoto developed 

an empirical formula which was a function of 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/A, <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/mm2 +» 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 load be used. 

The ratio of the test results to the theory , for loading on the 

corner of the concrete varied from 1.29 to 1.55. For this kind of 

load, Hawkins recommended a maximum ratio of Ro of unity, 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/mm2 , 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 quartic 

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 hada 

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 5° for these calculations. 

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

for both two and three dimensional loading. Their analysis was based 

Ve



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>b,), however, was based on a trial and error method. 

The theory showed a good correlation for small ratios of H/S, C30) 

6), with test data for strip loading by Graf(16) in 1934. The 

parameter of J= 20° and top = 5£sp was used for this comparison. Chen 

and Drucker(14) compared their theory to the tests done by Campbell(6) 

9° 
and Meyerhof(2), suggesting that using top = 10f sp and %=20 gave 

Pp 

good upper-bound values. However, this comparison was not shown. For 

ratios of specimen width to width of the stiff bearing (b,/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 (mortar 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/mm2 . 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/S, was less than two. The internal friction angle of 

concrete for this comparison was taken to be 30 degrees. Hyland and 
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Chen(17) indicated that concrete could be strained sufficiently to 

develop almost complete plasticity throughout a concrete cylinder for 

H/D, <2 and D/D, <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 square, 

rectangular 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 load 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 35N/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 

19



for both large and small relative side ratios (Dy /Syr by/Sy), 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 (Dy /Sxr by/Sy) were more important 

parameters than Ry isee (A/A,). The importance of these parameters is 

shown in Fig. 1.10. He indicated that the bearing strength decreased 

as the height increased, particularly when Ro piss 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 Rj <8. On the other hand, the 

bearing capacity increased for increasing ratios of H/b, and ratios of 

R2>8- This was in direct conflict with Shelson's conclusion. One 

important point which can be drawn from Niyogi's plotted results in 

Figs. 1.1land 1.12 is that the rate of increase in bearing capacity 

changes for ratios of Rg 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 : 

Vi1s2, 1:12:1.5, 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. 

20
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Niyogi drew the following conclusions : 

i) that the compressible bed reduced ane bearing strength of 

blocks ( particularly for H/b, <2); the nature of the bed 

had no effect if the relative depth (H/b,) was above 2. 

ii) that concentric loading from both ends had the effect of 

reducing the bearing strength compared to localised 

loading 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/mm? and the mild steel base plate had 

a yield strength of 250 to 300 N/mm2. 

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 negiigibie 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 concrete mixes with cube strength varying from 20 to 75N/mm2 

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. 
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i) That the localised bearing capacity of concrete could 

be calculated on an "effective area" basis, using an 

equation of the form : 

  

from experimental results for H/by >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) 1.76£ cu 
. Where Vr is the 

DIN 1045 (24) 1.4 Py design value for 

concrete strength 

Table 1.1 
ACI 318.77 (27) 1619f 65 

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 loaded 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 

26



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 £240 

CEB-FIP \/Ae/As $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 for 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 44) could 

only be used when justified by prototype testing. 
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CEB-FIP Model Code, clause18.2.1.2 (23) recommemded the 

formula: 

Frau = foa VAg As 63+3 fog Ag 

where Fran = normal force for ultimate state; 

foq = design strength of concrete in compression =f o/h 

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

cylinder; 

vec = 1.5 for the ultimate limit state. 

Therefore, the bearing strength = Frav/4s» so that 

fop =(fo/1+5) Vag/Ag <3-3(fo,/1-5) 

fop =(fox/1-5) VAg/Ag $2+2f ox 

Or, taking te as *8foy> 

feb <1 + T6E oy 

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

for partial loading : 

fop = 'r/2.1 Vag/Ag <1-4 Pr 

where 

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

Ag 4s 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? ) 

Y, v 

  

  

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 product of compressive stress and the 

ratio of the loaded area to a geometrically similar surface area, with 

a maximum value of four times the compressive strength. The same 

allowable stress is recommended for prestressed anchorages. The 

formula to be used is : 

fou =( K/ Py )*f ey 

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

Py = 1.6 

K = increase coefficient (maximum 4). 
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ACI Code 318-77 (27) states that the bearing strength for 

concrete without lateral reinforcement should not exceed 0.85% times 

the compressive strength. For partial area loading, the bearing stress 

may be increased by a factor of VA/Age provided this ratio does not 

exceed 2. A minimum thickness is also recommended for the steel 

bearing plates : 

Cane 2tmn/fy aia ae 

For a lesser thickness of plate, A, 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. 

30



(
F
/
A
_
£
 

R
a
t
i
o
 

of
 

  

  

  

  

  

Comparison of design codes 

area. 

Ratio of (A, /A) 

31 

  

  

    
  

  
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 toa 

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 

2-10 

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 oa 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/mm2 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 

2616 

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/mm? 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 0.25m> capacity. The 150mm cubes were cast in steel moulds ona 

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 steie cannes 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 off. 

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 load 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 
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eracks 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 this 

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/A,) to concrete strength (cube or prism) as 

the ordinate, and the ratio of concrete area to loaded area (A/A,) as 

the abscissa. This method has the disadvantage that when A, ---> 0, 

  F/As omen} OD» 

An alternative method of plotting the results is suggested in 

this investigation. The ratio of failure load divided by concrete 

surface area F/A to concrete cube strength (fey) 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 (Ag/A = 1), which corresponds to 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: 3.95 
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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/mm2, 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 

A,/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 : 

n = 0.085 + 1.36R (2.1) 

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 A5/aA equals unity, the value for n = F/(Af oy) 

also equals unity since F/A is the crushing strength 

of the concrete ~(Eoy)+ 
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Fig. 2.1 Plotted experimental results of Author, central loading on 

150 mm cubes. 
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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 = 0.15 + 0.85R (2.2) 

This satisfies the boundary condition and approximate to the 

equation found using the least-square-curve fit method. Using 

Equations (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=A,/A) 

less than 1:8, visual observation suggested that a single 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 loading and with a 

wide range of concrete strengths. In some cases the concrete cube 

strengths 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 load 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 the 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 deviation and 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 results for square rigid plates. For this set 

of tests the standard Mariaeion 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 tol 

concrete/jarea (A,/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 ence 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, 

F K 
ee = 1+ ------ ( VRa - 1) (2.3) 

Asfop VE 

Where 

  

(aie ianeee a) 
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By rearranging Equation (2.3) Hawkins presented the following 

expression (Equation (7) in his paper) for rectangular shape loading 

piece. 

st) (2.4) 

  

This Equation (2.4), Hawkins argued 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/Asf op continues 

to increase without limit as the ratio of block area to contact area 

Rg increases. It further implies that for the ratio of Ry equal to 

unity F/Asf op will also be equal to unity. This in turn suggests 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 hada standard deviation and 

percentage difference of + 0.238 ( 21%). 

Both Hawkins' and the Author's equations are drawn in Fig. 
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Ra
ti
o(
F/
Af
cu
) 

Hawkins' theory, Equation (2.3) 

  

Author's Equations, (2.1), (2.2) 

  

. Equation (2.2)) eee 

    
  
  

0 al we ext =a Ss 6 eC -& 3 1 

Ratio(As/A) 

Fig. 2.6 Comparison of Hawkins' and Author's theories, for 

concentric loading through stiff bearing. 
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2.6. Hawkins' equation was drawn for three values 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 Fon = 30 N/mm? 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 suggests that as the 

value of f.., decreases the ratio of P/E yA increases and this increase 

is considerable for concrete cube strengths of 11 and 70 N/mm2. 

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 

3.3.1.2 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 varying 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 Cons tensile strength 

(£55) and modulus of elasticity (EQ) 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 with 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/mm?, 

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 extension 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 tests. 

were carried out in which loading pieces (10 x 150mm) were 

concentrically applied through a 4mm thick steel base mickics 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 

(Smm) 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 

64



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/mm? were used. Knife-edge loading 

was applied through a 4mm thick steel base plate. In three tests, with 

concrete strengths of 10.9, 13.7 and 37 N/mm2, 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/mm2 + The cube strength in the test with 11.6mm thick steel base 

plate was 37N/mm2. In two of the tests, with base plate thicknesses of 
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Load Stress in concrete at five different positions N/mm2 f 

KN 1 2 3 4 5 

0.00 0.00 0.00 0.00 0.00 0.00 

2.50 1.64 1.46 1.10 0.55 0.18 

7.50 2.56 2.56 1.83 1.10 0.55 

15.00 4.47 4.02 2.92 1.64 0.82 

25.00 7.30 7.12 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 15315 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 12.32 6.75 3.83 

70.00 20.99 18.79 13.69 748 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 Ss.* US. US. US. US.       
Table 3.2. Concentric knife-edge loading through a 4mm steel base 

plate on a 150mm concrete cube (f.y = 13.7N/mm2). 

* No reading could be taken due to fluctuations. 
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Load Stress in concrete at five different positions N/a 

KN i) 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 9.00 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 ° US. US. US. US. US. 

175.0 US. US. US. US. US.     
  

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

plate on a 150mm concrete cube (fou = 37.0N/mm2). 
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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/mm2 + 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 rectangular 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)13720).. the purpose of this limited series of tests was 

to establish a clear pattern 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/mm? 

KN 1 2 3 4 Si 

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 US. US. US. US. US. 

320.0 US. US. US. US. US.     

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

plate on a 150mm concrete cube (£ g=37- 0N/mm?) « 
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5 of Table 3.1. 

