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ABSTRACT 

The first half of the thesis is an investigation of testing 

machines and their calibration. A study of biaxial tension and 

tension-compression strength Properties of concrete and mortar 

is presented in the second part, including the development of 

suitable testing techniques to achieve such states of stress. 

The thesis is subdivided into three parts. 

PART 1: A study of calibration devices is made followed by the 

results of the calibrations of testing machines in the Concrete 

Department at Imperial College. The non-axial loading of cal-

ibration devices and testing machines showed that relatively large 

errors arise, and that the calibrations obtained, based on ideal 

loading conditions, are not as free from error as had been pre-

viously supposed. 

PART II: After examining the influence of different testing ma-

chine characteristics and the effect of the three basic methods of 

uniaxial loading on the strength properties of concrete, a the-

oretical and experimental investigation was conducted to assess 

which of these characteristics was most influencial in observed 

variations of strength, Then, the behaviour of spherical seat-

ings was examined by experimenting with four seatings, using dif-

ferent lubricants. It was sho7in that seatings could be Pinned or 

fixed or attain some condition between these extremes. A further 

investigation into the influence of testing machine character-

istics on concrete strengths showed that the behaviour of the 

spherical seating, method of loading, machine restraint, misalign- 
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ment, and lateral stiffness all had a significant influence on the 

cube and cylinder strengths, as well as on the ratio of these str-

engths. Recommendations and specifications are proposed for test-

ing machines used for control testing of concrete. 

PART III: After examining the results of previous investigations 

on biaxial tension and tension-compression, it Tas apparent that 

the shortcomings of such investigations lay in the unsatisfactory 

testing techniques employed and in the fact that the experiments 

were limited usually to obtaining only the short term ultimate 

strengths. To develop a satisfactory technique for achieving the 

desired biaxial states of stress, pilot investigations were con-

ducted on an aluminum plate. These included the concentric load-

ing of circular plates, thereby inducing pure moments of equal 

magnitude and the same sign, the corner loading of square plates to 

obtain pure moments of equal magnitude and opposite sign, and the 

corner loading of rhombus plates resulting in pure moments of dif-

ferent magnitude and opposite sign. The theory for the rhombus 

test was developed by the author. By using the same testing tech-

nique, mortar and concrete specimens were tested for stresses and 

strains at the discontinuity level, the applicability of the laws 

of elasticity, and the values of modulus of rupture in biaxial 

states of stress. In order to examine biaxial tension-cmprossien 

strength characteristics where the compression to tension ratio is 

greater than unity, rhombus plates suitably reinforced woro also 

investigated. From the analysis, it was shown That the failure 

values for mortar could be expressed in terms of Coulomb's inter-

nal friction expression, whereas, for the concrete, it was more 

reasonable to show the strength as being a function of the bond 

strength at the cement paste-agareaate interface. 
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CHAPTER I 

INTRODUCTION TO THESIS 

1.1 I=OWCZIGN 

The work described in this thesis, which was suggested by 

Mr. K. Newman, follows a pattern of research in the Concrete 

Technology Department at Imperial College directed towards as-

sessing the properties of concrete under all possible combina-

tions of stress. It is hoped that the entire research programme, 

of which this thesis forms one part, will not only produce a bett-

er understanding of the strength and deformational characteristics 

of concrete and its mechanism of fracture and failure, but will 

also be of benefit to the practising engineer by providing use-

ful information for the rational design of various structures. 

1.1.1 Previous Research at Imperial College 
(1) 	(2) 

Previous researchers, Lachance and Ward designed testing 

machines and developed suitable specimens to ensure that a uni-

form state of uniaxial compressive or tensile stress could be 

induced throughout a finite volume of material. By obtaining 

deformation and ultimate strength values on their specimens, a 

considerable amount of information was obtained mncerning the 

behaviour of concrete on the phenomenalogical level under uni-, 

axial states of stress. 

So that a better understanding of the inter-particle be- 
(3,4) 

haviour of concrete could be obtained, Anson 	performed a 
C5)  

programme of research aimed at developing Baker's 'lattice 
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theory - an idealized model of the internal structure of concrete. 

1.1.2  Objective of Thesis 

Although much remained to be investigated concerning the 

behaviour of concrete when subjected to uniaxial states of stress, 

particularly with reference to creep, shrinkage and drying proper-

ties, it was considered that information on the behaviour of con-

crete in biaxial states of stress would be more useful, for the 

following reasons: 

(I) An investigatio4 of the strength and deformational behaviour 

of concrete under biaxial stress would provide a better under- 

standing of the 	 : probablymechanism of failure for concrete under  

different states of stress. 

(2) Numerous structures are subjected to biaxial loading systems. 

Arch dams, shell structures, and the floor slabs, wall panels, 

roof slabs, footings and column-beam connections of buildings, to 

name only a few, are all subjected to biaxial stress. Therefore, 

the importance of obtaining a better understanding of concrete 

under such loading systems is readily apparent. 

An investigation at Imperial College of the behaviour of 
(6 ) 

concrete under biaxial compression was 
( 

begun by Robinson and 

is currently being continued by Vile, 
7)
. This thesis, meanwhile, 

considers the behaviour of concrete and mortar in biaxial tension 

and tension-compression states of stress. 

In addition to the investigation on the biaxial strength and 

deformational properties of concrete, this thesis also describes 

work concerned with establishing reliable testing techniques for 
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achieving the desired state of stress in specimens under any com-

bination of load. That such an investigation was necessary was 

apparent when, in an initial examination at Imperial College, on 

the strength of concrete under complex states of stress, suspic-

ious inconsistencies occurred in the principal stress plot. It 

was thus considered that the calibrations for the different test-

ing machines were in error or that the machines were not applying 

the load in accordance with theoretical assumptions or that the 

specimen shape was not inducing the correct states of stress. 

Furthermore, it was even possible that all of these factors could 

be having a significant influence. That a problem existed even 

with the simple cube crushing machines became apparent when vast-

ly different results in strength of virtually identical cube spe-

cimens were obtained from different machines. The other major 

Portion of this thesis is directed, therefore, towards examining 

both theoretically and experimentally , the errors which are like-

ly to arise as a result of variations in the different character-

istics of testing machines as well as calibration procedures. 

From the investigations of calibration procedures and testing 

machine characteristics, several shortcomings of British Standards 
8) 	(9 	 (10-13) 

1610 and 1881 are revealed. In the author's papers, 

the importance of improved British Standard specifications for 

testing machines is discussed in detail. It is hoped that the 

portion of the thesis which is concerned with testing machines, 

together with relevant papers will lead to improvements in mat- 



erials test methods, In particulars  this could lead to quality 

control tests on concrete specimens being accepted with a greater 

degree of reliability. 

1.2 OUTLINE OP THESIS  

The theis has been subdivided into three Parts. 

PART I: An examination of calibration instruments and techniques 

is presented followed by a discussion of the calibration results 

of the various testing machines in the Concrete Technology Depart-

ment at Imperial College. An investigation into the effects of 

the off-centre loading of both calibration devices and testing 

machines on the indicated load leads to a discussion of possible 

improvements in calibration instrumenta and calibration methodo. 

PART II: A theoretical investigation into the influence of dif-

ferent testing machine characteristics on the uniaxial Gtrongth 

of concrete, together with initial experiments on testing mach-

ines at Imperial College revealed that the main problems concern-

ing variations in results from compression testing machines, were 

due to the behaviour of the spherical seating, platen restraint 

and misalignment. From this, an initial programme of research 

was conducted on different spherical seatings lubricated with 

different lubricants to show the factors which have a significant 

influence on the behaviour of the spherical seating under load. 

A subsequent programme of research WFS conducted which shows the 

influence of variations in spherical seating behaviour, platen 

restraint effect, and misalignment, as well as other testing mach- 
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ine characteristics on the cube and cylinder strength. 

From this investiaation, it is shown that for any test, the 

method of loading (effectively Pinned end conditions, or effective-

ly fixed end conditions) must be specified as not only the ulti-

mate strengths are affected, but similarly, certain deformational 

Properties, and even the mode of failure, can be influenced. Fin-

ally, definite recommendations and suggestions for specifications 

for the requirements of compression testing machines for inclusion 

in British Standard 1881 are given. 

PART III: The importance of using' the correct testing technique 

in any investiaation of concrete under complex states of stress 

becomes apparent when reviewing the results of previous research-

ers. Not only are there large and inconsistent discrepancies be-

tween their results, but a preliminary investigation into estab-

lishing that the experimental results are in clot rgroement 17ith 

the theoretical analysis has never been conducted. 

Since the adopted method of test was under flexural states 

of stress, the first specimen shape was a rectangular plate with 

the load being applied on two diagonally opposite corners while 

being supported at the other t-::o corners. Thus biaxial tension-

compression stresses are produced :here the tension and compres-

sion stresses are equal. In order to obtain different combin-

ations of biaxial tension -compression stresses, parallelogram 

shaped specimens %:ere loaded and supported at the corners. For 

achieving biaxial tension stresses, a circular plate ;as uniform-

ly loaded concentrically,  -;bile being supported uniformly along 
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the periphery. 

For all these specimens, the initial invetigation to est-

ablish both the precision of the test method and the validity of 

the theory fa_s performed on an aluminum specimen 7;hich :a_s cut 

into the various required shapes. It 	thus sho-,:n, after con- 

siderable development of the testing technique that the method of 

test on similarly shaped specimens by previous investigators had 

been highly erroneous. Furthermore, by having established a sat- 

isfactory testing technique, it 	then possible to test concr- 

ete and mortar specimens -Ath the same test method, having conf-

idence that the results obtained -.:ere more accurate. 

Although the parallelogram shaped specimens induce biaxial 

tension-compression states of stress -::here the tension and com-

pression stresses are different, failure of such specimens 

always propagate from that face -;:hich has a compression to 

tension ratio less than or equal to unity. In order to examine 

the beha,riour of concrete-s and mortars ,;:here the compression to 

tension ratio is greater than unity, .ffnile simultaneously ensuring 

flexural states of stress, parallelogram shaped specimens suitably 

reinforced to resist the larger induced tensile force were test-

ea. 

Following the series of tests on concrete and mortar spec-

imens having the different  shapes discussed above, the results 

are examined in terms of the elasticity values obtained, the str- 
(14) 

esses and strains at the discontinuity level 	and the ultimate 



20 

strengths. For concrete, special consideration is given to inter—

preting failure in terms of the bond strength at the cement paste 

aggregate interface and the mechanism by Mich the bond begins to 

fail. 
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TESTING. MACNINE CALIBRATIONS 
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CHAPTER 2  

CALIBRATION TECHNIQUES 

2.1  INTRODUCTION  
(8) 

Although British Standard 1610 specifies that testing 

machines:'could be calibrated every 24 months, this rule often 

is not followed. Consequently, when suspect results are ob-

tained, the calibration of the testing machine is called into 

question. At Imperial College, during 1961-2, a large series 

of tests was performed on the strength of concrete subjected 

to various combinations of stress. Unrealistic discontinuities 

appeared in the failure envelopes. It was thus apparent that 

either the testing technique was at fault, or the machines' 

scale readings, or a combination of the two. 

The logical first course of action was to investigate the 

accuracy of the testing machines' Realer, 	involved an 

examination of the more common calibration dovices and an in-

vestigation of the basic standard to which they all refer. 

2.2 TEE BASIC LOAD CLLIMATION  

Measurements of load or force are usually measured in 

units based on the earth's gravitational pull under defined 

standard conditions, on a given mass. The international stand-

ard acceleration is 980.665cm./sec.2;the equivalent in the 

foot,-pound-second system of units may be taken as 32.1740ft.Aec2* 

Hence, the British technical unit of force is that force which, 

acting alone, will give to a one pound mass, an acceleration 

of 32. 1740ft. /sec. ,(15)' 
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The National Physical Laboratory at Teddington houses 

standard 5 ton-force and 50 ton-force derdweight machines. These 

weights have been adjusted to allow both for the difference 

between the acceleration due to gravity at Teddington and the 

standard acceleration and for air bouyancy. Standardizations 

thus produced at Teddington are in terms of technical units of 

force. Plate 2.1 shows a model of the 50 ton force deadweight 

standard machine which has an accuracy of 1 part in 25,000 

throughout its range. 

For the measurement of compression loads exceeding 50 

tonf.(abbreviatiOn for tons-force), the National Physical 

Laboratory employs secondary load standards built up from units 

_;1,11 b%",ktul In the 50 tonf. deadweight standard machine. The 

first technique employs the calibration of a 150 tonf. load cell 

composed of 5 struts each dimensioned for a. maximum load of 30 

tonf. (see Plate 2.2). In the second technique, three separate 

load measuring devices are set up so as to share the load applied 

to a fourth. Plate 2.3 shows a typical set-up where proving 

rings are employed. N.P.L. uses this method for standardizing' 

its secondary standard load measuring devices up to 1000 tonf. 

in compression from standards of 50 tonf. capacity. For tension 

calibrations exceeding 50 tonf., similar methods are employed. 

2.3 LOAD CLIBRATION DEVICES  

Load calibration devices are used for the verification of 

the load indication mechanism of materials testing machines with 

the calibration device being inserted in the testing machine in 

place of the material specimen. They must consequently be light, 



PLATE ,1 Nodol of 50 tonf. do!-_,dweight machine at 
the National Physical Laboratory 
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compact, sturdy and accurate. Although the most commonly used 

devices have been described in dptail elsewhere, a brief review 
(15,16,17) 

will be presented here. 

2.3.1 Proving Rings  

The bettor proving rings are machined from high quality 

stool to give diametrically opposite loading bosses 14togral 

with the ring. The load, c4ithor tension or compression, is applied 

through those loading bosses, thus producing an increase or de-

crease in length, respectively, between the bosses. Those de-

flexions are usually measured by a micrometer screw or dial gauge 

mounted within the ring (see Plato 2.4). The less expensive 

rings have compression loading pads clamped to a plain ring by 

bolting of the pads to bridge pieces contacting the inner cyl-

indrical surface of the ring. These rings are more susceptible 

to changes of calibration OVAIISZ to yielding of the pad or trans-

formation of the lino of contact. 

The load carrying Capacity of proving rings extends from a 

maximum load of a few hundreds pound-force to about 200 tonf. 

However, rings having a maximum capacity in excess of 100 tonf. 

tend to be very bulky and less accurate than other proving devices, 

2.3.2 Standardizing Boxes  

Basically, the standardizing box is a hollow steel cylinder 

which is loaded in an axial direction, the load being measured 

by the change of volume it produces. When loaded, the cylinder 

changes in length, but the rigid ends severely restrict change 

in diameter. In order to measure the resulting changes in volume, 



PLATE 2.4 Proving rings 
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the hollow cylinder is filled with mercury. The fine bore 

sighting tube seen on the loft of Plate 2.5 carries a datum mark 

and communicates with the cylinder, whilst P small diameter 

cylindrical plunger attached to a micrometer spindle enters the 

mercury space from the opposite side of the box. The applica-

tion of load with its change of volume requires a movement of the 

micrometer screw in order to maintain the mercury on the datum 

mark in the sightina tube. These deflexions are c-,.libratOd in 

terms of standard units of force. 

Standardizing boxes are made to cover a range of loads 

from 15 tonf. to 300 tonf. in tension and up to 1000 tonf. in 

compression. 

2.3.3 Electrical Rests:ILL-Ice Strain GRIWO Load Cells  

In its simplest form, the load cell comprises a single strut 

or tension member to which at least four strain gauges are at-

tached, two laterally and two lonp:itudinally. The strain gauges, 

which arc connected in the form of a Wheatstone bridge circuit, 

produce resistance ch-in7Ga with loading of the cell. The result-

ing electrical potential change is measured with a precision 

Potentiometer. Plate 2.2 shows a secondary load cell composed 

of five individual electrical resistance strain gauge load cells. 

These load cells may be desianed to have a. maximum capacity 

ranging from a few tonf. to 1000 tonf. or more in compression, 

and up to 500 tonf. in tension. 

2.3.4 Hydrostatic Load Capsules 

In this principle, the load is converted into a pressure 



PLATE 2.5 Sthndardizing load eGll 
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acting over the cross-sectional area of a ram. The pressure, 

which is measured by means of a Bourdon tube gauge, thus, indi-

cates the load. 

Hydrostatic lone: capsules are used mainly for the measure--; 

merit of compressive loads ranging from a few hundred pounds force 

to n thousand tonf. 

2.3.5 The Four Strut Mechanical Load Cell  

The most recent calibration device, which was developed at 

the National Physical Laboratory, consists essentially of a 

steel cylinder machined from the solid, to incorporate four 
(16,17) 

load carrying struts. 	The load on the instrument is de- 

termined by the average shortening produced in the struts. This 

load is measured by - dial gauge, operated by a lever mechanism 

giving a 4:1 magnification(seo Plate 2.6). 

At present, the N.P.L. has developed 50 tonf., 150 tont., 

250 tonf., and 500 tonf. maximum capacity load cells for cal-

ibration in compression only. 

2.4 CALIBRATION PROCEDURE  

In general, the calibration of ono instrument by another 

reqUires the basic instrument to be approximately five times as 

accurate as the secondary one, that is, the one being calibrated. 

For example, when calibrating a proving device in the N.P.L. 

deadweight machine, the former can be chocked for accuracy to 

limit of about 1 in 5,000, as the latter has an accuracy of 

1 in 25,000. 



Four strut 

mechanical 
load cell 

Internal components 

of four strut mechanical 

load cell 
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2.4.1 Calibration Instruments  

At any load stage, the quality or accuracy of a proving 

device is determined by its sensitivity and repeatability, on the 

basis of the maximum difference in load indication from three 

loadings. In a Grade 1 calibration instrument, this above dif-

ference expressed as n percentage of the applied load, does not 

exceed 0.2%nt loads below 50 tonf. and 0.4%,, at loads between 

50 tonf. and 500 tonf. For a Grade 2 device, these values are 

0.4%and 0.6, respectively. There is also a requirement for 
(8) 

change in no-load readings as shown in B.8. 1610. 

It is usually more convenient to have a calibration instru-• 

ment which can be uned for verification at r - ndpm loads, part-

iculnrly when verifying machines with standard pressure gauges 

instead of load gnuges(see Chapter 3). Proving devices for such 

calibrations must conform to a linearity grading. After loading 

the device three times to at least eight points uniformly dis-1 

tributed over the calibration range, and drawing the best smooth 

curve through the calibr-tion grnph(see Figures 3.1 and 3.3), the 

linearity grading is then determined as follows. At any load 

up to 50 tonf., the departure from linearity shall not be great-

er than t0.1%for a Grade 1 instrument, and t0.2,for a Grade 2 

device. For loads in excess of 50 tonf., the -bove limits are 

t70.3%,and t0.4%, respectively. 

2.4.2 Testing Machines 

As with proving devices, testing machines are graded accord-

ing to their repeatability. However, as most testing machines 
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have a load indicating scale, the grading of a testing machine 

is based on both accuracy and repeatability. Again, the basic 

instrument, which, in this case, is the calibration device, must 

be at least five times as accurate as the secondary instrument, 

which, in this instance, is the testing machine. 

The calibration is performed by setting the calibration in-

strument in the testing machine with the load applied along the 

loading axis of the machine. The calibration is performed three 

times with at least five test loads uniformly distributed :,ver 

the range of the testing machine scale. 

For all scale ranges, two Grades, A and B, are recognized. 

However, where additional precision is required, a third grading, 

Al is also used for loads not exceeding 50 tonf. 

For Grade A machines, verified with Grade 1 proving devices 

only, the maximum permissible difference between the highest and 

lowest readings in relation to the verification load shall be 

1.0%in the upper 80%of the machine scale raiwe whereas the 

accuracy of the machine's indicated load, in this same range, 

shall be within t1.0%. In the lower 20;{,. of the scale range, the 

repeatability and accuracy requirements, expressed in terms of 

the machine scale full load reading shall be 0.2X and 

respectively. For Grade Al and B machines, all the above limits 

shall be halved and doubled, respectively. For example, in the 

upper 80nof the scale range, the requirements for ropontcbility 

of a Grade Al machine is 0.5%while that for accuracy is t0.5%. 

A Grade B machine maybe calibrated with either a Grade 1 or 2 

calibration instrement. 
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2.5 CALIBRATION DEVICES FOR DEPARTMENT OF CONCRETE TECHNOLOGY, 
IMPERIAL COLLEGE  

T :3LE 2.1 TESTING MACHINES 
IMPERIAL COLLEGE 

IN CONCRETE DEPARTMENT, 

  

    

'Testing 	Function 
Machine 	 Capacity 

Usual Working 
Range 

Denison 	Compression tests on 	200 tonf. 20 tonf. to 
1Compression 	cubes, cylinders and 

prisms 
150 tonf. 

Denison 	Splitting tensile test , 
Compression 

40 tonf. 10 tonf. 
40 tonf. 

to 

Amsler 	Compression tests on 	1  300 tonf. 5 tonf. to 
,Compression cubes, cylinders and 

prisms 
250 tonf. 

Uniaxial Strength and deform- 50 tonf. 5 tonf. to 
Compression ation tests on prisms 50 tonf. 

Robinson Biaxial compression 	200 tonf. 10 tonf. to 
Compression 200 tonf. 

Ward Direct tension 4 tonf. 0.5 tonf. to 
Tension 4 tonf. 

Flexural Flexural tests on 
beams 4" x 4" x 20" 

2 tonf. 0.5 tonf. 
2 tonf. 

to 

Biaxial Slab tests 3.5 tonf. 0.5 tonf. to 
Flexural 3.5 tonf. 

Biaxial Disc tests 14 tonf. 1 tonf. to 
!Flexural 10 tonf. 

It will be observed, from Table 2.1, that the working range 

of all the testing machines extends continuously from 0.5 tonf. 

to 250 tonf. A calibration device generally contains the nec-

essary repeatability to be in accordance with. British Standard 

1610, only in the upper 80 to 90k of its working range. Conse-

1ucnt17;  -rThr ITerifipti;)n devices to be used to cover the full 

range above, a minimum of three was required. It was, further- 



more, considered necessary that these devices should be capable 

of producing Grade 1 repeatability over the full range of loads 

mentioned above, as it is tmportant that all testing machines 

used in a laboratory for research purposes be of at least Grade 

A quality. 

Two alternatives Presented themselves to the department; 

(1) to own the calibration devices and to have these calibrated 

every two years at the H.P.L., or 

(2) to have a qualified body come to verify the testing machines 

every two years. 

After considering such factors as convenience, economy, avail-

ability of equipment and probable repeatability of existing 

equipment, it was considered .most suitable to have the necessary 

calibration devices which would be calibrated by the T.P.L. every 

two years. The devices recommended were: 

(1) 5 tonf. tension-Compression proving ring No. 383(see calibra-

tion curve Pigure3.l) 

(2) 50 tonf. compression proving ring No. 343(see calibration, 

curve, Figure 3.3) 

(3) 250 tonf. four strut mechanical load cell. 

The above mentioned 5 tonf. and 50 tonf. proving rings own-

ed by the Civil Engineering Department, Imperial College, were 

manufpctured integral with the loading bosses from high quality 

steel. The 5 tonf, ring also contains the necessary assembly 

units for tension calibration. It vas considered that these 

rings would be Grade 1 calibration devices over the 



uppor 80Aand probably;  the upper 90o± their rking ranges. 

As the 250 tonf. four strut mechanical load cell can be 

manufactured with Grade 1 repeatability over the upper 90'A 

of its workinp: range, and :Ls also ine:rzpensive to manufacture;  

it was selected as the third calibration instrument. 
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CHAPTER 3 

CALIBRATION OP TESTING MACHINES 

IN CONCRETE TECHNOLOGY DEPARTMENT. 

3.1 CALIBRATION OF THE PROVING DEVICES 

3.1.1 Five Tonf. Calibration Ring No. 383  

The 5 tonf. tension-cmpression ring was sent to the 

National Physical Laboratory for calibration. The ring had 

Grade 1 repeatability over the upper 90:sof its working range 

in both tension and compression, The calibration values cor-

rected for a standard temperature of 20 "0i: are presented in 

Table 3.1 and the calibration graphs are shown in Figure 3.1. 

In order to satiLfy the linearity requirement in British 

Standard 1610, the maximum allowable deviation between the 

best smooth curve and any plotted point shall not exceed t..0.1 

for loads ve to 50 tonf. From Figure 3.1, it is observed that, 

for both tension and compression calibration, this requirement 

is satisfied. Consequently, this ring can be used for calibra-

tion at all load values between 1000 and 10000 lbsf. and not 

only at the calibrated loads has would have been the case if the 

requirement of linearity had not boon satisfied ). This is of 

particular importance for the calibrations conducted on the 

testing machines at Imperial Collcg Concrete Tochn(l)gy Depart-

ment  as almost all have pressure gauges instead of load gauges. 

The load corresponding to a specified number of increments 

on the gauge therefore is generally random. 



TABLE 3.1 CALIBRATION VALUES IN TENSION AND COMPRESSION FOR 
CALIBRATION RING NO. 383  

APPLIED 
LOAD 
(LBSF) TEST 1 

COMPRESSION CALIBRATION 
LOAD RING 

J 	TEST 1 

TENSION CALIBRATION 
LOAD RING DEFLECTION (DIVS.) 

TEST 2 	TEST 3 	AVERAGE 
DEFLECTION 

TEST 2 	TEST 3 	AVE. DEPL. DtPL. 

1  000 ' 1 101.4 101.3 101.3 101.3 9.872 99.7 99.8 99.7 99.7 10.030 
2,000 202.8 202.7 202.8 202.8 i 	9.862 199.9 199.9 199.8 199.9 10.005 
31000 304.3 304.2 304.2 304.2 9.862 300.1 300.1 300.2 300.1 9.997 

, 	I  b 000 407.1 407.0 407.1 407.1 9.825 400.2 400.2 400.2 400.2 9.995 
5,000 509.5 509.5 509.5 509.5 9.814 500.8 500.8 501.0 500.9 9.982 
6,000 612.9 612.8 612.8 612.8 9.796 599.8 599.8 599.9 599.8 10.003 
7,000 716.8 716.5 716.6 716.6 9.768 698.4 698.2 698.5 698.4 10.023 
81000 820.1 820.0 820.1 820.1 9.755 796.7 796.6 796.7 796.7 10.041 
9l000 924.2 924.1 924.1 924.1 9.739 894.1 894.0 894.3 894.1 10.066 

10,000 1029.5 1029.3 1029.2 1029.3 9.715 991.9 991.8 992.0 991.9 10.082 
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3.1.2 Fifty Tonf. Calibration Ring NO. 343 

The calibration of the 50 tonf. compression ring was per—

folmed against a 50 tonf. electrical resistance strain gauge 

load cell owned by the National Physical Laboratory, who had 

kindly lent the device to Imperial Coll' 	The cell had boon 

calibrated to 50 tonf. in 5 tonf. increments in the 50 tonf. 

deadweight calibration machino It was a Grade 1 calibration 

device throughout its entire range with a repeatability of 

1 part in 2000 at 5 tonf. and 1 part in 5000 at 50 tonf, In 

calibrating one device against another, the National Physical 

Laboratory considers that the basic calibration device should 

be 5 times as repeatable nn the instrument receiving calibration. 

As proving rings with dial gauges are generally repeatable to 

1 part in 1000 in the upper range and 1 part in 500 over the 

lower range, this procedure was considered satisfactory. 

3.1.2.1 Method of calibration  

The calibration 1-- i:. 	t:- ,authpr -“as perfDPm,;(1 by 

placing the load cell on top of the proving ring in a 200 tonf. 

Class A Avery testing machine (see Plate 3.1). The 50 tonf. 

range on the machine was selected. After carefully centering 

the instruments in the machin; they wore loaded to 55 tonf. 5 

times over a period of approximately 15 minutes. After allow—

ing 2 minutes for adiabatic cooling of the proving ring, the 

temperature Was noted and the calibration commenced. 

The instruments were loaded in 5 tonf. increments to 50 

tonf. At each load stage, the load was held constant while the 



PLATE 3.1 Calibration of proving ring against the N. P. L. 
50 tonf. electrical resistance strain gauge load coil 
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reading on the two d6vices were recorded. This procedure was 

repeated 3 times, allowing 2 minutes between each series of 

reading for temperature stabilization of the proving ring. 

The temperature was also recorded between each series of read-

ings. 

Although every effort was made to keep the load constant, 

there tended to be a small drift in the load at each load stage. 

As it was impossible to read both devices accurately simultan-

eously, the procedure of reading the load cell potentiometer 

before and after the proving ring dial gauge was adopted. 

The proving ring force corresponding to its dial gauge reading 

was then assumed to be eual to the load cell force correspond-

int to the average of the two potentiometer readings. 

The dial gauge was tapped lightly before each reading to 

overcome any sticking of the pointer. 

3.1.2.2 Results of calibration 

The calibration graph of tho 50 tonf. load cell is shown 

in Figure 3.2 while that of the 50 tonf. proving ring No. 343 

is shown in Figure 3.3. The data for these calibrations is 

presented in Table 3.2 

In accordance with British Standard 1610, the proving 

ring has Grade 1 repeatability from 20 tonf, to 50 tonf. and 

Grade 2 repeatability from 10 tonf. to 15 tonf. It satisfies 

linearity requirements over the range 25 tonf. to 50 tonf. 



TABLE 3.2 CALIBR:TION 1PLUES FOR N. P. L. 50 TONF. ELECTRICAL 
RESISTAITCE OTRIIN G:UGE LOAD CELL 2END 50 TONF. 
CALIBRTIOY RING NO. 343  

44  

; Calibration for N. P. L. 

! (lbsf. )! (divs).,  

11,200 5,401 2.'07369 41P/ 11,233 
22,400 , 10,798 2.07446 10,734 ; 	22,267 
33,600 16,216 2.07203 16,257 33,685 
44,800 ! 21,644 2.06986 21,729 44,976 
56,000 27,051 2.07016 27,000 55,894 , 
67,200 ; 32,397 ' 2.07427 32,488 67,389 
78,400 37,792 2.07451 • 37,738 78,288 ! 
89.600 43,204 1 2;07388 43,196 89,583 
Cir.':  200 48,603 2.07395 48,629 i 100,854 

t 12,000 54,024 2.07315 54,086 112,128 
.Teffit 2 

11,013 
10,752 22,305 
16,156 33,476 
21,609 ! 	44,7'28 
27,042 55,981 

• 32,461 ' 	67,33  
37,771 78,356 
43,176 1 	89,542 
48,636 100,869 
54,063 112,081 

' T.ggAJT9. 
5,402 11,202 

•10,804 22,412 
16,166 33,496 
21,631 44,773 
27,089 1 	56,079 
32,443 ; 	67,296 
37,821 78,460 
43,283 ! 	89,764 

• 48,661 100,920 
• 54,002 .111,954 

- 	 " 	 Load: 1.161'.) Load Clbsi .-31 N. P. L. 	, 
, Load 	: Defi. 	Dof1.(divs, Load Coll Load 

Road. 	(lbsf. 
Teet No. 1 1 

r
20

vs. 
'C. 

72.5 
144.9 
218.4 
290.4 
362.2 
436.3 
506.5 
580. 1 
654.7 
278.0 

71.4 
145.2 
217.3 
289.0 
362.6 
436.0 
507.0 
580.1 
654.5 
728.0 

72.5 

154,94 
153.67 
154.24 
154.88 
154.32 
154.46 
154.57 
154.43 

! 154.05 
154.02 

154.24 
153.62 
154.05 
154.77 
154.39 
154.43 
154.55 
154.36 
154.12 
154.96 

154.51 
153.72 
154.08 

. 154.76 
154.36 
154.35 

! 154.45 
154.34 

	

154.03 	; 

	

153.95 	1 

Don. 

Calibration for 50 Tonf. 
50 tonf. Load Coll 	 Proving Ring No. 343 

divs. 

145.8 
217.4 

1 289.3 
363.3 

; 436.0 
508.0 

; 581.6 
i 655.2 
! 727.2 
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3.1.3 150 Tonf. Four Strut "Mechanical Load Coll 

Although a 250 tonf. four strut mechanical load cell was 

selected as the third calibration device, it was not manufac-

tured et the time of these calibrations. In its Place, the 

National Physical Laboratory had very kindly lent its 150 tonf. 

f'ur strut mechanical load cell which proved suitable for the 

Denison compression machine. It is seldom used in excess of 

150 tonf. The other machines to be used above 150 tonf.(see 

Table 2.1) wore not a part of the laboratory equipment at the 

time of those calibrations. 

The load cell calibration values are given in Table 3.3 

and its graph is shown in Figure 3.4. It had Grade 1 repeat-

ability from 20 tonf. to 150 tonf. and Grade 2 repeatability 

at 10 tonf. As the Denison is to be calibrated at the same 

load stages as the load cell, the requirement for linearity 

was not 4necessary. 

TABLE 3.3 	CALIBR!,TION IULUES FOR 150 TOTS'. FOUR STRUT 

:Load 
(tonf. 

MECHANICAL LOAD CELL 

sfa r Load 
(lbsf.) 

_ 	..... 
Deflection 
(divs) Den.. 	clays) 

i10 22,400 1 60.0 373.33 
20 44,800 ! 122.0 367.21 

1 30 67,200 181.2 370.86 
140 89,600 242.3 369.79 
i50 112,000 302.6 370.13 
60 1 134,400 363.0 370.25 
!70 156,800 424.6 369.29 
80 179,200 483.7 370.48 
90 201,600 545.5 369. 57 
;100 1 224,000 605.0 370.25 
:110 246,400 665.4 370.30 
120 i 268,800 727.6 369.43 
1130 1 291,200 788.1 369.50 
'140 ! 313,600 849.8 369.03 
150 336,000 , 910.5  369.03 
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3.2 PROCEDURE FOR CALIBRATIYG THE TLSTII'TG EAC7IYES 

The calibration device -.:as inserted in the testing machine 

in place of the material specimen with particular care given 

to centring the instrument. It '.:as then loaded to the max-

imum calibration load five times and the room temperature re-

corded after the last loading. A two minute interval was allow-

ed for adiabatic cooling of the device before commencing the 

calibration. An exception was made in this procedure when 

using the 50 tonf. electrical resistance strain gauge load cell. 

As this device was temperature compensated, no time interval 

was necessary. 

Vihile one person loaded the calibration device to each of 

the prearranged testing machine scale divisions, a second per-

son reed the proving device. At least ten points, linearly 

distributed, were selected over the normal working range of the 

testing machine scale except in the case of the biaxial flex-

ural machine 4,000 p.s.i. gauge where only seven points were 

selected. The calibration method conformed-  strictly to British 

Standard 1610 specifications. 

The requirement for accuracy as stated in British Standard 

1610 does not strictly apply to machines which have a pressure 

gauge. The load corresponding to any random pressure will be 

calculated from the calibration value obtained from the beat 

smooth curve through the calibration points (see Figures 3.6 

to 3.9). The maximum deviation from this smooth curve is then 

analogous to the maximum error, as defined in B. S. 1610. The 
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accuracy of the machine is thereby obtained by examining this 

deviation in terms of the accuracy requirements for different 

gradings. 

Ls the proving device calibrations are for a standard tem-

perature of 20'C., all deflection values as given in Tables 

3.4 to 3.9 are corrected to this temperature. 

3.3 TESTING MACHINE OLLIBRATIONS  

3.3.1. Denison Compression Machine 200 Tonf. Scale(March.1963).  

This machine contains 3 load gauges, all of which are 

connected to the hydraulic system. The central and top gauges 

are of 200 tonf. capacity while the bottom one is of 40 tonf. 

capacity (see Section 3.3.2). Of the upper two gauges, only 

the lower, with its accompanying maximum load indicator, was 

calibrated. This was considered adequate as the top gauge 

is seldom used, and the lower one is never used without the 

load indicator. 