3.4 Discussion of the Initial Test Results 

Table B.1 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 loading, 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 KN. The 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 strip 

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 value. 
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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 concrete. 

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 along 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 8mm 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 

eracks 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/mm? 

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 strength. 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,S2,S4,S6,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 S2, S4 and $9. 

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 strengths 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 S9, 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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3.3 Distribution of axial stresses in the concrete 
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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 thick). A series of test results were presented in which strip 

knife-edge, square and ene 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 Pole 
7X Ve 

Sx Saaeal 

ee   

  

  
    

  

h
—
 

5 
H
k
 

                    
  

  

—— bx —— 

  

(a) Elevation (c) Section 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 S, by § but the y 

"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 

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

Resolving forces vertically, 

F = (S,+L)(Sy+L) fo, (4.1) 

Where fp 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= fy ( ----- ) (4.2) 

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

plate, 

where Zp = +2/4 is the plastic section modulus of a steel base plate 

of thickness t. Therefore, 
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is =~ £ (4.3) 

  

therefore 

oe ee (4.4) 

Substitute for fcb in equation (4.1) 

2 

F = (Sy+h) (Sy#h) (2fy -- ) (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 Chapter Two. 

4.2.1 For Ratio of R< 0.125 

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

R<0.125. 

)+0.085 (4.6) 

  

Age = (SytL) (Sy+L) 

Substituting for Age in (4.6) 
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FP = 1.36f,,(SytL) (Sy+L)+0 .085AE oy (4.7) 

Substituting for F in (4.5) 

1436 gy (Sth) (Sy#L)+0-085AF 4 = (SytL)(Syth)(2fy - 

  

Dividing both sides of the above equation by (SytL) (Sy+L) fey 

(4.8) 

  

(S,+L) ( Sy+L) 

Multiplying both sides of the above equation by L? and expressing the 

equation in terms of L 

  

16A, 
og Bosse nr) 

  

fou 

= 0.0 (4.9) 

  

cu fou 

  

4.2.2 For Ratio of R> 0.125 

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

R> 0.125. 

F Ase 

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

following expression can be developed, 

0.85 + --een-------- 

(S,+L) (Sy+L) 

(4.11) 

  

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

the final formula in term of L is as follows: 

  

-) (12) 

  

(4.12) 

  

  

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, 

Fe (Sy+L) (by) £op (4.13) 

Using Equation (4.4) and substituting for top it can be written : 
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F = (Sy+h) (by) ( ---=5--- ) (4.14) r( y 12 

4.3.1. For Ratio 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, 

  

(4.15) 

  

  

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 b. 

wnn-- (23) + ( nnee- - 
t 2 

  

= 0.0 (4.16) 
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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-edge, 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 correlation between measured and 

calculated bearing capacities was poor. In the case of rectangular 

loading plates, Hawkins' (10,12) formula showed a poor correlation 

when compared with his own tests. Hawkins pointed out that his formula 

for rectangular loading pieces was not sufficiently accurate. Hawkins' 

86



(Ga A
N
T
L
N
O
D
)
 

*
H
u
T
p
e
o
t
 

O
F
z
Q
U
s
.
U
0
D
 

UO 
s
3
s
e
3
 

STY 
Y
b
n
o
r
y
2
 

p
e
u
T
e
j
q
o
 

esoyyz 
03 

AzxoeyA 
s
,
z
0
4
3
n
y
 

eYyA 
Aq 

p
e
q
o
T
p
e
s
z
d
 

s
q
[
n
s
e
z
 

jo 
u
o
s
t
i
e
d
u
n
)
 

| 
*P 

e
T
q
e
L
 

 
 

 
 

  
  

          

saqno 
OLcL 

L
°
v
L
s
 

S
°
9
9
P
 

B
L
°
o
 

b
c
p
 

O°cL 
092 

B
°
v
~
 

bLS 
uma 

OSZ 
C
L
L
 

S
*
L
E
E
 

L
°
8
6
z
 

80°o0 
Bc 

dt 
o°9 

092 
B
°
b
e
 

ELS 
(€) 

o
o
t
 

O
°
L
e
L
 

p
e
s
i
e
 

oo°L 
O
°
s
h
L
 

0
°
0
0
 

092 
o°zEe 

zLs 
BorL 

S
*
L
b
9
 

6
°
0
0
9
 

ts8°0 
B
°
s
L
L
 

o
°
o
E
 

092 
o
°
z
e
 

tts 
e
e
 

L°62%S 
L
°
8
9
p
 

6
S
°
0
 

p
9
8
 

G
*
t
z
 

092 
O°zEe 

ols 
P
O
L
 

o
°
o
z
e
 

6° L
O
E
 

9
c
°
0
 

B
°
9
E
 

O°LtL 
G9z 

O
E
E
:
 

6s 
cLcl 

O
°
0
E
E
 

L
*
v
6
z
 

tz°o0 
f
°
6
%
 

o°oL 
$9 

0o°0r 
8s 

P
L
e
L
 

0° 0
6
2
 

V
°
L
S
e
 

9
L
°
O
 

O
°
%
e
 

o's 
G9z 

0
°
0
r
 

Ls 
s
e
q
n
o
 

o
z
L
 

0 
092 

O
°
9
L
e
 

LL°O 
Lest 

079 
g9z% 

o
°
0
r
 

9s 
um 

OS! 
€
t
e
t
 

o°O06L 
6
°
L
9
L
 

4
0
°
0
 

Z°6 
Orr 

soz 
o
°
0
r
 

ss 
(z) 

OLcL 
O
°
S
L
L
 

€
°
S
s
t
 

8
0
°
0
 

9°6 
o
r
 

092 
O
°
L
e
 

vs 
OL 

TL 
O
°
o
s
t
 

€
°
9
E
L
 

6
0
°
0
 

6
°
O
L
 

o'r 
092 

O
°
0
E
 

€s 
s
e
q
n
 a 

oz"L 
S
°
L
6
 

s
*
0
8
 

€L1°0 
OSL 

orn 
097 

coer 
ts 

unt 
OSL 

B
L
°
L
 

0
°
0
8
 

0
°
8
9
 

S
L
°
O
 

b
°
o
7
 

or” 
092 

6°0L 
is 

(L) 

s
s
o
T
u
o
T
s
u
o
U
T
G
 

NY 
NY 

ur 
/urut 

ww 
ung 

7 U
L
 

/ NH 
y
n
 

(oL°p) 
“ba 

(a+b) 
ba 

tO 
u
o
 

(9°) 
*ba 

(6°*b) 
*ba 

zoyqny 
<q 

a 
a 

v
/
v
 

1 
a 

a 
=F 

on 
on 

qs 
seTies 

(
p
e
o
l
 

a
a
n
t
t
e
d
)
 

p
e
m
s
e
o
w
 

K
z
o
0
u
g
 

o
T
z
e
u
 

y
q
b
u
e
t
 

a
3
e
T
a
 

y
q
b
u
e
a
q
s
 

peqnduos 
/peanseow 

peolt 
sant ted 

o
e
q
U
0
D
 

aseg 
[2993S 

eqer0u0D 
JO 

OFWeN 
  

 
 

87



O
T
r
Z
U
s
.
U
0
D
 

uO 
s
z
s
e
3
 

SsTY 
Y
S
n
o
r
y
 

p
e
u
T
e
q
q
o
 

e
s
o
y
R
 

09 
Azr0aeY3 

*
b
u
T
p
e
o
t
 

S
,
z
0
y
3
n
y
 

ey3 
Aq 

p
e
j
z
o
t
T
p
e
a
d
 

s
q
{
n
s
e
x
 

jo 
u
o
s
t
z
e
d
u
o
d
 

1°p 
eTqQReL 

 
 

 
 

 
 

 
 

  
  

  
  

  
  

  

(
O
L
°
S
)
 
=
 

<eeee-- 
& 

i 
(90°04) 

2
 

<------ 
uoT}zeTAad 

parepuejs 
(OL°L) 

©
 

<
e
e
n
 
nee 

u
e
H
 

sort 
*
7
6
E
 

S
e
r
e
 

vEe*o 
9°6L 

6°S 
$9% 

S°*LE 
sls 

L
6
°
0
 

£
°
t
s
o
 

6
°
S
9
9
 

S
L
°
O
 

8° 
RL 

Orr 
s9z 

G
°
L
e
 

Lis 
seqno| 

OLrL 
9
°
7
B
E
 

L
°
t
v
e
 

o
e
°
o
 

ZeeL 
Orr 

g9% 
S
i
L
E
 

ols 
uur 

OSL 
sort 

o
°
s
é
L
 

6
°
9
8
L
 

S
L
°
O
 

pect 
o'r 

s9z 
O
°
0
E
 

sis 
(v) 

S
s
o
l
T
u
o
T
s
u
o
u
T
q
 

No 
not 

ung /wut 
wut 

um 
z
t
 

/ N
L
 

z
u
/
N
n
 

(
O
L
*
p
)
*
b
a
 

(
Z
L
°
p
)
 
b
a
 

20 
uo 

(9°) 
*ba 

(6°b) 
*ba 

zouzny 
Aq 

a 
a 

V
e
y
 

1 
=) 

3 
me 

ON 
ON 

. 
3
S
8
0
L
 

s
o
e
t
i
e
s
g
 

(peolT 
o
r
n
t
t
e
d
)
 

p
o
i
n
s
e
 
ow 

A
z
0
9
u
L
 

oTazeu 
y
q
b
u
e
 

9
3
e
T
d
 

y
q
b
u
e
r
z
q
s
 

peynduos 
/peznseen 

peoT 
santtea 

o
e
Q
U
0
D
 

eseg 
[999s 

aqzeroU0D 
yO 

OTIea 
  

 
 

88



(
G
3
Q
N
I
L
N
O
S
 

) 

s
z
o
y
a
n
y
 

ey3 
Aq 

p
e
s
o
d
o
z
d
 

A
z
o
a
y
3
 

[
e
o
t
a
t
T
d
u
e
 

sy} 
03 

s
a
T
n
s
e
z
 

4
s
0
3
 

,
S
u
T
y
x
M
e
H
 

JO 
u
o
s
t
s
e
d
w
u
o
y
g
 

Z*p 
etTqeyL 

 
 

  

 
 

      
      

 
 

    
 
 

  

oorL 
6
°
L
9
E
 

8
L
°
o
 

S
L
°
L
 

O
°
e
9
€
 

O° €. 
9LZ 

OOL 
6
°
L
s
 

€9 
0
6
°
0
 

€
°
S
v
e
 

oL°O0 
S
t
°
D
 

L
°
9
0
€
 

os*L 
BEE 

ooL 
6
°
L
S
 

wo 
0
6
°
0
 

SS 
LEE 

S
t
°
o
 

S
t
°
e
 

L
°
e
o
e
 

9
2
2
0
 

Sve 
OoL 

s
e
q
n
d
 

uu 
Ost 

6
°
L
S
 

to 

6L°L 
B
°
O
L
b
 

s
p
o
 

O
°
b
D
 

0
°
6
9
S
 

b
e
s
e
 

ole 
ooL 

L°s8e 
og 

OLTL 
9° 

PBE 
zZe°o 

G
Z
°
6
z
 

B°Lzpy 
06°8s 

78z 
ooL 

L
°
8
e
 

s@ 
BL°L 

9° 
6
Z
E
 

s
z
°
o
 

S
z
°
6
L
 

s
°
s
s
e
 

S
E
"
S
 

c97 
ooL 

L
°
s
e
 

va 
80°L 

9
°
0
8
¢
 

6
L
°
0
 

0°6 
L
°
€
o
e
 

ore 
9Le 

OoL 
L°s8e 

ea 
60°L 

6
°
1
9
 

L
L
°
0
 

S
L
O
V
 

S
°
S
8
z
 

os*L 
BEE 

OoL 
L
°
8
e
 

ca 
sort 

L
°
s
s
z
 

S
L
°
O
 

S°t 
8° L197 

9
L
°
0
 

SvE 
OOL 

s
e
q
n
d
 

uu 
OSL 

L
°
s
e
 

ta 

LO°L 
0
°
8
s
z
 

L
e
o
 

€°s8e 
9
°
9
L
e
 

0
6
°
8
 

€8z 
ooL 

L
e
s
 

bw 
Zeek 

6° OL 
L
z
°
0
 

o
°
s
e
 

o
*
s
s
z
 

S
e
°
9
 

29% 
ooL 

L
e
e
s
 

ew 
6
0
°
L
 

L
°
6
9
L
 

B
L
°
O
 

S
Z
°
L
l
 

v
°
s
e
L
 

ore 
9Lt 

oOoL 
L
2
S
.
 

rAd 
P
L
L
 

9
°
9
s
l
 

9
L
°
0
 

o°9 
S°B8LL 

s*L 
BEE 

OOL 
s
e
q
n
d
 

ut 
QSL 

L
E
S
 

Ww 

s
s
o
T
U
O
T
s
u
S
U
T
d
 

NOt 
un 

/wur 
u
u
r
 

nO 
u
u
r
 

z
w
/
 
NOL 

u
n
t
 

z
u
/
N
 

(oleh) 
“ba 

(ZL°b) 
"ba 

y
o
 

u
o
 

8 
(9°b) 

*ba 
(6*b) 

*ba 
2 

a 
v/PSu 

1 
a 

a 
As 

= 
Xs 

ny 
Tt x 2 

(peot 
eanttea) 

peot 
oT3eu 

yq6ue7 
peot 

eqetd 
yz6ue1 

opts 
ueutoedg 

yqbuea3s 
s 

peynduoy 
/
p
a
a
n
s
e
o
w
]
 

e
a
r
n
e
d
 

qoequop 
| 

eanttea 
eseg 

[203s] 
young 

ezenbs| 
jo 

ezts 
aqzerou0g 

|
 

4seq 
JO 

oT3 bY 

A
r
0
0
u
L
 

S
q
[
n
s
e
y
 

4sSeL 

y
e
o
t
a
z
a
t
d
u
g
 

s
,
z
7
0
y
q
n
w
 

u
o
t
T
z
e
b
T
4
s
o
a
u
l
 

,
S
u
T
y
M
e
H
 

  
 
 

  

89



(GHNNTZNOO) 
*
z
o
y
q
n
y
 

ey} 
Aq 

p
e
s
o
d
o
a
d
 

A
x
o
a
y
3
 

Teotsztdwe 
ayy 

OF 
S
y
T
N
S
e
r
 

4s0q 
,
S
U
T
Y
M
E
H
 

JO 
u
o
s
T
a
e
d
u
O
D
 

zZ°*P 
eTqeL 

 
 

 
 

      
  

    
 
 

    
 
 

  

B0°L 
v
°
e
v
e
 

0
z
*
0
 

S
L
°
L
E
 

L£°SLE 
6°8 

OLE 
S
°
L
b
L
 

sust a
d
 

0
°
9
%
 

ta 
oo°L 

c° 
e
s
e
 

Lz°o 
S* 

re 
f
°
c
s
e
 

S
e
°
s
 

0z9 
O
°
o
s
L
 

0
0
€
x
0
0
c
x
0
0
z
 

0
°
9
%
 

la 

p
6
°
0
 

G
L
V
E
 

0
z
°
0
 

8
°
P
S
 

v
r
e
o
l
 

s°sL 
c9 

S
°
L
b
L
 

L*9€ 
ca 

S
6
°
0
 

6
°
8
2
L
 

6L°0O 
€
°
%
s
 

9
°
t
6
9
 

o°zL 
Lig 

G
°
L
b
L
 

s
e
q
n
d
 

um 
OSZ 

L
°
9
e
 

la 

oorL 
L
O
L
S
.
 

c
r
°
o
 

S
L
°
0
b
 

L
°
L
e
v
 

L°st 
C9% 

s
°
L
6
 

L°9e 
sa 

OOrL 
L
°
L
e
y
 

z
v
°
o
 

S
L
°
0
b
 

8°S7eD 
v
c
e
 

9Le 
S
°
L
6
 

L°g9e 
va 

L
6
°
0
 

€
°
9
6
E
 

8
E
°
0
 

S
L
°
t
D
 

9°ZS8E 
P
o
l
 

9Le 
S
*
L
6
 

L°9F 
€a 

€
6
°
O
 

O
°
L
B
E
 

9
E
°
0
 

8
°
z
E
 

Z° 
ese 

6°8 
LLe 

S
°
L
6
 

L°9e 
ca 

£O°L 
S° L

E
E
 

o
e
*
o
 

S
l
e
 

£
°
O
V
E
 

6°s 
LLe 

S
2
L
5
 

s
e
q
n
d
 

wu 
OGt 

L°9E 
ta 

L
o
L
 

9° 
8E9 

s
v
°
o
 

O
°
b
r
 

B
°
E
8
9
 

o
v
’
s
z
 

9LZ 
OOL 

6
°
L
S
 

99 

OLeL 
L
°
1
8
p
 

6
z
°
0
 

G
L
°
v
Z
 

L
°
6
t
S
 

0
6
°
8
 

c8e 
oot 

6
°
L
S
 

Go 

OL*L 
B8°CtD 

v
z
°
0
 

S°OL 
L
*
0
9
r
 

S
E
=
9
 

297 
ooL 

6° LS 
vo 

s
s
o
T
U
O
T
S
u
S
U
T
C
 

no 
w
u
 

/ 
wut 

uur 
no 

wur 
z
u
u
/
1
0
l
 

wu 
z
u
M
/
N
 

(OL*b) 
‘ba 

(
2
°
)
 

*ba 
yo 

uo 
s 

(9°) 
‘ba 

(6°) 
*ba 

2 
a 

v/Fy 
1 

a 
y
e
 

Kg 
= 

Xs 
2s 

t a 3 

(
p
e
o
l
 

e
a
n
t
t
e
a
)
 

peolt 
o
T
z
e
u
d
 

y
3
b
u
e
t
 

p
e
o
t
 

2
3
e
T
d
 

y
q
b
u
e
y
 

e
p
t
s
 

u
o
w
t
o
e
d
s
 

y
q
b
u
e
r
4
s
 

s 

p
e
q
n
d
u
o
p
 
/
p
e
z
n
s
e
o
w
|
 

a
n
t
 
Ted 

q
o
e
q
u
o
D
 

eanT 
ted 

e
s
e
g
 

[2909S 
|
 
y
o
u
n
g
 

e
r
e
n
b
s
 

JO 
9
z
T
s
 

e
q
e
z
9
u
0
D
 

a
s
e
 

jo 
oT7eu 

A
z
o
o
u
L
 

S
q
i
n
s
e
y
 

4
S
9
L
 

T
e
o
t
a
t
d
w
g
 

s
,
z
0
y
4
z
n
y
   

u
o
T
q
e
b
T
y
s
e
a
u
y
 

,
S
s
u
T
y
M
e
H
 

  
 