The 150 tonf. four strut mechanical load cell was loaded 

in 10 tonf. increments to 150 tonf. The calibration graph, 

Figure 3.5 and Table 3.4 shows that the machine has Grade B 

repeatability over its full range, and Grade B accuracy over 

the range 40 tonf. to 150 tonf. Below 40 tonf., its accuracy 

falls outside the limits concidcrcd in British Standard 1610. 

3.3.2 Denison Compression Machine 40 Tonf. Scale (March,1963)  

The 50 tonf. electrical resistance strain gauge load cell 

belonging to the National Physical Laboratory was used for this 

calibration see Figure 3.2 for the calibration graph of this). 
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116.1 
174,7 
240.5 
301.3 
365.3 
422. 8 
489. 8 
547. 5 
609. 3 
670.1 
733..'1 
799.7 
859.9 
927.9 

373. 33 	I 	8.87 
19.03 
28.92 
39.70 
49.78 
60.38 
69.70 
81.00 
90.33 

100.71 
110. 77 
120. 57 
131.91 
141.66 
152.86 

367.21 
370,86 
369,79 
370, ,3 
370.25 
369.29 
370.48 
369.57 
370.25 
370.30 
369.43 
369.50 
369.03 
369.03 

Load Fbonf.,-)  
Indicated 
Load (tont) • Avorasp, 
0.887 	; 0.880 

1 0.952 
0.964 
0.993 
0.996 
1.006 
0.998 
1.013 
1.604 
10007 
1.007 
1.005 
1.015 
1.012 
1.019 

• 0.946 
1 0.973 

0.993. 
0.998 
1.008 

' 0.999 
1.011 
1.006 
1.007 
1.008 
1.006 

' 1.015 
1.013 
1.019 

51.4 
114,2 
177.1 
239.6 
301.1 
365.7 
422.5 
489.7 
54901 
609.8 
671.8 
733,7 
800. 3 
860. 1 
927. 8 

53. 8 
115. 9 
1771 
240.4 
303. 9 
366. 5 
425. 8 
2187. 8 
549. 5 
609. 2 
670. 2 
730;7 
799. 6 
859. 6 
927.6 

373.33 
367.21 
370.86 
369.'79 
370,13 
370.25 
369;29 
370,48 
369.57 
370.25 
370.30 
369. 13 
369.50 
369.03 
369.03 

373.33 
357;21 
370.86 
369.79 
370,13 
370,25 
359.29 
370.48 
369. 57 
370.25 
370-30 
369.43 
369.50 
369.03 
369.03 

10 
20 
30 
40 
50 
60 
70 
80 
90 

100 
110 
120 
130 
140 
150 

10 
20 
30 
40 
50 
60 
70 
80 
90 

100 
110 
120 
130 
140 
150 

57. 

TABLE 3.4 CA LIBRLTI ON Vi,.LUTZ FOR DENISON COMPRESSION MACHINE 
200 	TONF. SCALE 

Indrcr.. t 	Load "Cc11 Loaa 1bsf. 	Lbad 
Read. 	• Dofl. dies 	Tonf. Load 

(tonf,) 
TO-  -- 
20 
30 
40 
50 
60 
70 
80 
90 

'100 
110 

1120 
130 
140 
;150 • 

8.57 0.857 
18.72 0.936 
29.32 0„ 972 
39.55 0.989 
49.75 0.995 
60.44 1.007 
69.65 0.995 
80.99 1.012 
90.59 1.007 

100.79 1.008 
111.05 1.010 
121.00 1.008 
132.00 1.015 
141.69 1.012 
152.84 11.019 

8.97 0.897 
19.00 0.950 
29.32 10.972 
39.68 i O. 992 
50.21 13.. 004 
60.58 ; 1.010 
70.19 11.003 
80.67 1.008 
90.65 1„ 007 

100.69 1.007 
110.79;1.007 
120.50 ; 1.004 
131.89 1.015 
141.61 1.012 
152.81 , 3.. 019 

_ _ 
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TABLE 3. 5 CALIBRATION VALUES FOR DENISON COMPRESSION MACHINE 
40 TON SCALE 

,......_ 
1 

	

139 	1 
1 	 1 	 1 
I 	6 	1 4, 531 	1 2. 07 40 	i 4.195 	0. 699 

	

I 9 	1 7, 191 	1 2. 0739 	1 6. 657 	0. 740 

	

112 	1 9. 808 	! 2. 0743 	1 9. 082 	0.757 

	

115 	; 12,3O2 	i 2.O738 	111.389 	0.759 

	

I 18 	14, 941 	1 2. 0726 	113. 824 	0.768 
! 21 ; 	117,452 	1 2.0715 	16. 138 	0.768 

	

# 24 	1 20, 052 	) 2. 0705 	118, 534 	0. 772 

	

127 	! 22, 938 	, 2, 0700 	21. 196 	O. 785 1 

	

30 	 35,4161 	i 2. 0701 	i23,487 	0.783 

	

I 33 1 27, 892 	1 2. 0709 	125.785 	0.781 
1 

	

36 	: 30, 620 	1 2. 0727 	128. 331 	0. 787 

	

1 33,143 	1 2.O743 	30.690 	0.787 
1 	i 

1 	6 	4, 622 	1 2. 0740 	i 4. 279 	0.713 

	

9 	1  7, 243 	1 2, 0739 	i 6.705 	0.745 

	

12 	
1 

	

9, 828 	1 2, 0743 	1 9. 100 	0.758 

	

1 15 	1129 320 	1 2. 0738 	111.405 	0.760 

	

18 	114,728 	# 2. 0726 	13.6261 	0.757 

	

21 	1 17, 352 	I 2. 0715 	116. 046 	0. 764 

	

i 24 	120,070 	! 2. 0705 	118. 550 	0. 773 

	

1 27 	22, 660 	1 2. 0700 	1 20. 939 	0.775 

	

L30 	1 25, 432 	1 ; 	2.0701709 	•23 502 	0.783 1 	° 

	

f33 	127, 984 	
1 2.0

25.8701 	0.784 

	

136 	1 30, 445 	; 2. 0727 	128. 169 	0.783 

	

33, 475 	; 2=0743 	130. 997 	0.795 1 39 
t________ 	•, 	 i 

1 	 0.769 
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Twelve calibration points at 3 tone. incremonts were selected 

from 6 tonf. to 39 tone. inclusive. 

The calibration values from Table 3.5 and the accompany—

ing graph, Figure 3.5 shows the inaccuracy to be about 22X:. 

This is outside the bounds of accuracy as exprr.es6d in British 

Standard 1610. although the repeatability is Grade B, the 

dial gauge is completely unacceptable for accuracy require—

ments. 

3.3.3 50 Tonf. Uniaxial Compression Machine (March.1963)  

The calibration at 500 p.s.i. increments to 5,000 p.s.i. 

was performed with the N.P.L. 50 tonf. electrical resistance 

strain gauge load coil. The calibration graph, Figure 3.6 

and Table 3.6 shows that the machine has both Gxiado  

poatabiIity End accuracy. 

3.3.4 Ward Tension Machine (November, 1963)  

The 5 tonf. proving ring No.383 was positioned in the 

testing machine with assembly units for transmitting tension to 

the ring being cast into 4 inch cubes 
(2)  
which fitted accurately 

into the grips of the testing machine. 	Thi load indication 

was performed with 2 Budenberg pressure gauges, a 400 p.s.i. 

one, No. 8736305 and a 1500 p.s.i. one, No.8742425. These 

were calibrated over their normal working ranges; the 

400 p.s.i. gauge in 100 D.S,i. increments to 300 p.s.i. and 

the 1500 p. s. i. gauge in 100 p. s. i. increments from 300' p.s.i. 

to 1200 p.s.i. inclusive. 

On observing Figure 3.7 and Table 3.7, it can be seen 
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TABLE 3.6 CALIBRATION VALUES FOR 50 TOJYIF. 
MACHINE 

=Gauge 	; Load. 	Lord.(lbsf. ) Load. 
!Pressure 	Coll • 	Dela. (divs. (lbsf. 
(p. s. i.) 	Road. 

(divs. ) 

4875 
10126 
15403 
20,571 
25984 
31231 
36395 
41654 
46976 

2.074 
2.0744 
2.0724 
2.0703 
2.0701 
2.0734 
2.0744 
2.0741 
2.0739 

10111 
21005 
31921 
42795 
53789 
64754 
75498 
86395 
97424 

52058 2.0734 1 107937 

4837 2.07 ,E 10032 
10106 2.0744 20964 
15359 2.0724 31830 
20716 2.0703 42888 
25902 2.0701 53620 
31178 2.0734 64644 
36584 2.0744 75890 
41617 2.0711 86318 
46977 2.0739 97426 
52051 2.0734 107923 

4881 2i 074 10123 
10101 2. :744 20954 
15373 2.0724 31859 
20675 2.0703 42803 
25882 2,0701 53578 
31101 2.0734 64485 
36413 2.0744 75535 
41604 2.0741 86291 
46882 2.0739 97229 
52064 2.0734 107949 

UNIAXIAL COMPRESSION 

Load (lbsf.  )1 Average 
iGaug e 	i 
!Pressure - I 
35 	.1 I 

21.744 	I 21.696 
21.767 	i 21.735 
21.789 	! 21.751 
21.779 	I 21.796 
21.821 	i 21.770 
21.839 	t 21.797 
21.789 	1 21.797 
21.789 	; 21.774 
21.819 	I 21.805 
21.740 	21.740 

i 
i 1 

21.770 
21.714 
21,747 
21.783 
21.735 
21.749 
21.799 
21.763 
21.776 
21.742 

21.574 
21.724 
21.727 
21.826 
21.753 
21.802 
21.902 
21.770 
21.820 
21.737 
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TABLE 3.7 CALIBRLTION VALUES FOR WARD TENSION MACHINE 
• 

Gauge Pressure Proving Load(1bsf.  Load 1Load(lbsf. ) Average.  
OD. _g_t 	 Ring No. Defl. (divs (lbsf. gGauge 	I 

-400 	1:566 7 	383 	 1 Pressure 
p. s. 	p. se i. 	Reading' 	 IL' 	2 8) 
Gauge • 1 Gauge 	(divs.  

1 87363051 8742425 

1100 
) 200 
300 

7. 258 	t- 7. 212 
7.151 	7.137 
7. 210 	7. 149 

7. 223 
7. 204 
7.222 
7. 169 
7. 154 
7. 153 
7.143 
7. 159 
`7.139 
7.146 

1100 
1200 
1300 

1200 
.300 

52 
123 
196 

10.05 
10.024 
10. 006 

, 	522.6 
1230.0 
1961. 2 

300 197 i 10.006 1971.2 
400 269 10.000 2690.0 
500 342 9.996 3418.6 
600 412 9. 993 : 4117. 1 
700 482 9.984 , 4812.3 
800 553 9.993 1 5530.0 
900 623 j 10.008 ! 6235.0 

1000 695 10.022 i 6965. 3 i 
1100 763 10.035 i 7656.7 
1200 834 10. 050 i 8381.7 

51 10. 05 ,  i 	512. 6 
123 10.024 1 1230. 0 
193 i 10. 006 ; 1931.2 	j 

300 196 10.006 1 ̀ 1961.2 
400 268 10;000 1 2680.0 	I 
500 340 f 9.996 i 3398.6 
600 410 9.993 1 4097.1 
700 481.5 9. 984 ! 4807.3 
800 551 9. 993 5506.1 
900 621 10.008 ; 6215.0 

1000 694 10.022 6955.3 
1100 763 10.035 7656.7 
1200 833 10.050 I 8371.6 

i 
52 10.05 1 	522.6 

122 10.024 1222.9 
194 : 10.006 1941.2 

300 196 1 10.006 . 1961. 2 
400 267 ; 10.000 1 2670.0 
500 341  9.996 ! 3408.6 	i 
600 409 9. 993 1 4087.1 
700 481 9. 984 ! 4802.3 
800 553  9, 993 i 5530.0 	1 
900 623 1 10.008 < 6235.0 

1000 694 10.022 i 6955.3 	j 
1100 762 

833 
' 10. 035 

10.050 
1 7646. 7 	1 
1 8371.6 

7.247 
7. 231 
7.243 
7.198 
7.161 
7.163 
7.150 
7.166 
7.142 
7. 152 

7.119 
7.151 
7. 100 
7.210 
7.204 
7. 200 
7. 163 
7. 154 
7.132 
7. 127 
7-156  
7.142 
7.143 

7.258 
7.110 
7.137 
7.210 
7. 177 
7.222 
7.145 
7. 146 
7.163 
7.150 
7. 156 
7. 133 
7.143 
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that the 400 p.s.i. gauge has Grade B repeatability whereas 

the 1500 p.s.i. gauge has Grade A repeatability. Both gauges 

satisfy Grade J',1 requirements for accuracy. 

3.3.5 Flexural Machine (November,1963)  

Tho 5 tonf. proving ring, No. 363, used for the calibra-

tion of this machine was loaded in increments of 200 • _ D S , 	• _• 

on the 2,000 p.s.i. Budenb 	pressure gauge, No. 8742423, 

to 2,000 p.s.i. From Table 3.8 and Figure 3.8 the machine is 

observed to have Grade A repeatability over the range 800 p.s.i. 

to 2,000 p.s.i.,and Grade B. repeatability over its lower work-

ing range. Its accuracy is Grade L. throughout. 

3.3.6 Biaxial Flexural Machine- 3.5 Toni'. Load Coll (Novomber  
1963)  

The proving ring, No. 383 was positioned in the biaxial 

flexural machine as shown in Plato 3.2(for detailed description 

of machine, see Chapter 12). The electrical resistance strain 

gauge load cell which Was connected to a Peekel potentiometer 

was loaded in 600 "coeYTo:. Civision increments from 1,200 divi-

sions to 6,600 divisions. As this machine is used exclusively 

with the 1.000 division range on the Peokol potentiometer, this 

was the only calibration conducted. 

The calibration graph, Figure 3.9 and its corresponding 

Table 3.9 indicate repeatability well within Grade Al require-

ments. The Peekel potentiometer was more sensitive than the 

proving ring by a factor of 5 owing to this ratio of scale 

divisions. Therefore, this machine owing to its highly sens-

itive and repeatable nature, can be assessed as a very accurate 



TABLE 3.8 CALIBRATION VALUES FOR FLEXURAL MACHINE 

Gauge 	i  Proving 	1Load.(lbsf. 	Load 	; Load (lbs_f. ) , .!,,vcrtagc.; 
Pressure 1  Ring No. 	1Deflo (divs) 	(lb sf. ) Gauge 
(D. s. i. ) 	383 ' 	1 

def1. (divs) 1 
43.1 '9.88 	425 8 	 2.217 - - 2. 2416 

875. 7 
1319. 5 
1761.7 
2208. 1 
2653. 9 
3093.4 
3553. 9 
3990. 3 
4-36.7 

418. 9 
872. 8 

1310.6 
1759.7 
2200. 2 
2642.0 
3089. 5 
3539. 2 
3988.4 
4438.6 

418.9 
868.8 

1305.7 
1757.8 
2198.2 
2645.0 
3093.4 
3543.1 
3986.4 
433.7 

Pressure -10 

-• 

200 

	

400 	88.7 

	

600 	133.7 

	

800 	178.6 

	

1 1000 	• 	223.9 

	

1200 	269.1 

	

i 1400 	313.8 
11600 
!Iwo 

2000 
• 200 

361. 1 
406. 1 
451. 8 

42."4 
400 88,4 
600 132. 8 
800 178, 4 

1000 223.1 
11200 267. 9 
11400 313.4 
1600 359. 6 
1800 405. 9 

1 2000 452.0 

200 42.4 
‘ ,0000 88. 0 

132. 3 
800 178. 2 

11000 222; 9 
x1200 268. 2 
1400 313. 8 
1600 360:0 
1800 405.7 
2000 451. 5 

GO 

9. 873 
19.869 
!9. 864 
,9.862 
19. 862 

858 
;9.842 
19.826 
9.820 

1 
19. 88 

873 
`9. 869 
:9. 864 
!9. 862 
19. 862 
19. 858 
!9. 842 
9. 826 

19. 820 

!9.88 
19. 873 
9;869 

19. 864 
19.862 
!9„ 862 

858 
i9.842 
9.826 
9. 820 

2. 2454 
2.2364 
2.2300 
2. 2304 
2.2302 
2. 2255 
2.2352 
2. 2292 
2. 2295 

2.2047 
2.2379 
2. 2214 
2. 2275 
2. 2224 
2. 2202 
2, 2227 
2. 2259 
2. 2282 
2. 2305 

2. 2047 
2. 2277 
2. 2131 
2.2251 
2. 2204 
2. 2227 
2. 2255 
2.2284 
2.2270 
2. 2280 

2. 237 
2. 224 
2. 228 
2. 224 
2. 224 
2. 225 
2. 230 
2. 228 
2. 229 
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PLATE 302 Calibration of biaxial flexural machine 
with 5 tonf. Droving ring, no. 383 



(33 

i i 
1200 	1109.0 
1800 	; 163.0 
2400 	1216.3 
3000 	i 270.8 
3600 	1324.7 
4200 	; 379.2 
4800 	1432.5 
5400 	; 487.2 
6000 	! 542.0 
6600 	1 596.7 

i 
1200 	I 109.1 
1800 	1162.9 
2400 	' 216.3 
3000 	1 270.9 
3600 	; 324.7 
4200 	1 379.4 
4800 	I 432.8 
5400 	I 486.9 
6000 	' 541.4 
6600 	i 596.0 

1 
1200 	! 109.0 
1800 	1162.9 
2400 	. 216.8 

3600 	1 32,L-. 4 
3000 	270,8 

4200 	i 379.1 
4800 	' 432.2 
5400 	; 1  486.6 
6000 	1 541.4 
6600 	1 596.1 
--- 

TABLE 3.9 CI.LIBRI_TION V!, LUES FOR BIAXIAL FLEXURAL MACHINE 
WITH 3.5 TONF. LOAD CELL 

Poekol 	I Proving i Load (lbsf. ) 	Load. 	Load. (lbsf. ) ....vorago ; 
Pot ontio-i Ring. No. 	(divs,) 	) Pookel 
motor 	303 	 (don. ) 
(clivs. ) 1 Dela. 

(divs ) 

9.871 
9.866 
9.862 
9.862 
9.855 
9.834 
9.822 
9.816 
9.809 
9.798 

9.871 
9.866 
9,862 
9.862 
9.855 
9.834 
9.822 
9.816 
9.809 
9.798 

9.871 
9.866 
9.862 
9.862 
9.855 
9.834 
9.822 
9.816 
9.809 
9.798 

1 

2670.6 
; 3197.0 

3728.1 
4245.1 
4776.5 
5310.6 
5840.6 

1075.9 
1608.2 
2133.2 
2670.6 
3199.9 
3729.1 
1-248.0 
4782.4 
5316.5 
5846.5 

1076.9 
1607.2 
2133.2 
2673.. 6 
3199.9 
3731.0 
4251.0 
4779.4 
5310.6 
5839.6 

1075.9 
1607.2 
2138.1 

0.8966 	0.8969 
0.8934 	0.8931 
0.8888 
0.8902 
0.8889 
0.8879 
0.8850 
0.8856 
0.8861 
0.8858 

0.8974 
0.8929 
0.8888 
0.8905 
0.8889 
0.8883 
O. 8856 
0.8851 
0.8851 
0.8848 

0.8966 
0.8929 
0.8909 
0.8902 
0.8883. 
0.8876 
0.8844 
0.8845 
0.8851 
0.8849 

0.8895 
0.8903 
0.8886 
0.8879 
0.8850 
0.8853. 
0.8854 
0.8852 



1000 2000 3000 	4000 	5000 	x 	6000 7000 .
- PEEKEL READING 	DIVISIONS 

200 400 600 	800 	1000 	1200 1400 
4000 P.S.I. GAUGE READING 	P S.1. FIG. 3.9 

cr) 

7.11 0.697 	  

I 
CALIBRATION GRAPHS FOR BIAXIAL FLEXURAL MACHINE 

0 
Q' 
0 
U- 

0 
z 
U) 

 
a. 

Electrical Resistance Strain Gauge Load Celt 
with Peekel Unit 

• 

4000 P. S.I.Pressure Gauge 

+ Pressure Gauge 
Load Cell 

31 

P
E

E
K
E
L 

U
N

IT
 

0.005 - 

2.: 
0.893 	 

ra 

0.891 

0.839 

0.807 

0.885  

u.: 
7.08 caw 

0 

7.05 0
C 
Ut 

-7,02 

6.99 

P
R
E
S
S
U
R
E
 G

A
U

G
E 

-6.96 

6.93 



65 

Grade Al machine. 

3.3.7   Bicxial Flexural Machine - Budenberg, 4,000 P. 8. I. Gauge 
(Docembor, 19641  

TABLE 3.10 CALIBRATION VALUES FOR BIAXIAL FLEXURZ).L MACHINE 
WITH BUDENBERG 4 000 P. S. I. GAUGE 1To. '3177:27120 

Gauge 
Pressure 
(p. s. 	) 

, Proving 
-King No. 
383 	- 
Deft. (divs) 

Load.abg_f ,  ) 	Load. 
Defl (divs. ) 	(lbsf. ) 

oad(lbsf. ) 
Gauge Press 
18 

200 128.7 9.869 1270 6.9780 
400 269.1 9.862 2654 6.9476 
600 411.0 9.825 4038 6.9381 
800 555.0 9.805 54,12 6.9591 

1000 701.8 9.772 6858 6.9837 
1200 846.3 9.749 8251 6.9805 
1400 1003.3 9.721 9753 7.0572 

200 131.2 9.869 1295 7.1154 
400 272.6 9.862 2688 7.0366 
600 413,1 9.825 4059 6.9742 
800 560.1 9.805 5492 7.0230 

1000 703.8 9.772 6878 7.0041 
1200 848.0 9.749 8267 6.9941 
1400 1002.5 9.721 9745 7.0514 

200 131.0 9.869 1293 7.1044 
400 270.9 	9.862 2672 6.9948 
600 412.2 	9.825 4050 6.9588 
800 559.0 9.805 5481 7.0090 

1000 705.1 9.772 6890 7.0153 
1200 	845.1 9.749 8239 6.9704 
1400 1001.8 9.721 9738 7.0463 

Average 

7.066 
6.972 

t  6.957 
6.997 

t 7.001 
6.982 

1 7.052 

For loading in excess of 3.5 tonf., the load. cell is re-

moved and the load is determined from pressure indication on 

the Budenbcrg 4,000 p. s. i. gauge No. 8742420. The load was 

applied to the proving ring, No. 383 in 200 p. s. i. increments 

to 1400 p. s. i. on the pressure gauge. From the calibration 

graph, Figure 3.9 and the Table 3.10, it is apparent that the 

repeatability conforms to Grade A requirements, while the ac- 



curacy is Grade Ai. 

3.4 GOMMENTa ON RESULTS 

Although a thorough discussion of some of the testing 

machines will be presented in Chapter 7 considering both the 

machine calibration and the mode of deforming and failing the 

specimen, comments on the calibration results are presented at 

this stage. 

The Denison compression machine with the 200 tonf. gauge 

may be PC57%:',1'ded.P.S ka7ing low accuracy, but satisfactory for 

cube testing in the range 40 tonf. to 140 tonf. (see British 
(9) 

Standard 1881 	). 

majority of 4 inch cubes have a crushing strength loss than 40 

tons. Consequently, corrections to failing loads must be ap-

plied to all such readings in accordance with Figure 3.5. It 

is, however, more suitable to avoid these corrections, and 

therefore, the replacement of this gauge by a larger, more 

sensitive' and accurate gauge is recommended. 

The 40 ton scale of the above machine is highly inaccurate 

and should definitely be replaced. It has probably been over- 

strained at some time in. its past, and consequently, its long 

term repeatability is questionable. 

The Ward tension, 50 tonf. uniaxial compression and flex-

ural machines each contain industrial jacks with a piston-typo 

pump for applying the load. The hydraulic system contains 

two valves for controlling the loading rate. ;-.s the cross-

sectional area of the ram decrpasesi  the volume of oil 134sATrig 

through the valves decreases, thereby resulting in re- 

However, this is quite inadequate as the 
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duced control of a uniform loading rate. This is reflected in 

poorer calibration repeatability. For example, the 50 tonf. 

unixial compression machine containing apprortmately 22 square 

inches of cross-sectional area resulted in Grade Airepeatabil-

ity over the entire range while the flexural machine with only 

2.2 square inches had Grade A and B repeatability. From the dif-

ficulties e::-orienced in maintaining a uniform loading rate, 

it is obvious that the load application systems on the flex-

ural and tension machines require an improved construction be-

fore better gradings can be achieved. 

Although smooth curves which best fit the values obtained 

have been drawn in Figures 3.6 to 3.9, a simp1e mathematical 

formula for load in torms of pressure is often more conven-

ient. However, such a simplification will often reduce the 

accuracy of the results. For example, the relation between 

pressure and load for the Ward tension machine may be represent-

ed as 

Load(lbsf.) = 7,l7 (Gauge pressure - 28) 

The accuracy obtained by using this formula is Grade A as op-

posed to Grade ,11  with the smooth curves drawn in Figure 3.7. 

Alternatively, with the 50 ton uniaxial compression mach-

ine, and the flexural machine, simple mathematical formulae 

can be used with no loss of accuracy. For those machines, the 

formulae would be, respectively, 

Load (lbst.) = 21.76 (Gauge pressure -35) 	.• • 3. 2 
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and, 

Load(lbsf.) = 2.227 (Gauge pressure -10) 	• • • 3.3 

The results of the biaxial flexural machine calibrations 

reveal the errors possible arising from the use of industrial 

jacks. The calibration of a pressure gauge in the hydraulic 

system showed Grade A repeatability while that r the electrical 

resistance strain gauge load cell placed on the specimen side 

of the hydraulic ram showed a highly sensitive and repeatable 

Grade Al  machine. This is duo to the load cell being immune 

from variable frictional properties of the ram. 

The method of load application in this machine was more 

uniform and easier to control than with either the tension or 

flexural machine. This is attributed to the use of a centri-

fugal pump instead of a piston type pump(see Chapter 5 ), as 

well as precision control valves. 

It is imperative that the calibration be performed every 

two years in accordance with British Standard 1610. 	1,1,:; 3.11 

has therefore been prepared to show the dates of the next 

calibrations. 

TABLE 3.11 CALIBRATION DATES FOR TESTING MACHINES 

Testing Machine 	Calibration 
Date 

Denison Compression 
Ward Tension 
Flexural Machine 
Biaxial Flexural-3.5 
tonf. Load Cell 
Biaxial Flexural - Buden- 
berg 4000 p.s.i. pressure 
gauge  

March„1963 
November,1963 
November, 1963 

November,1963 

December, 1964  

Next 
Calibration 

March,1965 
November,1965 
November,1965 

November,1965 

December,1966 
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CHAPTER  

T-11 INFLUENCE OF NON—AXIAL LOADING ON 

CALIBRATION DEVICES AND TESTING MACHINES 

4.1 INTRODUCTION  

The verification of a testing machine with the subsequent 

issuing of a certificate implying its accuracy and repeatabil—

ity generally assures the owner that the maximum error possible 

in testing is that which is contained within the bounds of this 
(18) 

grading. Yet, Cole 	showed that large errors occur with cal— 

bration instruments for compression when the platens are not 

plane, the maximum error measured being 9.1% 

As Cole's investigation was restricted to carefully cen—

tred calibrations, the influence of small misalignments would 

be expected to cause additional errors. For example, as ex—

plained in Chapter 7, a 50 tonf. compression machine with 

Grade A load indication proved to be completely 1:..naleptable 

for cube testing and research work because of the misalignment 

in the assembly of its components. It has also been mentioned 

in private conversation with National Physical Laboratory 

Personnel that calibration discrepancies have occured when the 

instrument was not accurately centred. In addition, as dis—

cussed in Section 6.5, the centroid of specimen resistance 

may be displaced in excess of 1/4" in routine testing. Al—

though the 50 tonf. uniaxial compression machine, discussed 

in Section 7.2.2, was probably an exceptional case, it is 
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apparent that this magnitude of misalignment can exist solely 

from manufacture of components. Yet, British Standard 1610 

specifies that it is essential that the verifying load shall 

be applied along the loading axis of the machine. 

An off-centre loading on the ram in hydraulic machines 

creates a mechanical couple between the ram and ram cylinder. 

Due to the resulting increase in normal forces and frictional 

resistance, the load indication, when connected to the hydrau-

lic system would be greater than that actually passing through 

the specimen. This would be reflected in high apparent strength 

results. 

Although the magnitude of this discrepancy might at first 

be thought easily investigated by simply placing the load cal-

ibration instrument offcentre in the machine, the results would 

be unsatisfactory when analyzing the manner in which the device 

is-loaded. As shown in Chapter 6, off-centre loading can pro-

duce lateral movement in the machine which would create non.-

axial loadings in the proving device. No information is avail-

able on the behaviour of calibration instruments under these 

systems of loading. The importance of a technique capable of 

divorcing machine errors from possible calibration instrument 

errors is therefore appreciated. 

An investigation of off-centre or skew loading on the de-

vice becomes even more important when considering routine cal-

ibration with the device located axially. The initial appli-

cation of load usually involves lifting the top cross-head or 
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a portion of it a small distance limited by the tolerances in 

the manufacture of these components. During this stage, an 

unstable loading sustem is in operation which may result in 

these components displacing laterally, Subsequent loading will 

cause binding, thereby inducing lateral defections and forces 

into the proving instrument: The resultant loading is a skew 

loading. Similarly, a misaligned machine may produce non-axial 

loading even with apparently perfect centring. The above non-

axial loadings will subject the calibration instrument to a dif-

ferent force Fystem from that occuring in any of the basic N.P. 

L. machines. Special considerations in the design of the N.P.L. 

machines have provided a completely stable loading system at 

all load stages and very accurate alignment of components, there-

by always ensuring that the resultant will be axial. 

l'his chapter is therefore, initially, an investigation into 

results of calibration instruments and, subsuently, establish-

ing whether non-axial calibrations of hydraulic testing machines 

indicate significant discrepancies in results. 

4.2 0:7-CENTRE AND SKEW LOADING OF CALIBRATION DEVICES  

4.2.1. Testing ProcedurC' 

The most suitable testing procedure would require placing 

the calibration instrument to be investigated(hereafter refer-

red to as the secondary calibration instrument) between two 

effective pins and placing a second calibration instrument(the 

basic calibration instrument) axially coincident with the line 

of the pins. The line of action would therefore pass in a 



straight line between the two pins and through the axis of the 

basic calibration instrument. By placing the secondary cali-

bration instrument axially coincident also, a basic calibration 

can be established for the secondary instrument in terms of the 

basic instrument. Subsequently, off-centre and skew loadings 

can be performed by simply moving the secondary instrument 

laterally or in a skew manner while maintaining the basic cal-

ibration and two pins fixed in space. The calibration values 

obtained as a result can then be compared directly to the axial 

calibration. 

As shown in Chapter 8, an effectively pinned condition 

can be obtained with spherical coatings and the proper lubricant. 

The 3" radius seating with Rocol A.S.P. and the 7" radius with 

Rocol M.G. lubricants with coefficient of friction values of 

0.10"2 were used to 100 tonf. 

The first test was perfoimed by placing the N.P.L. 150 
-J 

tonf. four strut mechanical load cell (sec Plate 2.6) in a 500 

tonf, 	machine at the Road Research Laboratory, Harmonds-

worth, (sec Plate 8.4) with all testing being performed on the 

200 tonf. scale range. The 7" radius spherical seating was then 

positioned on top of the load cell with the female section sup-

porting the male section for stability. The secondary device, 

a 50 tonf. proving ring, No, 343 owned by Imperial Collc!7e Civil 

Engineering department, was accurately centred on the dowelled 

platen and maintained vertical by ensuring that the male face 

of the 7" spherical seating was completely level. Subsequently, 



73 

the 3" radius seating with the accompanying platen were accur-

ately positioned centrally on top of the proving ring. Before 

applying load, a check was again made to ensure that the male 

face of the 7" seating was perfectly level. 

This test proved to be unacceptable, however, as approx-

imately 3.5 feet of headroom was required for performing the 

test. The excessive lateral movement of the top cross-head due 

to the inherent instability characteristic (see Section 5.4.2.) 

resulting in a skew loading of the basic calibration device 

was, therefore, unsatisfactory. The test was consequently al-

tered by removing the four strut mechanical load cell and re-

setting the equipment as shown in Plate 4.1 thereby reducing 

the headroom to about 2.5 feet. The resulting increased sta-

bility produced negligible lateral movements. The machine of 

Grade A accuracy and repeatability (see Section 8.3.4 for de-

tailed description) with a very fine control valve consequently 

became the basic calibration instrument. To offset the re-

duction in accuracy with this test method, it was decided to re-

peat each test five times, and to use a statistical approach to 

determine the significance in differences measured. 

To avoid all extraneous errors, the following precautions 

were taken: 

1. The entire series of tests on each proving device was per-

formed in succession during a morning or afternoon to avoid 

long term machine effects. 

2. The temperature for the complete test series on each cal- 
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PLATE 4.1 Test assembly for pin-end loading of proving ring 



75 

ibration instrument was at all times controlled to 1 0.5'Cen-

tigrade. 

3. The instrument was preloaded 5 times to the maximum load 

used in the test series over a period of about 15 minutes. 

After altering the location of the instrument between the coat-

ings prior to each successive series of runs, one preloading 

was performed. 

4. One minute was allowed after each run for adiabatic cooling 

of the instrument. 

5. To ensure that the machine was applying the load identical-

ly in every case, two checks were used. First, the face of the 

male portion of the 7" radius spherical seating was checked 

for level in both directions. Then, the repeatability of con-

tact between the female portion of the 3" radius seating and 

the top cross-head was ensured with the aid of check-markings 

on the top cross-head. Both these checks were conducted in 

every run except for the skew tests when only the latter could 

be carried out. 

6. To avoid discrepancies in ram behaviour over its normal 

travel, the position of testing was maintained constant by 

fixing the location of the top cross-head for the entire test 

series. 

4.2.2. Tests on N.P.L. 150 tonf. Four Strut Mechanical Load 

Cell 

For the off-centre calibrations, the instrument was moved 

l/2" laterally. Two test series were performed with the axis 
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of the instrument positioned north of the axis of the effec-

tive pins and testing machine, and subsequently east of the 

pins with the dial gauge at all times facing west. For the 

skew calibrations, the spherical coatings were tilted in their 

sea tinas and the instrument placed 0.25" off-centre at each' 

end in opIDQoite dirootiono,(wQot at the bottom and eazt at the 

top) thereby providing 0,50" of skew loading in its 9.25" 

length. The resultant force as indicated on the machine scale 

therefore consisted of an axial component and a shearing force. 

Consequently, 

axial load in load cell resultant load x cos e 4..4.1 

where 	-1 
6 = tan 	0:50 	 . • • 4.2 

9.25 
As only the axial force is assumed to produce deflection in the 

instrument, the results of instrument readings of the other 

test series, in order to be directly compared, must be mul-

tiplied by cos 6 where 6 is as in equation 4.2. Alternatively, 

a direct comparison can be obtained by multiplying the instru- , 

ment readings of this test series by 	1 
cos e 

Table 4.1 and the graph, Figure 4.1, give the results of 

the calibration series along with percentage differences be- 

tween axial and non-axial loadings, The results of a etatis- 
(19,20) 

tical analysis, as presented. in Table 4.2 ' 	- indicate 

that differences between axial and non-axial calibrations can 

be highly significant. 