 

90



s
z
o
y
z
n
y
 

e439 
Aq 

p
e
s
o
d
o
z
d
 

Axroayz 
T
e
o
t
a
z
t
d
u
e
 

sy} 
0} 

s
a
I
n
s
e
x
 

y
s
e
R
 

,
S
U
T
Y
M
e
H
 

Jo 
u
o
s
T
z
e
d
u
o
D
 

z*P 
e
T
q
e
L
 

 
 

 
 

 
 

  

 
 

 
 

      
  

  
  

  
 
 

  
  

(8° 
8) 

<
-
-
-
-
-
-
 

% 
(60°0 

+) 
<
-
-
-
-
-
-
 

u
o
T
q
e
T
A
e
q
 

parepuels 

(porL) 
<------ 

u
e
 

9
6
°
0
 

€
°
S
t
6
 

$
s
°
0
 

S
L
°
0
6
 

6
°
1
8
8
 

o
°
o
s
 

687 
S
°
L
U
L
 

br9e 
vo 

8
8
°
0
 

L
°
c
L
o
”
 

Le°o 
s
°
e
s
 

9
7
9
8
S
 

L°st 
682 

S
*
L
b
L
 

L°9e 
£5 

o
o
*
L
 

v
v
 

é
t
°
o
 

S
Z
°
9
7
 

S
*
0
v
b
 

6
8
°
s
 

9
%
 

S
°
L
b
L
 

sus t
a
d
 

L
°
9
€
 

eo 
s
6
°
0
 

Z
°
9
S
b
 

B
L
°
o
 

S
*
8
z
 

O° 
LED 

s
e
°
o
 

0z9o 
S
°
L
b
L
 

o
o
€
x
0
0
c
x
0
0
z
 

b°9e 
15 

L
O
*
L
 

€
°
L
s
9
 

s
s
°
0
 

G
L
°
0
6
 

v
r
e
o
l
 

0
°
0
s
 

coe 
S
°
L
v
L
 

0
°
9
%
 

9a 
S
6
°
0
 

L°z9og 
€
p
°
o
 

S
E
S
V
l
 

L
°
0
€
S
 

s*st 
Zoe 

S
°
L
b
L
 

0
°
9
2
 

Sa 
s
6
°
0
 

€
°
e
0
S
 

L
E
O
 

Sz°s9o 
L
°
8
L
y
 

L°st 
68% 

S
°
L
b
L
 

0
°
9
2
 

va 
4
8
°
0
 

9° 
CES 

tp°o 
Z
o
°
L
e
 

6
°
8
9
 

Q°ce 
Lugs 

S
°
L
h
L
 

0
°
9
%
 

ea 

s
s
o
T
u
o
T
s
u
s
u
t
d
 

NOI 
wut /urur 

wur 
N
Y
 

um 
7
M
 

/ NL 
‘uur 

z
/
N
 

O
L
*
b
)
 

*ba 
(ZL 

°p) 
*ba 

40 
uO 

s 
(9°p) 

*ba 
(
6
°
p
)
*
b
a
 

2 
a 

¥w/?5v 
1 

a 
2 

Ky 
Kg 

aot 
nor 

t zx 3 

(peoT 
eanttea) 

peot 
oTzeu 

yqbuet 
peot 

e3eTd 
yqbuel 

epts 
usewtoeds 

yqbuex3s 
s 

p
e
y
n
d
u
o
d
 
/
p
e
a
n
s
e
o
w
}
 

eantT T
e
r
 

q
o
e
q
u
o
p
 

e
a
n
{
 
Tea 

e
s
e
g
 

[899s] 
y
O
u
N
d
 

e
z
e
n
b
s
 

yo 
e
z
t
s
 

e
q
e
r
0
U
0
D
 

3894, 

yO 
oF3 ey 

A
z
0
0
u
L
 

S
q
I
n
s
e
y
 

A
s
e
,
 

y
e
o
t
a
z
t
d
u
g
 

s
,
z
o
y
z
n
w
 

u
o
T
z
e
b
T
A
s
e
A
U
L
 

,
S
u
U
T
Y
M
e
H
 

  
 
 

91 

 



(
G
a
N
N
I
Z
N
O
O
 

) 

“
s
u
T
y
M
e
H
 

pue 
r
o
y
I
n
y
 

eyz 
Aq 

p
e
s
o
d
o
i
d
 

s
e
t
z
o
s
y
z
 

ey} 
0} 

S
Z
I
N
S
e
X
 

4S99 
S
,
J
T
O
M
-
e
d
 

Jo 
u
O
S
T
I
e
d
w
O
D
 

E
F
 

oeTqeL 

 
 

 
 

£
6
°
0
 

Lore 
6°SL9O 

t
-
9
1
9
 

€
°
9
S
9
 

v
s
t
 

8Sz 
LE 

ore 
6
°
S
Z
 

LL 

€0°L 
B
0
°
L
 

S*979: 
o
°
6
L
o
 

L
°
8
9
9
 

Le 6L 
09% 

€s 
617 

e
°
s
e
 

OL 
€O°l 

S
o
l
 

L
*
z
z
e
 

y
°
9
0
8
 

9
°
9
0
8
 

v
s
e
 

SOE 
€S 

6L7 
b
e
s
e
 

6 
oorL 

p
o
r
k
 

B
°
6
6
L
L
 

g
°
c
s
t
t
 

L
°
c
o
z
t
 

B
L
E
 

che 
€S 

6Le 
o
°
s
z
 

8 

P
L
L
 

Stet 
6
°
8
L
D
 

c
°
S
0
b
 

L
°
8
L
y
 

6°SL 
8Sz 

6
 

8b 
8
°
S
z
 

L 
g
e
e
n
 

L
t
o
e
 

C
O
L
e
y
 

8
°
S
L
E
 

e
°
L
s
s
 

L°6L 
Lee 

6E 
Bve 

b
e
s
e
 

9 
0
6
°
0
 

6L°L 
9
°
9
L
9
 

6
°
6
L
S
 

0
°
6
L
9
 

Z
°
t
e
 

8sz 
6E 

8ve 
9
°
S
t
 

Ss 

SO*L 
O
O
r
L
 

L°O0vL 
6
°
6
L
L
 

6
°
6
L
L
 

L° 6b 
BS 

€s 
eee 

8
°
S
t
 

v 
oo°L 

80°L 
6
°
T
E
6
 

€
°
0
9
8
 

6
°
7
E
6
 

v
s
t
 

092 
€s 

eee 
b
°
S
t
 

€ 
feeb 

o
c
t
 

L
°
t
r
s
 

L
°
e
v
s
 

c* 
c
o
l
 

9° 
8 

68L 
es 

eee 
6
°
S
t
 

z 
S
O
L
 

cLek 
0
°
c
s
s
 

L
°
9
6
L
 

8
°
0
6
8
 

9
°
8
2
 

68L 
€s 

eee 
S
°
e
e
 

L 

s
s
a
T
u
o
t
s
u
a
u
t
d
 

NO 
not 

wut 
z
u
/
N
t
 

um 
gum 

z
u
M
/
N
 

(6)‘(s)*ba 
(OL *b) 

ba 
u
o
 

u
o
 

SsuTyMeH 
zoyz OY 

(s) 
*ba 

(9°) 
*ba 

a 
a 

aes 
4g 

= 
%s 

5
 

(
p
e
o
T
 

a
a
n
t
t
e
a
)
 

p
e
o
t
 

93°Tad 
y
q
y
b
u
e
l
 

e
p
t
s
 

u
o
w
t
o
e
d
s
 

y
q
u
e
s
z
q
s
 

ON 
p
o
q
n
d
u
o
s
 
/
p
e
a
n
s
e
o
w
 

S
U
T
M
P
H
 

z
o
y
q
n
y
 

e
a
n
t
 
t
e
a
 

e
s
e
g
 

[
9
0
9
9
S
 

y
o
u
n
g
 

o
a
n
b
s
 

jo 
e
z
t
s
 

a
7
e
r
0
U
0
D
 

q
s
e
L
 

Jo 
oTQeY 

: 
  

  
      

 
 

  
  

aaznT Ted 
p
e
a
n
s
e
o
w
   

sj1nsey 
3s07, 

u
o
T
q
e
b
T
y
s
e
a
u
L
 

s
,
J
T
O
M
-
e
d
 

  
 
 

92



*
s
u
T
y
M
e
H
 

pue 
xzoyyny 

ey3 
Aq 

p
e
s
o
d
o
z
d
 

setrzoey} 
e
y
 

OF 
S3INSser 

3509 
S,JTOM-2eq 

JO 
u
o
s
t
T
a
e
d
u
o
g
 

E-p 
eTqes 

 
 

  

 
 

 
 

  

 
   

  
  

    
 
 

  

(
o
°
e
L
)
 

(os* 
2) 

S
e
e
 

% 

(vL° 
OF) 

(980° 
OF) 

<
-
-
-
-
-
-
 

u
o
T
J
e
T
A
S
d
 

p
i
e
p
u
r
q
s
 

(
6
0
°
L
)
 

(
Z
E
D
 

K
o
m
e
n
 s: 

P
O
H
 

b
o
r
k
 

6L°L 
6
°
r
0
r
 

6
°
s
l
b
 

€
°
0
0
S
 

L°éL 
BSZ 

6E 
GLL 

8
°
S
Z
 

6L 
BLTL 

Lee 
O
°
v
O
D
 

L°ecpy 
B
°
O
L
D
 

L°é6L 
B8Sz 

6E 
SLL 

L°9e 
8L 

1
8
°
0
 

L
6
°
0
 

O
°
L
b
L
 

O
°
L
z
9
 

€
°
€
0
9
 

b
°
S
t
 

BSe 
6E 

SLL 
p
o
e
 

Lt 

en'l 
L
o
e
 

O
°
L
O
L
L
 

Z
°
0
9
S
 

C
°
S
L
L
 

L°éL 
092 

€S 
Sez 

B
°
S
e
 

OL 
9
0
°
L
 

€
0
°
L
 

S
°
9
S
L
 

6°L4LL 
S
*
8
6
L
 

v
°
s
z
 

SOE 
€s 

SET 
9
.
 