In order to eliminate doubt about a drift in machine be-

haviour, the initial test with the calibration device located 
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TABLE 4.1 

Indicated 
Load on 
Machine 
(Tonf:), 

Run 40 
2 70 

100 

Run 40 
3 70 
100 

AXIAL AND NON-AXIAL CALIBRATIONS OF N. P. L. 150 Tonf. 
FOUR STRUT MECHANICAL LOAD CELL 

Series 1 Series 2 
Load Cell Load Cell 
Centred 3/2" North 
(Tonf.) 	(Tonf. ) 

40;58 
71;11 
101.09 

	

40.77 	40;52 

	

71. 35 	70; 98 

	

101.53 	100. 97 

	

40:58 	40;63 

	

71;35 	71:21 

	

101. 50 	101. 39 

Run 40 i  40;71 

	

1 70 	71:32 

	

100 	± 101.38 

	

40. 97 	41.03 

	

71. 51 	71.97 

	

101.52 	102.16 

	

40;87 	40.98 

	

71:35 	71.76 

	

101.27 	102.12 

	

40,77 	41.03 

	

71;26 	71.76 

	

101.25 	102.07 

Series 3 
Load Cell 
1/2" East 
(Tonf.) 

Series 4' 
Load Cell 
Askew 
(Tonf.) 

40.76 
71.47 

101. 52 

40.69 
71. 35 
101.48 

40. 63 
71. 22 

101. 32 

Series 
Load 
Cell 
Centred 
(Tonf.) 

Run 40 
4 70 
100 

Run 40 
5 70 
100 

Average 
40 
70 
100  

40;80 
71; 36 
101.57 

40;73 
71;35 
101.47 

40:72 
71:35 
101.49  

40:49 
71;01 
100.82 

40:63 
71;17 
101.28 

40.57 
71.09 
101.11  

	

40;80 	40.95 

	

71;30 	71.75 

	

101.22 	102.17 

	

40;73 	40.97 

	

71.21 	71;79 

	

101.18 	101.98 

	

40;83 	40.- 99 

	

71:33 	71.81 

	

101.29 	102.10 

40. 69 
71.35 

101.4'1 

Numerical and Percentage Increase from Average of Readings of 

40 
70 
100 

-0.14 .-0.34%i 0.12 0.30 	0;28 0.69gT 
.-0.36%i-0.02 -0.032;1 0.46 0.65g1 

-0. 18%# 0.63 0.62;1 
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socl-x0)  
I SigtifTcance 
Level 

Notation: 

s(xl-x2) standard deviation of differences 

-.. 

TABLE 4.2 SIGNIFICANCE OP DIFFERENCES BETWEEN AXIAL AND 
NON-AXIAL CALIBRATIONS OF N. P. L. 150 TONF. FOUR STRUT MECH-
ICAL LOAD CELL  

1 
! Instrument 
Centred and 
Instrument 

0.0473 
0:14 
2.96 

5% 

0;0496 
0.26 
5.25 

0;1070 
0:36 
3.37 

Instrument 
Centred and 
Instrument 

0.0512 
0:12 
2.34 

0;0518 
0; 02 
0.39 

0.0663 
0.18 
2.72 

i 	Instrument 
Centred and  
Instrument 

0.0368 
0.28 
7.62 

0. 0421 
0. 46 

10. 9 

0. 0/1/19 
0.63 

14. 0 

l• 40 Tonf. 

xi-x2  

is(xl-x27 
:Significance 
;Level 

70 Tonf. 
sTR1-x2) 
x1-x2  
xi-, 

Significance 
;Level 

1100 Tonf. 
!s(.7(1- 	) x2 

.7,c1-x2 -x 

x1-x2  actual mean differences in results 

Signifi- probability that both sots of data arc from the same 
cance 	universe 
Level 
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axially VMS repeated after performing the off-centre and skew 

calibrations. The minute differences between these two tests 

arc insignificant as shown from comparison of the results of 

series 5 and series 1 in Table 4.1. 

The load cell was assessed as Grade 1 over the range 10 

tonf. thereby guaranteeing a repeatability of 1;0.1%to 50 tonf. 

and i-,0.2to 150 tonf. However, the results obtained indicate 

variations of 1.0A Furthermore, it appears reasonable to sup-

pose that this variation can be even greater with the results 

of greater non-axiality. 

4.2.3 Tests on 50 Tonf.  Proving Ring NO.343  

One off-centre calibration was performed with the proving 

ring displaced '0.50" north. In the skew calibration, the 

ring was displaced south at the bottom and north at the top 

a distance of 0.375" in each direction making a 0.75" skew 

in its 17.25" length. In both cases, the dial gauge faced west,. 

The test series was intended to be performed at 25 tonf. 

and 45 tonf. However, duo to excessive indentation of the 

platens at 45 tonf. with off-centre calibration, this load st-

age was abandoned. 

The results of this test series are presented in Table 

4.3. Although the differences obtained are not considered 

significant, it would seem that the proving ring might be 

somewhat influenced by non-axial loadings. However, these 

differences are small and certainly less than those obtained 

with the four strut mechanical load cell. 



TABLE 4.3 AXIAL AND NON-AXIAL CALIBRATIONS OF PROVING RING 
NO. 343 
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Run No. 

1 
2 
3 
4 
5 

        

Series 1 	Series 2 	Series 3 
Proving Ring 	Proving Ring 	Proving ding 
Centred 	1/2" North 	i 	Askew 
(Tonf.) 	(Tonf.) 	(Tonf.) 

        

25.627 
25.627 
25.627 
25,641 
25.613 

 

	

25.634 
	

25.534 

	

25.579 
	

25.568 

	

25.558 
	

25.554 

	

25.496 
	

25.562 

	

25.462 
	

25.562 

 

        

Average 	25.627   25.546 	25.560 

4.3 OFF-CENTRE LOADING ON TESTING MACHINES  

4.3.1 Testing Procedure 

The importance of being able to divorce tasting machine 

errors from calibration instrument errors was emphasized in 

Section 4.1. Ls observed in Section 4.2, the errors in cali-

bration devices can be large and highly significant. Conse-

quently, for this test series, the N.P.L. 150 tonf. four strut 

mechanical load cell was accurately centered between the two 

spherical scatings as explained in Section 4.2.1 Special care 

was taken to insure that the face of the male portion of the 

7" spherical seating was at all times level. The machine was 

then calibrated against the load cell 5 times at 40, 70, and 

100 tonf. ft:zietaly. 

For the off•-contra calibrations, the entire assembly in-

cluding the 2 spherical soatings was moved laterally a pre-

determined distance. Care was taken to ensure that tho seat-

ings and load cell were unaltered in relation to each other and 
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that the entire assembly Was vertical et the beginning of each 

run. The machine was then again calibrated at 40, 70, and 100 

tonf. 5 times. 

To avoid :.7.traneous errors, the following precautions 

were taken. 

1. A :oriec of tests for cemparing the results of 2 1/4" 

off--centre, 4 1/2" off-contre and axial calibration wore per-

fox.med in succession in the course of an afternoon. As it was 

later deemed necessary to include a calibration at 1 1/8" 

off-centre, this calibration was performed immediatly after 

doing another axial calibration. 

2. The temperature during each complete series on either day 

was controlled to 1-0.5PC. 

3. Before the test series on either day, the instrument was 

preloaded to 100 tonf. 5 times over a period of about 15 minutes. 

The subsequent calibrations Ware preceded by one preloading. 

4. One minute was allowed for adiabatic cooling after each 

run. 

5. To eliminate discrepancies in ram behaviour over its 

normal travel, the vertical location of all calibrations was 

maintained constant by fixing the top cross-head. 

4. 3. 2. Results of Off-centre Calibrations 

The results of this series of tests arc presented in 

Table 4.4 and plotted in Figure 4.2. It is apparent that9  as 

the magnitude of off-centre calibration increases, the reduc-

tion of load through the - libration device likewise increases. 



TABLE 4.4 AXIAL AND NON-AXIAL CALIBRATIONS OP AVERY 
COi'TPRESSION TESTING MACHINE  
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Load on Instrument; 
Machine Centred 
(Toni. ) 	(Toni.) 	! 

Indicated 	First Da 

40 
70 
100 

40 
70 
100 

40 
70 
100 

70 
100 

Average 
40 
70 
100 

Numerical 

40 
70 
100 

	

40.42 	i 39. 57 	37.72 

	

70.81 	i 69. 31 	66.00 

	

100. 66 	198. 45 	93. 52 
i 

	

40.47 	139;57 	37.72 	40. 91 

	

70.79 	169. 30 	65. 98 	71.42 

	

100. 54 	1 98.62 	1 93.48 	101. 38 

	

40. 41 	i 139. 52 	37. 74 	40. 90 

	

70.72 	I 69;24 	65. 98 	71.38 

	

100, 54 	198. 57 	93. 59 	101. 30 

	

40. 36 	! 39, 50 	37. 64 	40, 87 

	

70.75 	169. 23 	65. 93 	71. 31 

	

100.49 	98. 48 	i 	936 57 	101. 30 

	

40. 44 	139. 42 	37. 65 	40. 90 

	

70.93 	! 69. 24 	66.03 	71. 28 

	

100.82 	i 98.44 	93.62 	101. 31 

	

40.42 	 39; 52 	37. 69 	40.94 

	

70. 80 	69.261 	65. 98 	71.40 

	

100. 61 	i 98. 51 	93. 57 	101. 38 

and Percentage Reduction from Axial Calibration 

Instrument 
2 1/4" "-
North 
(Toni. ) 

y Tests 
Instrument 
4 1/2" 
North 
(T onf. ) 

,4  Second Day 
Instrument! Instrument 
Centred 	1 1/8" 
(Toni.) 	North 

(Toni. ) 

	

41.13 	40.87 

	

71.60 	71.26 

	

101.63 	101.63 

40.80 
71.20 

101.53 

40.85 
71. 27 
101.65 

40.90 
71.27 

101.63 

40.77 
71: 22 

101.47 

40.84 
71,24 

101.59 

40 0:90 2. 23%'• 2.73 6.76% 
70 1. 54 1.98% 4.82 6.82X.• 

10O 2.10 2.097 7.04 7.00% 

Average 2.10%d 6.86% 
------------------ ..... 

0.10 0.25Z 
0.16 0.22% 

-0.21-0.21n 

--0.
-097.' 



INFLUENCE OF OFF- CENTRE DISTANCE ON LOAD 
PASSING THROUGH CALIBRATION DEVICE 

(500 TON AVERY COMPRESSION TESTING MACHINE) 
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This is PS expected due to increased frictional forces at the 

ram-cylinder interface. 

It will be observed, however, that this relationship is 

not necessarily linear. In this particular case, the rate of 

change of load increases with increasing misalignment of the 

calibration device. This may be explained by a binding action 

at the ram-cylinder interface which becomes more severe with 

increasing misalignment. 

The ram has about 18" of contact with the ram cylinder. 

In addition, n sliding contact at the columns as shown in the 

bottom corners of Plato 4.1 is 2" in length and about 4" above 

the top of the cylinder. It is therefore appreciated that the 

effective length of contact is very much greater than usually 

encountered with concrete compression machines. 	normal 

forces and resulting frictional forces are generally inversely 

proportional to the length of the ram, it will be appreciated 

that discrepancies encountered in machines with short rams will 

be very much greater than those shown in Figure 4.2. Poor 

machining producing a binding action in the ram would amplify 

these discrepancies. Furthermore, a small diameter ram would 

tend to localize the normal forces on the ram-cylinder inter-7. 

face. The resulting lubrication breakdown would result in in-. 

creased frictional forces due to steel sliding on steel as 

shown in Chapter 8. 

4.4 CONCLUSIONS 1,ND RECOMMRNMTIONS  

It is apparent from Section 4.2 that, unless calibration 
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devices are loaded axially as in their initial calibrations 

at the National Physical Laboratories, discrepancies in results 

very much in excess of their specified accuracy, are entirely 

possible, Furthermore, such errors can be of the same magni-

tude or oven greater than the accuracy necessary for assessing 

the grading of the testing machine. .A Grade A machine has no 

error greater than :0.5A to 50 tonf. and 10.754 to 150 tonf. 

As a calibration device should be 5 times as accurate as the 

machine being verified, calibration instruments showing inac- 

curacies of the order of 	would be unsuitable for such 

calibrations. Because a guarantee that the machine is loading 

the device axially can seldom be provided, it is appreciated 

that the calibration results are not as free from error as :W'S 

previously supposed, Although a more sensitive and accurate 

basic calibration device as well as thorough examination of 

all calibration devices (See Chapter 2 ) would have been more 

satisfactory, the results of this analysis indicate conclusively 

that discrepancies as large as 0.74 and probably more are pos-

sible in a Grade 1 proving instrument. According to British 

Standard 1610, Grade 1 implies a repeatability of 0.2% to 50 

tonf. and 0.4% to 150 tonf. The proving ring is less suscep-

tible to non-axial calibration than the four strut mechanical 

load cell, 

realization that the centroid of resistance f the 

specimen may be displaced 1/4" off-centre and often more in 

routine testing (see Chapter 6 ) stresses the importance of 
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determining the behaviour of the testing machine under such 

non-axial loadings. This problem, as discussed in Section 4.3 

is particularly severe in testing machines containing short, 

small diameter rams with poor machining and large tolerances on 

the cylinder-ram interface. 

Eventually, a complete verification of a testing machine 

should include calibrating off-centre a fixed distance, say 

1/2" in two mutually opposite directions, as well as the axial 

calibration. This distance is safe when considering effec-

tively fixed scatings of 5" minimum radius (as specified in 

Chapter 10). From the results of Chapter 8, these seatings 

will remain fixed to an off-centre loading of 0.75", (assuming 

a coefficient of friction of 0.15). A second spherical seating, 

effectively pinned; could be positioned beneath the calibration 

device to assure that the load is passing into the ram the 

necessary distance off-contra. Tho axial calibration should 

require the same degree of repeatability and accuracy as exists 

in the current British Standard 1610 while the non-axial cali-

bration, taken as an average of two runs at each location, should 

have an accuracy within 1.5 x the accuracy at central loading. 

The most reliable technique for off-centre calibration is 

one which incorporates an effective pin at both ends of the 

calibration device, However, this requires a large amount of 

head room which usually is not available in concrete control 

testing machines. Alternatively, the simple movement of the 

calibration device laterally is also not suitable as the centroid 

of action will not pass through the axis of the calibration 
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device, but will rather be displaced towards the centreline of 

the machine. The method suggested above, whore an effectively 

pinned spherical seating is positioned between the calibration 

instrument and the ram of the machine will allow the load to be 

displaced a known distance off-centre, while increasing the re-

quired head-room by only about 6". It is appreciated, however, 

that for this verification technique, the calibration instrument 

must be relatively immune from lateral force effects. 

It is obvious that a better understanding based on further 

experimental investigation into the behaviour of proving de-

vices and testing machines under non7axial loading is necessary. 

This chapter has simply shown conclusively that this problem is 

a serious one. 



PART II  
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CHAPTER 5  

THE INFLUENCE OF TESTING MCHINES 011  

THE STRENGTH OF CONCRETE  

5..1 THE MEANING OF TESTING TECHNIUE 

The term Itterltin- technique" is uoed to imply the confi-

dence of all experimental work, For the author's purposes, the 

term is defined as the extent to which the experimental behavi-

our is identical with the assumed behaviour. The testing tech-

nique is therefore ft measure of the reliability of the results 

obtained. Generally, a good testing technique involves a cer-

tain amount of preliminary research directed towards proving 

that the experiment is truly conforming to the theoretical pre-

dictions. It is unfortunate that this most vital portion of 

.cocarch is often eliminated, the assumption being made that un-

desirable influences are negligible, 

In the testing of material ripecimens for deformation and 

strength properties, the problem of a correct testing technique 

is subdivided PS follows: 

(1) the effect of the testing machine with its undesirable 

farces inherent due to manufacture and/or inter-relation 

between the force system of the testing machine and the specimen. 

(11) the stresses in the specimen influenced by the specimen 

shape and size. 

In the past, much effort has been directed at the selection 

of a suitably' shaped specimen. For example, Lachance and 
(1,21) 

Newman, 	in developing a uniaxial compression specimen, 
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showed that a height to diameter ratio of at least 2 1/2, and 

preferably 3, effectively eliminated the influence of'platen or 

end restraint in the central section, thereby resulting in a 

state of true uniaxial stress. 

The influence of the testing machine, however, has been 

too often overlooked or disregarded in the past, with the result 

that large variations in strength 'Irv° occurred. This section 

of the thesis, Chapters 5 to 10, analyzes the testing machine 

and examines its influence on strength and deformational proper-

ties of concrete. Definite recommendations are given in order 

to achieve more consistent and meaningful results in the future. 

5.2 DIFFERENg9S IN RESULTS OF COMPRESSION TESTING MACHINES  

Several investigations have indicated that large differ-
(18,22-26) 

ences 	in the average strength of concrete cubes can 

be obtained when supposedly identical specimens are tested in 

different testing machines which conform to the relevant clauses 
(g) (27)' 

of B.S. 1881 	and A.S.I.M. C39-64 	In addition, it has 

been found that the coefficient of variation of concrete cube 

results is undoubtedly influenced by the type of compression 
(18,22,23,)j  

machine used 	. By varying certain characteristics of 

any one testing machine within the limits allowed by current 

specifications, considerable variations in the failure values 
(28, 

of similar concretes are obtained. In particular, Tarrant 

29) 
has shown that differences in the behaviour of the spher- 

ical seating will cause differences in the ultimate strength 
(30) 

results of concrete cubes while Dwyer 	indicated that varia- 
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tions in platen planoness will create differences in the fail-

ure strengths of mortar cubes. 

Figure 5.1 shows the results of sets of twelve 6" cubes 

tested at eight separate laboratories after the cubes had been 

cast and cured in a standard condition at a central unit for 
03) 

7 days. 	The nverage strength varies by 19 from 6130 p.s.i. 

to 7290 p.s.i. The limit below which 1% of the results would be 

expected to fall on the basis of a statistical analysis ranged 

from 4210 p.s.i. to 6810 p.s.i., a difference of 62%. 

It is no exaggeration to say that nearly all branches of the 

buildinsl industry J,Irc dependent on concrete compression tests 

in one way or another, yet there is sufficient evidence to show 

that the testing technique is not producing the precise, repr- 
(31)- 

oducible, accurate results expected 	. It must be emphasized 

that, although certain aspects of testing; machines and their 

calibration are covered by the relevant clauses in B.S. 1881 

and 1610 and the A.S.T.M. specifications 039 and E4, these spe-

cifications

- 

are inadequate. 

In order to assess the possible causes of the inconsisten-

cies in failure results, the three methods of loading specimens 

uniaxially are presented. Subsequently, an examination of the 

various characteristics of testin machines are defined and ex-

plained. Ihe possible influence which these might have on 

ultimate strength results and the method of loading, are also 

ascusrled. 
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5.3 THE PHILOSOPHIES OF UNIAXIAL TESTING 

The uniaxial testing of material specimens involves load-

ing the specimens at their ends. The resulting mode of defor-

mation and failure of the specimen is much affected by the man-

ner in which these loads are applied. In principle three basic 

methods or philosophies of loading must be recognised in the 

uninxial testing of matorials(see Figure 5.2). 

1. Both ends of the specimen aro effectively pinned. 

2. Both ends of the specimen arc effectively fixed. 

3. One end of the specimen is effectively pinned whilst the 

other is _fiLet 	fixed. 

The first philosophy requires that, at all stages of load-

ing the action of the testing machine will be applied in a st-

raight line between the pins, Concrete specimens are rarely 

uniform or homogeneous, and due to segregation during casting, 

the modulus of elasticity will vary through the 

Consequently, on loading, elements within the specimen will 

strain at different rates as it tries to maintain its centroid 

of resistance co-linear with the line of action. When the weak-

est element fails, the load it was carrying will be transferred 

to adjacent elements which in turn fail, and eventually, compl-

ete failure of the specimen on the weakest side occurs. Plate 

5.1 shows r concrete cube which has been tested with both ends 

effectively pinned. The method of achieving this condition will 

be described in Chapter 9. Excessive failure can be seen on the 

weaker half of the specimen and not only is there no visible 



stiffer face 

e'• 

stifc'er face 

(a) Assumed 
	

(b) Both Ends 
	

(c) Both Ends 
	

(d) One End Pinned; (e) Actual General 

Force System 
	

Effectively Pinned 
	

Effectively Fixed 
	

One End Fixed 	Force System 

FIG. 5.2 PHILOSOPHIES OF UNIAXIAL TESTING 



PLATE 5.1 The four faces of a 6-  concrete cube failed with 
both ends effectively pinned 

96 



PLATE 5.2 The four faces of a 6" concrete cube failed with 
both ends effectively fixed 

97 



98 

compression failure on the opposite face but in this case, a 

horizontal tension crack has occurred. Near failure, the failing 

face deformed so excessively that an internal hinge developed. 

The resulting rotation caused the e':mpression stresses on the 

strong face to reduce, eventually becoming tension. 

The second philosophy requires that, at any load stage, the 

total deformation of the specimen is the same throughout. In a 

segregated concrete specimen, the modulus of elasticity decreases 

from the bottom of the specimen as cast to the top. When it is 

tested on its side, the centroid of resistance of the specimen 

will be located towards the stiffer face. If the specimen is to 

be deforiued uniformly, the testing machine must be able to trans-

fer its centroid of action until it is co-linear with the con-

troid of resistance of the specimen. Furthermore, adjustments 

must take place as certain elements in the specimen fail. Com-

plete failure of the specimen occurs when all the elements on the 

weakest cross-section have exceeded their load carrying capaCity. 

In concrete testing, this philosophy is indicated by an equal 

amount of failure on all faces of the specimen as seen in Plate . - 

5.2(soe Chapter 9). 

At first sight, the third philosophy might be considered as 

combination of the other 	However, the actual system of 

forces induced is dependent on the degree of homogeneity and 

mode of failure of the specimen. If the specimen is perfectly 

homogeneous and failure occurs simultaneously and uniformly 
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throughout, the behaviour is identical to that indicated in the 

first philosophy. Cs;-Lag to the non-uniformity of concrete spe-

cimens the differential straining rate causes the ,zeahest face 

of the specimen to deform more rapidly than the others, parti-

cularly as failure approaches. Any lateral displacement of the 

pinned and 71th reference to the fixed end of the specimen due to 

this differential straining rate 	be accentuated at failure. 

This creates a lateral reaction chose magnitude is Q-compata-

bility function of the lateral stiffnesses of the machine and 

specimen and the degree of non-homogeneity of the specimen. On 

analysing the force system (see Figure 5.2d) it can be seen that 

the maximum stress variation 	occur at the fixed and and the 

mnT7.f_mum stress on the stiffer face, Failure may propagate from 

this point of maximum stress at a loading stage Mich is de-

pendent upon the lateral stiffness of the machine and the char-

acteristics of the specimen. 

5.3.1 Uniaxial Testing  

It is usually assumed in the uniaxial test that the testing 

machine applies the load through the centre of the specimen(see 

Figure 5.2a) It is apparent that this philosophy can be sat-

isfied only in the case of effectively pinned ends. As a fric-

tionless spherical seating is a pinned device, it may be thought 

that the tests on uniaxial machines 7:hich have spherical seat- 

inPs satisfy the tbd thilosophy. Hcr:ever no srhevioal seat_ 

ing is friction-free, and a resistance moment is created 
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upon tilting. Therefore, it must be recognised that the system 

of lording is more complex than rny of the three philosophies 

described above (see Figure 5.2e). 

The frictional resistance in the spherical seating may vary 
(28)- 

between large limits 	. It can be so great that the spherical 

seating is incapable of tiltina during the course of the test, 

so exhibitina a condition of complete fixity. In this case, the 

loading system becomes identical with the second philosophy oh)wn 

in Figure 5.2c. On the other hand, if the moment resistance is 

very small, the system of loading is similar to that explained 

in the third philosophy. VV±th testing machines of low lateral 

stiffness, the lateral reaction of the testing machine on the 

specimen and resulting moment at the fixed end both approach 

zero. Under th.JLe conditions, the specimen may be analysed as 

being effectively pinned at both ends. 

5.4 TESTING MACHINE CHARACTERISTICS AND THEIR EFFECT ON  
THE  UNIANIAL TEST 

The testing machine characteristics which are likely to 

have an effect on the strength of uniaxial specimens include 

the longitudinal and lateral stiffness, stability, type of plat—

ens and spherical seating used, alignment of components, the meth—

od of testing the specimen, load application rate, ram effect 

arid operator technique. These characteristics must be considered 

in relation to the philosophies of testing as well as the effect 

on the strength of the compression specimen. 
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Any testinp: machine can be considered as a combination of 

sPY'irp:s, represented by ae specimen and various besting mach- 

ine  parts. Figure 5.3 

t7reen the deformation 

shov:s diarmmrltically the relation be-

of specimen and testing machine during 

loadinr4. As a certain volume of y(lraulic fluid is pumped into 

the ram cylinder, the ram vlou"!d be 

resistance were provided by the 

does produce a resistance which is 

a change in its length, As 	The 

placementZIT is absorbed by the 

displaced a distance 11.r.  if no,  

imen. However, the specimen 

simultaneously accompanied by 

remainder of the total dis-

asticity of the testing mach- 

ine components, QM which include elan ation of the columns, de-

M.c.r.tion of the cressheads„ comeressi or o:r the end blocks, com-

pression of the hydraulf:.c fluid, expansion of the hydraulic 

lines and movements in the load indicator. 

As the load produced by the mac - e is directly proportion- 

al to the combined deformati cn of its components, each machine 

FIG. 7.3 DIAGRAMMAT:C.: RFL AT ION.F;r1IF E PNEEN DE.1=a7,14.4TiONS 
OF SF-"ECIME N /AND TESTING MACNNE 
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DEFORMATION 

FIG. 5.4 GRAPHICAL RELATIONSHIP BETWEEN DEFORMATIONS  
OF SPECIMEN AND TESTING MACHINE 
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has a particular load deformation characteristic or longitudinal 

stiffness, indicated by the lines BP1CP2etc. inpiticua30. 5.4. 

Similarly, the complete load deformation characteristic of the 

is shown by the line AP3P6. T:10 series of intersec- 

ti;)n:: of the load-deformation curves of the 	and mach- 

ine at increasing loads Pl,P2,etc. indicate a state of equili-

brium of the composite system. However, after the maximum load 

is passed, a point 13,h 	be.1',3ached where the load-deformation 

characteristic of the machine is less steep than that of the 

specimen. The composite system then becomes unstable as the 

load drops suddenly to point PA. 

Testing machines can be defined as soft when the elastic 

deformation of the machine is much larger than the deformation 

of the specimen or es hard when the elastic deformation of the 

machine is of the same order of magnitude or smaller than that 

of the specimen 	. The load deformation characteristic of a 

soft mae.hino can be represented by the comparatively flat line 

P5P6 in Figure 5.4. After the maximum load of the specimen has 

been reached, the period of non-equilibrium is greater than it 

a hard machine. The greater period of instability will produce 

a more violent or explosive failure of concrete specimens. With 

soft testing machines, such failures can have a psychological 

effect on the operator causing him to reduce the loading rate 

near failure in order to avoid the period of instability. This 

will reflect itself in relatively low results. 
(32) 

Hoff 	has shown, from tests on column buckling, that the 
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longitudinal stiffness of the machine has a pronounced influence 

on the shape of the load-deformation curve obtained during ac- 

tual buckling. similarly, with the testing of steel, Bernhard 
(33) 

showed that the str-strain curve is very dependent on 

the testing machine's longitudinal stiffness. To obtain the 

complete stress-strain curve for any material, it is noes:_ -, 

to have a very stiff machine. With such a method, investigations 

have been recently conducted on concrete specimens at both the 
(34,35,36) 

Universities of Cambridge and Birmingham, 

A recent development in overcoming the lack of stiffness 

in soft testing machines is the load compensator designed by 
(37)' 

Avery Ltd. 	With this device introduced into the hydraulic 

system, it is possible to increase the stiffness to virtually 

infinity. 

5.4.2 Stability  

During loading, the main members of compression testing 

machines are in tension. The possibility of buckling of such 
(38) 

machines might at first appear to be illogical. Chilver 

has shown, however, that the stability of a compression machine 

may be more difficult to ensure than that of a tension machine. 

Figure 5.5 shows diagrammatically the test machine and test 

specimen. It is assumed that the ends of the connecting columns, 

length LT are built into the cross members and that the test 

specimen, length Ls, is effectively pinned at both ends. If at 

some load stage, the top cross-head moves laterally a small 

distance do, then the change in length of Ls, although very small, 
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(a) 	 (b) 
FIG. 5.5 DIAGRAMMATIC RELATIONSHIP BETWEEN TESTING MACHINE 
AND SPECIMEN WITH EFFECTIVELY PINNED ENDS. (a)Assumed 
Condition (b)Actual Condition 

will be greater than that for It as .on as IxT /1st In  a• Ponlf:1 

pression test, this will r ,:_;;;ult in a reduction of the deforma-

tion and. load on the specimen. As it is natural for a system 

to -assume a condition of least energy, the composite system will 

acquire this state at every load stage. 

Equilibrium of the composite system is ensured. if the lat-

eral resistance of the machine balances the lateral component 

of the force P in the s-oecimen.-- If it is assumed that the lat-

eral component of the force P is resi-ted..equp.11y by n columns 

of the machine of uniform flexural stiffness El, it can be sh-

own that the value of P, at which the testing machine buckles 

about the specimen is given by the root of the equation: 

L = I - tanh  
TAI' 

in which 2  
Ot  = PLT2 /4nEI 	 5  2 

5  1 
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For relevant values of A, the right hand side of equation 

5.1 is always less than unity. Consequently, instability is 

only possible with Ls< LT; that is, with a specimen shorter than 

the connecting columns. As Ls  sDDroachcs zero, instability of 

the machine will occur at a lower load and this is confirmed by 
(38) 

the difficulties encountered in the testing of short struts 

As 4" and 6" cubes are relatively short specimens, the problem 

of buckling 'p.comes significant, especially in testing machines 

with long columns of small cross-sectional area. 
(39) 

Flint 	indicated that in a compression machine with only 

two columns, buckling of the machine would not be as indicated 

in Figure 5.5. In that instance of a plane frame, the least 

buckling load would probably correspond to bowing of the columns 

out of their oriainal plane which would then be given by equation 

5.1 where 

0t2  = PL2  /nEI 

This is created by the absence of fixity bot-ocn the columns 

and the cross-head in the direction of buckling. 

In tension machines with the connecting columns encastre 

with the cross-heads, Chilver has indicated two modes of buck-

ling as defined by the solution of the equations: 

sin Ors  = 0 

or 
LT 	tan 0, 

= 1--  • 
LC /3  

5.3 

• • • • OOOOOOO 5.4 

5.5 
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where 	= PLS /4nEI 	 ....5.6 

Equation 5e4 defines a condition of instability arising 

at the critical load, is=. c, In this case, the columns of the 

testing machine buckle by a typical column buckling arising from 

too large a 'slenderness ratio". 

The second buckling mode, possible only with Ifrx ;Ls, ar-

ises from a tendency for the top cross-head to move laterally 

with respect to the bottcm cross-head, thus creating a reduction 

in the deformation and load on the specimens Equation 5.5 thus 

defines the stage at which the testing machine buckles about the 

specimen in a manner ana1agous to the buckling of compression 

machines as represented by equation 5.1. 
(39) 

It has been shown 	that for two column tension machines, 

buckling out of the plane of the frame would occur at a load 

defined by 

cot 0, 	1/2 , 	(LT 	Ls) 	• • e 5.7 
i1' •j_ 

both positive and negative values of the right hand expres- 
, 

sione When LT  = Ls, 0s  = /2  in contrast to a value of Os  = 

for collapse in the mode defined by equation 5.4 and the columns 

would require a stiffness out of their plane double that in their 

plane if the two modes of collapse were to coincide. 

A buckled mode could also occur in which the tops of the 

columns were displaced by an amount ,t) in a direction normal to 

the diacfonal across the head. The consequent twist of the top 

cross-head with respect to the bottom would result in a re- 
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duction of load on the specimen. 

The foregoing assumes that both ends of the specimen are 

effectively pinned. Under. the conditions of loading whereby 

either one or both ends are effectively fixed, rotation of both 

ends of the specimen simultaneously is impossible. Under these 

. 0i',J'. 7fr'71, therefore, thy: problem of instability does not arise. 

5.4.3 Lateral Stiffness  

According to the third philosophy of testing, the laterally 

induced force is dependent on the machine lateral stiffness,' that 

is, the relative force necessary to displace one end of the test-

ing machine relative to the other. In existing concrete com-

pression machines, the lateral stiffness can vary from about 

6 x 102  lbs/inch to 2 x 105  lbs/inch while the lateral stiffness 

of 4" and 6" cubes is of the order of 1 x 106  to 5 x 1061bs/inch. 

Cube specimens are therefore very stiff laterally in relation to 

the testing machine snd so, in general, are not likely to be in-

fluenced by induced lateral forces. However, with very stiff 

machines, the larger lateral forces will have some effect which 

will be more pronounced on longer specimens such as the American 
(21) 

cyllnder end the dm x 	12" prism 	This will be explained 

in detail in Chapter 6. 

Under effectively fixed conditions, rotation of the ends 

of the specimen is impossible. Consequently, there can be no 

lateral movement of one end of the specimen relative to the other 

and induced lateral forces therefore do not occur. 
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5.4.4 Spherical Seating Effect  

Information concerning spherical coatings is given in both 
(9) 	(27)' 

B. S. 1881 and A.S.T.M. 	 British Standard 1881 

states,"One of the platens (preferably the one that normally 

will bear on the upper surface of the cube) shall be fitted 

with a ball seating in the form of a portion of a sphere, the 

centre of which coincides with the central point of the face 

of the platen. The movable portion of the spherically seated 

compression platen shall be held on the spherical seat, but the 

design shall be such that the bearing face can be rotated freely 

and tilted through small angles in any direction. 

The first function of a spherical seating is to allow the 

machine platen to bear evenly on the specimen before loading 

even though opposite faces of the specimen are not geometrically 

parallel. It is important that the two parts of the spherical 

seating are maintained in close contact during the initial cl-

amping down on to the specimen; otherwise, a non-uniform contact 

may result in tilting Pnd sliding of the sphere during loading 

so inducing shear forces and moments into the specimen. 

The spherical . seating performs a second function during 

the course of loading when it can either tilt freely, thereby 

being effectively Pinned, or lock, thus becoming fixed, or a 

condition between these extremes. Yet, the specifications make 

no reference to the action of the spherical seating during test-

ing. 



The behaviour of any spherical seating will depend on its 

moment resistance, that is, the product of its radius and the 

normal force and coefficient of friction at the interface. The 

coefficient of friction is dependent on the area and type of 
(29 ) 

contact, surface finish and type of lubricant used. Tarrant 

has shown that the lubricant used in the spherical seating can 

break down under load so that seatings can behave differently for 

concretes of different strength. 

5.4.5 Platen affect 

The action of applying the compressive load to the specimen 

through machine platens introduces a complex state of stress 
(40) 

in the ends of the specimen which depends on various factors. 

In order that the platen restraint be identical in different 

testing machines, it is necessary to; 

1. ensure that all machines have platens of the same rigidity 

and degree of finish and / or 

2, use sufficiently long compression specimens that failure 

occurs on the central zone where platen effects have been el- 
(1,21,40) 

iminated as shown by Newman and Lachance 

Cube strength results arc dependent on the size of the pl-

atens of the machine. ".r.dcally, it would be preferable to have 

platens of infinite rigidity, but in practice even large end 

blocks undergo small lateral expansions. Moreover, the machine 

platens become scratched and deformed through continuous testing 

and the use of removable intermediary platens which can easily 

be reground is to be recommended. 
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(21) 
New-man and Lachance 	showed that, when intermediary steel 

platens of the same crows-sectional dimension and having a thick-

ness equal to half the specimen width are used, the restraint 

effect would become constant. Platens of this size, however, 

become massive and difficult to handle; a 6" platen would weigh 

30 lbs. It scans reasonable therefore, that l/2" thick inter-

mediary platens of the same dimensions as the specimen be inter-

posed between the ends of the specimen and the machine platens. 

The lower intermediary platen would be located by dowels to the 

machine platen to facilitate accurate setting up of the test 

specimen. su'oh platens should provide the same degree of res-

traint in all testinr machines which have large machine platens. 

Non-uniform contact between the specimen ends and the mach- 

ine platens can be the cause of inconsistent strength results. 
(30,4-1) 

Investigators 	have shown that concavity or excessive con- 

vexity of the platens produce reduced strengths while a small 

convexity results in a slight increase in strength. L'Hermite 
(42) 

has also shown that surface irregularities arising from wear 

of the moulds,and platen faces of the machine, can account for 

as much as a 15 difference in average strengths. Consequently, 

the importance of maintaining the mould ends and platens plane 

in accordance with the standard specifications eannot be over-

emphasized. 

5.4.6pecimen Alignment 

Although it is accepted that specimens should be properly 

centred in the machine, the necessity for extreme care in al- 
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inning the specimen with the vertical axis of the testing ma-

chine is not always realised. For example, a misalignment of 

1/32" will introduce a stress variation of non a 4" square sec-
tion under effectively pinned conditions. Specimens loaded in 

this manner will show both a lower strength and a larger var-
iation of results. 

Under effectively fixed conditions, the specimen is deform-
ed unifomly and results would be expected to be less susceptible 

to misalignment. However, when a spherical seating is used, 

misalignment can be sufficient to overcome its moment of resis-

tance thereby producing a varying degree of end fixity. 

5.4,7 Load :'application Considerations 

5.4.7.1 Hydraulic machines 
British Standard 1881 requires the applied load P to be 

increased at a constant rate;  that is, alp = k (constant), where 
dt 

t is time. As the specimen approaches failure, the tangent val- 

ue of the modulus of elasticity decreases, resulting in a corr-

esponding increase in the deformation rate, From Figure 5.4, 
cot 	 • • • • 	8 

is the tangent load deformation value of the specimen at any 

load stage, P. Similarly, 

cot 80  = dP = 1k 	 5.9 

is the corresponding load deformation characteristic of the 

machine. From Evation 5.8 
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de.).
S 
 = 1 dP 	 • 5.8a 

S 
from which, by differentiating both sides with respect to time. 

a68  = l dP 	 ...5.10 
dt 

Similarly, from Equation 5.9 

	

M = 1 dP 	 ... 5.9a 

from which, 

dA, = X 1 dP 
" 

dt 	
mdt 

Adding 5.10 and 5.11 gives 

d6m  = dP (1 

at 	
dt Xm  Xs  

As the specimen approaches its ultimate strength, Xs  will 

decrease eventually becoming zero at the peak point, Pult.and 

1/:Ks  simultaneously becomes infinite. Near failure, the con—

tinued application of stress therefore depends on the pumping 

rate cap^city of the pump, dt, 
T 
 /at. 	the tangent modulus of 

- 
elasticity et 99% of the ultimate strength of condrete is about 

5i; of the modulus at zero stress, it is suggested that compres—

sion testing machines should be decimed to apply a minimum 

deformation rate of 0.5 ins/Min. to the specimen( =mss)
dt  

at ultimate strength. 

Soft testing machines require a greater pumping capacity 

than hard testing machines, and therefore a constant rate of 

stress increase up to ultimate can be more readily achieved on 

machines which are longitudinally stiff. 

5.11 

...5.12 
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As it is important that the load be applied smoothly, piston 

type pumps should, in general, be avoided. 

5.4.7.2 Screw type machines  
(27) 

A.S.T.M. sneuifications 039-.64 	states that, for screw 

type machines, the moving head shall travel at a rate of about 

0.05 in. per minute when the machine is running idle. That i51  

d4T  = 0.05 in/Min. 	Under this condition, it will be seen that 

dt 
the load application rate on the specimen will vary proportion- 

ally to X05  (from equation 5.12) That is, 

dP = k Xmxs  

XM  

where k is a constant. It is, therefore, obvious that the 

stress rate is not only a function of the stiffness of the sp-

ecimen, but also of the machine. 

In order to examine if any variation is observed in the 

load application rate by two testing machines of different 

longitudinal stiffness at any load stage when the initial stress 

rates are identical, t'-le following analysis is conducted. 

Prom Equation 5.12 and Figure 5.4, for testing machine No. 

1 at the initiation of loading, that is, at the origin, 0, the 

relation between the loading rate and the total deformation rate 

is 

IdAr\ = ;MI 	-t 4. -1 
\d-Vol 1,,XSO Ml kat /01 

... 5.14 
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and for testing machine To, 2, it is 

icl6T\ = 	 ; 
4t/02 1;05;112! 

4t  '02 
Dividing Equation 5.1/1  by Equation 5.15, and noting that 

= idID\ ; we obtain 
(A01 	kdt;02 

...5.15 

 

x 	x s 0, \ sm 2 ...5.16 

    

    

/C14 	1112 ASO) l'":11,-.1.  

\dt/02  

At a certain load stage, P,for testing machine No. 1 

I T 	MP) ) 	t. 'Et} 	X '12,1 

,dt .1 	
wil 

jp  

and for testing machine: No. 2 
/d/L\ = idP) Ti 
'‘,dt P2 

• •• 5.17 

...5.18 

Dividing Equation 5.1: 7Dy Equation 5.18, we obtain 

\ 4T )  

k 	(2--,0 4--x3) 
-(dP C '112 ot /P2 - 

For a screw-typo machine, the total deformation rate is 
constant at all load stages. Therefore, for testing machine 

No. 1 
/d,6'; = fdA 
1-7-1  
\-d  '01 	7;1 

... 5. 20 

... 5. 19 



and similarly 

T 	_ 	 • . • 5. 21 
dt 	' dt • 

02 	P2 

Substituting Equation 5.L6 into Equation 5.19 and using the 

relationships of Equations 5.20, and 5.21, we obtain the ratio 

of loading rates at any load stage P for the two testing ma—

chines, as 

'dP. 
dt
P1 

 XY1 	-.S0 .'M2.  "UP 

XS1',XIVICXSP 

...5.22 

  

From Equation 5.22, it is seen that the loading rate will 

be equal for the two machines only 'zhen: 

(1) Xso  7sp, that is, the stiffness of the specimen at point 

P is identical to that at the origin. 	 -2-ic,er the proportional 

limit has been e.7.7ceeded, this relationship 	not apply. 

(2) NE' = 	that is, the stiffnesses of the two machines 

are identical. 

Ultimate strength results are dependant,  on the loading 
(40,43,44) 

rate, particalarly near failure 	From Equations 5.13 

end 5.22, it is seen that this loading rate will vary between 

v:ide limits as testing machines used for concrete have longi—

tudinal stiffnesses ranging approNimatelv from 10 x 105  

to 10 %. 107  lbs/in. 	For example, when testing a 5"/ 12" 
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concrete cylinder with E = 4.2 x 100 p.s.i. (Hs = 10 :: 106  lbs./ 

in. reducing to 5 x 105  lbs / ine at 	of ultimate load) in 

a testing machine of Xm  7 10 x 10 lbs / in, at a total deforma-

tion rate of 0.05 in/mini, the stress rate on the specimen will 

reduce from 20 tons/Min. at the beginning of, loading to 7 tons 

/min. et 99;,of ultimate strength. On, the other hand, a ma-

chine with XE = 10 :z 107, the loading rate at the same total 

deformation rate will reduce from 200 ton/Min. to 11 ton/ min. 

at 9.9;:of ultimate load. For the alternative analysis, where 

the loading rate at initiation of loading is constant for di-

fferent machines, say 20 ton/Mina on the concrete cylinder 

described above, the stressing rates at 99:/of ultimate 

load will be 7 and 1.1 ton/Min. respectively, for machines 

with Xm  = 10 x 105  lbs/in. and 10 x 107  lbs/in. Such large 

variations in the stress rate 	produce variations in 

concrete strengths of the order of 3 

5.4.8 Ram Effect  

Hydraulic testing machines are calibrated with the 

calibration device aligned co-axially with the centre-line 

of the ram. The assumption that the centroid of resistance 

of the specimen will also always pass symmetrically through 

the ram is misleading, Particularly, with control testing, 
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the accuracy of placing the specimen is not always as good 

es with placing the calibr7tion device. In addition, concrete 

specimens may have their centroid of resistance located away 

from their centre-line towards the stiffest face. Consequent-

ly, it is reasonable to suggest that the centroid of specimen 

resistance may be located up to 1/2" off centre. The normal 

forces and resulting frictional forces created between the ram 

and ram cylinder will thereby increase with an increase in the 

misalignment of the specimen (as shown in Section 4.3.2). 

This will be reflected in high ultimate strength results. 

Inconsistency in this misalignment will create an increased 

scatter in results. 

The frictional forces created on the ram cylinder-ram 

interfpcc 	a function of the contact length, specimen mis-

alignment, degree of surface finish, type of lubrication, 

rate of sliding, machining tolerances and differential tem-

perature through the ram and ram-cylinder. Errors due to 

ram effect may be deduced by 

1. Having a ram of large diameter 

2. Having a long length of contact between the ram and 

ram-cylinder. 

3. High machining standards, close toIc4rances and a high 

quality of surface finish 
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4. Causing the ram to rotate during loading, thus reducing the 

friction from a static to a sliding 

15. 4  Using clean hydraulic fluid capable of good lubrication 

6. 	Performing the tests in a temperature controlled laboratory. 

The lateral deformation of a concrete specimen under load 

can cause a lateral expansion in the end of the ram. This may 

be significant in rams of small cross•-sectional area even caus-

ing partial binding of the ram in the ram-cylinder. To prevent 

this, the top of a ram of small diameter should be at least 2" 

above the cylinder at the beginnin of its travel. 

5.4.9 Operator Technique  

A uniaxial strength test involves the following operations: 

1. placing the specimen in the testing machine, 

2. loading the specimen by some prescribed method, 

3. rocording the load. 

The manner in which these are carried out can be termed operator 

technique. Variation in results on supposedly identical speci—

mens tested in the same machine by different operators is due to 

operator technique. 

Uniform contact between the ends of the specimen and machine 

platens and the correct alignment of the specimen in the machine 

are both essential if consistent results are to be achieved. It 

is important that small pieces of grit on the specimen ends or 

platens which can cause zones of stress concentration are wiped 

off before testing. For compression testing, accurate and con- 



sistent alignment of specimens could be more readily achieved 

if intermediary platens of the same cross-section as the spec-

imens are used, the lower one of which is accurately dowelled 

into the testing machine. 

On the more modern testing machines, pacing devices are 

provided which help the operator to control the loading rate. 

Such facilities will reduce considerably the variations attr-

ibuted to operator techniques However, the opening of the con-

trol valve in hydraulic machines is still performed manually 

and the degroo of control can be improved if testing machines 

are provided with, 

1. A very fine control valve which allows the fluid flow to be 

moro easily regulated, 

2. A large ram area which ensures low working pressures in the 

fluid and a large flow through the control valve. 

The precision with which a load may be read is described in 
(a) 

British Standard 1610 . A large load indicating device well 

marked out will result in treater precision of load reading and 

less error duo to operator technique. 

5.4.10 Other Factors 

As retzards accuracy of the testing machine, British Stand-

ard 1881 states t1T7,t the machine shall comply with Grades A or 

B of British Standard 1610. This specification refers only to 

the accuracy with which a load may be determined and the repeat-

ability of the testing machine in load indication. However, 



there aro certain machine characteristics which have no effect 

during load verification, yet can produce complex force systems 

and variable results when concrete specimens are tested. Tests 

carried out by the author show that especially on machines which 

are long and laterally flexible, it is difficult to reproduce 
deformational beheviour in the same specimen from one set-up 

to the next(see Chapter 7). It is found that, in general, ma-

chines with loose fitting components are most likely to produce 

undesirable stress effects. Consequently, the necessity of the 

design and manufacture of all the components of a machine to 

close tolerances cannot be overemphasised. The alignment of 

components is particularly important as the susceptibility of 

strength results to the misalignment of the specimen in the ma-

chine can be similarly reflected in misalignment of components 

of the machine. 

In hydraulic machines, there will be a Pressure lag between 

the pump and ram owing to friction losses in the fluid in the 

connecting lines. Improvement in the accuracy of readings can 

be achieved by placing the load measuring unit near the specimen 

and designing the connecting lines to reduce frictional losses 

to a minimum. 

5.5 SUMMARY  

In the past, there has been a tendency to assume that testing 

machines which are designed for a specific purpose, such as cube 

testing, do produce repeatable and accurate results. The lack 

of knowledge concerning the behaviour of testing machines in 



practise has simply added weight to this supposition. However, 

discrepancies of the magnitude shown in Figure 5.1 are too large 

to attribute to the scatter of concrete strengths. In additionv  
(18) 

Cole 	has shown that the errors found in the compressive test- 

ing of cubes and those errors found in the calibration of test-

ing machines are not of the same form. 

For all strength testing, it is important that testing ma-

chines load the specimen in an explicitly definable manner con-

forming to one of the basic philosophies of loading. Tests per-

formed for determining fundamental properties of a material re-

quire further investigation into specimen shape and size to 

assure that a fundamental state of stress or strain is being 

achieved. :Tor routine control testing, the importance of load-

ing specimens in a single machine from one set-up to another or 

between testing machines, in a repeatable manner is obvious. 

In addition, the method of placing and testing the spcimens, for 

control purposes must be simple to perform and relatively imm-

une from operator technique. 

An historical example of the incongruity of control testing 

and operator technique was the 'briquet test'. Its replacement 

with the compressive test was necessitated by the suscoptibil-- 
(45) 

ity of its values by misalignment of the specimen. Evans 

in conducting strain measurements on opposite sides of several 

different sizes of briquet specimens, showed conclusively that 

the strain distribution depended on the initial location of the 

specimen in the grips. These strain variations, he showed, could 



vary by up to 1001 in routine testing. 

Prom the discussion of this chapter, several shortcomings 

in current specifications on testing machines are ;:pparent. 
They aro: 

(1) The explicitly definable method of loading specimens is not 

stated. 
(2) A lower limit of lonRitudinal stiffness for preventing ex-
plosive failures is not given. 

(3) Spherical seating properties such as size, degree of sur-

face finish, type of lubrication as well as its behaviour dur-

ing loading should be included. 

(4) If the philosophy of one end pinned and the other end fixed 

is adopted as the method of loading specimens, then upper and 

lower limits of lateral stiffness should be included. 

(5) The limit of machine restraint effect is not Riven for 

cube testing. 

(6) A minimum deformation rate for straining the specimen at 

its ultimate load should be included. 
(7) There are no specificationsjon the allowable error for off-

centre loading on hydraulic rams. 

(8) Specifications for improvement in operator technique such 

as control fineness, pacing devices, and dowelled platens for 

accurate setting up coul&be introduced. 

previous research, there is an obvious lack of know-

ledge to answer these questions. The author, in an attempt to 
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produce a coherent picture of the actual "haviour of testing 

machines began by investigating testing machines at Imperial 

College. The results of this are presented in Chapter 7. Sim-

ultaneously, a theoretical investigation was conducted on the 

influence of the lateral stiffness and misalignment of the 

specimen and testing machine and the degree of non-homogeneity 

of the specimen on strength characteristics under each of the 

three basic methods of loading. These are presented in Chapter 

6. From these two investigations, it was apparent that the main 

cause for inconsistency in strength results between different 

testing machines was due to differences in the behaviour of 

spherical seatinas. The results of an experimental investigatio:a 

on spherical seating behaviour and its influence on concrete 

strengths are given in Chapters 8 and 9. 
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CHAPTZR 6 

THE INFLUENCE OF LATERAL  STIFFNESS, MISALIGNMENT, 

SPECIMEN NON-HOMOGENEITY AND METHOD OF  

LOADING ON CONCRETE PROPERTIES  

6.1 INTRODUCTION 

Testing machines, generally, contain a ram operating inside 

a ram-cylinder at one end of the specimen with a spherical seat-

ing at the other. As the ram is incapable of tilting during the 

course of a test, it may be considered effectively fixed. The 

spherical seating may likewise be unable to tilt in its seating 

due to too large a frictional resistance on its mating surfaces, 

thereby producing also, an effectively fixed condition. This 

system of loading will produce no horizontal movement and there-

by, no lateral forces because of an equal amount of deformation 

on all sides of the specimen at every load stage. 

The spherical seating may alternatively be esmoidered as 

pinned, if the mating surfaces are virtually frictionless. tndc? 

this system of loading, as shown in Figure 5.2(d), differential 

straining of opposite sides of the specimen will result in a 

lateral displacement of one end of the specimen relative to the 

other. This movement induces a lateral force which is atcom-,  

patabflity function of the lateral stiffnesses and misalignments 

c.? the specimen and machine, and the degree of non-homogeneity 

of the specimen. 

In order to assess the influence of such characteristics 

on the resulting stress distribution in a specimen, the following 
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analysis is conducted on the most general case of a misalimed 

specimen with a varying modulus of elasticity, loaded uniaxially 

with one end pinned and one end fixed. From this case, the 

stress distributions are also obtained for loading with both ends 

Pinned and with both ends fixed. 	subsequent theoretical inves— 

tigation shows the expected differences in ultimate strengths, 
(14) 

stresses and strains at the discontinuity level 	and oven 

modulus of elasticity as a function of the test method. 

6.2 THEORETICAL ANALYSIS  

6.2.1 One End Pinned. One End Fixed Load Method  

The specimen considered is Prismatic in shape with length 

L, breadth b and depth d, having a modulus of elasticity which 

varies linearly from El  on the soft face to E2  on the stiff face.. 

The specimen is 	to be loaded uniaxially and, as the 

ends of the specimen arc assumed to remain plane, there will be 

a linear variation in longitudinal deformation or strain 6 from 

61  on the soft face to 62  on the stiff face. This differential 

straining of the specimen causes it to bend, which produces a 

lateral movement of the pinned end of the specimen relative to 

the fixed end, thereby creating a lateral reaction in the ma—

chine as shown in Firmre6.1. The resulting force system can be 

considered as the summation of: 

(1) the specimen loaded axially in a pinned end condition(seo 

Figure 6.2a)and 

(2) the specimen loaded laterally as a cantiliver(see Figure 

6.2.h) 
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FIG. 6.1 DIAGRAMMATIC REPRESENTATION OF LATERAL MOVEMENT IN 
SPE ME- N AND TESTING MACHINE 

(a) Natural. Lateral. Movement of Loaded Specimen 

(b) Return Lateral. Movement due to induced Machine Force 
Cc) Actual. Displacement Pattern 

Section A - A 

F. 62 ELEVATION VIEW AND CROSS-SECTION OF SPECIMEN 
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6.2.1.1 Axial loading  

On the strip shown in Figure 

(2 " El)2S  

and 	6 = 61 . (6 -r, )x 

J 

6.2 

0.14, 60.1  

...6.2 

where 6 denotes strain and the subscripts 1 and 2 refer to the 

conditions an the soft and 

At any pointicr= 6E 

rhero (F denotes stress. 

Thereforej = 131+ (22 

Force on the strip 
=0 bdx 

	

1B1+ (E2 - 	1:61 

Integrating Equation 6.6 over the 

Total Pores on Cross-section = 

ba P(E161+-E262)-!-E16226ij 
6  Moment of force on strip about soft face, = 

Thxdx 	(from Equation 6.5) 

161+ (62 - 	);1  b xclx  

	

an 	ai 
Intogratina Equation 	the dimension,-  

stiff faces respectively. 

...6.3 

1.)Z 161-',-(62 - 61)k ...6.4 
• 6.5 

(62 -61)4 bcl 
	.0.6.6 

dimension d yields; 

...6.7 

Force on strip ' x 

...6.8 

yeilds; 

...6.9 Moment of Force = 

Equating the tptal 

Equation 3.7, 

P = bl j2(E16 1 
 

From Equation 6.9, 

be (Elor!.. E162tE261-3E2  

12 

force on the cross-section to P, thmi.'fnom 

E262) E162 E2611 

with an eccentric load application of o units 

P Cd r  
1 2̀ • 

 
bd2 
12 

E 61 E162 E261i 3E262. 
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By 0?lving Equations 6.10 and 6.11 simultaneously for 61 

6P 	E2c12 - 20  (El .4  2E2)1 b1 = 

	

	...6.12 
2 r 

bd LEI
2 	

E22j 

6P 	 Eid2-t- 2e (2E3.1- E2);  
62  =  

	

	 ...6.13 
2 1 2 

bd E 	E E 2 
L 1 ' 	2 	2 

By substituting Equations 6.12 and 6.13 into Equation 6.4, 

we obtain the expression for the stress at any point due to a-

xial loading as, 

	

Cra 	6P  
3. 2 bd 	4mi-1) 

e (6x2(m2  - 1) - 4xd(m2  - 2m - 2) - 2d2(2m4- 4 ...6.14 

where m = E2 

E1 ...6.15 

It is observed that, even under axial loading(o=o), the 

stress will vary parabolically across the cross-section. For 

the particular case of a uniform specimen (m = 1), Equation 6.14 

reduces to the wall-known form for a misaligned specimen 
d 

	

= p 	Pe(x - 	 ...6.16 
bd 

bd 3  
12 

6.2.1.2  Cantilever loading 

In order to find the stress distribution across the spec-

imen due to the induced lateral force, it is necessary to cal-

culate the lateral movement of the pinned end of the specimen. 

Firstly, under the loading system considered above, that is, 

and 62' we obtain 

r 
md2 
	,2 
x (d x) 	- 1 ) 
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pinned end, axially loaded, the lateral movement, w, due to 

bending of the specimen is given by the double integration of 
(46) 

the Equation 	(sco Figure 6.1a), 

d2u = 1 	 ...6.17 
2 R 

dy 

whore y is the distance fram the fixed end of the specimen, u 

is the lateral deformation at distance y and R is the radius 
(46)-  

of curvature which is given by 

R = d 	 ...6.18 
61-82 

Integrating Equation 6.17 twice yields; 

w . 1 L2 
2 	 ...6.19 

from which, by substituting in Equation 6.18, we obtain 

w ../451  - 621 L
2 

d 	2 

Substitution of Equations 6.12 and 6.13 into Equation 6.20 

yields; 
- / 3 L2  P Cd(E2 - E1) 	60(E 	En).  

'V ? 	 1 64,21 

 

3 	2 bd 	LE1  4- /1-EiE2+ E22  

  

Although the displacement w would be the movement if no 

lateral resistance was induced, the actual movement m is some-

what less as shown in Figure 6,1c, that is, 

6s4-6m w 	
...6.22 

In order to determine the lateral induced force, F, a knowledge 

is required of the lateral stiffnesses(that is, the lateral 

4.06.20 
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force required to cause a unit lateral displacement of one end 

relative to the other) of both the specimen and testing machine. 

The lateral stiffness, k, of the testing machine, is, 

k = rm 	 ...6.23 
4-111 

For the specimen, the lateral stiffness is obtained from the 
conventional force-displacement relationship for s laterally 

(47) 
loaded cantilever, 	that is, 

Fs  = 3E1 

teral force in the specimen Fslthat is, 

Fs - Pm  = F 	 .6.25 

With a specimen having a varying modulus of elasticity E, 

the effective El value in Equation 6.24 can be computed from the 
(46) 

relation, 

El = MR 	 ...6.26 

where R is given in Equation 6.18. Due to pure bending on the 
cross-section, the strain will vary linearly from a zero value 
on the neutral axis to maximum values, 6lb and 62b at the soft 

and stiff feces, respectively. On the strip shown in Figure 

6. 2 the strain due to pure bending, 610  is 

6 = (x - a )  (61b 	62b) 	 ...6.27 

From Equations 6.3 and 6.27, the resulting stress is 

= (x -a) (61b 	62b)E 	• . • 6. 28 

3 

However, the lateral force in the machine F
m 
must equal the la- 

...6.24 



By substitutim: Equation 6.1 into Equation 6.28, and multiplying 

by the area of the strip, then Force on strip 

0"b dx b 
a)  (61b -67.11) rEa.+  (E0 - El 

Integration of Equation 6.29 between the limits a and a yields 

Total Force above Neutral2Lxis 
1'0lb - 620 (d 	8,) '(E14" 2E2)+. (E2 	 •••6. 30 

cL 	 6 

Similarly, by inteizrating Equation 6.29 between the limits 

0 and a, then;  Total Fordo ,below Neutral axis 
b(61b 62b)aN 3E1 	 (E2 El) 	...6.31 

6 

Multiplying Equation 6.31 by (-1) and equating to Equation 

6.30, we obtain the location of the neutral axis as 

a = 
3 

(El ÷. 27:1I,2 ) 

(E1 * 	) 

...6.32 

The moment of resistance of the section is then determin-

ed by integrating over the distance d, the product of the force 

on any strip and its distance from the neutral axis, from which, 

T,„1 2(A 	2 	2 
' \ -̀'1b 62b k 	

,„ 
 M = 

...6.33 

36 	CE i  -4. E2) 
From Equations 6.18, 6.26 and 6.33, we obtain the flexural stif- 

fness of the specimn, that is,0  
bd (E164-4E1E2÷ E2') 

EI = 
36 	(D

1
.-E

2
) 	 ...6.34 

Prom Equations 6.22, 6.23, 6.2,1-, and 6.25, We obtain for 

the laterally induced force, F = 	w 	•••6.35 

 

(2.f  Li 
k 3E1 ; 

 

xs b 
...6.29 
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From Figure 6.1, it is observed that the moment at any 

section under consideration is 

M Fz 	 ...6.36 

From Equations 6.18, 6.26, and 6.28, the strain on the 

strip due to the pure bending (Figure 6.2) is; 

Ob = M (x 	a) 	...6.37 
El 

By inter-relating Equations 6.3,6.36,and 6.37, then 

Fz(x - a) 1E3.1. 
d
(E2 - El)! 	•• • 6. 38 

Cr  - 	L  b El 
Then, by suitable substitution of F)(Equation 6.35) w, 

(Equation 6.21) and m,(Equation 6.15), ;re obtain; 
9zP(x - a) Id(m - 1) - 6e(m-f-1).1 1..dtx(m - 1)i k 

Lbd4  (m44m4-1) 	
{{"k 3E1 

L ...6.39 
where a and El are obtained from Equations 6.32 and 6.34, 

respectively. 

For a homogeneous specimen, that is, m is equal to unity 

and a is equal t9 d/2, Equation 6.39 reduces to; 
18zPe(1. x) k 

Crb 	2  ...6.40 

Lb d3 c.1.3Ei 

The actual stress at any point in the general nen-homogen-

eous specimen is obtained by the sum of Equation 6.14 and 6.39. 

For a homogeneous specimen, the stress can be obtained directly 

from the summation of Ecuations 6.16 and 6.40. 

b 
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Both Ends Pinned Load Method.  

With both ends pinned, no lateral forces arisim! from the 

bending of the specimen can be induced and therefore, k = 0. 

Thus, Equations 6.39 and 6.40 are zero in every case and the 

stresses are computed directly from Equations 6.14 and 6.16. 

6.2.3 Both Ends Fixed Load. Method 

In this method, no differential straining is possible, that 

is, 6/  = 62. By solving Equations 6.12 and 6.13, simultaneously 

we obtain; 

... 6. ,11 
U m ÷ 1) 

This means that the centroid of action is displaced by the a- 

bove o - distance to be co-linear with the centroid of resis-

tance of the uniformly deformed specimen. From Equations 6.15, 

6.32 and 6.41, it is observed that with this loading method, the 

centroid of the applied force will coincide with the neutral 

axis. (see Figure 6.2) 

By substituting Equation 6.41 into Equation 6.39, irb  equals 

zero, that is, no lateral force is induced. The stress distri-

bution is thus obtained by substitution of Equation 6.41 into 

Equation 6.14 to P.:lye; 

bd 	 1  (E2 - El) j  
2 

...6.42 

Equation 6.42 shows that the stress varies linearly across any 

section, being directly proportional to the E value at the point 

in consideration. 
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6.3 THE INFLUENCE OF METHOD OF LOADING AND SPECIMEN AND 
MACHINE 07-1ARACTT:UISTICS  

From Equations 6.14 and 6.42, the variables which affect 

the stres-,  at any point in the specimen at any load stage under 

every method of loading ere the dimensions b, d and L, the lo-

cation on the cross-section represented by the distance, x and 

the varying modulus of elasticity, El  to E2• With at least one 

end pinned, the eccentricity of load application, e must also 

be considered. Under the method of loading where one end is 

pinned and the other fixed, the distance from the pinned end to 

the section in consideration, z and the machine lateral stiffness 

k must also be taken into account (see Equation 6.39). 

In the following discussion, the influence of the different 

methods of loading on the stress distribution and mode of fail-

ure- are discussed. This is followed by a detailed examination 

of the influence of the relative literal stiffness of specimen 

and testing machine, as well as the effect of misalignment on 

the stress distribution in typical concrete specimens, under 

the one end pinned, one end fixed load method. Finally, the 

influence of the method of loading on the discontinuity lovol 

stresses and strains and the modulus of elasticity for a typical 

concrete are discussed, 

6.3.1 Effect of Method of Loading on  Stress Distribution and  
Modes of Failure 

Table 6.1 gives values of the stresses at the corners of 

a uniaxially loaded specimen, 4 x 4 in. cross-section, as cal- 

culated from Equations 6,14, 6.39 and 6.42, under the different 



1.00 	1.00 1.00 

3000 3000 

600 600 

1.00 1.00  

1.00 

TABLE 6.1 THE VARIATION OF STRESS DISTRIBUTION, STRESSES AND STRAINS AT YIELD POINT AND MODULUS OF  
ELASTICITY WITH END LOADING CONDITION, MISALIGNMENT, MACHINE 1,,TERAL STIFINESS AND SPECIMEN 
NON-IL:MOGENEITY. 

A 	B 

Stiff 1 
1 	

Soft 	END LOADING CONDITIONS 

Face i 	Face 
E C 
	

E1 2 ' D . 	Top End Pinned 	Both Ends 	Both Ends 
Bottom End Fixed 

i 	
Pinned 	Fixed  

-I 
Condition at Point 	A 	B 	C 	D 	A 	B 	C 	D 	A 	B 	C 	D  

Case 1  El  = E2  = 5 x 106 lb./in.2 m = 1.00, e = 0 

, P 
e
, Stress kXt 	;1.00 	1.00 	1.00 1.00 :1.00 1.00 	1.00 	1.00 1.00 1.00 1.00 1.00 

; 
Stress Y.P. lb./in2  1 	3000 	3000 	3000 	3000 	3000 	3000 

	

6 	 ,600 Strain Y.P. (x10 ) ' 	600 	600 	600 	600 	600 

Measured E(xE  1+E  2)  ! 	1.00 	1.00 	1.00 	1.00 	1.00 	1.00 
2 

Case 2  (a) E1 = E2 = 5 x106 lb/in
2, m = 1.00, e = +2/15", b = d = 4u, k = 3E1 

-1.75 

Stress (x-P  d ) 	11.20 	0.80 	1.05 0.95 :1.20 0.80 	1.20 	0.80 b 
Stress Y.P. lb/in2  I 	2500 	2855 	t 2500 	2500 

Strain Y.P. ( ‘x10-6  1  ) 1 	500 	571 	500 	500 
i Measured E(xE + E 1 	2); 	1.00 	1.00 

	

1.00 	1.00 
2 
	• 

(b) El  E2  = 5 x 10
6 lb/in2. 

Stress (d) 	1.20 	0.80 

Stress Y.P. lb./in2 	2500 

= 1.00, e = +2/15", b = d = 4u, k 3E1 
' 	L3 

0.90 	1.10 '1.20 	0.80 	1.20 0.80! 1.00 1.00 1.00 

2725 2500 	2500 ! 3000 3000 



Continued 

Case 4 (a) E1 = 4 x 10 lb/in
2, 

(b) E1 
= 4 x  

END LOADING CONDITIONS 

Top End Pinned 
Bottom End Fixed 

Both Ends 	Both Ends 
Pinned 	Fixed 

Condition at Point B C 	D A A 

Strain Y.P.(x10 6) 500 545 500 500 600 600 

Measured E(xE1+E2) 1 1.00 1.00 1.00 1.00 E 1.00 1.00 
2 

Stress (x7) 

Stress Y.P. lb/in2  

Strain Y.P.(xlcs  6) 

1.20 0.80 

3000 

600 

1.20 0.80 

3000 

600 

0.973 1.314 	0.713 0.973 	0.973 0.973 0.973 1.20 	0.80 

2740 247o 2470 3000 

545 500 500 600 

1.008 0.987 0.987 1.00 

Case 3 (a) E1 = 4 x 10
6 lb/in2, 

Stress (x P ) 0.973 

Stress Y.P. lb/in ! 

- Strain Y.P. (x10 6)1 

Measured E(xE1
+E
2) 

1 

2 
m = 1.50, e = 0 b = d = 4u, k 	3E1 

L3  

b = d = 4” 

1.20 0.80 1.20 0.80 

3000 3000 3000 3000 

600 600 600 600 

2470 	285o 	2470 

500 	572 	500 

0.987 	0.997 	0.987 

106 lb/in2, E2 = 6x10
6 lb/in2, 

E2 	6 x 106  lb/in2, m = 1.50, e = 0, b = d = 4", k = 3E1 

L
3  

0.973 1.143 0.843 0.973 0.973 0.973 0.97311.20 0.80 	1.20 0,80 

I 

	

Stress (X..bd  ) 	10.973 

Stress Y.P. lb/in2  i 

	

, 	, Strain Y.P.(x10-6  ) i 

measured E(xE1+E2) 
1

0.987 

2470 

500 

1.20 0.80 

3000 

600 

1.00 

E2  = 6 x 106 lb/in2, m = 1.50, e = +2/15", 

11.20 0.80 1.20 0.80 

1 

2470 	3000 

500 600 

0.987 1,00 

3000 

600 

1.00 



Measured E(xE1+E2) 
2 

Both Ends 
Pinned 

Both Ends 
Fixed 

Top End Pinned 
ottom End Fixed 

1.00 1.00 1.00 	1.00 1.00 1.00 

E, = 6 x 106 lb/in2, (b) E1  = 4 x 10
6 lb/in2, 

(xt.a) 	2  I 0.746 	1.147 

Y.P. lb/in 	2090 

Y.P. (x10 61 	430 

0.974 Measured E(xE 1+E  2) 1 
2 	i 

(e) El  = 4 x I06 1b/in2, E2 = 6 x 

)Stress(xta) 	i 0.746 	1.147 

Stress 

Stress 

Strain 

2090 

430 

3000 

600 

1.00 

2090 

430 

0.974 

3000 

600 

1.00 0.974 

Conditior at Point A B 	C D I A C 	D 

0.80 1.20 0.80 

106 lb/in2, m = 1.50, e = -2/15", Ic77:, 3E1 
73  

1.427 0.628; 0,746 1.147 0746 1.147 .1.20 

1.086 o.888 

1705 

545 

0.994 

m = 1.50, e =-2/15", k 3E1 

L3  0.746 1.147 0.746 1.147 1.20 0.80 1.20 0.80 

Continued 

END LOADING CONDITIONS 

'Stress Y.P. lb/in 1 

Strain Y.P. (x10 6)i 

'Measured E(xE14-E2) 
2 

2090 2520 2090 2090 3000 3000 

430 498 43o 430 600 600 

0.974 1.015 0.974 0.974 1.00 1.00 



end conditions of lopding. Four representative cases have been 

analyzed; 

1. a perfectly homogeneous specimen accurately centred 

2. a perfectly homogeneous specimen misaligned by 2/15 in. (about 

at of the specimen width) 

3. a non-homogeneous specimen accurately centred 

4. a non-homogeneous specimen misaligned by 2/15 in. both to- , 

wards and away from the stiff face, 

In case 2,3 and 4, the effect of the lateral stiffness of the 

testing machine is examined by considering both a mdium stiffness 

machine (lateral stiffness k equal to that of the specimen) and 

an infinitely stiff machine(see Equation 6.39). 