SL 
B0°L 

SL°L 
v
°
e
L
e
L
 

L
°
e
s
u
e
 

v
°
L
z
e
L
 

L
e
e
 

coz 
€s 

SEZ 
9°Le% 

PL 

B
e
°
L
 

B
z
°
L
 

6
°
9
9
€
 

6
°
9
9
 

6° L
O
D
 

6°SL 
8Sz 

Le 
oLl~ 

B
°
S
e
 

€L 
Otel 

60°L 
B
°
r
c
E
 

€
°
6
0
0
 

G
°
6
8
P
 

L°éL 
€vz 

Le 
OLZ 

v
s
e
 

aL 

sseTuoTsusutTgd 
NO 

N
O
 

uur 
un 

/Nt 
wut 

e
m
 

z
u
/
N
 

(6)‘(s)*ba 
(
O
L
 

b) 
ba 

u
o
 

u
o
 

suTymeq 
zoyznw 

(s) 
*ba 

(9°p) 
*ba 

a 
a 

aoe 
y 

As 
= 

nF 

(
p
e
o
T
 

e
a
n
{
t
e
q
)
 

p
e
o
t
 

e
3
e
T
d
 

y
3
b
u
e
l
 

e
p
t
s
 

u
e
u
t
o
e
d
s
 

y
a
b
u
e
a
q
s
 

ON 
pe 

y
n
d
u
o
s
 
/
p
e
r
z
n
s
e
o
w
 

S
U
T
Y
M
P
H
 

a
z
o
y
y
n
y
 

oant t
e
a
 

e
s
e
g
 

[9809S 
y
o
u
n
g
 

eaznbs 
jo 

e
z
t
s
 

e
q
e
r
D
U
0
D
 

q
s
0
L
 

go 
oTqeu 

S
}
I
N
s
e
y
 

4soy, 

e
a
n
{
t
e
q
 

p
e
a
m
m
s
e
o
w
 

u
o
t
z
e
b
T
y
A
s
o
e
A
u
l
 

s
,
J
T
O
M
-
0
d
 

  
  

  
 
 

93



formula for a square loading piece is also restricted to ratios of 

B/Ase less than 40. 
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CHAPTER FIVE 

EXPERIMENTAL WORK USING UNIVERSAL COLUMNS 

5-1 Introduction 

5.2 Concrete Specification 

5.3 Manufacture of Specimens 

5.3.1 Mould 

5.3.2 Casting and 

5.4 Test Procedure 

5+4.1 Test Series 

54.2 Test Series 

5.4.3 Test Series 

5.4.4 Test Series 

5.5 Mode of Failure 
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Curing 
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5.7 Presentation of Test Results 

5-8. Discussion 
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Results 

5.10 Discussion of Theories for Design of Base Column 

Presented by AISC, Draft of Steel Code and BS 

449 

5.11 Correlation and Discussion of Allowable Design 

Load Recommended by AISC, DSC and BS 449 to 
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5.1 Introduction. 

The tests of previous researchers, and those 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, and 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 

‘ 
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 m2 capacity and cast on a vibrating 

table. Each mix included cylinder and cubes required for the control 

test specimens. fthe 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 surface of the cube. 

The upper and lower 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 28.0 N/mm? 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/mm? 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 fou 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/mm2. 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/mm? (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/mm? 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 off, when the 

plate was removed a tracing of the shape of the I-section loading 

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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(a) 

Plate 5.1 Typical crack formation at failure under a column base. 

(a) 4mm thick base column loaded through column of B/D = 1.0 

(>) 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 

of B/D = 0.6. 

  
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 = 

0.93 where the outline is again somewhere between the rectangle and 

the I-shape. 

Photograph 5.8 shows a typical pattern of contact area ona 

12mm base plate in series four for the ratio of B/D = 0.93. The jagged 

line drawn around the tracing in Photograph 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 

between 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 

Patterns 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. 

" 

2 

   
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 Theory. 

The current method a 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 eter depth and 0.8 of the flange width. The ALSC 

method also Gunes that the plate projections 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 

Yatio 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 R) 

and a rectangular one (A'B'D'C'). From Fig 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, 

Ape = Age = (B+L) (D+L) (561) 

Where Ape, is the area of the rectangular shape bearing. 

For an I-Shape loading piece the effective area of bearing 

is, 

Ay = Age = 2(tgtL) (BHL)+(D-2te-L) (t +L) 

Where A; is the area of the I-shape bearing. 
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Fig. 5.1 Rectangular and I-shape bearing 
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Simplifying the above equation, 

Ay = Age =L7+L(2B-t,+D)+2t gBtt,D-2tet,, (5.2) 

5.6.1 Ratio of R <0.125 

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

  

+1.36)-1= 0.0 (5-3) 

  

5-6-2 Ratio of R >0.125 

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

of AL/A >0.125, 

(5.4) 

  
112



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, 

however be pointed out that the value of contact -length 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 this 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. 5.3 Experimental results of Author, for axial loading via a 
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steel I-section on 250 mm cubes (t = 4.0 mm, tee N/ams).   
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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/mm? 

, it 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? 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 

tase 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 Ay/Apec ( 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 belong. 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 /Apeg < 9-6 , 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 Ay Lipa > 0.6 the test results were predicted with a 

reasonable degree of accuracy using a rectangular shape bearing area. 

For values of Ay /BRec < 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 assuminga 
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Series Cube Plate Ratio of 

No Size Thickness B/D 

4 150 4 0.13=1.0 

2 250 4 0.07=1.0 

5 250 8 0.06-0.93 

4 250 12 0.31-0.93 

R Rectangular shape bearing area 

  

ie ~ I-shape bearing area 

0 ol 22 3 34 -5 6 oe 6 -3 1 
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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 concerning 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 that 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 shape 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 ARec and I-shape area A; (shaded areas 

shown in Fig 5.1, NGFk and MNOP) 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 Ap. and Ay 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. Consequently 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 quite 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, nevertheless 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 rectangular 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 dimensions 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 

128



A)
 

c
u
 

R
a
t
i
o
 

(
F
 

/ 
f
 

5 
4 

-3
 
  

  

Series Symbol Cube Plate 

No Size Thickness 

| x 150 4 

' A 250 4 

Wl Qa 250 8 

Iv ° 250 12             
  

      

Assuming a rectangular shape of 

bearing area. 

a ® 
Equation (2.2) Ss 2 

a 

a 

® 

x 
a 

a * 

a 
a 

a «a 
a 

a 

<< Equation (2.1) 

oa 3 oft 5 & 2 8 <3 1 

Ratio (A /A) 
se 

Fig. 5.9 Relationship between F/ (20,0) and AL/ A for experiments 

by Author, assuming a rectangular shape of bearing area. 
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are all above the lines for stiff bearing apart froma 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 octane 

cube. 

Figure 5.11 is plotted with n1 (experimental / calculated 

failure load) as the ordinate and the ratio of BD/t? 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 rectangular loading piece instead of the actual I- 

section is reasonable. However, as this ratio of BD/t? 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/t2 above 500 the 

plotting 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 practice 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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Where, 

ft is allowable bearing pressure (fp = 0.25 fo) 

fp is allowable bearing stress in steel base plate 

(f, = 0.75 fy) 

Rearranging the formulae for t in terms of aq and ber 

   
Inserting the allowable design stresses for concrete fp = 0-25f op and 

steel f) = 0.75f5, 

       3x 0.25f., 

Simplifying the above equations, 

(5.5) 
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(5.6) 

  

From Fig 5.12 the steel base column has dimensions, 

X = 2a, + 0.8B (5-7) 

¥ = 2b, + 0.95D (5-8) 

The Design Working Load (B,) is 

Fy, = 0-25, x 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, 

+ t 

| be -— X/2 —— 
t 

2 be ee eae. 
1 
! 
| 
1 
! 

          hc 

  

Fig. 5.13 Loading configuration based on the information in 

the Draft of Steel Code. 
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Where, 

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

267 N/mm?, 

fo is the allowable bearing pressure (fp = 0-4f5, ) 

Therefore, 

     3 x 0-4.) 

Simplifying the above equation, 

14.93t 

(5.10) 

  

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

as follows, 

ag =X-0-4B but < amin (5-11) 

Where 

amin = 0+8X > 0.35(D-b,) 
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From Fig 5.13 the steel base column has dimensions, 

X = 0-8B + 2a, (5.12) 

¥ = Dito2b, (5.13) 

Therefore, the Ultimate Design Load (F,,) can be calculated as follows, 

F, = 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, 

OR     

  

  

      

a t 
be 

——— 
I 1 
\ \ | | 

lea tits aa 

fall | \ 
|} I 

——       
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 fog) 

fp, is allowable bearing stress in steel base plate 

(£, = 185 N/mm?) 