The non-homogeneous specimen is assumed to have a linearily 

varying modulus of elasticity from 4 to 6 x 106  lb./in.2, that 

is, m = 1.5 Although this ratio may be considered initially as 

being somewhat high, it is shown in Figure 9.2 that the centroid 

of resistance of 4" cubes may be displaced up to 1/8 in. from 

the centre-line of the Fr-- -jmen when loaded perpendicularly to the 

direction of casting, As different concretes fail at similar 

strain values and have similar stress-strain curves, it is pos-

sible to equate Equations 6.12 and 6.13 to solve for a ratio of 

E2/E1, giving an e of 1/8  in, The calculated ratio of 1.46 was 

rounded off to 1.50 for ease of calculation. 

The assumption that a uniaxial state of stress exists in the 

specimen ic,of course, Partially incorrect, particularly in the 

shorter specimens, because of the restraint effect of the platens. 
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However, the stress concentrations given in Table 6.1 are of the 

right order and do account for the differences in failure stre-

ngths and modes of failure that do arise, (see Section 9.8) 

Case 1 represents the stress distribution that is generally 

assumed to exist in all uniaxial test specimens. Yet, case 2 

shows that, oven with a homogeneous speoimon, a mize,lignment of 

only 3% of the specimen width, when one or both ends are pinned, 

can cause an increase in stress of 20,.`t:• With the one end pinn-

ed, one end fixed condition, the effect of misalignment of a hom-

ogeneous opec;imen depends f-aso on the lateral stiffness of the 

machine. In this case, the resultant force at the fixed end will 

be transferred in the direction opposite to the misalignment, by 

an amount which depends on the relative lateral stiffness of the 

machine(see Figure 6.3). For a laterally flexible machine(k =0) 

no displacement of the resultant force occurs and the stress 

system is identical to that with both ends pinned (see Figure 

6.3.b). As the value of k/(ki-UI ) in Equations 6.39 and 6.40 
IJ6  

increases, so does the variation in stress (see Figures 6.3(c) 

and (a)). 	In the extreme case of a very stiff machine, the 

resultant force is displaced across the neutral axis, resulting 

in diagonally opposite corners A and D being highly stressed. 

With failure being initiated on these diagonally opposite cor-

ners, the failure on a phenomenological level will appear to 

be e shearing mode. 

A similar apparent shearing mode of failure can occur when 

perfectly centred non-homogeneous specimens are loaded with one 
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end pinned, one end fixed (see case 3, in Table 6.1). The neu-

tral axis in such cases will not coincide with the centre-line, 

but will be displaced towards the stiff face by the distance 

(a - d/2). The resulting bending and the induced lateral force 

at the pinned end will produce a variable stress distribution 

at the fixed end which will depend on the relative stiffness of 

the specimen and machine. Cracking and failure will tend to be 

initiated at the soft face at the pinned end, point B, and the 

more highly stressed stiff face at the fixed end, point C. Since 

these points are diagonally opposite, the specimen will fail 

apparently in shear. 

The effect of misalignment will depend on its direction 

with respect to the neutral axis of the specimen. In case 4a, 

a misalignment of 2/15 in. (i. e. about 32;of the width) towards 

the stiff face ensures that the specimen is loaded at the neut-

ral axis(i.e. e conforms with the value given by Equation 6.41), 

and the stress patterns for the throe end conditions of loading 

are identical. However,a similar misalignment in the opposite 

direction (cases 4b and 4c) causes largo variations in the str-

ess distribution. At the fixed end in the infinitely stiff ma-

chine, the stress will vary from 63 to 143% of the average, a 

difference of 80%. 

6.3.2 Examination of Lateral Stiffness of Specimen and Testing  
Machine under One End Pinned, Ono End Fixed Load Method 

In order to examine the influence of the lateral stiffness 

of the testing machine on the stress distribution of concrete 
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specimens, several testing machines wer5 selected to cover the 

full range of machines in practice. 1, description of these ma-

chines with the stiffness value, k, computed on the lideyis of the 

lateral load-deformation characteristics 'a"f the machine columns 

is given in Table 6.2. From Figure 6.4, the influence of the 

lateral stiffness of the machine on the stress distribution at 

the pinned and fixed ends of the specimen is seen for various 

lengths of a 4" square cross-section having an E gradient of 

4 x 106  to 6 x 106p.s.i, Individual coefficients have been com-

puted from adding Equations 6.14 and 6.39. Figure 6.5 shows the 

effect on a specimen identical to the one above except for E 

values varying from 2 x 106  to 3 X 106  p.s.i.while Figure 6.6 

demonstrates the influence of varying the dimensions b and d 

while maintaining all other properties constant. In all the a- 

bove cases, the eccentricity of load application is zero. 	- - , 

Although the stress distribution at the fixed end only :; 

been shown on the graphs (Figure 6.4, 6.5 and 6.6), it is pos-

sible to determine the stress at any point in the specimen. 

t the pinned end of the specimen, that is, at z = 0 in Equation 

6.39, the stresses are calculated from Equation 6.14 and are 

equal to the asymptotic values for k = 0 as chown. From Equa-

tion 6.39, it will be observed that the stress is linearly pro-

portional to the distance from the pinned end, z. Therefore, 

the stresses 	and at any value of z and k can be directly 

interpolated from the extreme values on the graph,ie.between 

z= 0 and z = L . 



TABLE 6.2 lz,T7afai STIPP= OF TESTING M:,CHINES 

!444  

Machine 
No. 

1 

I 2 

Lateral Stiffness 
k(lbs. / in.) 

Description of Machine 

:Hydraulic platen 

4 columns - 21Vx 48" long 
Columns encastre with bottom 
cross-head and pinned to top 
cross-head, 

0. 
2.57 x 103  

7 

4 columns - 	48" Ions 
columns encastre with bottom 
cross-head and pinned to top 
cross-head. 

4 	4 columns - 3"!;Ir 30" long 
columns encastre with bottom 
cross-head and Pinned to top 
cross-head. 

5 
	

4 columns - 3"Ox 30" long 
columns encastre with bottom 
and top cross-heads 

6 
	

4 columns - 4"4;x 24" long 
columns encastre with bottom 
and top cross-heads 

4 columns - 6" .;x 24" long 
columms encastre with bottom 
and top cross-heads 

Theoretical machine  

1.30 x 104 

5.31 x 104  

2.12 x 105  

1.31 x 106  

6.64 x 106  

00 
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From the graphs (Figures 6.4, 6.5 and 6.6),the two follow-

ing observations are made: 

1. An increase in the lateral stiffness of the testing machine, 

k, will result in an increase of variation of stress distribu-

tion on any cross-section. 

2, An increase in the lateral stiffness of the specimen, that 

is, P. reduction in the length of the specimen or an increase in 

the flexural stiffness will reduce variations in stress dis-

tribution. Increasing the flexural stiffness is performed eith-

er by increasing the modulus OP elasticity values, El and. E2  

while maintaining their ratio value constant or by increasing 

the cross-sectional dimensions, b and d. 

Concrete control tests in Great Britain arc conducted on 

and 6" cubes. As these spocimons are observed to be almost 

always very significantly stiffer, laterally, than the testing 

machine, the stress distribution is little affected by the ind-

uced lateral force. However, in the stiffer machines, i.e. 

lateral stiffness greater than about 2 x 105  lbs./ in., a sig-

nificant inTluence on the stress variation may account for some 

differences in strength results. With the centroid of action 

of the specimen when tested, in these stiffer machines being 

displaced towards the stiff face, the reduction in stress on the 

softer, generally weaker face would be reflected in higher 

strength results. 

4" x 4" x 12" prisms have acquired importance over the 
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Past few years as a control specimen as well as a suitable spe— 
(21P  40) 

cimen for determining fundamental properties of concrete 

In America, 6" diameter by 12" long cylinders cast on their side 

are also being used. It is apparent, from Figures 6.4 and 6.5, 

that the stress distribution in these specimens is very much 

dependent on the laterl stiffness of the machines (6" diameter 
by 12" long cylinders, duo to having similar dimensions as 

4" x 4" x 12" prisms, will be affected similarly to the 12" long 

Prisms). It seems reasonable to suggest that the stiffer mach—

ines, i.e. lateral stiffness > about 2 x 1051bs. / in., will 

usually produce shear failures in these specimens while the 

more flexible machines will produce apparent compression failures. 

It also appears reasonable that specimens tested in machines of 

medium stiffness (2 x 1041lbs"n. to 2 x 1051bs/in.) will pro—

duce the highest failure results. This can be explained as 

follows. 

Flexible testing machines with lateral stiffness less than 

about 2 x 104 lb./in. will load the entire specimen nearly ax—

ially. This results in the entire soft face, which is the weak—

est face, being stressed at appro::imatoly the average stress. 

It is expected that failure would propagate across the weakest 

cross—section from this face soon after reaching its ultimate 

stress capacity' (see Section 6.4). The medium stiffness ma—

chines will displace the centroid of action towrds the stiff 

face in proportion to the distance from the pinned end. This 

will reduce the area of the soft face subjected to average 
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(48) 
stress. The weakest-link theory as explained by Wright 

will then suggest higher ultimate strengths. Jith the stiffer 

machines,i.e. about 2 x 1051b./in., the tendency will be for 

the stiff face at the fixed end to display the first signs of 

failure. Propagation of failure from this point will conse-

quently occur more prematurely as the machine lateral stiffness 

continues to increase. 

6.3,3 Examination of Misalignment under One  End Pinned, One  
End Fixed  Load  Method 

Figure 6.7 shows the influence of specimen misalignment 

and machine stiffness on the stress distribution in a concrete 

specimen having a varying modulus of elasticity of 4 to 6 x 106  

p.s.i. 

As concretes tend to fail at similar strains, it seems 

reasonable to sug:2est that the highest strengths will occur 

when the entire specimen is strained uniformly. This will be 

in accordance :ith the method of loading whereby both ends of the 

specimen are effectively fixed. Therefore, by equating Equation 

6.12 and 6,13, it is theoretically possible to solve for a value 

of eccentricity of load application which will produce this 

system of loading under the system of one end pinned and the 

other end fixed. For the case in consideration/  e = 2 in. (see 
15 

Case 3 and 4 in Table 6,1). The solution of Equation 6:14 there 

by produces values of ,I= 0.80 P and c\i„.= 1.20 P with a linear 
bd 	bd 

stress distribution across the section(see Equations 6.41 and 

6.42). As there is no differential straining, no induced late  
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oral force is created. Therefore, the stress :.t any point in 

the specimen is independent if the machine stiffness. The re-

sults therefore, in Figure 6.7 appear as straight horizontal 

lines with the -f7--iziptotLs for k = 0 and k = m coincident. This 

has also been cho-m in Case 4a., Table 6.1 where the three meth-

ods of loading produce identical stress patterns. 

It is apparent, from examination of Figure 6.7, that the 

stress system in a specimen is very sensitive to its location 

in the testing machine. For the case in consideration, as-

suming a very stiff machine, the stress on the soft face with 

a misalignment of only approximately 1/8" (about 1/4" from the 

effective neutral axis) can vary from 63;-: to 114% of the aver-

ego stress in the specimen. Simultaneously, the stress on the 

stiff face will range from 143% to 75%. Such specimens will -un-

doubtedly exhibit extremely low ultimate strength results with 

an apparent shearing type failure mode. The more flexible 

machines on the other hand would exhibit a crushing failure on 

the soft fpce at a low ultimata strnath as a result of the en-

tire soft free being stressed 18; in excess of the average str- 

ess

-  

in the specimen. The maximum stress on the soft face in-

creases from 8C2, to 	of the average with e changing from 

2 " to - 2 ". :ks this could be the face from which failure 
+ft 	15 
propagates in both cases, the difference in ultimate strength 

could be of the order of /;5%. However, duo to non-linearity 

of the stress-strain curve near failure there will be some shed- 

ding of the load to the unfiled portion of the section in the 



latter case. Consequently., this figure will be somewhat re-

duc e d. 

It must be recognized that very large differences in stre-

ngth results would be expected with apparently small misalign-

ments in placing the specimen or by testing in machines of dif-

ferent lateral stiffness. It must also be a7.)7)reciated that 

inconsistencies in aligning the specimen will produce large 

variations in ultimate strength which is not a property of the •

material, but due rather, to operator techniclue. 	It would ap-

pear that a method of test, whereby the results are independent 

of the lateral stiffness of the testing machine and immune from 

small misalignments, would be the most desiralae, particularly 

for control testing. Loading in accordance wi th the philosophy 

of having both ends fixed  conforms to this requirement and there-

fore arrears to be most suitaZae. 

6.3.4 Yield Point and Modulus of Elasticity  

Most materials exhibit a definite yield point when the 

strains are no longer elastic. Concrete and other brittle mat- 
(14) 

erials exhibit an analogous discontinuity limit 	when se-

vere cracking begins. For a typical concrete, this discontin-

uity level occurs at a uniaxial compressive strain of about 

600 x 10 6 lb. /in. In a uniformly deformed concrete, the spe-

cimen will exhibit discontinuity at the above strain, whereas 

when one or both ends are pinned, the specimen is deformed non-
uniformly and discontinuity will occur as soon as any one face 

reaches the above strain. 
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Strain measurements in uniaxial tests are made usually by 

averaging the surface strains 61 and 62  on two opposite faces 

of the specimen. Assuming that, for this material, the discon-

tinuity or yield point is reached when any part of the specimen 

reaches a compressive strain of 600 x 10-6  in./in., Table 6.1 

shows the effect of misalginment, lateral stiffness and specimen 

non-homogeneity on the averae stresses and strains at the yield 

point at the top and bottom of the specimen. 'dhereas, for any 

specimen, the discontinuity level remains unchanged under ef-

fectively fixed end conditions, this level becomes very sen-

sitive when either one or both ends are pinned. Furthermore, 

under the one end pinned, one end fixed condition, the discon-

tinuity level will occur at different load stages at different 

sections. 

The modulus of elasticity of a material is usually obtained 

by dividing the average stress P by the measured strain 
bd 

( 814-62)/2 . Therefore, from Equations 6.12, 6.13 and 6.15, 

the measured modulus of elasticity for the both ends pinned con,-

?lition is found to be 

E = Ela(11-44m-m.2) 	
...6.43 

3 a (m 	) 	2e (ra 

For the both ends effectively fixed condition, the specimen is 

loaded along the neutral axis. By 

into Equation 6.43, we obtain, 

substituting Equation 6.41 

-g 	E = 1/2 (Err E2) 	 • .• 6. /IA  
i,c, the calculated E value is the arithmetic mean of the ex- 
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treme values of El and E2. 

The values of E also given in Table 6.1 show that, with 

non-homogeneous specimens even the modulus of elasticity is de-

pendent on the end loading conditions. With the one end pinned, 

one end fixed condition, the measured E will depend on the loc-

ation of the strain gauqes since the specimen appotlrs to become 

stiffer towards the fixed end. 

6.4 THE INFLUENCE OP 7:IE METHOD OF LOADING THE  SPECIEEN ON ITS  

DEFORMATION AND ULTIMATE STRENGTH PROPERTIES  

The theoretical presentation in Section 6.2 has been based 

on the assumption that the stress-strain curve is linear. Con-

sequently, the discussion of Section 6.3 was concerned with ex-

amining the influence of the method of loading and machine and 

specimen properties on the stress state before non-linearity as 

well as providinp: an indication of the nodes of failure and ul-

timate streneth results. 

After non-linearity, the excessive deformation of the fail-

ing faces, particaularly near failure, will result in large dif-

ferential strains on opposite faces of the specimen. The re-

sulting increase in lateral displacement of the pinned end will 

be considerable reduced by a reduction in the flexural stiffness 

of the specimen. It will be appreciated, however, that there 

will be some increase in lateral movement of the specimen and 

consequently, a continual tendency to transfer more stress to 

the stiffer face. This transfer will, of course, continue to be 



affected by the stiffness of the machine. 

From the discussion of the results of Table 6.1 and Figures 

6.4, 6.5, 6.6 and 6.7, it can generally be assumed that a system 

of loading under the philooPhy of effectively fixed conditions 

will produce the highest strengths while a system of loading un-

der 01 ctf.v01.,- pinned conditions will produce the lowest stre-

ngths. However, in cases where the lateral stiffness of the ma-

chine is very significantly greater than for the specimen, the 

induced shearing-type f2 ;lures may produce still lower results: 

In order to show the difference in concrete characteristics 

after the discontinuity level, two generally extreme cases have -

been considered. A 4" square cross-section with E varying lin-,  

early from 4 x 106p. s. i, to 6 x 106  p. s. i. in the elastic range 

is loaded in accordance with the philosophies of both ends fix 

ed and both ends pinned, The results of one end pinned and the 

other fixed would be expected generally to lie between these 

extremes. 

A typical stress-strain curve for concrete wrs simplified 

into a series of straight lines as 3ho-im in Figure 6.8. From 

this, the stress strain curves for several locations on the cross-

section for the non-homogeneous specimen with E varying from 4 

to 6 x 106 p.s.i. in the elastic range have been determined (see 

Figure 6.9). 

Under effectively Pinned loading conditions, where the 

specimen is perfectly aligned, the resultant load must be coi- 
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TABLE 6.3 STRESS AND STRAIN  DISTRIBUTION ON SPECIMEN CROSS-
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Load Stage NO.1_, 
6 ' 	7.00x10 

E(p.s.i:) 4. 00x106  
j (p.s.i.) 2800 

Load Stage No.2 

6 	'10,00:7.10 4  
Et cp. s. 1. ) 2. 88x106  
(p.s.i.) 2880 

6:41x10-4  5.831:10-4  5.25x10-4  
4.50::106  5. 00x106 	5. 50x106  
2890 	2920 	2890 
Average stress = 2875D.s,i. 
Averae strain = 583xi01 

E = 4.94x10' 

8.67x10-4  7.35x10-4  6.03x10-4  
3. 69x106  4.78x106 	5. 50x106  
3200 	3510 	3320 
Average stress = 3220 p.s.i. 
Average strain = 73,51:.10-6  

E = 4.39)(106  

Load Stage No. 3 
6 	13.00x10-4  10.90x10-4  8.80x1074  6.70x10-4  

Tp:s.il 2.28_7206  3. 00x106  4. 04x10° 5. 50x106  
.s.i. 2970 	3270 	3560 	3680 

Average stress = 3340 p.s.i. 
Average strain = 880x10-8 

E = 3. 80x10 

Load Stage No.4 
6 	' 17.00x10-4  13.93x10-410.86x1074  7.79x1074  

E(p.s.i.") 1.81x106 	2.41x106  3.34x10' 	4.98x106  
(p.s.i.) 3080 	3360 	3630 	3870 

Average stress = 3460 
Average strain = 1086x1076  

E = 3.19x106  

4.60x10-4  
6. 00x106  
2760 

4.72x10-4  
6.00x106  
2830 



160 

TABLE 6.3 STRESS AND STRAIN DISTRIBUTION ON SPECIME7 CROSS- 

Load Stage 

SECTION UNDER EFFECTIVELY PINNED LOADING CONDITION 
cont.) 
No. 	5 

6 - 	21.00x10-' 16. 90x10 -4  12.80x1074 	8.70x1074  4.60x10-4  
E(p.s:i.) 1.41x106  2.04x106 	2.89x10° 	4. 50x106  6. 60x106 
cr(p.s.i.) 2960 3450 	3700 	3910 2730 

Average stress = 3480 
Average strain = 1280x10-6  

E = 2.72x106 
Load Stage NO. 6 

6 	" 	25.00x10-4  19.80x10-4  14.70x10-4 	9.50x10:4  4.30x10-4  
1.14x106  1.71x106 	2. 56x106 	4. 15x106  6.00x106 Ep.'s.il 

T p.s.i. 2850 3390 	3760 	3940 2580 
Average stress = 3450 
Averace strain = 1470x10-6  

E = 2.35x106 

TABLE 6.4 STRESS AND STRAIN DISTRIBUTION ON SPECIMEN CROSS-
SECTION UNDER. EFFECTIVELY FIT= LOADING CONDITIONS 
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Load Stage No. 
5 	7.0^_:107- 

4.00x106  
Yp.s.i. 3 2800 

7.00x,0-
4.50x106  
3150 	3500 
Average stress = 
Average strain = 

E 

7.00x10-4  
5.50x106  
3850 

3500 
700x10-6  
5. 00x106  

5.00x10b 
7.00x10-4  
6. 00x106  
4200 

Load Stage NO. 2 
5 " 17.00x10-4  17.00x107'17 17.00x1074  17.00x1074  

Ep.s.- i;) 1. 81x106 	2.03x106 	2.26x10' 	2. 50x106  
`) p.s.i.) 3080 	3450 	3850 	4250 

Average stress = 3850 
Average strain = 1700x10-6  

E = 2.16x106  
Load Stage NO. 3 

5 	27.00x10-4  27.00x1074  27:00x1074  27.00x10-4  
E(p:s.i.) 1. 04x106 	1.17x10° 	1.30x10° 	1.42x106  
T(p.s.i.) 2810 	3150 	3500 	3840 

Average stress =3500 
Average strain = 2700x10-6  , 

E = 1.30x10°  

17.00x10-4  
2.72x106  
4630 

27.00x10-4  
1. 56x106  
4200 
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ncident with the centre of the cross-section, at any load stage. 

Tahle 6.3 shows the distribution of stress and strain on the 

cross-section at progressing load stages. Under effectively 

fixed loading conditions, the strain distribution on any cross-

section at every load stage will be constant. The resulting 

distribution of stress and strain is given in Table 6.4. These 

Progressing load stages under both systems of loading are plott-

ed in Figure 6.9. In Figure 6.10, the stress values are ob-

tained from the relationship Cfl= P/bd whilst the strains e.ro 

the average from the opposite faces of the specimen, i.e.(61  

+ 62)/2 (see Section 6,3.4). Thus, the stress strain curves in 

Figure 6.10 would agreo 	7:th the exPerimental results 

obtained under the two methods of loading. 

Observation of Figures 6.9 and 6.10 reveals that several 

differences in the indicated behaviour of concrete can arise 

solely as a function of the system of loading. They are: 

1. The modulus of elasticity in the elastic range may be dif-

ferent. For this particaular case, the observed difference was 
4 

1.5,;(This has been shown also in Section 6.3.4). 

2. The onset of non-linearity will occur at a later stage under 

effectively fixed conditions. This will be the case in both 

average stress and average strain terms (see also Table 6.1). 

3. The ultimate strength will be greater under effectively 

fixed loading conditions. The case analyzed die-played a 10% 

difference. 

4. The strain at ultimate strength will be greater in spec- 
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imens loaded under effectively fixed conditions. 

It is of interest to observe that, (see Figure 6.9), as the 

ultimate load is being reached under effectively pinned condi-

tions, the strain and stress are reducing on the stiff face. 

In fact, the maximum streFFs on the stiff face reaches only a fr-

action of its load carrying capacity.(60%in this case.) 

6.5 STAMARY 

The theoretical analysis of this chapter suggests that the 

method of loading the specimen and the lateral stiffness of the 

testing machine are critical in establishing such fundamental 

Properties of materials as modulus of elasticity, ultimate str-

ess end strain, proportional limit stress and strain and mode of 

failure. It would appear that concrete 	omens loaded with 

both ends pinned will exhibit a lower modulus of elasticity, a 

lower proportional limit stress and strain and a lower ultimate 

stress and strain than when tested with both ends fixed. The 

former loading condition will exhibit excessive failure on the 

soft face whiletha stiffer face is stressed to only a fraction 

of its capacity. The increased load carrying capacity of spec-

imens loaded with both ends fixed is accounted for by consider-

ing that the entire specimen is loaded to its ultimate stress. 

In testing machines with one end pinned and the other fix-

ed, all results will again ilenarailybe lower than with both 

ends fixed. In very stiff machines, these results may be ex.. 

petted to be even lower than the results from testing under 

effectively pinned conditions owing to the very high stressing 
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of the stiff face at the fixed end, The failure mode, may, as 

a result, be altered to an apparent shearing pattern. 

Current specifications make no reference to the accuracy 

with which a specimen should be placed in a testing machine. It 

is reasonable to suppose that a careful machine operator will 

place specimens up to 1/8" off centre. This may be amplified by 

misalignment in the testing machine, inherent from its manu-

facture. The sensitivity of results to misalignment was reveal-

ed when it was shown that a misalignment of 1/8" on a 4" square 

cross-section could cause a change in stress of 20% when either 

one or both ends were pinned. Furthermore, inconsistency in 

placing the specimen accurately would contribute to a scatter of 

results Mich -.;euld not be a specimen property, but rather at- 

tributable to operator technique. 

Cube specimens, due to being very much stiffer laterally 

than testing machines Eire usually affected noi3ligibly by the lat-

eral stiffness of the machine, However, with the stiffer mach-

ines,that is, greater than about 2 x 105  lb./in. differences 

would be expected in segregated specimens. However, the sensi-

tivity to misalignment rculd again be reflected in failure res-

ults and the scatter of strengths. The longer specimens, such 

as the 4" x 4" x 12" prism, will be very significantly influenc-

ed by the lateral stiffness of all te2ting machines in practice. 

Therefore, if this test method is to be used, it is obviously 

of importance to correlate all results to those obtained on a 



standard machine with a standard lateral stiffness. Alternat—

ively, the replacement of thlJ method of test by loading with 

both ends pinned or fixed, thereby eliminating the influence of 

lateral stiffness has obvious merits. 

Along with the theoretical examination of strength proper—

ties of concrete, as presented in this chapter, an experimental 

investigation was conducted on three testing m_chines to examine 

their behaviour under load(see Chapter 7). In Chapter 8, the 

results of an experimental investigation on spherical seatings 

are presented with special emphasis being placed on achieving 

pinned and fixed end conditions, In Chapter 9, the iif luence 

of the various testing machine characteristics on concrete stre—

ngths are examined on the basis of experiment observations. 

Those include the influence of method of loading, zlicalignment 

and lateral stiffness, 



CHAPTER 7, 

INVESTIGATION OF BEHAVIOUR OF 

UNI2,XIAL TESTING MACHINES. 

7.1 INTRODUCTION 

7.1.1 The Need For investigating The True Behaviour Of 
Testing Machines  

Following the calibrations as presented in Chapter 3, it 

was apparent that, although the verifications were far from be-

ing perfect, errors in load indication could not account for 

the large inconsistencies in results of concretes subjected to 

complex stresses, (see Section 3.1). Consequently, it was 

concluded that the testing technique must be at fault(see Sec-

tion 5.1). Two queries Presented themselves; 

1) How do testing machines deform and fail concrete specimens? 

2) How should testing machines deform and fail concrete spe- 

cimens? 

As explained in Section 5.3, testing machines apply load 

to specimens under effectively pinned conditions, effectively 
(22) 

fixed conditions or a system between these extremes. Wright, 

in a survey of several compression testing machines showed that 

some machines defou specimens uniformly while others exhibit 

peculiar differential deformation patterns. His investigation 

was, however, limited to examining the deformation on opposite 

sides of cubes as cast and did not include a study of the dif-

ferential deformations expected to arise from variations in spe-

cimen properties such as would occur from the top, as cast, to 
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the bottom. 

It is very important that all components of testing machines 
(22) 

be in good alignment. Wright 	showed that a misaligned machine 

(of the orOer of 1/4") may produce large differential straining 

or opposite sides of slpeciErens, consistent failure patterns in 

one direction, inconsistent ultimate strength values and rela-

tively low average strengths. 

Before embarking on an investigation into the manner in 

which testing machines should deform specimens, it was deemed 

necessary to examine the actual behaviour of some existing un-

iaxial machines. Two compression and one tension machine in the 

Concrete Department, Imperial College were examined for the' 

manner in which specimens, and machine were deformed. Partic-

ular attention was given to misalignment of load application. 

7.1.2 The Use Of Intermediary Platens  

At a symposium on Testing Techniques at Wexham Springs, 

organized by the Cement and Concrete Association, the subject of 

intermediary platens received much attention. Testing machines 

with spherical seatings are usually manufactured with their 

centre of rotation at the centre of the face of the male bearing 

block. Strictly speaking, the use of an intevmediary platen does 

not conform with the requirements of British Standard 1881. 

Displacement of the centre of the spherical seating from the 

centre of the face of the specimen will, under differential str-

aining, produce a shearing force at the specimen-platen inter-

face. However, loading specimens through the bearing block with- 
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out the use of intermediary platens has several shortcomins. 

They are: 

1. As removina the spherical seating and regrindina it is 

troublesome, time consuming end costly, and the machine is ren-

dered useless durinc: this operation, there is a tendency to de-

lay this work until the planeness is considerably Worse than 

that allowed by British Standard 1881. 

2. The case hardened surface of the bearina block will be grad-

ually removed by both the wearina action of the specimens and the 

repeated grindina. 

3. When testing; 4" and 6" cubes, non-uniform support will re-

sult from non-uniform wcarina of the bearina face. 

4. Strictly speaking, the removal and installation of the spher-

ical seatine constitutes a major adjustment. Therefore, to be 

in accordance with British Standard 1610, a re-calibration is 

necessary after every instalment of the spherical seating. 

If the spherical seating were to behave in an effectively 

fixed condition, the danger of undesirable shearing forces would 

be eliminated, and the use of intermediary platens would be, 

therefore, recommended. Alternatively, when the spherical seat-

ina does tilt, shearing forces might be expected to influence 

the results. Whether or not this is significant, constitutes 

the second investiaation of this Chapter. 

7e 2  ..17:LYSIS OF 200 TON DENISON COMPRESSION MACHINE 

This machine, (sec Plates 7.1 and 7.2) used continually 

for standard cube crushing, has also been used considerably as 
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(1,2)' 
a research machine 	. Its verification revealed Grade B 

accuracy and repeatability over most of its working rangtl_and, 

as such, is considered acceptable over this range. (see Sections 

3.3.1 and 3.4) 

Although reasonably consistent failing strengths were ob-

tined with this ma chine, this could be misleading, as a lu'oce-

dure for always placing the cast face west (to the right in 

Plates 7.1 and 7.2) had been adopted. The following investi-

gation was therefore conducted to investigate differences in 

strength and failure pattern associated with the orientation of 

the specimen as well as examining the pattern of movements in , - 

both the specimens and machine. 

7.2.1 Tilting Platen Tests  

7.2.1.1 Deformation measuring assembly 

The assembly, shown in Plate 7.1 consisted of 2 rigid frame-

works. The upper frame is firmly screwed into the upper machine 

bearing block which actually is the male portion of the spher-

ical seating. This frame contains the 4 dial gauges, graduated 

in 0.0001" increments, which were positioned with their centre 

lines coinciding with the centre line axis of the cube in each 

of its 2 principal directions. The pointer of each gauge rides 

on a smooth, horizontal surface contained in the bottom frame-

work which, in turn is rigidly attached to the lower machine 

bearing block. 

7.2.1.2 Description of specimens  

Two groups of 16 - 6" cubes wore tested, the first being 

a mortar of WO ratio, 0.50 and A/C ratio, 4.0 and the second 



170 

PLATE 7,1 Test apparatus for tilting platen tests 
on Denison compression machine 
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aconcrete of WiC, 0.6i5, A/C ratio 8.0. '11d coarse aggregate/ 

fine aggregate ratio of 65/35. The aggregate used was Thames 

Valley River Gravel, and the cement was Ordinary Portland. For 

a detailed description of the materials used, their preparation 

and casting, vibration, mould stripping and curing procedure, 

Of the mortar specimens, 8 wore tested at 31 days and the 

other 8 at 39 days. The concrete specimens were tested at 54 

and 56 day strength, C on each day. 

7.2.1.3 Testing procedure 

Each specimen, taken directly from the curing tank was re—

moved of surplus water and grit with a clean hand towel and then 

placed directly into the testing machine. Intermediary platens 

6" x 6" x 7/8" were used, the bottom one being located axially 

with the aid of dowelling pins. The specimen and upper platen 

were accurately positioned and finally, the upper bearing block 

was screwed down to come into full contact with the upper platen. 

The dial gauges were checked to ensure that they were truly ver—

tical, in contact with their respective pads, and had sufficient 

freedom of movement to Prevent being damaged. 

Prior to commencing the test, the dial gauges were all 

tapped lightly with a pencil and their readings recorded. The 

specimens were loaded at the rate of 24 tons per minute by 

one operator while two other people read the dial 7awes. 1,11 

readings were initially recorded into a tape recorder and sub—

sequently transferred to paper. 

(2) 
see Ward's thesis,Chapter 6 	. 
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The upper machine bearing block, suspended by springs, tend—

ed to hang slightly askew when not in use. Consequently, for 

the first eight mortar cubes, the upper block was maintained par—

allel to the upper surface of the cube by one operator while 

P. second operator screwed the block down. For the second 8 

mortar cubes, this precaution was eliminated. For the concrete 

specimens, the upper block was screwed down twice in quick suc—

cession in order to achieve uniform contact. 

As it was impossible to test 16 specimens, in any one day, 

care was taken to ensure that an equal number of those specimens 

tested on any one day was orientated in each of the four prin—

cipal directions. 

7.2.1.4 Test results 

The dial gauge readings obtained have been processed to 

show the deformation at the specimen face. Tables 7.1 and 7.2 

consequently give the deformation results at the centre lines of 

each of the 	exposed faces of the cube for 12 of the 32 speci—

mens tested. Those results are expressed graphically in Figures 

7.1,7.2 and 7.3 whilst a record of the failure patterns and str—

engths is given in Table 7.3. A check was provided continually 

by averaging the deformations on the north and south faces and 

comparing with the east—west averae. ;Lt each load stage, these 

average deformations should be equal. 