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

   
Inserting the allowable design stresses for concrete £y = 0-25f,y and 

for steel f, = 185 N/mn?, 

          3 x 0-25f,, 3 x 0.25f,, 

Simplifying the above equations, 

(5.15) 

  

15.71 
bebe eeseee= (5.16) 
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From Fig 5.14 the steel base column has dimensions, 

X= 2a, + B (5.17) 

¥ = 2b, +D (5.18) 

The Design Working Load (F,,) is 

FY = 0.25f,, X ¥ (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 Cc. 

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 e7ee 

and F/F,, 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/F,) 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 

140



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/Fy ranges from 3.18 to 1.94, the 

ratio of F/F, 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/Fy and F/F,,. 

These ratios for the Draft of steel code vary between F/Fy = 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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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 fill 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 were 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 were 

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/mm2 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 100mm2. 

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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   reer ttt ti it tia 
i 16 7 4 5 i z a 

Plate 6.1 Typical crack formation at failure under square eccentric 

loading condition. (e = 50mm , AS = 20mm") 

| 
21 2 23 

  
Plate 6.2 Typical crack formation at failure under square eccentric 

loading condition. (e = 40mm , AS= 4Omm@) 
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Plate 6.3 Typical crack formation at failure under square eccentric 

loading condition. (e = 10mm , Al = 70mm") 

  
Plate 6.4 Typical crack formation at failure under square eccentric 

loading condition. (e = 10m , AS= 100mm?) 
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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 70mm? 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 100mm2 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 

(E oy) as the ordinate and the ratio of loaded area to concrete surface 

area (A;/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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Test Symbol Square plate Eccentricity 

No size 

#156 x 10-100 10 
7-59 20-60 4o 

£10 a 20 50 

—+——. Equation (2.2) 
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+ = Equation (2.1) 
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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 e1 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 e1 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 

Nez = Rey (1-3 R + 0-085) (6.2) 

where R,; is defined as a reduction factor for eccentricity of e1- 

Fe, 
e1 

Ne, is defined as -------- ( F,, is the failure load 

Af cu 
for eccentricity of e1) 
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Fig. 6.2 Theoretical lines for zero and e1 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)Ra, 

Therefore 

De) = 1 Rey (6.3) e1 

where n can be calculated using Equation 6.1. 

An expression for Rg, 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 (Equation 2.2), 

for ratios of R > 0.125, a similar expression for reduction factor 

with an eccentricity of e1 can be found as follows, 

le] = 2 Re4 (6.4) 

where 

n = 0.85 + 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, 

Ret are : (6.6) 
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The above Equation 6.6 indicates that the reduction factor 

for an eccentricity of e1 is the ratio of the ultimate load for 

eccentricity of e1 to the ultimate load for concentric loading i.e. 

zero eccentricity. 

In order to evaluate the reduction factor R,, test 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 5imm 

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 fom, 

(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 

Qstaa—== = 080235 (Exe)S, 27s teal (6.8) 
F by 

where C1 is a constant. 
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Cube Ratio Failure Ratio Ratio Average 

Size of Load of of of 
Researcher 

i ; * 
AS/A Fe e/by F./F In? /f 

m3 mm/mm KN mum/mmn 

150 0.0044 54.0 0.067 0.84 
150 0.0710 127.5 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. 

* 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, 

F 0 
1 eee = 0.0235 (EXP) 96275 ( =-===" et Cc) 

F by 

1 = 1 = 0.0235 + C1 

Therefore, 

C1 -0.0235 

Substituting back for C1 in Equation 6.8, 

  

= 0.0235 (EXP) 9.275 - - 0.0235    

  

But FQO/F was defined as the reduction factor R,. 

Therefore, 

e 
Rg = 1.0235 - 0.0235 (EXP) 9.275 ----- (6.9) 

by 

To summarise, 

Mg = Ren (6.10) 

where, 

n = 1.36 R + 0.085 for R < 0.125 

n= 0.85 R + 0.15 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 form, 

Although the overall pattern of Niyogi's equation is similar 

to Equation 6-10 presented in this research, however, Niyogi's 

expressions for n and Rg are very different to those developed here. 

The following expressions were developed by Niyogi for n and Res 

  

n= 0.84 R - 0.23 (6.11) 

e e 

Re = 2.36 (0.83 - ( ----- )?) = 0.94----- = 1.15 
by by 

(6.12) 

Therefore, 

e 

ne = (0-84 R - 0-23R)(2.36 0.83 - ( - 0.94 ----- - 1.15) 

by 

(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 Equations 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 resaarens 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 Ng = n Rg. However, it should be pointed out that despite the 

overall similarity in the form of the two equations, the expression 

for n and Rg 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 nis ofa parabolic form. The 

shape of this curve suggests that for the ratio of A,/A = 1, when the 
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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 A,/A = 1, the ratio of F/Af .y. should be equal to unity. 

The equation presented by Niyogi also suggests that for the ratio of 

A,/A = 0 the value of F/AE oy = 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 Bortsch(35) and Magnel(36) 

and many others 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 ina 

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 to 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 
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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 Comparison and Discussion of Reviewed Work 

The theoretical solution presented, 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) in 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. 

Lateral 
strain 

Proportionality 

Limit 
Axial strain 

1 
é 

  

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,/by, (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 Sy/b, 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 prisms ( H > 2b,) loaded concentrically through various 

ratios of stiff bearing to concrete surface area, failure generally 

initiates along the boundary 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 tensile 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 carried out 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 S,/b,y but 

the actual value of the tensile stress decreases for increasing ratios 
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of S,/P Fig. 7.6 shows the theoretical and experimental ratios of 

tensile to compressive force as a function of Sy Dx The fact that the 

maximum tensile stress occurs at approximately the same distance from 

the loading force for varying ratios of 8,/b, 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, te 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. 

Consequently mode of failure proposed by Author for each of 

the tests with different ratios of S,/b, 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. However, 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 loading 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 B/D. on 150 mm cubes. 

(Scale 1:23.95) 
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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 the 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-strain problems, 

however, the strain normal to the plane 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, + agX + a3¥ + ayXY 

v= as + agX + a7¥ + agXY¥ 

respectively, implying that the strain take a linear form of 

du 

wom = ay + ayy 
ax 

dv 

era- = a7 + agkx 
day 

= a5 + ag¥ + a7 + agX 

  

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, therefore, 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 $12) 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 Resiys 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 hat eaai ts loading 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 steel 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 the centre 

of the upper face of ne 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 Results 

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 ‘Geen 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 

Pparicular 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 clearly 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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the 4 and 22.5mm thick steel base plates near the edge are predicted 

by the plane-stress analysis to be in tension, as shown in Tables 8.1 

and 8.2. This indicates that the plates have lifted up at their free 

ends. However, with 40mm thick steel base plate the stresses are all 

compressive, indicating that there is no lifting. Although the actual 

occurrence of lifting at the free end of the thin base plates and non- 

lifting of the thick base plates is in agreement with the experimental 

results obtained in Chapter 3, nevertheless the extent of lifting at 

failure observed experimentally was much greater than that predicted 

by the plane-stress analysis. 

To show the stress distribution between the steel base plate 

and the concrete, the deformed shape of the steel plate was drawn over 

its original outline, for the 4, 22.5 and 40mm thick plates in Figs. 

8.5, 8.6 and 8.7. As can be seen from Fig. 8.5 for a thickness of 4mm 

the plate goes into compression half way between elements 142 and 152; 

with a 22.5mm thick base plate the boundary between the two materials 

is in compression from the edge of elements 142 and 152. This large 

difference in the calculated and measured lifting up in the steel base 

Plate can possibly be explained in the following manner. 

The theoretical plane-stress analysis assumes the material to 

be homogeneous, isotropic and elastic. The modulus of elasticity for 

both concrete and steel used in the above analysis was that found in 

the control tests. The general stress-strain curves presented by CP110 

(22) for concrete and steel are shown in Figs. 8.8 and 8.9. The moduli 

used here are the initial tangent moduli which are within the elastic 

range. However, it is clear that at failure the moduli are more likely 

to be the tangents BC in the stress-strain diagrams. In other words, 
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the actual values of moduli at or just before failure are much less 

than those used in plane-stress analysis. Therefore it would be more 

realistic to apply a small value of the moduli with larger Poisson's 

ratio for elements which were under greater concentrations of stress. 

8.5.2 Secondary Results with Reduced Moduli of Elasticity 

In the second series of analysis the results of tests on 4 

and 22.5mm thick steel base plates were reconsidered with the 

following modifications. The modulus of elasticity was reduced for 

some elements and Poisson's ratio increased. As was discussed in 

section 8.5.1, the elements within the vicinity of the loaded area 

were under much higher stresses than the other elements. In fact, with 

a 4mm thick base plate, as shown in Table 8.1, elements 150 and 149 

showed axial compressive stresses of 60.8 and 40 N/mm2. The remainder 

of the elements were under much lower stresses. The results of the 

analysis with a 22.5mm thick base plate shown in Table 8.2 show that 

elements 150, 149 and 148 have higher values of axial stress in 

comparison to the other elements. Also, as was shown in Chapter 3, in 

the tests with flexible base plates loaded through a knife-edge 

loading piece, it was observed that the plate bent along the edges of 

the loading piece and became permanently deformed. In other words, at 

failure the modulus.of elasticity of the plate must also have been 

reduced. 

Consequently, for the tests with 4mm thick base plate it was 

decided to reduce the moduli of elasticity of elements 150, 149 of the 

concrete and 160 of'the steel base plate to 30, 5,000 and 100 N/mm2 

respectively. The Poisson's ratios of these elements were increased to 
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0.25, 0.3 and 0.35. Similarly, for the test with 22.5mm thick base 

plate the elements 148, 149 and 150 were given elastic moduli of 

15,000, 1,000 and 30 N/mm2. The values of Poisson's ratio for these 

elements were taken as 0.25, 0.3 and 0.35 for elements 148, 149 and 

150 respectively. In the same way, elements 160 and 159 of the steel 

base plate were given reduced values of moduli of elasticity and 

Poisson's ratio. The former became 100 and 10,000 N/mm? and the latter 

0.35 and 0.4 respectively. 

The result of plane-stress analysis for 4mm thick base plate 

with reduced values of Young's Modulus is shown in Table 8.4. It is of 

considerable interest to note that, as a result of the new values of 

modulus of elasticity, elements 151 to 153 at the free end of the 

steel plate show tensile stress. In other words, a much greater 

lifting up of the plate is recorded. The results of tests with 22.5mm 

thick base plate and reduced values of elastic modulus are shown in 

Table 8.5. This result also indicates an increase in the lifting up of 

the base plate as compared to the first series of tests under similar 

loading conditions. Figs. 8.10 and 8.11 show the pattern of the 

deformed shapes of the steel base plates ( elements 151 to 158) drawn 

over their original positions, demonstrating clearly the lifting of 

the plates at their free ends. 

8-6 Discussion and Conclusion 

It is not claimed here that by using an elastic theory of 

plane-stress analysis it is possible to find the exact values of 

stresses and consequently the precise amount of lifting up of the 

steel base plate as measured experimentally. Nevertheless, the 
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nonlinear behaviour of the concrete and the steel base plate becomes 

more pronounced with increasing stresses. These higher stress 

concentrations result in a reduction of the modulus of elasticity of 

the material in these regions. In this investigation, by using lesser 

but admittedly not exact values of elastic moduli it was possible to 

simulate more closely the actual pattern of stress distribution and 

consequently predict more accurately the lifting up of the steel base 

plate. 

The reduced values of elastic moduli were initially estimated 

and the general pattern of lifting up with lower Young's Moduli 

emerged. Of course, to arrive at the exact values of stress in the 

elements under ultimate load would have required exhaustive running of 

the program with incremental changes in elastic moduli and Poisson's 

ratio. This was beyond the scope of this research for financial and 

practical reasons. Nevertheless, a more refined iterative approach 

such as the Modified Newton-Raphson method or the incremental methods 

recommended by Zienkiewicz (51) would yield results closer to those 

found in the experiments i.e. a greater lifting of the steel base 

plate at failure. 

Similarly, it would be possible to achieve a more accurate 

result by increasing the number of elements in the mesh. However, this 

too would require much more computer time. 

Nevertheless, the assumption made in this research ( that 

reducing the elastic moduli of the elements under high compressive 

stress provides a closer prediction of the lifting up of the base 

plate at ultimate load) has been conclusively proved. The pattern of 

stress distribution at ultimate load is thereby considerably improved 
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and therefore produces a more accurate picture of actual behaviour 

under such a loading configuration. 

210



CHAPTER NINE 

CONCLUSIONS 

9.1 General Conclusions 

9.2 Recommendation for Further Work 
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9.1 General Conclusions 

The following conclusions were reached as a result of the 

work carried out for these investigations. 

1) There are two distinct modes of failure for concrete cubes loaded 

through stiff steel bearings. A single cone and splitting occurs for 

ratios of loaded area to concrete surface area (R) less than or equal 

to 0.125. As the ratio of R increases from the value of 0.125 the mode 

of failure changes from a single to a double cone which is accompanied 

by crushing. 

2) The ultimate load for unreinforced concrete cubes subjected to 

concentric stiff bearing for ratios of R less than 0.125 can be 

predicted from the following empirical equation with a reasonable 

degree of accuracy. 

re 

wo---- = 0.085 + 1.36 - 

Af oy A 

  

(2.1) 

3) The ultimate load for unreinforced concrete cubes subjected to 

concentric stiff bearing for ratios of 0.125 < R < 1 can be predicted 

from the following empirical equation with a reasonable degree of 

accuracy. 

(2.2) 

  

4) When concrete cubes are loaded through flexible plates, the plate 
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lifts up at its free end and plastic hinges form close to the loading 

piece at ultimate load. 

5) The same modes of failure, i.e. the formation of single and double 

cones, were observed when loading through flexible steel base plates. 

The single cone formed with a thin plate and as the thickness of plate 

increased a double cone failure was observed. 

6) Vertical stresses in concrete cubes loaded through flexible plates 

are not uniform within the contact area. The stresses are greater at 

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

7) With the same thickness of flexible steel base plate, as the 

concrete cube strength increases the steel base plate is subjected to 

greater bending deformation. As a result of this mechanism the contact 

length at ultimate load decreases for increasing cube strength 

8) With the same concrete strength, as the thicknesses of flexible 

steel base plate increases the plate is subjected to less bending 

deformation and the contact length increases. 

9) When load is applied through flexible steel plates of various 

thicknesses, the contact length is an important factor in determining 

the bearing capacity of the concrete. 

10) For concrete cubes loaded through universal columns of various 

ratios of column width to depth (B/D) via different thichnesses of 

steel base plate, it was found that: 
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a) in most cases for the same thickness of base plate and 

increasing ratio of B/D (0.06 to 1.0) the bearing area 

changes from rectangular to I-shape 

b) in most cases for the same ratio of B/D and increasing 

thicknesses of steel base plate (4 to 12mm ) the bearing 

area changes from I to rectangular shape. 

11) For the purpose of designing a steel base plate for an I-section 

column for ratios of BD/t2 greater and equal to 200, the assumption of 

a rectangular shape bearing area is reasonably accurate. 

12) The present methods of design for column bases, i.e. AISC(29), the 

Draft of Steel Code (30) and BS 449(31), do not give a reliable 

prediction of the failure load when applied to a thin steel base 

plate. Nevertheless in practice these methods are safe although 

inaccurate. 

13) A distinct difference in the mode of failure between eccentric and 

concentric loading is that in the former the first visible crack in 

the concrete cube always appears on the side of the specimen nearest 

to the bearing plate. 

14) For a constant ratio of loaded area to concrete surface area the 

bearing strength of concrete cubes deceases with increasing 

eccentricity of the applied load. 

15) From tests with an increasing ratio of loaded area to concrete 

surface area it was found that the bearing capacity of smaller loaded 
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areas was more susceptible to the effects of eccectricity than larger 

ones. 

16) In the plane-stress analysis it was found that under a given load 

the elements within the vicinity of the loaded area were subjected to 

much higher compressive and tensile stresses than those found in the 

cube crushing and split cylinder tests. eines these high stresses 

reflect a non- linear behaviour of concrete, the material under these 

high stress concentrations therefore has a reduced modulus of 

elasticity. 

17) Using a plane-stress analysis it was found that a good prediction 

of the contact length and therefore bearing strength was possible only 

when the analysis made allowances for the reduction of Young's Modulus 

in the area of high stress and the restraint occuring between the cube 

and the lower platten. 

A large discrepancy exists between various stress analysis 

methods and experimental results. This suggests the inadequacy of the 

assumptions made in the theories of failure. Due to the complex 

behaviour of stresses in concrete cubes or prisms under partial 

loading configurations, before any valid theoretical attempt can be 

made to determine the ultimate strength of a foundation it is of 

Paramount importance to have a better understanding of the mode of 

failure of concrete under different loading situations. The Author 

consequently advocates an empirical design of steel bearing plates 

until such time as theoretical approaches can be considered to reflect 

more accurately the precise mode of failure. 
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9.2 Recommendations for Further Work erent ON 

Further tests using other types of loading pieces commonly 

used in practice, such as hollow sections, will extend the work that 

has been carried out. 

In the tests performed in this investigation none of the 

loading pieces were welded to the steel base plate. Different sizes of 

weld should be considered, and it is predicted’ by the Author that 

welding will increase the contact length. 

It would be of considerable interest to develop a purely 

theoretical formula for predicting the bearing capacity of concrete 

loaded through flexible plates. This work should be carried out based 

on the assumption of single and double cone mode of failure as 

described in this thesis. Although some theoretical formulae have been 

developed which assume a single cone mode of failure, none of these 

satisy the boundary conditions for different ratios of R. 

This work can also be extended to consider real column 

foundations such as steel slabs and built-up base plates which are 

subjected to axial load and bending moments. 