The relatively large deformations which occur over the 

first 15y, of loading indicate a settling—in action. This may be 
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41 
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TABLE 7.1 TILTING PIILTEN TESTS DEFORMATIONS ON 6" MORTAR CUBES 
IN 200 TON DENISON COMPRESSION MACHINE  

Indicated] Deformation of Face Centre line  Lin. x 
1 Load 	IS7cci:1.2n No. 2 	Specimen No. 3 

(tons) 	lithrth South West :East4  North Southlyest 
Cris 	 c  North 	 r 

10-') 
(see  Table 7.3 

	

10 	64 	46 	72 I 38 

	

20 	85 	64 	96 ' 5' 

	

40 	117 91 1128 88 

	

60 	150 119 1157 121 

	

80 	191 	148 1138 ' 159 1 

	

90 	216 164 !212 192 

	

95 	252 176 i236 213 

	

100 	300 187 1272 240 

	

105 	369 211 1320 ;279 
Cast Face South  

10 
20 
40 

, 60 
80 

1 90 
1 95 
1100 

51 
74 
106 
138 
178 
203 
228 
253 

Face East 

1 39 

57  87 
:115 
1152 
1173 
1193 
1215 

63 	62 	25 	100 
85 	79 42 	123 
122 	106 68 	153 
156 130 97 	188 
195 155 130 	224 
219 169 149 	243 
241 179 166 	252 
266 187 185 276 

20 41 29 33 
39 63 49 51 
70 94 79 84 
100 124 109 115 
136 	161 144 151 
158 186 165 183 
173 208 175 203 
195 267 211 253 

23 53 36 42 
38 77 52 57 
68 108 83 96 
92 140 111 126 
135 169 143 155 
158 186 167 188 
182 202 183 209 
207 216 201 236 

28 178 90 110 
41 206 112 133 
70 238 144 155 
100 268 173 198 
141 301 206 240 
170 326 228 275 
205 342 2,17 311 
254 362 268 380 

10 
20 
40 
60 
80 
90 
95 
100 
Cast 

Note: Deformation patterns of specimens 2 and 3 are presented 
graphically in Figures 7.1 and 7.2, respectively. 
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TABLE 7.2 TILTING PLATEN TESTS DEFORMATIONS ON 6" CONCRETE 
CUBES IN 200 TON DENISON COMPRESSION MACHINE  

Indicated 
Load 

Deformation of Face Centre line 

East 	North Southl 

(in x 10-4) 

(tons')
i  . 

North  West East 
e,.ED;1-  Face North -- Oast Face south 

5 24 27 23 23 14 23 8 28 
10 39 42 37 39 30 39 22 46 
15 49 52 47 49 40 49 31 57 
20 58 60 55 58 48 57 39 66 
40 89 86 83 88 76 85 66 95 
60 120 111 110 119 110 117 100 129 
65 131 119 119 130 124 125 112 141 
70 142 130 129 142 140 135 125 154 
75 159 148 146 161 183 149 160 185 
SO 177 176 167 187 241 166 202 217 
85 203 236 215 237 305 191 272 263 
90 263 332 341 369 

Cast Face West Cast Face East 

5 17 24 20 21 20 34 41 16 
10 33 40 36 37 35 54 60 32 
15 46 50 50 49 45 65 70 42 
20 52 56 56 52 53 73 78 50 
40 83 83 87 79 80 101 104 81 
60 115 109 120 106 113 131 131 116 
65 127 119 129 117 126 141 144 130 
70 141 127 140 133 140 153 156 121 
75 171 146 157 164 175 178 186 176 
80 201 163 178 195 220 207 227 220 
85 254 197 223 252 304 263 318 311 

Note: Deformations are presented graphically in Figure 7.3 
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1. Data for graphs is given in 
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FIG, 7,2 LOAD DEFORMATION GRAPHS FOR 6" MORTAR CUBES IN TILTING PLATEN 
TESTS ON DENISON COMPRESSION MACHINE 
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• 

80 
61/17  

g/ 
//, Equal failure 

four faces 
on all 

/* 1  
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Orientation Specimen 
of cast 	No. 
face 

Location of severe failureailingl 
Joad 
I(tons) 

Mortar cubes 
North 1 N.E. corner to N. face 

2 N. face 
3 N. face 
4; N. face 

South 3; face 
2.  S. face 
3.  S;, lesser failure on E. face 

S., lesser failure on W. face 
West 1.  S-:W. 	corner to Vi. 	face 

2.  N. 	7/: corner 
3.  N. E; corner 
4.  N. E. corner 

East 1; E; face 
2; E. face 

N. E. corner to E. face 
E. face 

Concrete cubes 
North 	1: Equal failure on all faces 90 

Equal failure on all faces - 90 
3. S. E. corner to N.E.and 

corners 89 
4; Equal failure on all faces 91 

South 1; N. face-lesser failure on E. 
and W. 80 

2. Failure on all faces - most 
on N. face 89 

3. Failure on all faces - most 
on N. face 87 

4. S. face - most on S. E. 90 
West 1; E. face - most on N. E. 87 

2. N. and E. face 90 
3. E. face 90 
r. S. and E. face 91. 5 

East 1.  Failure on all faces - most 
on N. W. corner 85 

2.  Failure on all faces - least 
on S. face 89 

3.  N. and W. face 	 eg 
4.  E. face - lesser failure on 

17$ 

TABLE 7.3 FAILURE PATTERNS  .'STD FAILING LOADS OF CUBES IN TILT-
ING PL "TEN TEST SERIES ON DENISON COMPRESSION MACHINE 

	 N. face 	89  
Note: The deformation hiStory of mortar specimens 2 and 3 is giv-
en in Table 7.1, and Pir7ur,",1-2 '7.1 a?-k'2 7.2; like',72.70, cincrote spe-
cimen 2, in Table 7.2 and Figure 7.3. S.N. W. and E.don:,•te south 
north, west, and east, res-oectivoly. 
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due to loading irregularities arising from minute pieces of grit 

at the two specimen-platen and two platen-machine block inter-

faces. However, as the specimens and platens were cleaned of 

all surface moisture and grit, it seems more likely that some 

binding action, possibly between the u-cper bearing block and 

platen would have prevented complete contact being achieved on 

all the interfaces* This would explain the excessive movements 

occurring when no precautions were taken in bringing the upper 

bearing block down into full contact with the upper platen (see 

Figure 7.2(a) and (c).. In addition, part of these initial de-

formations are caused by the breakdown of the cement paste film 

which cover the two bearing surfaces of each specimen. 

In most cases, there was a uniform deforming pattern to 

the onset of failure. Exceptions are Figures 7.1(a), 7.2(a)7.3(a) 

and(d). It is particularly interesting to observe that the fail-

ing face began deforming more rapidly from 60-70% of the ultimate 

cube strength. This indicates that the spherical seating does 

tilt and is very sensitive to local weaknesses and minute mis-

alignments of the specimen. This is amplified by the fact that 

both the mortar and concrete specimens were relatively homogen-

eous due to their immunity to segregation effects and that the 

specimens were aligned in the machine with groat care. 

Although slightly more failures occurred on the east face 

and north east corner, this is not significant. Prom Table 7.3, 

it is obvious that the direction of tilting of the spherical 

seating is very dependent an the orientation of the specimen 
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in the machine. This fact, combined with the obvious sensitiv-

ity of the spherical seating, and the relative homogeneity of the 

specimen, confirms that the machine is in good alignment. 

The excessive initial differential deformations which occur 

do not appear to determine the eventual failing face. It must 

be appreciated, however, that the initial application of load 

with its accompanying tilting and sliding may physically move 

the specimen laterally thereby creating.a.non-a:Aal loading-.  

2:irsVerh., Perhaps this is whet happened to the specimen represent-

ed in FigUTO 7.2(a): 

7.2.2 Lateral Movement  Tests 

7.2.2.1 Deformation measuring assembly 

The assembly, shown in Plato 7.2, was a rigid framework, 

firmly attached to the bottom machine bearing block. Eight di-

al gauges, graduated in 0,0001" increments, rigidly connected 

to the assembly, were Positioned to measure lateral movements 

of the machine in the two principal directions above and below 

the spherical seating, Ls two gauges were positioned to meas-

ure the movement in each direction at each location, the cal-

culated average provided more signigicant data. In addition, 

comparing these two opposite s7uge  readings provided a contin-

ual check. The pointers of the four lower gauges rode on the 

edge of the ground platens, while the up7)er QE11/fOS had their 

pointers positioned on the surface of smooth pads, firmly slued 

to the upper framework of the machine. 



PLATE 7.2 Test apparatus for lateral movement tests 
on Denison compression machine 
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7.2.2.2 Description of specimens  

The 6" cube specimens used in this test series wore cast 

from the same mixes as those used to investigate intermediary 

platen effect 	(see Section 7.5). 

in Table 7.4. 

TABLE 7.4 

	

	CONCRETES AND MORT!,RS 
ON DENISON COMPRESSION 
TEN THICKNESS TESTS 

Series No. 	W/C 	A/C 
Ratio 	Ratio 

1 	0.60 	6.0 
2 	0.55 	7.5 
3 	0.40 	2.0 
,.= 4 0.60 	6.0 

Detailed 

USED FOR 
MACHINE AND 

Fine Agg- 
roc<ate 

information is given 

MOVEMENT TESTS 
INTERMEDILTE PLA- 

Ago at 	No. of 
Testing 	Specimens 
Or.ys) 

47 	10 
78 	12 
26 	12 
85 	20 

Coarse Agg 
rogate 
40/60 
40/60 
Mortar 
40/60 

For the tests considered in this series, two specimens 

of each of test series 1, 2 and 3, only, were tested. 

7.2.2.3 Testing ,procedure  

The test -procedure was essentially identical with that 

described in the first two paragraphs of Section 7.2.1.3. How-

ever, two intermediary platens were used between the upper bear-

ing block and cube specimen as one platen would not allow the 

two lower north-south gauges to be properly positioned. For 

achieving uniform contact with the upper platens, the bearing 

block was screwed down twice in quick ucession. 

7.2.2.4 Test Results  

These results, presented in Table 7.5 and Figures 7.4, 

7.5 and 7.6 show the lateral movements of specimen and machine 

arising in routine testing. It is noteworthy that the major 
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0. 5 

-5. 5 

-2. 51  -32. 5 
-2. 51 -66. 5 
10. 5t-117. 5 

3 	0 
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1 Indicat-4 -S-oeci-men _-cast _face vest Specimen &cast -face east  

TABLE 7. _LATERAL MOVEMENT OF_ DENISON 200 TON COMPRESSION 

ed load ! Movement below, Movement above Movement below? Movement- 
(tons) 	 , 	above I 

No. 1 	 1 I West 	South 4*  West  4._-Bouth 	West  j  South 	Ifiest4  South . 

I seating (in) 	. se '..-tin,,,,, (in) 	seati 	(in) 	' s 	(in) 
1 (x 	10-41  	 (-- 	10--i) 	cx 	10-  ) 	 

la6ffiNt---11"IitPdirfff 	 - -  - - 

iSce.10:1x) 

3. 5 	32.5 	 I ,. 	0. 1 	
9. 5 14.5.   

13 	
i ' 	 7 	95. 5 

21.5 98 	 8.5 30 
6. 	33.5 	 -0.51 19 	

1 6 	35.5 34 	101 _ 
35 	 -1 ; 22.5 1 	, 5.5 38.5 43.5 101 
35 	 -2 	23.5 

	

1 	
2 	39 54.5 101.5 

-4 , 34. 5 
59 . 	102 . 

36 	 -6.51 17.5 
27.5 	97.5  

30 	 68 i -9.5 

	

L9a 	 i 
i 	- 

. 	., 	; i 1 

	

5.5 1 4.5 1 12.5 	0 i 	
1

7. 5 	17. 5 
0 	7.5 

	

0. 5 	10 

	

O. 5 	10. 5 

-1 I 11 

	

15. 5 	1 
49 -38 
78. 5 H188 

Series 
6 

12 
18 
24 
30 

	

36 	14 
42 

	

48 	19 
54 

	

60 	23. 5 
66 

	

72 	26.5 
78 

	

84 	1-25. 5 
87. 5 
90 
Series No. 2 

	

6 	0 
12 
18 
24 
30 
36 
42 
48 
54 

160 
66 
72 

;78 
84 

(cont. ) 

9 	19. 5 

13 	23. 5 

17. 5 	23. 5 

32 	18 

84.5 , -23 

1
170. 5 -133. 5 

-0. 5 

-O. 5 

0. 	I 	3. 5 

0.51 	2.5 

0. 51 -1. 5 
0 	-13. 5 

-2 	I -32. 5 
31. 51-114. 5 



Se 
10.5 

12.5 

14.5 

15.5 

17.5 

18 

20 

20.5 

23 

Seati 	(in) 
(x 10-  ) 
West 	i South 

117.5 55 
134.5 60 

134 73.5 

135 81 

135.5 84 

139.5 87 

144 89.5 

152.5 92 

163.5 98.5 

181 103 

432 83. 5 

Seating(in) 
(x 10-41) 

bove 
Seating(in) 

West South West South 

13 

25 

25 

29.5 

27.5 

0.5 

4.5 

6 

6. 5 

7 

14.5 
15 

13.5 

13 

10.5 

9. 5 
18 

22 

28 

29 

10 30 
27 7.5 

10 30 
27 7.5 

10 30.5 
25 7.5 

6 31 
24 8 

0. 5 32 
20 8.5 
17 9.5 -5.5 32:5 
14. 5 10. 5 1--11.5 35 
10. 5 1 	12 19. 5 35: 5 

1-34 36: 5 

6 
12  
18 
24 
30 
36 
42 
48 
54 
60 
66 
72 
78 
84 
90 
96 
102 
108 
114 
120 
126 
132 
i138 

TABLE 7.5 LATERAL MOVEMENT OF DENISON  200 'TON COMPRESSION 
MACHINE TESTING 6" CUBES  (cont..) 

LATERAL MOVEMENTS 
IndicateSpecimen 1-cast face west Specimen 2-cast face east 
ed load ,Movement below Movement above' Movement below Movement a-, 
(tons) 

Seatin (in) 
1K 10-  )  
7irest 	South 

80 

109.5 

112 

112 

112 

112 

115 

119 

125.5 

134 	24 

184 

Note: Results of Series 1, 2 and 3, are presented graphically 

in Figures, 7.4, 7.5 and 7.6, respectively. 
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movement, pccurring over the last 30, of loading, took place 

in the same 	ection as the orientation of the failing face. 

This agrees with the theoretical analysis of Chapter 6. 

It was suggested from theoretical considerations, that 
machines having lateral stiffness less than 2 2 105  lbs. /inch, 

would have an insignificant effect on the ultimate strength of 

concrete specimens. However, this machine with lateral stiff-

ness, 1.75 x 105 would produce a lateral force of 2.5 tons for 

4. 300 x 10-  in. lateral movement (see Figure 7.6 - Specimen 1). 

The resulting displacement of the reoultant at the fixed end by 

approximatley 1/8" would have a very significant influence on 

the stress distribution and, probably, on the ultimate strength. 
Consequently, the suggested limit of 2 x 105  lbs/inch, is high, 

the correct limit being probably about 1 x 105  lbs./inch. 
Despite the,  care taken in bringing the upper bearing block 

into uniform contact with the intermediary platen, there was an 
initial lateral movement which varied greatly in magnitude, but 

always occurred in a south and west direction. This movement, 

however, seamed to have no effect on determining the failing 

face. 

The sensitivity of the spherical seating to tilt as dis-

cussed in Section 7.2.1.4 is ac min revealed hero by the direc-

tion of movement of the machine near failure. The fact that 

the movement, beginning at about 70% of ultimate load, is more 

sensitive to local weaknesses in the specimen than any other 

machine property is further proof of its good alignment char- 
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acteristic. 

7.2.3 Appraisal of Machine  

The machine is in good alignment , capable of producing 

consistent failures independent of the orientation of the spe-

cimen under test. The spherical seating is very sensitive to 

slight misalignments and non-uniform specimen properties, there-

by behaving in a manner approaching an effectively pinned con-

dition to applied loads of about 100 tons. The machine does 

contain inherent idiosyncracies which cause the upper machine 

platen to move initially south and west. However, this has 

no influence on the specimen strength and its failure patterns. 

The lateral stiffness of the machine, 1.75 x 105  lbs./Inch, is 

sufficient to produce lateral forces, large enough to signific-

antly influence the stress pattern and, Erobably, the failure 

stronqth. 

Its calibration is, however, poor (see Section 3.3.1) and, 

therefore, its load indicating mechanism should be replaced or, 

at least, improved„ 

7.3 !,,NALYSIS OF 50 TON UNII,XIAL COMP1ZESSION 	 

This machine was developed and used as a research tool 

for investigating the uniaxial compression properties of con-

crete. However, owing to a very low longitudinal stiffness 

resulting in highly explosive failures, it proved unacceptable 

for cube testing and even unsuitable for determining the ul-

timate strengths of 4" 4" x 12" prisms for which it was de- 
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signed (see Section 5.4,1). It was used, however, by several 

researchers for determining such fundamental properties as mod-

ulus of elasticity and Poisson's ratio. 
(1-3) 

The machine differed from most compression machines in that 

it had two loaain8 jacks side by side. The investigation was 

therefore an examination of possible misalignment effects and 

inherent idiosynOrasios as well as possible undesirable in-

fluences from using two loading jacks. 

7.3.1 Tilting Platen Tests 

7.3.1.1 Test procedure 

The assembly, shown in P1F,to 7.3, is essentially identical 

to that used on the Denison compression machine(see Plate 7.1 

and Section 7.2.1.1). 

The cpecimon, in every case a 	cube, was Placed in the 

machine, after removal of surface moisture and arit. Inter-

mediary platens, 4" x .4" x 1/2" wore used, with the bottom one 

being dowelled into the machine bearing block. A steel prism 

4" x 4" x 12", acting as a spacing block was positioned between 

the lower platen and specimen. After accurately positioning the 

specimen, steel prism and platens, the upper machine block was 

brought down into contact with the upper platen and the four col-

umn nuts screwed down by hand until firmly in contact with the 

cross-head. 

Prior to commencing the test, the dial gauges wore all 

tapped lightly with a pencil and their readings recorded. The 
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specimens wore loaded to failure in approximately 10 minutes. 

All readings were recorded by a tape recorder and were, subse-

quently, transferred to pa.-?cr. 

7.3.1.2 Test results  

Of the 8 specimens tested, four concrete and four mortar, 

only the results of the mortar specimens arc presented hero, ac 

they were representative of the rest(sce Table 7.6 and Figure 

7.7). 

TABLE 7.6 TILTING PLATEN TESTS DEPORMATIONS ON 4" MORT:,A CUBES 
IN 50 TON UYI:=2,..L COMPRESSION MACHINE  

Load ' Deformation of Face Contra line (Insaz 10 ) 
(tons) North South j West  ' East  4 Nortn.L SouthVLis  F.  East 

Cast Face North 	Cast Face South 

	

30 	42 	30 

	

41 	54 	41 

	

52 	67 	53 

	

62 	77 	64 

	

72 	i 88 	74 

	

83 	f 98 	85 

	

92 	j 107 	96 

	

101 	118 	107 

	

111 	129 	122 
122 1.142 142 

	

128 	! 152 	161 

Cast Face West  

	

5.5 	45 

	

9.4 	58 

	

14.2 	71 

	

19.1 	83 

	

24:0 	95 
28.8 108 
32.7 118 
36.6 131 
40;5 147 
44:4 173 
46.3 206 
48.3 

	

44 	71 

	

56 	86 

	

69 	99 

	

81 	111 

	

92 	121 

	

105 	134 

	

115 	143 

	

127 	154 

	

142 	168 

	

165 	185 
184 194 

	

233 	212 
Cast Pace  

	

64 	55 

	

77 	68 

	

90 	82 

	

101 	94 

	

111 	105 

	

122 	118 

	

130 	129 
141 142 

	

153 	158 
166 182 
174 202 
182 240 
East 

48 
62 
74 
86 
97 
109 
120 
131 
147 
174 
193 

40 
53 
67 
79 
90 
103 
114 
127 
143 
185 

128 60 110 
72 127 
85 142 

	

95 	156 

	

105 	169 
116 183 
125 195 

	

133 	208 
144 229 
154 279 

5.5 101 41 89 
9:4 114 53 100 
14.2 127 64 112 
19;1 138 74 121  
24:0 149 83 130 
28:8 '162 	94 142 
32.7 172 102 150 
36.6 185 110 161 
40:5 203 121 173 
44.4 240 136 193 
46.3 j 280  143  209 

156 
168 
180 
193 
202 
214 
226 
251 

143 

Note: These results are presented graphically in Figure 7.7. 
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The mix proportions of the specimens were identical to those 

used in the Denison tilting platen tests. (sec Section 7.2.1.2) 

The concretes and mortars Wore tested at 56 and 73 day strength, 

respectively. 

In contrast to the tiltinrz platen test results on the 

Denison, the deformation pattern on this machine indicates a 

definite off-centre load application towards the north and cast 

sides. These two faces deform more rapidly than their opposite 

faces and show the first and most severe signs of failure, in-

dependent of specimen orientation or the deformation pattern 

in the first 15,of loading. 

As the spherical seating is sensitive to local weaknesses 

in the specimen (it deforms the failing face at an increasing 

rate from about 70;,of ultimate load) as well as being sensitive 

to machine misalignment, it approaches an effectively pinned 

behaviour. 

7.3.2 Lateral Movement Tosts 

7.3.2.1 Deformation measurincf, assembly  

The assembly, shown in Plate 7.4 comprised a rigid frame-

work firmly attached to the bottom cross-head. Although the 

sot-up shown in Plate 7.4 includes a 4" x 4" x 2011  mortar prism, 

the test series was performed on a" cubes, with the 4" x 4" x 12" 

steel prism positioned beneath it as shown in Plate 7.3. In 

addition to the zsuees shown in Plate 7.4, four other ones, with 

their pointers horizontally positioned in contact with the steel 

pris were included, located 3/4"below the bottom of the cube 
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specimen. Care was taken that the pointer of each gauge was loc-

ated centrally on one of the principal axis of the machine ex-

cept for two gauges on the east side at the top cross-heed. 

These were positioned to measure rotation of the top cross-head 

about a vertical axis. With gauges on all four sides at each 

of the four levels, (17 aauges altogether) the movement in each 

Principal direction at each level was calculated as the average 

of the movements of two diametrically opposed gauges. This pro-

vided a continuous check as well as more significant data. 

7.3.2.2. Testing procedure  

Four mortar specimens, W/C = 0.40, A/C = 2.0 and 70 day 

strength were tested with each specimen orientated differently 

from the other three. 

The manner of positioning the specimen and preparing for 

test were essentially the same as used for the tilting platen 

tests (see Section 7.3.1.1) . However, instead of loading con-

tinually to failure, the load was hold constant at each load 

age while the 17 dial gauges TC:00 read. 

After loading to approximately 70; of ultimate load, the 

load was released, and the dial gauges immediately above and 

below the specimen removed. This was necessitated by the highly 

explosive failures which -,:ould damage these gauges. The spec-

imens wore then loaded to failure with readings taken on the 

nine remaining :autos at each of several load stages. 

7.3.2.3 Test results 

The data in Table 7.7 and accompanying Figure 7.8 represents 



	

4;5 i 157 	22. 51 116.5 -425 

	

9;4 	196 	67. 51 147. 5 -86. 5 

	

14.'2 1 198 	78 ' i 153 	-75. 5 

	

19:1 	201 	90. 5! 155 	-60 

	

24:0 	203 	104 ' 1 158 i -48 

	

28. 8 i 204 	114.5. 159. 5 -37 • 

130 

139 
143 
149 

?-9T 

TABLE 7.7 LATERAL MOVEMENT OF 50 TON UNIAXIAL COMPRESSION 
MACHINE, TESTING 4' CUBES 

LATERAMOVJENTCL.n) (.:r. 10-4) 
Load. ; Level No. 1 Level No. 2 	Level No. 3 -Level No. 4 
Tons i  West South  West South West South. Westj  South 

- ; 
Specimen No; 1 -Cast Face' Jest 
0;6 	50. , 	20. 5 -177. 5 	21. 5 -102. 5 	5 
2:6 I 132 	17 • ; 95 " -133.5;77 	-66.5 27 

-60.5 33 
-33. 5 45. 5 
-26. 5 46 
-17 	46. 5 
-7 47 
0.5 47 

93 - 
118. 5 
121. 5 
122.'5 
124. 5 
126. 5 

50 	31 
50 	51 
50 	53 
52 	61 
57 	77 
57 	81.5 
59 	88. 5 
61 	95. 5 

-41. 5 
-34. 5 
-34 
-25. 5 
-25. 5 
-22. 5 
--18.5 
-15 

53 
54. 5 
55. 5 
57 
62. 5 
64 
66. 5 
68. 5 

Specimen No. 2 
0:6 	17 
2.'6 	67 	1 
4. 5 	87 
9:4 108 

19.1 124 
28;8 131 
33:7 136 
38.5 141.5 
Note: Results  

-Cast Pace East.: 
40 H 71 	125 • , 82 
55;51131 • 1 140;5i 134 
56.-  5i 146. 51 145. 51 145 
64. 5i 163. 5 156 	158. 5 
79 - 1 176 	1 172; 51 173. 5 
89. 51189. 5 186.51 184.5' 
98 	; 196. 5 k 196 1 192. 5 

104. 51202 1 204 t 202. 5 
are presented graphically in Figure 7.8. 

TWISTING MOVEMENT OF TOP CROSS-HEAD OF 50 TON 
UNIAXIAL  COMPRESSION MACHINE TESTING 4" CUBES 

TABLE 7. 8 

• ..: 

	

1.boad , 	LATERAL M0 V E M E N 	T in 2 gauges 	bearing' 

	

(tons) 	on east side of top cross 	-head .(in.) (x 10-  .._.._.„  	...  
Specimen No. 1 	-1  Specimen No.  2  

South gau_geT North gauge  South gauge 	North  sauce 

	

1 	 20 

	

49 	 72 

	

67 	 94 

	

83 	124 

97 

102 
107 
111 

2;6 
4:5 
9;4 

14.2 
19;1 
24;0 
28. 8 
33. 7 
38. 5 

60 
143 
169 
206 
209 
210 
211 
211 

53 
130 
157 
192 
198 
199 
202 
205 

Note: All readings imply a west movement. 
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the deformation pattern to 70%of the ultimate load of two of the 

four specimens tested. Table 7.8 represents the rotational 

motion of the upper cross-head. 

Large initial lateralmovements of the order of 1/64" as-

sociated with the settling-in action do occur which, as in the 

case of the tilting platen tests, are in a random direction. 

Such misalignment can have a very significant influence on both 

the stress pattern and failing strength(sec Sections 5.4.6 and 

6.3.5). Inconsistency in this misalignment,dependant on this 

settling-in action, will result in variable ultimate strengths 

and an increased coefficlient rf 

Following the settling-in action, the movement of all com-

ponents of the machine are in a south and west direction. In 

addition, the movement of the top platen is relatively faster 

than either the lower platen or upper cross-head. Such move-

ments are a natural consequence of the relatively faster defor-

mations of the north and cast faces of the specimen. 

It was observed that the relatively slow movement from 10 

to 30 tons increased very markedly at failure. This general 

Pattern corresponds to that which occurred in the lateral move-

ment tests on the Denison compression machine. 

The twisting action (sec Table 7.8) indicated a further 

idf,oscngasz-  in the testing machine. The possibility of tor- 
(39) 

sional instsbility as }presented by Flint 	applies only to 

tension machines and could, therefore, not account for the mo-

tion here. This rotation, small in comparison to the other 
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deformations is consequently a by-product of the machine's loose 

construction and inherent misalignment. 

The columns of the tasting machine approach a pinned con-

dition in their cross-head connections duo to loose fit and lack 

of fixity; nuts exist on one side only. Consequently, the lat-

eral stiffness and induced shear forces are both insignificant, 

thereby producing effectively pinned conditions at both ends of 

the specimen (sae Sections 5.3 and 7.3.1.2). 

7.3.3 Further Investigations  

As the two previous tests proved that the specimen was 

loaded repeatedly in a misaligned manner and that tho machine 

was deformed laterally excessively in a consistent direction, 

it was obvious that improvements in machine behaviour were nec-

essary before further testing could be conducted. 

With a metal scale graduated in 1/64 " divisions, a chock 

was made on the alignment of the assembled machine. The bottom 

platen was found to be displaced 1/64 " towards the west side 

and 3/6,1 " towards the south side. In addition, by using a 

clinometer, the slope of this Platen was measured as 0.0065 in. 

per in. with the north side 'Doing high. This produced a further 

misalignment of 1/16 " at the centre height of the secimen. 

This misalignment of 7/64 " in the north-south direction is re-

duced to 3/32 " by the south jack moving first, thereby reducing 

the slope of the machine platen. Ls the spherical seating, which 

approaches a pinned condition, would load the specimen vertically 

coincident with its own centre, the misalignments above would 
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explain trio faster deformation rates which occur on the north 

and east faces. 

The lack of effective fixity in the column cross-head con-

nections with its resulting random behaviour of load application 

was furthor art-sravatca by loose rnm-machine plat en connections. 

The use of two supposedly identical jacks has severe disadvant-

ages. When loaded, any differential force in the jacks results 

in a significant moment on the machine platen. Resulting tilt-

ing or banding can create misalignment as it did in this case. 

Furthermore, a rigid connection could produce binding at the 

ram-cylinder interfaces with differential force in the jacks. 

This would be a result of either differential jack properties 

or specimen misalignment. 

7.3.4 Appraisal of Machine  

The 50 ton uniaxial compression machine was condemned 

for the following reasons; 

1. It was in poor alignment. 

2. It had loose-fitting connections resulting in specimens de- 

forming in a non-repeatable manner. 

3, It was too soft longitudinally. 

4. The spherical seating (see Plate 7.3 ) had its centre of ro-

tation located above the centre of the bearing face of the upper 

machine platen. It thereby did not conform to the specifications 

of British Standard 1881. 

5. Two loading jacks side by side proved unsuitable for a un- 
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iaxial test. 

The investigation of this machine revealed conclusively 

the danger of applying blind faith to a calibration performed in 
(8) 

accordance with British Standard 1610 	; its calibration was 

Grade Al. It is to be appreciated that the current calibration 

technique appraises only the load indication device and, in no 

way, whatsoever, gives a guarantee of the reliability of test 

results. The importance of a calibration technique capable of 

sensing the effects of misalignment of load are readily apprec-

iated. Some experimental investigation toward; this end has 

been conducted and is presented in Chapter 4. It is hoped that 

an improved calibration technique would appraise not only the 

load indicating device, but would also reflect on the reliability 

of machine behaviour during routine testing. 

7.4  ANALYSIS OF WARD TENSION  MACHINE 

A machine for performing uniaxial tension tests on concrete 
(2) 

specimens was successfully designed and manufactured by Ward 1  

see Plate 7.5. In the design of this machine, special attention 

was given to alignment of components, stability and lateral and 

longitudinal stiffnesses. In contrast to the 50 ton uniaxial 

compression machine, encastre connections between the columns 

arad crossheads exist, achieved with locking nuts on both sides 

of the cross-heads. The specimen is loaded under a system app-

roaching effectively pinned conditions, - obtained by using two 

lubricated pins at right angles to each other at each end of the 

specimen. Furthermore, this had the advantage over spherical 

seatings of preventing a tendency to torsional instability (see 
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PLATE 7.5 Ward tension machine 
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Section 5.4.2 ). As the effective specimen length is less than 

the machine length, the combined assembly is, theoretically, 

inherently stable at all loads less than the combined buckling 

load of the columns. The grips and specimen were designed with 

great emphasis on achieving Precise alignment- see .iard's thesis 

p. 62-87
(2)
: 

7.4.1 Experimental Investigation 

The first of two investigations was conducted by Ward to 

check the specimen behaviour under load. By tasting an alumin-

um specimen and, subsequently, a mortar specimen, both with 

strain gauges on all faces, a chock for any inherent misalign-

ment effects was conducted. Two further mortar specimens with 

strain gauges on two opposite faces wore tested. All these tests 

revealed that the strain readings wore uniform to within 

microstrain (the sensitivity of the strain measuring instrument 

used) to the onset of failures Thereafter, with the mortar 

specimens, differential strains which occurred displayed the 

behaviour of specimens loaded under pinned conditions thereby 

giving evidence that the machine behaved in accordance with this 

method of loading. 

The second investigation conducted by the author in con-

junction with Ward was performed to corroborate the theoretical 

condition of adequate lateral stiffness and inherent stability. 

A rigid framework was firmly attached to tho lower machine cross-

head. Dial gauges, graduated in 0.0001" divisions, were po- 
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sitiened with tho pointers riding horizontally on the edge of 

the upper machine cross-head. Three gauges were positioned on 

the centre lines of the west, north and east sides whilst the 

two remaining gauges on the south side wore displaced laterally, 

similarly to the assembly on the 50 ton compression machine as 

seen in Plate 7.4, The first three gauges measured lateral 

movement while the latter two indicated rotational movement a- 
(39) 

bout the vortical axis of the machine 	. With the testing of 

two specimens, no movement was observed on any of the five aau-

aes thereby confirming the theoretical considerations of ad-

equate lateral stiffness and inherent lateral and torsional sta-

bility. 

7.4.2 Appraisal of Machine  

The theoretical considerations and subsequent experimental 

investigation confirmed that the machine is inherently stable 

and sufficiently stiff laterally to ensure a repeatable load-

ing behaviour, The specimen, furthermore, has lateral machine 

properties eliminated by virtue of being loaded under a system 

approaching effectively pinned conditions. The great care taken 

in the manufacture of the grips and specimen has provided furth-

er evidence of the ability of the machine to produce a true un-

iaxial stress state. 

The machine does, however, suffer from a relatively poor 

loading system. The valves, which are suite crude industrial 

typos, produce an insensitive load control with insufficient 

movement between 'Ile-load and ultimate strength. The piston-typo 



206 

Pump producinr slight oscillations of load and the relatively 

small load indicating device all contribute to Grades a. and B 

calibrations (see Section 3.3.4). 

7.5 THE INFLUENCE OF THE THICKNESS OF THE INTERMEDITE 
PLC TEN ON THE COMPRESSI7E STRENGTH OF CONCRETE 

7.5.1 Tost Procedure 

For determining the influence of the distance from the 

centre of rotation of the spherical seating to the upper bearing 

face of the cube, on the cube strength, four groups of cubes 

wore tested with varying: platen thickness. In the first throe 

groups, that is, Test Series 1-3 in Table 7.4, two specimens 

were tested at each of several thicknesses of intermediate pla-

ten. These thicknesses were obtained by placing a varying num-

ber of 6" x 6" x 7/8" platens between the bearing face of the 

upper bearing block and the upper face of the specimen. 

Prior to placing in the machine, surface moisture and grit 

were removed from the specimen with a clean towel and the cube 

was then accurately positioned on the lower dowelled platen. 

The upper platens were then accurately positioned on top of the 

specimen, care being taken to have the same face of the same 

platen always in contact with the specimen, except, of course, 

when no platens t,-,(;re used. The bearing block was screwed down 

twice in quick succession in order to achieve uniform contact 

7.5.2 Test Results  

The results of Test Series 1 and 2, presented in Table 7.9, 

indicated that some influence from the thickness of the intcrm- 
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TA LE 7.9 THE INFLUENCE OF I-YIT MEDIATE PLATEN THICKNESS ON 
THE ULTIMATE SWENqT;7“T_CgDTCRETPIES 

Specimen Failure  - tors  	 
	Platen Thickness  (in.)  
.7Ain  __1 3/4" 	2 5/8" I  3.1/2"' 4 3/8"  

Test 
Series 
No. 1 
Cube 1 
Cube 2 

Average  

90.0 	87:5 
83.5 	90.5 

86.8 	89.0 	86.8 4-- 

85. 0 
84. 5 

84.  