A further development should also be made in the work of 

finite element analysis. A more refined iterative approach such as the 

Modified Newton-Raphson method or the Incremental methods recommended 

by Zienkiewicz (51) could be used in order to investigate more 

accurately the distribution of stresses in a concrete specimen loaded 

through various sizes of bearing. 
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APPENDIX A TO CHAPTER TWO 

Table A.1 Results for concentric loading through stiff 

bearing plates of various sizes 
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Table B.1 

Plate B.1 

Plate B.2 

Figure B.1 

Figure B.2 

Table B.2 

Figure B.3 

Table B.3 

Figure B.4 

Table B.4 

APPENDIX B TO CHAPTER THREE 

Concentric knife edge loading through 4mm 

thick base plate on 150mm cube 

Different loading pieces used in the main 

test series 

Disposition of strain gauges in the initial 

‘tests 

Disposition of strain gauges on the steel base 

plate 4mm thick 

The disposition of strain gauges on the base 

plate along the two edges of the loading piece 

(150x10) 

Concentric strip loading on 150 mm cube, 

through 4mm thick steel base plate (strain 

gauges fixed as shown in Fig. B.2) 

The disposition of strain gauges on the base 

plate along one edge of the loading piece 

(150x10) 

Concentric strip loading on 150 mm cube,through 

4mm thick base plate (strain gauges were fixed 

as shown in Fig. B.3) 

Plan view of 150mm concrete cube, showing the 

gap made on its surface forstraingauges and 

leads 

Concentric knife edge loading through 4mm thick 

steel base plate with gauges fixed on its lower 
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Figure B.5 

Plate 

Plate 

Table 

Table 

B.3 

B.4 

B.5 

B.6 

and upper face 

Disposition of strain gauges on the concrete 

cubes 

Disposition of strain gauges on a concrete 

cube and a base plate 4mm thick 

Mode of failure of 150mm cube, loaded 

concentrically through a knife edge loading 

piece 

Concentric knife edge loading through a 4mm 

steel base plate on a 150mm concrete cube (f,, 

= 10.9 N/mm?) 

Concentric knife edge loading through a 6mm 

steel base plate on a 150mm concrete cube (eal 

= 40 N/mm?) 
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Plate B.1 Different loading pieces used in the main test series. . 

Scale 1: 1.85 
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(a) (b) 

  

(ec) (a) 

Plate B.2 Disposition of strain gauges in the initial tests. 

(a) Two strain gauges opposite to one another along the edge 

of the strip loading (10mm). 

(b>) Eleven strain gauges placed on one side of the knife-edge 

loading. Distance between gauges is shown in Fig. C.1. 

(c) Three strain gauges along the edge of the strip loading 

(10mm) . 

(d) The same configuration as in (b). 

Scale 1: 2.2 
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* All the dimensions are in 
millimetres. 

} 150 i 

Fig. B.1l Disposition of strain gauges on the base plate 

4. mm thick. 

232 

1
5
0
.
0
0
 

wo
 

e
e
]



  

  

1
5
0
 

of gauge 

No l. 

    
—
—
—
 

15
 

Position gles + 
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7 central line 

+ emg Position 
of gauge 
No 2. 

  

        
All the dimensions 
are in millimetres 

Fig B.2 The disposition of strain gauges on the base plate along 

the two edges of the loading piece (150x10) 

  

Stress in Steel Base Plate N/mm? 

  

  

Load 

KN Gauge No 1 Gauge No 2 

0.00 00.00 00.00 

2250 18.27 19.30 

10.00 24.36 20.30 

20.00 28.42 27.40 

30.00 34.51 30.45 
40.00 40.60 38.57 

50.00 50.75 46.70 
60.00 58.87 54.80 

70.00 68.00 60.90 

80.00 77.14 70.04 

100.00 105.56 93.38 

120.00 148.19 138.00 

130.00 172.55 156.30 
140.00 194.88 182.70 

150.00 221.27 203.00 

160.00 253.73 245.63 
180.00 454.70 448.60 

200.00 us us 
205.00 us us     

Table B.2 Concentric strip loading on 150 mm cube through 4 mm thick 

steel base plate (strain gauges were fixed as shown in Fig. 

B.2). 
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+age Strain 

| 
| 

        
  

  

| 
j a Sessa Noe All dimensions are 

| ° _in millimetres. 
{= 

S ie beestrain 
A 5mm fron gauge No 2 

2 central | a 
4 line 2° 

| Tv 

Le atrain 
‘ gauge No 3 
N 

| 

Fig B.3 The disposition of strain gauges on the base plate along the 

one edge of the loading piece (150x10) 

Load Stress in Steel Base Plate N/mm? 

KN Gauge no 1 Gauge No 2 Gauge NO 3 

00.0 00.00 00.00 00.00 

2.5 21.20 17.00 19.20 
10.0 26.36 20.30 24.20 
20.0 28.40 27.00 26.00 

30.0 35.50 31.40 32.40 
40.0 41.70 37.60 38.70 

50.0 48.30 46.00 46.20 

60.0 59.80 54.30 55.40 

70.0 67.20 68.30 64.20 

80.0 78.20 74.60 76-20 

100.0 107.60 102.40 106.20 

120.0 138.00 134.00 136.60 

130.0 169-20 154.70 158.60 

140.0 186.30 192.40 190.30 

150.0 215.00 225.00 218.30 

160.0 243.70 238.20 241.30 

180.0 495.00 422.00 465.00 

200.0 us us us 

209.0 us US us       

Table B.3 Concentric strip loading on 150 mm cube through 4 mm thick 

steel base plate (strain gauges were fixed as shown in Fig. 

B.3) . 
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} 150 4 

All dimensions 

10 are in millimetres. 

  

  
Fig. B.4 Plan view of 150mm concrete cube showing the gaps made on 

  

  

its surface for the strain gauges and leads 

Load Stress in Steel Base Plate (N/mm?) 

KN Upper Face Lower Face 

0.00 00.00 0.00 

2.50 18.27 + =17.86 

5.00 20.30 -18.88 

10.00 24.36 =20.50 

15.00 30.04 724.80 

20.00 38.57 -32.10 

25.00 48.72 742.22 

30-00 52.78 -46.28 

35.00 60.90 753.39 

40.00 72.06 764.55 
45.00 T9317 -70.64 
50.00 97.44 -89.93 

55.00 107.59 -100.10 

60.00 121.80 7114.29 

67.00 147.78 -139.66 
Released 3.10 -2.20       

Table B.4 Concentric knife-edge loading through 4 mm thick base plate 

with gauges fixed on the lower and upper faces 

» Negative sign indicates tension. 
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* All dimensions in millimetres 

  
  

  

Fig. 

| 150.00 —| 

B.5 Disposition of strain gauges on the concrete 

cubes. 
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Plate B.3 Disposition of strain gauges on a concrete cube 
and a base plate 4mm thick 

(Scale 1:3) 

  
Plate B.4 Mode of failure of 150mm cube, loaded concentric= 

ally through a knife edge loading piece. 

(Scale 1:3) 
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Load Stress in concrete at five different positions N/mm? 

KN a 2 3 4 5 

0.00 0.00 0.00 0.00 0.00 0.00 

2.50 » 0.00 0.00 0.00 0-00 0.00 

7.50 0.00 0.00 0.00 0.00 0.00 

15.00 -.20 0.00 0.00 0.00 0.12 

25.00 --10 0.00 0.00 

35.00 0.00 FE ¥ 0.00 0.12 

40.00 0.26 A A 0.34 0.48 
50-00 0.83 U U 3.16 4.26 

55.00 1.10 L L 4.54 7.01 

60.00 1.51 = iz 7.98 14.72 

65.00 2.20 x iw 10.73 20.77 
70.00 2.34 GAUGES 14.17 26.28 

75.00 4.26 22.00 22.15 

80-00 U Ss. Us. US.     

Table B.5- Concentric knife-edge loading through a 4mm steel base 

plate on a 150mm concrete cube (f,, = 10.9N/mm?). 
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Load Stress in concrete at five different positions N/mm? 

KN 1 2 £) 4 5 

0.0 0.00 0.00 0.00 0.00 0.00 

2.5 1.86 1.86 1.49 1.20 0.78 

5.0 2.48 2.17 1.80 1.24 0.78 

10.0 5.20 3.88 3.04 2.33 1.55 

20.0 6.51 6.05 4.74 3.41 2.02 

30.0 8.22 7.60 5.89 4.34 2.64 

40.0 10.40 9.60 7.40 5.43 3.45 

50.0 12.70 11.87 8.99 6.45 4.19 
60.0 14.60 13.50 10.30 7.40 4.80 
70.0 16.40 15.00 11.40 8.10 5.20 

80.0 18.00 16.60 12.30 8.70 5.70 

90.0 19.50 17.80 13.10 9.30 6.10 

100.0 21.50 19.50 14.30 9.90 6.70 

110.0 23.70 21.40 15.60 10.90 7.30 
120.0 25.60 22.80 16-40 11.80 7.80 
130.0 27-60 24.70 17.50 12.30 8.20 

140.0 29.80 26.50 18.90 13.00 8.80 

150.0 34.10 29.00 19.90 14.00 9.30 

160.0 36-00 31.80 21.30 14.60 9.80 

170.0 38.80 34.70 22.40 15.20 10.20 

180.0 43.40 38.90 23.80 16.00 10.70 

190.0 47.70 42.60 25.40 16.90 11.30 

200.0 53.60 47.70 26-60 17.40 11.60 

210.0 64.80 56-00 27.80 17.10 11.30 

220.0 77-20 65.30 29.70 17.20 10.90 

230.0 US. US. U Ss. U Se US. 

240.0 US. US. US. US. US. 

260.0 US. Us. US. US. US.     

Table B.6- Concentric knife-edge loading through a 6mm steel base 

plate on a 150mm concrete cube (fou = 40.0N/mm2). 

239



Table c.1 

Table C.2 

Table C.3 

APPENDIX C TO CHAPTER FIVE 

Details of the results presented in Table 5.4, 

correlated the Author's tests to the design 

load recommended by AISC 

Details of the results presented in Table 5.5, 

correlated the Author's tests to the design 

load recommended by Draft of Steel Code 

Details of the results presented in Table 5.6, 

correlated the Author's tests to the design 

load recommended by BS 449 
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