82. 0 
84. 5 

83.2 
Test 
Series 

84. 2 
89.5 

84.5 	88. 5 
83.5 	85. 5 

84.0 i 87.0 

No. 	2. 
Cube 1 82. 5 80. 5 
Cube 2 80.5 84, 0 

Average 81.5 82.2 
Test 
Series 
No. 3  
Cube 1 	142.5i112:0 	122;5 	138:0 
Cube 2 , 133.5!144.0 	139.0 	131.0 

Average 1  138.0 143.0__130.2 	134.5 
Test  	_..., 	, 

' 
Series 

95;1 
97.5 
96.0 
99;1 
96.8 
97.7 

97.0 

No. 4 
Cube 1 1 96.0 
Cube 2 i I 95.8 
Cube 3 i 98.0 i 
Cube 4 I 96.2 
Cube 5 i 95.5 
Cube 6 i 98;3 
Cube 7 97.8 

Average 96.8 

136.5 	134.5 
141.0 	140.0 

138.8  s137.2 
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ediate platen could exist - even though the trends were in oppo-

site directions. Test series 3, alternatively showed no con-

sistent trend. Test series 4, performed to corroborate or dis-

prove the trend of series 1, was conducted on a larger number of 

specimens at fewer positions for simaificanco doto:omination. 

From these results (series 4), it is apparent that the influence 

of intermediate platen thickness up to 4.5 in. is insignificant. 

In almost every case, it was visibly obvious that the spher-

ical seating had tilted thereby resulting in lateral movement 

and induced lateral forces. As these were most pronounced on the 

concretes in series 1 and 4, it is obvious that the lateral for-

ces, if influential, would be most significant in these test 

series. The fact that they are not, rives conclusion to the fact 

that the thickness of the intermediate platen (up to 4.5") has 

no effect on the ultimate strength of specimens tested in this 

particular machine. lathough the lateral stiffness of this ma-

chine will only produce small influences (see Chapter 6), there 

is a significant effect on the stress pattern and probably, on 

the ultimate strength(see Section 7.2.2.4). Furthermore, the 

discussion on platen thickness effect at the C. and C.A. sym-

posium (see Section 7.1.2) was with reference to platens of only 

about 1/2 " thickness. It is therefore reasonable to conclude 

that no significant effect on ultimate strength will occur with 

platens of 1/2" thickness in any testing machine. 

7.6 SUMMARY 

Three uniaxial testing machines, two compression and one 
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tension, have been investigated for the manner in which they 

load specimens to failure. The tension machine and Denison-

compression machine displayed good alignment characteristics with 

random s3:;ccimen failures while the 50 ton uniaxial compression 

machine W9S condemned due to several shortcomings including 

poor misalignment, inadequate lateral and longitudinal stiffness 

and improper spherical seating design. The tension machine and 

50 ton uniaxial compression machine loads specimens in a manner 

which approaches effectively pinned end conditions while the 

Denison 200 ton compression machine loads in accordance with 

the philosophy of having one end pinned whilst having the other 

end fixed to at least 100 tons. 

The investigation also revealed the fallacy of placing gr-

eat confidence in calibration results. The tension and Denison 

compression machines produced Grade or B calibrations over 

most of their working ranges, whereas the 50 ton uniaxial machine 

was Grade A 1 	The importance of devising a verification son- 

sitive to other machine properties than just the load indication 

device must be appreciated. 

From the investigations conducted, some definite conclusions 

and recommendations for the design of uniaxial testing machines 

are put forti. 

1. 	The use of 1/2" thick intermediary platenS, plane in • accor- 
.+1 

dance with B. S.' 1881, and positioned beteeh the machine bear-

ing blocks and s)ecimen do not influence the ultimate strength 

of concrete cubes. Furthermore, the use of such platens should 
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be encouraged, possibly by incorporating into British Standard 

1881 • 

2. Owing to the importance in achieving precise alignment)  the 

bottom platen should be accurately dowelled t.r) the centre of the 

machine bearing block. 

3. The machine must be manufactured with close tolerances in 

mind. Loose fitting components are Prone to misalignment effects 

and non-repeatable loading conditions. 

4. The use of two loadin jacks side by side is to be avoided. 

5. The longitudinal stiffness must be sufficient to eliminate 

explosive failures (.7ee section 5.4.1). 

From this investigation, there was insufficient evidence 

to provide definite recommendations for the behaviour of spher-

ical coatings during test. In particular, it was necessary to 

investigate the true behviour of different seatinrza under load 

and the effect that variations in this behaviour would have on 

the cube and cylinder strength. The details of such an inves-

tigation are given in the next two chapters, 
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(THAPTER 6 

THE BEHAVIOUR OF SPHERICAL SEATINGS  

8.1 INTRODUCTION „/- 

8.1.1 PREVIOUS RESEARCH ON SPHERICAL SEATINGS  
(49) 

In 1913, Schuyler 	stated that the AOS.T.M. specifica- 

tions required that spherical seatings be used for the compres-

sion testing of concrete specimens. However, these specifica-
tions made no mention of the details of the design of such seat-
inas. After an investigation of several seatings, Schuyler 

concluded that, in general, spherical seatings compensate for 

the lack of parallelism in the ends of the specimen during in- 

itial setting-up, but became effectively fixed during loading.. 

In more recent investigations where pinned end conditions have 

been required for particular tests, special designs have been 
(50) 

used. For example, Templin 	used a hydraulically supported 

spherical seating with a continual flow of oil being maintained 

along the seating interface. In the testing of columns pinned 
(61)/ 

in one direction and fixed in the other, Huber 	used fixtures 

with cylindrical bearing surfaces. These, he claimed, were sat-

isfactory to an applied load of about 2 x 10
6 lbs. 

Examination of the behaviour of the spherical seatings in 

testing machines used for the control testing of concrete cubes 

and cylinders has also been a subject of investigation by both 
(28) 	(22)' 

Tarrant 	and Wright 	In his tests, Tarrant measured 

coefficient of friction values in one seating under four con-

ditions of lubrication. 
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These values, ranging from 4% to 60%, were an example of the 

large possible variation of behaviour of different settings with 

different lubricants in different testing machines. Lower cube 

results were generally obtained with the well lubricateL seat-

ing, although this difference, which was not consistent, was 

also dependent on the composition and degree of segregation of 
(29)- 

the specimen 

Wright, when measuring the rate of deformation of opposite 

sides of concrete cubes, showed that some machines deform spec-

imens uniformly, while, others exhibit tilting characteristics 

in the spherical seating. However, as his gauges were not po-

sitioned to measure the direction of tilt that would normally 

be expected, that is, either towards or away from the cast face, 

none of his results necessarily represent fixed end conditions. 

(see Section 5.3) 

From research as presented in Chapter 7, it is shown that 

the spherical seating in both the Denison compression and 50 

ton uniaxial machines behaved in a manner approaching effectively 

Pinned conditions. 

8.1.2 Importance of a Complete Understanding of Spherical  

Seating Behaviour  

Although more than fifty years have elapsed since Ochuyler 
(49) 

stated the shortcomings in specifications concerning spher- 

ical seating behaviour in compression testing machines, current 

specifications still do not specify the function of the seating 

under load. Asa result, there is confusion as to whether a 
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seating should or should not tilt freely under load. Yet, from 

the limited past research, it is apparent that consistent results 

between machines cannot be obtained unless a closer control is 

placed on the manner in which specimens are deformed and failed. 

The method of loading a specimem(see Section 5.3) is ultim-

ately integrated with the spherical seating behpviour. Consequ-

ently, the question asked in Section 7.1, "How should testing 

machines deform and fail concrete specimens?",cannot be answered 

until a full understanding of s-.)horical seatings and its effect 

on concrete strengths has been achieved. 

In addition, questions concerning the possibility of ob-

taining effectively pinned or fixed loading conditions with a 

spherical seating needs to be answered. Not only is this of prime 

importance for closer control of testing machine behaviour, but 

also, numerous structures and commercial machines rely on pinned 

connections between components. 

8.1.3 Factors Influencing the Behaviour of the Spherical 

Seating 

The possible factors which influence the characteristic be-

haviour of the spherical seating are: 

1, radius of seating 

2. area of contact at seating interface 

3. type of contact, that is;  full contact or strip contact 

4. machining finish of the interface 

5. type of lubricant 

6. applied force 
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8.2 ADOPTED METHOD OF TEST 

Tarrant's method of obtaining coefficient of friction val- 

ues for spherical seating, which is to be described is, in 

principle, an excellent method of investigating the seating's 
(28) 

behaviour in routine testing. 	For, not only does the seating 
tilt at a very similar rate as in the testing of concrete spe-

cimens, but, also, the set-up and test are simple and accurate 

and the calculations relatively free from extraneous influences. 

It was, therefore, used in the following test series with im-

proved modifications. 

Tarrant, although indicating that a serious problem existed, 

performed insufficient experimentation to provide definite sug,  

gestions as to the type of lubrication which should be used. 

In addition, as his experiments were confined to one seating, 

the results did not take into account variables associated with 

the manufacture of the spherical seating- see points 1 to 4 in 

Section 8.1.3. To fully analyze these variables, several spher-

ical seatings, specially manufactured with suitable extremes 

in their properties, were tested to establish the influence of 

these properties. 

8.3 DESCRIPTIOTT 	BOIPMENT USED 

8.3.1 Spherical Seatings  

As spherical seatings are very costly components when 

manufactured properly, the investigation etas necessarily 

ed. 	The four seatings that were designed and manufactured as 

shown in Plate 8.1, have radii varying from 3" to 7". This 
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PLATE 8.1 Spherical seatings used in investigation 
of spherical seating behaviour 
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co;rers the general range of rcdii aldsting in vanaretecomprdszion 

testing machines , The three full contact seatings are constr-

ucted with the contact area dimensions geometrically similar. 

Consequently, the area of contact is proportional to the square 

of the radius, thus providing a ratio of 5.45 between the contact 

areas of the 7" and 3" radii seatings. By producing the machined 

surfaces of these two seatings with the same degree of finish 

and assuring full contact, an evaluation of the contact area 

influence was possible. 

The machined finish of the 3" and 7" radii and the 5" radii 

with line contact were all classified as 4 to 8 microinch finish. 

This defines a maximum difference between low and high spots on 

any mean arc across the surface of 4 to 8 microinches. This 

degree of finish and assurance of full contact at the interface 

Was only achieved by means of a very lengthy lapping process. 

Consequently, it must be a7)Preciated that the quality of this 

finish is very high and considerably better than that existing 

in almost all commercial testing machines. 

In order to investigate the influence of surface finish, 

a 5" radius seating having no lapping perfoiled on it was also 

manufactured. The finish, defined as 150-200 microinch, is 

worse than that existing in most machines. However, from exam-

ination of the interface during the test series, this seating 

appeared to have uniform contact over the entire interface area. 

A large number of spherical seatings in existing machines 

have, instead of a full contact, a strip contact following an 
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irregular ring. To investigate the influence of such a contact, 

a 5" radius seating seating with the same surface finish as the 

3" and 7" radii seatings was included in the investigation. 

With 0.5" width of contact and 7.0 sq. in. of contact area, it 

provided a good comparison with the 3" and 7" radii seatings con-

taining 14.5 and 78.5 sq.in. of contact, respectively. 

The steel, heat treated to 65 tons per sq.in. tensile str-

ength was KE 805. These specifications were kindly supplied by 

W. and T. Avery Ltd. All the spherical coatings were manufact-

ured by Morfax Ltd. Further details of the seatings are given 

in Figure 8.1. 

8.3.2 Load Transfer Assembly  

An assembly for transferring the force from the spherical 

seating into the two load measuring devices (in this case, pro-

ving rings) should be: 

1. hinged or pinned at the connections with the proving rings 

2. dimensioned so that no lateral movements are induced when 

rotation in the spherical seating occurs 

3. capable of locating the seatings accurrately and simply 

4. able to support each of the three different sizes of spher-

ical seating 

5. light enough to be positioned easily 

6. strong enough to transfer loads of approximately 100 tons 

7. infinitely stiff, thereby applying a uniform resistance to 

the male face of the seating, 



219 

The assembly, shown in Figure 8.2 and Plate 8.2, was des-

igned with these 7 points in mind. 

In order to obtain a hinged connection, two knife edges, 

6" long, were manufactured which, so as to resist the very large 

applied forces, were designed relatively flat - see Figure 8.2. 

As the punching action of this knife edge was likewise very 

severe, its groove was machined out of 1" thick high strength 

steel with an additional 1" stiffener plate welded on top. The 

knife edges and assembly were dimensioned so that the centre of 

rotation of the spherical seatings and the knife edges were on 

one horizontal line. This prevented any component of lateral 

displacement arising at the knife edges with the small rotations 

of the sphere in its seating. 

The transfer assembly contained two dowelling pins which 

allowed very accurate axial placement of the seating, estimated 

at t 1 " . In order to achieve a very repeatable set-up, the 

pins were manufactured with a firm fit in both the seatings and 

the transfer assembly. 

The transfer assembly was light enough to be lifted into 

place and located accurrately with ease. However, it Was not 

infinitely stiff as this could only have been achieved with a 

very elaborate and expensive clo'-ico. Consequently, the load 

on the male spherical seating face varies from a maximum at the 

edges to a minimum at the centre due to the flexural behaviour 

of the transfer assembly. 

In an initial series of tests, loads to 100 tons were ap- 
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PLATE 8.2 Load transfer assembly positioned on 
top of proving rings 
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Plied, but it was found that the weld between the sideplates and 

top plate nearest the knife edges failed due to a severe over—

stressing. The welds here were replaced and a stiffener frame 

over each knife edge was welded on (as shown in Plate 8.2) to 

relieve this concentration of load. So as to eliminate further 

failures, tests were performed thereafter to 80 tons only. As 

some distinct minute weld failures occurred at a later date, 

two more stiffener frames wore welded on. This relieved the 

stresses sufficiently to allow the entire test series to be cem 

pleted. 

8.3.3 Load Indication Devices  

It w.7.-s necessary th-t trio two load measuring devices should 

have: 

1. sufficient difference in stiffness to measure the large 

coefficient of friction values of the non—lubricated coatings. 

2. high sensitivity to load indication. 

3. repeatability and accuracy so as to discern the repeatability 

in the behaviour of lubricants and provide accurate values of 

its coefficient of friction. 

On the basis of these requirements, a 50 ton proving ring 

and a 100 ton proving ring wore selected, the latter being ap—

proximately twice as stiff as the former. This selection proved 

adequate for conducting all the proposed friction tests. The 

100 ton proving ring was Grade 1 from 10 tons to 100 tons while 
(a) 

the 50 ton ring was Grade 1 from 10 tons to 50 tons . Both 

instruments can in addition, be considered highly sensitive 
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to changes in load. As each division was sub-divided into ten-

ths for every reading, the 50 ton ring would have 5,900 incre-

ments at 40 tons applied force while the 100 ton ring would in-

dicate 3,200 increments. 

8.3.4 Testing Eachine  

The loading assembly complete with a spherical seating, as 

shown in Plate 8.3 required loading to each of a series of pre-

determined loads. The requirements of a testing machine for 

performing this operation are: 

1. sufficient head-room 

2. excellent load control 

3. high degree of accuracy and repeatability 

4. ease of removing its existing spherical seating 

5. horizontal flat contact area on the lower face of the UlDIDO2 

cross-head 

6. large lateral and longitudinal stiffness 

7. immunity from inherent lateral movement 

With these requirements in mind, an Avery testing machine 

belonging to the Road Research Laboratories, was selected as 

being the most suitable available tce,  Pla.te 8.4) . Its head-

room was sufficient to meet the 33" rcqu:'..red for the test. A 

Grade A calabration over its entire load range and excellent load 

control were proof of the merits of this machine. In addition, 

it was a very stiff machine, both laterally and longitudinally 

by virtue of having 7.5" g( columns and an 18 V loading ram, 

Although it had two columns only, thereby reducing the lateral 
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PLATE 8.3 Test assembly for coefficient of friction tests 



PLATE 8.4 Testing machine used for coefficient of 
friction tests on spherical seatings 
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stiffness out of the plane of the frame, this was rot considered 

serious as all tests were being performed La the plane of the 

frame. Its spherical seating was easily disassembled thereby 

providing uniform contact for the bearing faces of the female 

Portions of the different soatings. 

It was discovered, however, after the tests were well under-

way, that the machine contained an idiosyncrasy. Orn applying 

the initial load,the top cross-head did not lift unifopwly in 

the space provided by its tolerances. Instead, the left side 

es shown in Plate 8.4 lifted first until firmly in contact with 

the back side of the threads. The subsequent lifting induced a 

rotation about the left side of the upper cross-head which cre-

ated a lateral component of movement through the test assembly 

(see Plate 8.3) thereby inducing a lateral force. To chock for 

this, a magnetized base, with a vertical arm supporting a hori-

zontal dial gauge, graduated in 0.0001" divisions, was secured 

to the machine base. The dial gauge, whose pointer was position-

ed on the edge of the transfer assembly, was able to measure the 

lateral movement occurring through the assembly. The movement 

occurred mostly in the first 2 tons of load application with 

only slight movement after 10 tons and no movement after 20 tons. 

After repeating the test several times, it was concluded that 

the entire movement was very repeatable as the upper cross-head 

returned to the same position and the magnitude of lateral move-, 

ment vas constant in every case. 

To correct for this unfortunate idiosyncrasy, the entire 
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assembly was reversed and 2 tests were performed with the set- 

up in this manner. With this information, it was possible to 

apply an accurate correction to the test results(see 

8. 5). 

8.4 LUIS .0ANTS 

Section 

   

After consultation with the major testing machine manufac-

turers, the lubricants shown in Table 8.1 Moro selected as being 

generally used on spherical seating interfaces. 

TYPES OF LUBRICANTS USED ON SPHERICAL SEATING INTER-
PACE 

Lubricant 

1 	cm) 	, 	.h 

..16 -S.T-M- P.?;77&0_1_____________ 
Molybdenum Disulphide Lubricants  

TABLE 8.1 

1 Penetration - Description 1 

5(), MoS2in refined petroleum 
residue 
10% MoS2 in viscous based oil 
grease 

!Graphite Lubricants  
Amster grease 

Graphite-tallowi 	50 
mixture 
'Graphite -Shell!  
Illhodina 2 
imixture 
'Shell Barb- 
latia 4 

'Other Lubricants  
'Shell Rhodina 2: 

!Shell Livona 3 1 

Stauffers gronsh 
'Yellow tallow ' 
!Sternal Grade 140 
!Motor oil 
IFish oil 
;graphite 
'no lubricant  

I 50A;graphite 
; '2 
150% graphite 
1 
150% graphite 

1 2  
graphite dispersion in limo- 
base grease 

lime--base grease with pressure 
additives 

!Lime-base grease with pressure 
additives 

'

soft grease 
'hard grease 
high viscosity oil 

l low viscosity oil 
;commercial black lead 

?:2.00 

1.80 

2.65 

2.20 

5.00 
1.00 

in Shell Rhodinn 

in yellow tallow 

in Shell Rhodina 
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The Rocol greases consist of a semi-colloidal dispersion 

of molybdenum disalphide in grease. Molybdenum disulphide is a 

black crystalline solid, occurring in nature as molybdenite, 

which shears easily, has a low coefficient of friction(about 
(52) 

004) and has high pre:sou:0s rosietanec 	; mossuroments have 
(53)• 

been taken at pressures of 475,000 p.s.i. 	. In addition, it 

has thermal st:i.bility over the range, -300 to 750' Fahrenheit. 

It adheres very strongly to metal surfaces, and is inert chem-

ically, non-toxic and resistant to water and solvents. Rocol 

A. S. P. contains approximately 50.% of Molybdenum disulphide by 

weight while the M. G. grease contains 10%. 

Graphite suspension greases include Amsler and Shell Barb-

atia 4 greases, while two mixtures containing graphite were 

manufactured by the author. In both the graphite-tallow and 

graphite-Rhodina mixtures, the graphite was finely pulverized 

with a knife edge, before mixing with an equal weight of the 

second component. Amsler grease, also manufactured by mixing 

graphite and Shell Rhodina 2 was very similar in appearance to 

the author's mixture. Although being quite hard, particularly 

in relation to the Rocol greases, it was considerably doftor 

than the graphite-tallow mixture, which had a consistency similar 

to a thick paste. The Shell Barbatia grease, the least viscous 

of the graphite greases was basically a lime-base grease with 

only a small percentage of graphite. 

A comparison of the properties of graphite and molybdenum 
(52,54,55,) 

disulphide has been conducted by several investigators. 
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Graphite, in addition to being a. cheaper material, is simpler to 

suspend stably in oils and greases. Also, it is a very inert 

material and can withstand extreme temperatures. On the other 

hand, molybdenum disulphide has a slightly lower coefficient of 

friction end a  n:reater resistance to extreme pressures as well 

Ps being a better material for the prevention of wear and de-

laying seizure between adjacent running machine components. 

Tarrant's invosticratien in 1954, was conducted on Shell 

Rhodina 2 and Livona 3 greases. Both are lime-base greases with 

extra pressure additives. Essentially, they remain unchanged 

from the time of Tarrant's tests except for an alteration in the 

type of fatty 	in the Rhodina grease. 

Tests conducted on the graphite and tallow individually 

were performed to see if the lubricating behaviour of the mix-

ture resembled that of either of its components. The other 

lubricants tested, Stauffer's grease and the two oils would not 

be expected to provide good lubrication. 

8.5 THEORETICAL PRESENT,.TION 

In Figure 8.3, which shows the force system acting on the 

male portion of the spherical seating and load transfer assembly, 

it is shown that the entire stress system at the spherical seat-

ing interface can be vectorized into normal and tangential com-

ponents. By suitably taking moments about the centre of rotation 

of the sphere, the moment of the entire normal force is equal to 

zero, while the total frictinal force, F, can be multiplied by 

the radius, R. That is, as 
	MB 
	 ...8.1 



P 	P 
P 	f 	f 

ID\Y 

Notes: 
1. The integration of the fric,tional 

force 'f' over the area of the 
seating interface yields the total 
resistance to sliding, F. 

2. The summation of the normal 
forces, p, is approximately equal 

p to Pst.  Pso.. 
f 

.4N/P 

Mst. 
6" 6" 

1:8 

FIG. 8.3 FORCE SYSTEM ON MALE SECTION OF SPHERICAL .• 
SEATING AND LOAD TRANSFER ASSEMBLY 

A 
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and, as the distance between the knife edges is 12",then 

	

Pot(6i-x) 	Pso  (6 	x) —Mst 	Mso 	= 0 	...8.2 

where 	Pst  and p so 
represent tho applied forces of the stiff 

and soft proving rings, respectively, x is the misalignment of 

the spherical seating towards the soft ring, and, Mst and Mso  

are.the fixing moments at the r',nnc,tions between the rings and 

transfer assembly. 

Although the fixing moments at the knife edges, Mst and 

	

arevery only 	 minute, it is necessary to take them into Mso, 

account in the calculations as precise values for coefficient 

of friction, u, are required. The radius, r, of the knife edge 
if 

contact arras measured aS 1 while the coefficient of friction,u, 
16 

based on values for steel sliding on steel, as obtained from 

Figures 8.7,8.8, 8.9 and 8.10, was assumed equal to 0.16. 

But 	Mst 	 8.3 = P Patr  
Therefore st Mst 	= 0.01 P 	• • • 8.4 

Similarly = 0.01 so Mso 	P 	 ••• 8.5 

By substituting equations 8.4 and 8.5 into equation 8.2, 

then; 

(Pst 	Pso) 6  1-(x 	0.01) (Pst-/  Pso) = FR 
	• • • 8.6 

From the definition of coefficient of friction, 

F = Jo (applied force at the interface) 
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But, (applied force at the interface) 4E'5tl-Pso) • • • 8.8 
The right hand side of equation 8.8 which is the applied 

vertical force throiiph the seating is somewhat loss than the 

total normally applied force at the interface, with this differ— 
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once becoming greater as the suspended arc of contact area in-

creases. .issuming the prossure,P, to be uniform over the en-

tire contact area, then the ratio of the integration of the vor-

tical components of the pressure to the integration of the total 

Pressure over the contact area is simply calculated. For all the 

full contact sec, ings in this investigation, this ratio is 0.873. 

However, the true value will be in excess of this, approaching 

1.00, due to the pressure, assumed constant, above in practice, 

actually reducing from a maximum at the centre to a minimum at 

the edges. On this basis, the expression 8.8 is assumed to be 

a true equation. 

Substituting Equations 8.7 and 8.8 into Equation 8.6, then, 

= 6 rat_=.2q01 	- 0.01 
I 

 
R 	Trst 	P;07 R 	R 	

• • • 8.9 

From Equation 8.9, it is observed that the influence of the 

fixing moments at the knife edges will cause variations ini,/ 

values of only about 0.002. 

Following an initial series of tests, the calculations show-

cd. small negative values for the coefficient of friction. This 

was due to the small sideways movement of the testing machine 

(see Section  8.3.4) which induced an external moment into the 

test assembly. To determine the magnitude of this effect, the 

proving rings a.nd load transfer assembly were reversed in the 

testing machine and tests repeated on the 3" and 7" radii coat-

ings lubricated with Rocol M.G. grease. The results of these 

tests as well as those obtained in the routine tests are present- 



ed in Table '8.2 and Figure 8.4. 

EX8.minat ion of Flgure 8.4 shovv-s the. t the true difference in 

indicated loads on the two proving rings should be greater in the 
..... \,. 

l"lou-tine set·-up f~nd less in the reverse set-up 'Ij!i th the correc-

tions appliecL .Ivo either being eClual to half' the diffcl"1ence ob-

servedo That iS 9 if no e~ternal effect existed, the valu~s ob

tained :Cor (pst w_ Pao ) iT:'ould be . inclependent of the orientation 

of the set-upo Consequontly~ Table 8.3 has been presented to 

ShOiv~! the magni.lGUd.G8 of those l'lalf clifferences of (pst -pso) 

values between the routine and ~everse set-ups. These values~ 

plotted in Figure 8. 5~ indic8.te that the requil"lec1 corl"'ection is 

lineal'" B.nd independent of the sphel"1ical seE'~ting size as the tVIO 

lines are parallel~ As the lines in Figure 8.5 would be hori

zon.rcaJ. tf the TI18.chine hacl beh2~ved perfectly, th~ corrections re

quiJ~ed for the measul"1ect (pst -" p so ) values. in E~uation 8.9 is 

that reCluireo. to change the inclicated olopo in Figure 8.5 to 

a horizontal lineo That is y the correction for (pst - pso) is 

e Qua]. to Ocr 22 :;~ 10-3 (p st :>. ~ so) Ylh~re -3. 22 x 10-3 is the s10pG 

or the lines in Figure 8~5 Therefore, from Equation -8.9 

10--3 (pst +- PSG ~ IJ. = 6 L,(P st ... P so) + 3. 22 x 
R{P st~-p's-;} 

••• 8.10 

which, on simplifying, becomes 

!-L = §. ipst - pso) .-!. Oct 009 1" x ••• 8.11 
R \v.:t. -~.. P so)' R R 

From Equation 8~~O~ it is observed that the magnitude of this 

testing machine correction is very small, result~ng in alter~ 

ations of IJ. by only about 0~003~ 



TABLE 8.2 DIFFERENCES IN LOAD IN 2 PROVING RINGS FOR ROUTINE 
AS D RETERSE SET-UPSOF_ A s sE-i\lig,x_11\1112Egyan. alma 

(see Figure 8.4) 

Indicated Routine Sot-up 
Load. 	:Indicated Load 
(tons) 	(1b4) 

T ut 	P ob 

Reverse Set-up 
Indicated. Load 

) 
(P t-P 	P 	P s 	 L SQ, 

3" Radius Seating with Rocol M. G. Lubricant  
.B1111,, 1  
10 
20 
30 

L40 
50 
60 

20 
30 
40 
i50 
60 

:Rm? 
10 

120 

! 40 
30 

50 
60 

10 
417:_qrage 

120 
1 30 
40 

! 50 
60 
711Radius 
Run 1 

110 
20 

430 
140 

50 
160 
7.un 

11, 300 
22, 540 
34, 050 

: 45, 370 
56, 890 

168,350 

'11,250 
122, 480 

€ 34,050 
145, 310 
56, 890 
68, 400 

111,250 
22, 510 • 33, 990 
45;400 
57. 030 
68, 430 

11, 370 -70 
22, 580 -40 
34,100 ;  -50 
45, 380 -10 
56,780 110 
68,080 270 

11, 300 -50 
22, 520 ; -40 
34,100 -50 
45, 300 10 
56, 730 160 
67, 970 430 

11, 310 -60 
22, 540 -30 
34,110 -120 
45, 440 -40 
56, 950 80 
68. 160 270 

11, 250 
22, 010 
33,150 
44, 300 
55, 690 ; 
67, 1901 

11,1601 
21, 950 
33, 120! 
44, 270 
55,720 
67, 160 

11,160 
21, 920 
33, 120 
44, 270j 
55,7401 
67, 160 

11, 360 
1  

11,420 
22,160 
33, 210 
44,170 
55,390 
66, 680 

11, 330 
22,110 
33,120 
44,080 
55, 260 
66, 530 

11, 330 
22,030 
33,070 
44,000 
55, 200 
66, 400 

11, 540 
22, 420 
33,580 
44,680 
56,210 
67, 570 

11, 530 
22, 380 
33, 540  

-170 
-150 
-60 
130 
300 
510 

-170 
-160 

0 
150 
460 
630 

-170 
-110 

50 
270 
540 
740 

-170 
-140 

0 
180 
470 
630 

-180 
-220 
-150 
-50 

30 
100 

-200 
-210 
-140 

22,790 22, 980 
34, 130 34,420 
45, 170 s 45, 500 
56,740 1 57,060 
68,030 68,500 

10 	- 11, 440 11, 570 
1 20 22, 620: 22, 820 
30 33, 930 34, 230 
(cont. ) 

-60 
-40 
-70 
-10 
130 
320 

Seating with Rocol M. G. lubricant 
• 

11, 500 11, 700 -200 
-190 22, 200 
-290 33, 430 
-330 44, 630 

1, -320 56, 240 
1 -470 67,670 

1 -130 11, 330 
1 -200 22, 170 
; -300 33,400 



45,120 

67, 860 

45, 440 1 
56,920 
6 8,270 1 

11,470; 11,6201 
22,540 1  22,750 1  
33,900f 34,190 
45,010 45,3301 
56,540 1 56,890i 
67,830 68,2501 

i 

i 
1_ 

?PP 

TA. T,,E_ 8 p.. 2 _DIFFERENCES IN LOAD IN 2 PROVING RINGS FOR ROUTINE 
;LTD. RE7713-SE_S;711T -ppS., OF .A.SSEMBLY 415p ,1-?;40V,1NG_RING§ 

_________ __Igoe_ kgu1:!o ,84  4Itidon.76.--) _ _ _ _ 	_ _ _. _____ _ 
Indicated ! Routine set-up 	:Re-FerSe sot-up 	i 
;Load ' 	1 Indicated Loaa 	I Indicated Load 
! (tons. ) 	1 .Clbsf. ) 	 1(113, s.1 ______ 	. _ 

s  	_ Pst 	 4_' Pso 	-I-  (1-I st-Psdi Pst 	' Pso --1C15st-P.s-o),  : 
7" radius seating 

gun 2 (c ont 0) , 
140 
;50 
60 
Run__3 
10 
20 
30 
40 
50 
60 
Avera,go 
10 
20 
30 
40 
50 
60 

Rocol M.G. Lubricant (cont 
-320 

56,160 -380 	
{44,60011 

-410 	67,530 

-150 	11,250 
-210 	22, 060 

44,640 
56,100 
67,420 
11,470 
22,260 

-43 
60 

110 
-220 
-200 

-290 	33,320 33, 450 -130 
-320 44,520 44, 570 -50 
-350 56,110 56,010 100 
-420 67, 420 67,290 130 
-160 -200 
-200 -210 
-290 -140 
-320 - 50 
-410 6U 
-450 110 

TABLE p,T?'00RRECTIONS, FOR SPI-MRICAL SEATINGS DUE TO LATERAL 
...__ 	,,IOVE1.1

.
1ENT 0767 TESTING MAgf-IIBTE .  .see Figure S.p?_____ ..  

t.- ',. frop. Table 82 	 .j 1----- ----- - 7--CPS ;S r- Appliedi 3" R.?.dius.-TirjRocol M.O.. 	..J V T  radius- ii:-/TRo:Col M. G.7, 
Load. - i Routine1 .koversoi 35iI.±-'41 Duff. f Rolitinct Acvel-.36 -Diffm4Diff. 
(tons. )1Set-up i S 0 t -111D ! 	; x1/2  Set-up Set-up ' 	x1/2 , 
10 	i 
20 	1 

, 30 	' 
40 	; 
50 	, 
60 	1 

-60 1-170 
--40 1-140 
-70 0 
-10 1 	180 
130 470 
320 1 	630 

1 110 	55 1-160 	-200 	1 40 1 20 
100 1 	50 ! -200 	! -210 	1 	10 1 	5 

	

1 -70 1 -35 1-290 	: -140 	1-150 1 -75 

	

-190 i -95 1-320 	-50 	1-270 1-135 

	

1-340 1 7170 ;-410 	i 60 	1-470 -235 

	

1-310 ; -155 -450 	1 110 	1-560 1-280 



3" Radius Seating 
with Rocol M. G. 
Routine set-up 

10 	 20 30 	 40 	 50 
APPLIED LOAD (TONS) 

60 

Note Data for graphs is 
given in Table 8.3 

3"Radius Seating 

600- 	

236 

1 

400 

FIG. 8.4 DIFFERENCE IN LOAD INDICATION OF 

TWO PROVING RINGS FOR ROUTINE 

AND REVERSE SET-UP OF ASSEMBLY 

	 AND PROVING RINGS 	  

Note: Data for graphs 
is given in Table 8.2 3 Radius Seating  

with Rocol M.G. 
Reverse set-up 

200 

0 

in 

0 

z . a 
, -200 

0. 

-100 

5 0 

.2 -200 

°In 

-300  

7" Radius Seating 
with Rocol M.G. 
Reverse set-up 

7" Radius Seating 
with Rocol MG 
routine set-up 

7" Radius Seating 

FIG. 8.5 CORRECTION GRAPH FOR SPHERICAL 

SEATING TESTS DUE TO LATERAL 

MOVEMENT OF TESTING MACHINE 
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It is also observed in Figures 8.4 and 8.5, that the lines 

do not always pass through the origin. This was probably duo 

to the pointer on the 100 ton proving ring moving slightly side-

ways on its contact face as a result of the lateral movement in 

the machine. A small zero correction, amounting to a fraction 

of one division, was therefore made to the readings in the tests 

where µ values less then 0.5Z wore obtained. This was justified 

as the values plotted on a graph behaved in a very linear manner, 

but usually had a y-ordinate value. Above µ values of 0.5;jsuch 

a correction was deemed to have a negligible influence. 

The 3" radius and 5" radius line contact seatings were man-

ufactured with their dowelling holes perfectly centred while the 

7" radius and 5" radius full contact Beatings had misalignments 

of 0.01" and 0.008", respectively. Although these would result 

in only very small difference in the value of µ (of the order 

of 0.0015) these corrections were necessary in view of some of 

the extremely low coefficient of friction values being obtained. 

With these misalignment values substituted into Equation 8.11,the 

equations for c!-Ilculating the µ values for the different Beatings 

arc therefore as follows; 

3" radius seating; 

	

=(P'st 	1)50) 	0.0030 	.• • 8. 12 2  

	

(Pst 	Pso ) 

5" radius seating, lino contact; 

	

6  (Pst 	Pso) 4.0.0015 	VII 8.13 
5 	 

	

(Pst 	Ps0) 
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5" radius seating, full contact - misaligned towards stiff 

ring; 

(Pst P ) 

	

0 --- 	so 

(Pst Pse) 

7" radius seating, - misaligned towards stiff ring 

	

= 6 (Ps 	Fso) - 0.0005 

...8.14 

• • • 8. 15 

 

(Ps b 	Pso ) 

  

7" radius scatina- misaligned towards soft ring, 

	

1.1  = 6 (Pst 	Ps0)4,0.0025 

	

(Pst 	Pso)  

.4, 8. 16 

8.6 TESTING PROCEDURE 

8.6.1 Calibration of Provini-4 Rings 

Both proving rings had boon calibrated 7Dreviously; the soft 

ring at Imperial College (see Section 3.1.2) and the stiff ring 

in the dc,adwoight machine at the National Physical Laboratory. 

However, as possible differential errors in their calibrations, 

arising from the differonoe in the manner in which the two cal-

ibrations were performed, would result in significant changes in 

µ, it was necessary to re-calibrate both rings in the same mach-

ine with the same operators. In addition, the 100 ton proving 

ring had aftly been calibrated at 10 ton increments whereas in the 

coefficient of friction tests, the loading stages occurred at 5 

ton increments on each ring. Interpolation was not considered 

good enough. Also, duo to lateral movements occurring, the imp_ 

ortance of calibrating the rings in the Avery testing machine, 
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thereby simulating the loading pattern under test, was recogniz-
ed. 

The 50 ton proving ring, No. 343, was calibrated against 

the N.P.L. electrical resistance strain gauge load cell by loc-

ating the latter on top of the former accurately and axially in 
the Avery testing machine. After 5 prcloadings, the calibration 
was conducted 10 times to 40 tonf. and 3 times to 50 tonf.  at 5 

tonf. increments (see Section 3.1.2.1 for test procedure). The 

calibration of the 100 ton proving ring, No. 100, was then con-

ducted by placing it on top of the 50 ton ring and calibrating 

as described above. In the latter case, the well lubricated 3" 

radius spherical seating with Rocol A. S. P. lubricant was placed 

axially on top of the 100 ton ring to ensure that the resultant 

force passed through its centre of rotation. 

The data from those calibration tests are given in Table 8.4 

while the calibration graphs are presented in Figure 8.6. 

As the load on the Avery testing machine could be maintain-

ed very constant due to its excellent load control, accurate in-

dications of load could be obtained on both proving rings with 

negligible drift occurring between the readings. This Was par-

ticularly important when investigating the well lubricated seat-

ings as the difference between these relatively large loads was 

very small(sce Equation 8.11). Possible errors arising from tem-

perature corrections have also been eliminated as the proving 

rings arc obviously at the same temperature during the calib-

ration. - Errors arising from operator technique are, likewise, 



153 -0-'691  
153. 281  
154. 33:  
154. 7 
154. 23 
154.46 
154. 39 
154. 221  
154, 08 ,  101, 2131 356. 9 283. 59 283. 70 
154. 09' 

279.07 
278. 89 
279. 54 
278. 54 

56, 533 203. 2 278. 21 278. 32 
67 9  572 241.8 279. 45 279. 51 
78, 590 279. 9 280. 78 280. 79 
90,007 319.7 281. 54 281.01 

11,4051  40.9 278.85 
22, 872; 82.0' 278.93 
34, 435; 123.1 279.73 
45,1921 162.3 278.45 

TABLE 8.4 CALIBRATION  OP  PROVING RINGS No. 343  1ND  No. 100 
(soc Piguro 8. 6-T 

2049, 

P.R. 343 Calibration  	P. R. 100 Calibration 
Indi- i Loaa . 	Moadlb sf  Avcr. Load P. R. 	Load.  Aver.  
cat od on N. i343 	Rdg, (divs,) 	on - 	100 	Rdg. 
Load 	P. L. i(divs ) 	 P. R. 	(divs) 
(tons) Load 	 343 

; Coll I 

• • 

	

5 	11, 630! 75. 5 

	

10 	i 23,191 151. 0 

	

15 	1 34, 824 224. 3 41 

	

20 	' 45, 593 294. 5 

	

25 	56,72 367, 4 

	

30 	; 68,146 441. 1 

	

35 	79, 185 513. 0 

	

40 	90, 409 586. 3 

	

45 	101,779 660. 5 

	

50 	113, 375 735. 8 

7 5. 2 
150. 3 

34, 452 223. 4 
45, 352 293, 1 
56, 406 365. 6 
67, 901 439. 4 
78, 817 510. 3 
90,174 584. 7 

45 	101, 439 658. 4 
50 	112, 960 733. 1 

5 	11, 416 74. 2 
10 	22, 827 148. 9 
15 	34,262 222,0 
20 	45, 327 292. 8 
25 	56, 415 365. 5 
30 	67, 891 439. 4 
35 	78, 998 517. 4 

90, 218 584. 9 
45 	101, 544 659. 0 
50 	113,085 733. 8 
Run 4, 
5 	11, 355 73. 9 
10 	22, 822 148, 7 
15 	34, 253 222. 0 
20 	45, 261 292. 4 
25 	56, 402 365. 5 
30 	" 67, 764 438. 8 
(coast.)  

154. 15 
153. 58 
155. 26 
154.'81 
154. 39 
154. 49 
154. 36 
154. 20 
154. 09 
154. 08 

153: 35 
153. 12 
1 54:22 
154.73 
154.'28 
154. 53 
154. 45 
154. 22 
154.07 
154. 09 

153. 85 
153. 30 
154.33 
154. 81 
154. 35 
154. 51 
154:47 
154. 25 
154.08 
154.11 

153. 65 
153.48 
154. 29 
154. 79 
154. 31 
154.43 

11, 405! 40.9 278. 85 
22, 942! 82.3 278.85 
34, 142i 122. 2 • 279. 39 
45,172! 162.3 278.35 
56, 486; 202.9 278. 39 
67, 587 241.9 279.40 
78, 451: 279.6 280. 58 
89, 837 318:6 281. 97 

101, 444 357. 6 283. 68 

11, 389! 40.8 279.-14 
22, 811 81.8 278. 86 
34, 343 122.7 279. 89 
45,439; 163.0 278.77 
56, 656! 203.5 278. 41 
67,695' 242. 279.62 
78, 991; 281. 21280. 91 
90,145; 319.5 282. 14 

101, 567 t 357. 9 283.79 

1 
11, 404; 40. 91278. 85 
22,796 ,  81. 8 t  278. 68 
34, 4661  123. 21 279. 776 
45, 4391 163. 1 273. 60 
56, 471; 2O2.9278.32 
67, 773 242.4; 279. 59 

Run_ 2 

	

5 	11, 532 

	

10 	23, 014 
15 
20 
25 
30 
35 
40 



74. 4 
149. 5 
222. 7 
293. 0 
366. 0 
4390"5 
511. 3 
585. 5 

153. 91 
153. 16 
154. 26 
154.72 
154. 23 
154. 38 
15:-. 37 
154.29 

74, 2 153. 49 
149, 4 153. 52 
223, 2 154, 14 
293, 1 154. 67 
366, 2 154, 23 
439. 8 154. 37 
511.2 154. 37 
585.5 154. 17 

73.4 153. 38 
149.1 153. 19 
221.8'154. 20 
292.9 154. 32 
365. 9 153. 86 
439.'0 154. 38 
511. 2, 154. 36 
583. 9! 154.22 

Ruza. 

	

5 	11,368 

	

10 	1  22,838 

	

15 	34,219 

	

20 	445,240 , 

	

25 	56,288 

	

30 	67, 678 

	

35 	78,923 
90,112 

Run 10  
5 

10 
15 
20 
25 
30 
35 
40 

11, 270 
22, 815 
34, 208 
45, 286 
56, 384 
67,7,18 
78, 867 
90, 216 

TABLE 8. 4 CALIBRATION OF PROVING RINGS No. 343 ,',ITD No. 100 .. 	...   
(so o Fizuro_ 8. 6 co t 

1 1:21 4.__.-p cp;i1?xTt:i_o?a . 	 P.R. 70c1.  	 -  Calibration 
Indi- 4Loa d ' P. R. •Los.60.b-J:i.' 	Lo9.d. P. R 	Load 	• 
aatod :on. N. :343 iRdg. ( divs 	, on 	100 	Rdg. 
Load 1P. L. ' divot: 	 P.R. 1(divs) 
(t ons }Load 	. . 	 343 

.. .(11?sff.) . 
Run t., 	 t 

tie on:C.51 

	

' 35 	178, 851 510. 6i 154,-  

	

40 	90, 185 584. 64 154. 

	

45 	 1 ., 	, 
Run 5i 

	

5 	111,4681  74.71 153. 

i 

1 
45 78,9911 
27 90,1923 

101,614! 

52 11 ,4161 

281.2 280.91 
319.6 282.20 
358.2 283.60 

41.0 279.66 
279.12 
279.94 
278.54 
278.30 
279.50 
280.77 
282.19 

	

10 	122,936 150.0 152.21 

	

15 	134, 388 223„ 0' 154. 21 

	

20 	145, 402 293.0. 154. 96 

	

25 	i 56, 539 366.3 154. 35 

	

30 	167, 982' 440, 0 154. 50 

	

35 	1 79, 054 512.0 154. 40 

	

40 	190, 299 585. 5, 154. 23 
45 
Run 6 

	

5 	1 1115' 451 

	

10 	122, 898 

	

15 	134, 3544 

	

20 	i45, 334 

	

25 	156,448 

	

30 	j67, 852 

	

35 	927 

	

40 	190, 295 
Run .7..j 

	

5 	'11, 389 

	

10 	122, 936 

	

15 	! 34, 4044 
20459  33,-'„' 

	

25 	156, 480; 

	

.30 	67, 8941 

	

'35 	78, 9131 

	

40 	190,264i 
R1-1.-.1J 8 ' 

	

5 	:11,2581 

	

10 	;22, 8404 

	

15 	34, 202 

	

20 	145, 210!  

	

25 	156„ 299 

	

30 	167,7711 

	

35 	!783,9101 

	

40 	"190. 050 
icont,:) 

(tons ) 

Load 
c t cd on N. 
Load P. L. 

22, 8881 82.0 
34, 405i122. 9 
459 34'71 162. 8 
56, 440 202. 8 
67, 804i 242. 6 
79, 0371 281. 5 
90, 300! 320. 0 

101, 5361 357. 8 283378 
P. R. 343 Calibrati on 

Load 
Coll 
(lbsf)  

P. R. 
343 
(divs ) 

Load. 
Rdg. 

74. 0 153.62 
149.0 153.28 
222.0 154.11 
292.5 154.67 
365.1 154.17 
438.5 154.34 
511.2 154.39 
584.3 154.22 

73.2 153.96 
148.9 153.22 
221.8 154.23 
292.6 154.7'7 
365.8 151.14 
438.0 154.68 
511.0 154. 34 
585.0 154. 22 
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eliminated as the same person, in this case, the author, read 

and recorded all proving ring readings in both the calibration 

and coefficient of friction tests. 

8.6.2 Preparation For Testing  

The load transfer assembly proving rings, platens and spac-

ors Were positioned as shown in Plate 8.2 with particular em-

phasis on proper centring, achieved with a steel rule graduated 

in 1A4It divisions. This involved care in placing the entire 

assembly axially coincident with the machine, locating the prov-

ing ring centre line axial with the knife edges and ensuring 

that the major axis of the entire test assembly was coincident 

with the testing machine's major axis. 

The spherical seating interfaces, prior to application of 

grease, were thoroughly cleaned with ether, using a clean cloth, 

until all grease and dirt had been completely removed. Both 

faces were then coated with a surplus of the grease being tested 

and brought into contact. After placing in a 200 ton compression 

machine, 100 tons force Was applied slowly and maintained for 

two minutes. The surplus grease, which had squeezed out, was 

wiped off. After removing the load completely, the loading 

cycle was repeated twice(making three loadings altogether). 

The seating was then transferred and positioned on the load tran-

sfer assembly as shown in Plate 8.3. After taking care in ensur-

ing that the female bearing face Was in uniform contact with the 

upper cross-head, 80 tons was applied slowly and held constant 

for 1/2 minute. Following complete removal of the load, this 
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loading cycle was repeated twice. 

After the first loading cycle in the 200 ton compression 

machine, very little lubricant squeezed out. Although a small 

amount Was obvious in the high viscosity lubricants, such as 

commercial tallow and graPhito-Rhodina mixture, this had visibly 

ceased before taking readings commenced. Consequently, this 

stable condition, where the lubricant had acquired its inherent 

thickness, was evidence that these tests were a representative 

indication of the behaviour of seating and lubricant under long 

term conditions. 

8.6.3 Testing Procedure  

After the six preloadings, testing was commenced. While 

one operator loaded the testing: machine in 10 ton increments to 

80 tons, a second operator, the author, simultmeously read and 

recorded the readings of the dial gauges on the two proving rings. 

Great care was taken to ensure that the load was hold stationary 

or vinc incre2sing 	each load stage, but never w:7,r1. 

allowed to decrease. Also, the readings were taken immediately 

after the loading at each stage had boon attained to avoid any 

load equalization which could occur from creep effects in the 

lubricant. This test procedure was repeated twice making 3 test 

runs for each combination of spherical seating and lubricant. 

Fifty combinations were tested. 

8.7 TEST RESULTS  

The coefficient of friction values aiven in Table 8. 5 and 

plotted in Figures 8.7, 8.8,8.9 and 8.10 show very low values 



Run -Ruia 
3 	

Aver. 
2 

O. 10 
0. 	j 
O. 05 
0.10 1 
0. 
0.05 t 
0.05 

0.25 1 
0.25 
0.25 
O. 25 

0.05 
0.10 
0. 
O. 05 
0.05 
0.05 
0.05 
0.05 

-0.15 
O. 20 
0.15 
O. 20 
O. 25 
O. 25 
0.25 
0. 30 

2. 00 
1. 75 
1.35 
1.25 
1.25 
1.15 
1.10 
1. 05 

vr/ocol M. G. 
L.O.1T, 

	G. 
O. 10 
0. 05 
0. 	I 
0.05 
O. 05 
0.05 
O. 05 
0. 05 

0.25 
0.25 
O. 25 
0. 30 

0. 20 
0. 20 
0. 20 
0. 25 
0.25 
0. 25 
0. 30 

0.10! 
O. 
0.05 
0.05 
0. 05 
O. 05 
0. 05 

317 Shell Livoria 3 . 
-0. 25 , 	:=0.10 
0.15 , 0.20 
0. 10 	0. 20 
0. 20 	0. 25 

viipnsler Gy co se 
1.85.2. 102. 10 
1.70 ! 1. 80 	1.80 
1.25 1.35 1.40 
1. 15 	1.25 	1. 30 
1.25 	1. 25 	1. 30 
1.15 1.15 1.15 
1.10 1.10 1.10 
1, 05 	1.05 	1. 00 

yr/Rhodina-graphs cc Mixture 
0. 50 	O. 80 	1.15 	0. 80 
0.50 0.70 0.85 0.70 
0.45 0.45 0.60 0.50 
O. •_'.0 	0. 35 	0. 55 	0.45 
0.50 0.55 0.55 0.55 
0.55 0.55 0.55 0.55 
0.60 0.65 0.65 0.65 
0.65 0.65 0.70 0.65 

1 

TABLE 8.5 COEFFICIENT OP FRICTION VALUES FOR SPHERICAL 

SE/,.TINGS 	DIFFERENT  LUBRICANTS 

App- 	Run 	i Run 
lied 	' 	1 	' 	2 
Load 
(tons)' 	1 

Run 	Aver. 
3 

1 
7" Radius Soatin 

10 ! 	O. 10 ' O.1.0 0. 20 i 	0. 15 
20 i 	0.05 	O. 15 O. 15: 	O. 10 
30 -O.05 	0.05 0. 	0, 
40 0. 05 1 	O. 05 0, 05' 	0. 05 
50 0. 05 	O. 10 0, 10: 	0. 10 
60 0.05,0.10 ?  10. 10 	O. 10 
70 0. 05 	0, 05 0,10J 	0.05 
80 0.05 	0, 10 0.101 	0„ 10 

yy/Shell Rhodina, 2 
10 -0:15 05i -O. 05 
20 0. 	0.10 I 0.151 	O. 10 
30 0. 	t 	0.05 0.05 	0.05 
IO 1 	0. 	0, 0, 	0, 
50 E 	0, 05 j 	0. 05 0.05 	0.05 
60 0, 05 	0.05 0.051 	0.05 
70 r 	0.05 	0.05 0.05! 	0.05 
80 O. 05 	0.05 0. 051 	0.05 

Bp rbrti- 
10 -0. 10 	0. 20 0, 10 	0.05 
20 0.10 0.25 0. 25 ' 	0. (30 
30 0.15 0.20 0.20 	0.20 

0.1540  0.20 0.20 	0. 20 
50 0.15 0.20 0.25 	0.20 
60 O. 15 0, 15 O. 20 	O. 15 
70 0, 15 0. 20 0. 20 	0. 20 
80 i 	0.20 0.25 0.20 0. 20 

wi/Struffer i  s Gran so 
10 0, -0. 10 0, 10 	0. 
20 1 	0. 20 O. 15 0. 20 0.20 
30 0.10 0.10 0.05 0.10 

0.1040  0.10 1  0.10 0, 10 
50 O. 10 0. 10 0.05 0.10 
60 1 	0. 10 O. 10 0, 10 0.10 
70 i 	0.15 O. 10 O. 15 0.15 
80 O. 15 0.15 0.15 0. 15 

(cont.) 

1 

Coefficient of Friction _(°/0 )__ 
Run 
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TABLE 8.5 COEFFICIENT OF FRICTION VALUES FOR SPHERICAL 

SELTINGS 7ITH DIFFERENT LUBRICY,NTS (cont.) 

Coefficient c.-,,f Frictipn (°/ ) 
App- 	 Run 	1 Run 	

'.Run_._. 
	A‘,.v -or. - i . Run° 	 Run ---.;--14-iin------r-K. - 

'lied 	1 	! 2 	3 	 1 	2 	j 3 
Load I ..tons) ,  
7" 	Radius Scating:4cont 

vi/TEernol Grade 140 Motor Oil 
-O. 10 , 0. 15 ' 0. 20 i 0.10 
0. 	-0. 10 	O.051 0, 

-O. 05 -O. 05 -0. 05i 
-0.10 -0,10 -0.05 
0. 	--0.05 = 0. 
O. 	0, 	O. 
O. 05 	O. 05 	0, 05 
0, 05 	O. 05 I 0. 10 

Lu)? rip a Kit 
10 	'20. 60 21.10 21. 60 
00 	20. 00 20. 45 20. 80 
30 	('18.95 19. 30 19.65 ?  

117. 80 18. 10 11 35 
50 	16.95;17, 25 17.50 ;  
60 	116.,30 a 16.60 16.75 
70 	15. 95 16..15 16. 30 
80 

20 
10 

30 
10 
50 
60 
70 
80 

4_1 

0i1 

	

1.45 	0. 90 	1.75 	1. 35 

	

1. 00 	0.60 	1.25 	0. 95 

	

-0. 05 	0. 90 	0. 55 	0. 95 	0. 80 

	

-0, 10 	1. 05 	0.75 	1. 05 	O. 95 

	

0. 	1. 35 	1:00 	1. 30 	1.20 

	

0. 	1. 50 	1.20 	1.40 	1. 35 
0.05 1.75 1.35 1.65 1.60 

	

0.05 	1. 95 	1.60 	1. 95 	1. 851 

21, 10 
20, 40 
19. 30 
18. 10 
17. 25 
16. 55 
16. 15 

5" Radius Seating - Line Contact_... 
ERoc al .,-',, S. P.  

	

10 	; 0.05 	0.05 -O. 25 -0.05 

	

20 	I 0.05 ' O. 05 	0. 15 i 0.10 

	

'30 	1-0, 10 -0. 15 -0. 05 -0, 10 

	

i 40 	1-0.05 -0:.05 	0. 	i -0.05 

	

150 	1 i 0. 	0. 	-0. 10 -0. 05 

	

60 	I 0.05 	0. 	0. 	1 0. 

	

;70 	1 O. 10 	O. 15 	O. 05 	0."10 

	

80 	' 0. 20 	0. 15 	O. 10 	O. 15 

10 
I 20 
130 

50 
60 
70 

180 

1. 20 
1.85 
2. 35 
2. 90 
3. 35 
3.55 
3. 70 
3. 85 

(cont. ) 

w/Shel1 Rhodina '2 
1. 00 	1. 35 	1.20 

1. 80 	1. 95 
2. 40 	2;35 
2. 90 	2.90 
3. 30 	3. 30 
3."55 	3."45 
3:70 	3, 60 
3.85 3.70  

.104011_ Livona 3 

	

1.45 	1. 55~. ~J1.. 60 
2. 50 	2. 35 
2.85 2.80 

	

3.40 	3. 25 

	

3.70 	3. 60 
3.85 3.70 
3.95 3.85 
3. 95 	3. 90 

1.80 
f 2;30 

2.95 
3.40 
3.60 
3. 80 
3.95 

2.25 
2.70 
3.15 
3. .40 
3.55 
3. 65 
3.70 

v/Rocol M.G. 
O. 10 	0. 20 	0. 20 
0.65 	0. 60 	0.60 
1. 00 	1.05 	0. 90 
1.40 	1. 35 	1. 30 
1.70 	1.65 	1. 60 
1. 85 	1.85 	1.75 
2. 00 	2.00 	1.90 
2. 05 	2. 10 	2. 00 

0. 15 
0.60 
1. 00 
1. 35 
1.65 
1. 80 
1. 95 
2. 05 

1. 55 
2.35 
2. 80 
3.25 
3. 55 
3.70 
3. 80 
3.85 



O. 55 
0, 50 
0.65 
0.75 
0."85 
1.05 
1.15 

0,50 ' 
0. 15 
0.55 
0;75 
0.85 1  
1;00 
1.15 

20 
30 
40 
50 
60 
70 
80 

T.'-'03LE 8. 5 COL} FICIENT OF FRICTION VALUES  FOR SPHERICAL 

SEATING-8 	DIFFERENT LUBRICANTS (cont. ) 

_Coofficierlt of Friction. (0/0 ) 	 
i TA15 - ; iruir. , -fun' ' - Auif---1----.4c7.-  or. - „   	RunRun ; Run 1  AVer.1, 

I 
lied 1 1 i 2 	3 1 	! 1 	2 2  3 
Load 	 1 	 1 
(tons)! 	i 	. _I 	1 	4, I 

, 

5" RF.dius Seating - •-'Iiin-so-d-on..-67-,‘.c =a7(e-o-n-t-.)--  j 	`--- . _ 
w/Sholl  Barba tie. 4 	1,y/.'zas 1 or Gr ea. se 

10 	0.30 	0. 35 , 

0.45 
0. 60 
0,75 
0.80 
1.00 
1.10 

T.*  25 
0, 45 

O. 55 	0.30.0.25 	0.35 
0. 30 	0. 30 	0.15 	0.25 
0.15 0.15 0.05 0.10 
0, 10 	0, 05 	0. 05 	0.05 
0.15 0.05 0.10 0.10 
0.10 0.05 0.05 0.05 
0.10 	0.10 	0.10 	0. 10 
0.15 f 0.15 	0.20 	0.15 

vi/Stauff or' s GrCE SO 
O. 0 	5. 45 	5. 15 
6. 40 ' 6. 65 	6.65 
6.35 ± 6.75 	6.60 
6.95 7.15 7.10 
7. 20 	7. 40 	7. 25 
7. 30 	7.40 1 7;25 
7. 45 	7. 55 	7. 40 
7.50 7.55 7.45 

w/Yollo- 
10 0.30 0.30 0.30 
20 	-0.151 	-•0.05 --0.10 
30 	0. -.35 -O. 15 -0.15 

1-0.05 -0.10 -0.05 
50 	0. 	0, 15 	0, 05 
60 	0. 15 	0. 15 	0.10 
70 	O. 30 	0. 30 	0. 25 
80 	0.35 I 0.35 	0.35  

.,-,y2Rhodina-Graphito Mixture 
0.75 	0.60 	0. r/5 	0.70 
0.50 	0.30 i 0.35 	0.40 
0.30 	0. 20 	0.30 	0.25 
0. 25 	0.10 	O. 05 	0.15 
0.25 0.15 0.15 0.20 
0. 20 	0.15 	0.10 	0.15 
0.30 	0.30 j 0.25 	0.30 
0.45 	0. 50 4 0.40 	0.45 

y;,r/Graphite-Tallow Mixture 
0. 	--0.15 	O. 05 -0.05 

-0.05 -0.05 -0.10 -0.05 
-0.10 -0.10 -0.05 -0. 10 
0. 	, 0. 	0. 	0. 
0.10 0.05 0.05 0.05 
0.05 0.10 0.10 0.10 
0.20 0.20 0.15 0.20 
0. 35 } 0. 35 	0. 40 	0. 35 

10 
20 
30 

50 
60 
70 
80 

7.35 7,4-5 
8.40 8.55 
8.45 8.60 
9.05 9.20 
9.25 9.40 
9.15 9.30 
9.35 9.45 
9,40 9.50 

0. 30 
0. 50 
0, 45 
0. 60 
0.75 
0.85 
1. 00 
1. 15 

5. 35 
6. 55 
6.60 
7.05 
7. 30 
7. 30 
7;4r5 
7.50 

0. 30 
-0.10 
-0.15 
-0.05 
0.05 
0.15 
0,30 
0. 35 

vriSternol Gr- de 140 Mot Droll wflish oil 
10 	1.85 	2. 30 	2. 45 ; 2:20 	7. 55 	'7..i.0 
20 	3.55 	3 80 	3. 90 1 3;75 	8;75 	8.45 
30 	4. 20 	4. 55 	4. 50 ! 4.40 	8;80 	8. 60 
40 	5.00 	5.05 	5.10 I 5.05 	9.40 	9.15 
50 	5.30 	5;65 	5;20 ; 5. 40 	9. 55 	9.40 
60 	5:45 	5. 85 	5.30 i 5.45 	9.45 	9.30 
70 	5.60 	5.85 	5.45 I 5.65 	9.55 	9.40 
80 	5.75 	5.85 	5.60 ; 5.75 	9.60 	9.50 
(cont. ) 
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TABLE 8.5 COEFFICIENT OF FRICTION VALUES FOR SPHERICAL 

SEAT INGS WITH DIFFERENT LUBRICANTS (cont. ) 

  

eff_icien.t. .pf_Frict i on (°/0  ) 
Run r  Run 	Run 	Aver. Run 	Run 	Run 	Aver. 
1 i 2 	3 l 	i 1 	2 

App- 
lied 
Load 

3 

(tons) 
5" Radius Seating -  Line Conta  ct: cont.) 

w/No Lubricant 
10 	21.05 19.75 19.'00 19;95 
20 	19. 90 19.95 19. 75 19."85 
30 	18.05 18.10 17."75 17.95 
40 	17;20 17025 16.85 17. 10 
50 	16. 35 16. 35 16. 10 16. 25 
60 	15;60 15;65 15, 35 15. 55 
70 	15.15 15. 20 15.00 15. 10 
80 	14.75 14.85:14.65 14.75 

5"Radius Seating  - Full Contact; 

w/Rocol A.- % P. 
10;45 8.55 9.15 

15. 60 
14. 45 
13. 55 
13.40 
13. 30 
13. 00 
12. 90 
13. 05 

9;40 
9. 30 
8."95 
9.40 
9. 75 
9,75 

10. 00 
10. 45 

10 
20 
30 
40 
50 
60 
70 
80 

10 
20 
30 
40 
50 
60 
70 
80 

10 
20 
30 
40 
50 
60 
70 
80 
(cont.  

9.85 8.35 9.65 
9.15 8,10 9.50 

	

9. 55 	8. 70 10. 00 

	

9. 85 	9.15 10. 20 
9. 85 	9. 30 10. 15 

10. 05 	9.65 10. 30 
10. 55 10. 15 10. 65 

17/Shell Rhodina 2 
15.00 1 15.55 16.25 
13. 95 14. 40 14. 95 
13. 30 13. 45 13. 95 
13.15 13.30 13;75 
13.05 13.15 13.70 
12. 85 12. 90 13. 30 
12.70 12.75 13:20 
12. 90 12. 95 13. 35 

w/Shell Barbatia 4 

	

6. 65 
	6.70 i 7.05 

	

4.45 
	4.30 1  4.75 

	

3. 05 
	3.10 	3.30 

	

2. 40 	2.35 	2.55 

	

1, 85 	1.85 	1;90 

	

1.40 	1.50 	1.55 
1.15 1.25 1,20 
O. 90 	1.00 	0.95  

w/Rocol M. G. 
8. 55 8. 55 	8.40 
7.70 7. 80 	7. 90 
7.45 7.50 7.70 
8. 04 8. 10 	8. 20 
8. 45 8.45 	8.60 
8, 70 8.70 	8.75 
9. 05 9. 00 	9. 10 
9. 35 9. 30 	9.45 

w/Shell  Livona 3 
8. 80 9;30 	9.20 
8. 20 8. 50 	8.45 
7. 98 8.15 	8. 15 
8.50 8.55 8.60 
8. 90 8. 90 	8.95 
9.05 9. 10 	9.15 
9.40 9.40 9.40 
9.70 9.70 9.75 

w/Amsler grease 
2.70 3.05 3.15 
2.65 2.75 2.80 
2;00 2. 10 	2. 10 
1.75 1.80 1.85 
1.50 1. 55 	1;50 
1. 30 1. 30 	1. 30 
1.05 1.15 	1. 10 
1. 00 1.00 	1.05  

8. 50 
7. 80 
7. 55 
8. 10 
8. 50 
8. 70 
9. 05 
9. 35 

9.10 
8.40 
8. 10 
8. 55 
8. 90 
9. 10 
9.40 
9.70 

2. 95 
2.75 
2. 05 
1.80 
1. 50 
1. 30 
1.10 
1.00 

6. 80 
4. 50 
3.15 
2.45 
1.85 
1. 50 
1.20 
0. 95 
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TABLE 8. 5 COEFFICIENT OF FRICTION :VALUES  FOR SPHERICAL 

SF,AT I NG S IT H :DIFFERENT LUBRICANTS (cant,) 

q 	

-, - • 

I lied I 1 	i 	2 	1 3  

i 	ag- a•Pf...f91,...f...a....(4-1±222-...o 

App- Run : Run i Run 	Aver. i Run 	Run I Aver. 

Load 	1 	 1 	1  

Coefficient of..I   Friction (.°. /0) Run. 

2 	3 	t  

i 	 8. 60 

	

110 	7. 80 	7. 20 	8. 05 

	

20 	6.15 	5.75 	6. 65 

	

30 	6. 15 ' 5. 90 	6. 50 

	

40 	7.00 	6, 80 1 7. 25 

	

50 	7,75 7.45 7.77 

	

160 	8.10 	7.90 I 8.04 

	

1 70 	8. 60 	8. 35 	8. 35 

	

80 	8.75 	8. 55 

w/Graphit e-tallow Mixture 

	

0. 84 	1' 15 ' 1.05 	1. 00 

	

0. 65 	0.70 

10 
20 
30 

1 40 

vif_ell_gyr Tallow 

	

1 10 	7.30 7.40 8.10 

	

120 	6.90 6.95 7.10 

	

30 	6.15 6.35 6.60 

	

140 	5.75 	6.00 	6. 25 

	

50 	5;30 5.50 5.84 

	

60 	4.70 4;90 5.20 

	

70 	4.30 4.55 4.90 

	

80 	3.85 4.15 4.35 

50 	 11:90 
60 	 11.75 
70 	 11; 80 
80 	11.80 11.85 11.90 
3" Radius  Seating: 

11:85 11.80 
11.70 11.65 
11.80 11;75 

IN/St ernol  Grade 140 
14.80 14.65 14; 55 , 
13.00 13;00 13.05 1  
11.75 11:85 111.75 
11.75 11.75 11:75 

7.70 
6. 20 
6.20 
7. 30 
7.65 
8. 00 
8.45 
8, 65 

7. 60 
7. 00 
6. 35 
6. 00 
5. 55 
4.95 
4. 60 
4. 10 

Mot oroil 
14, 65 
13,00 
11.80 
11,75 
11.85 
11.70 
11.80 
11.85 

w/No Lubricant 
18. 10 17.85 1.7.90 17.95 
14.40 14. 50 14. 65 14. 50 
12. 60 12. 75 13. 15 12. 85 
12. 35 12. 60 13. 00 12.65 
12. 35 12.65 12. 95 12.65 
12. 10 12. 35 12. 55 12. 35 
12. 10 12. 40 12.70 12. 40 
12. 05 12. 30 12. 60 12. 30 

viZRhodina-graphiteliUture 

	

2.85 	2. 65 	2. 80 	2.75   

	

1.15 	1.20,1.25 4 1.20 

	

0. 60 	0. 60 	0. 65 I 0. 60 
0.40 
0. 30 
0.15, 
0. 10 
0.05 

O. 70 
0. 50 	0. 55 J 0. 50 
0. 55 	O. 55 1  0. 55 
O. 60 1  0. 55 	0. 55 
0.55 	0.55 	0. 55 
O. 55 	0.55 	0.55 
O. 55 i 0.50 	0. 55 

	

0. 40 	0.40 

	

0.30 	0. 30 I 
0.10 0.10 

	

0.05 	0. 10 

	

0. 	0.05 

0. 45 
O. 35 
0. 20 
O. 15 
0.10 

O. 70 , 
O. 50 , 
0. 55 
O. 55 
O. 55 
O. 55 
O. 55 

izr/Ro c ol 
10 
	1;65 

20 
	

1. 15 
30 
	0.85 

40 
	0;95 

50 	0.90 
60 	0.85 
70 	0.95 
80 	0.90 
(cont. )  

A. S. P. 
1.30' 1.20 
1.00 1.25 
0. 80 	0. 85 
O. 95 1 0.95 
1.00 1.00 
0.95 1.00 
1." 00i 0.95 
0.95 	0. 85  

1.40 
1.15 
0.85 
0.95 
0. 95 
O. 95 
0. 95 
0. 90  

H/Rocol M. G. 
0.30 0.50 

	

0. 45 	0.45 

	

0. 35 	0. 35 

	

0. 50 	0. 50  
0.60 0.70 
O.80 1. 05 
1. 20 ff 1.35 
1. 60 1 1.70 

0.40 0.40 
0. 50 	0.45 
0. 15 	O. 30 
0.35 0.45 
0. 55 	0. 60 
0, 80 	0. 90 
1.05 	1. 20 
1. 50 	1.60 



-0. 25 
-0. 10 
0. 
0. 40 
0. 85 
1. 30 
1.85 
2.25 

0. 20 
O. 10 
0, 20 
O. 70 
1. 40 
1. 90 
2. 30 
2. 60 

0.40 
O. 35 
0, 75 
1. 25 
1.85 
2.55 
3. 00 
3.30 

w/Shell Barbatia 

1;70 
1;20 
1;25 
1;20 
1:15 
1;25 
1;30 
L. 40 

1.55 
1. 20 
O. 95 
1. 05 
1.15 
1.'20 
1.25 
1. 35 

1. 15 
1;05 
0.85 
1.10 
1.10 
1;15 
1;25 
1.35 
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TABLE 8. 5 COEFFICIENT OF I7RICTIOY VALUES FDR SPHERICAL 

SEATINGS WITH =TRENT LUBRICANTS (cont. ) 

Aver. Run 
1 

Run 
2 

Run 
3 

Aver. 

;r/Shell Livona 3 

O. 10 -0. 30 0.05 0. 20 0. 
0.10 0. 10 0.60 1.05 0. 60 
0, 30 0. 50 0. 1. 55 0. 80 
0.80 1. 20 1.75 2.35 1.75 
1.35 1.80 2. 65 3. 05 2. 50 
1.95 2. 20 3.00 3 40 2.85 
2;40 2. 60 3. 30 3.75 3.10 
2. 70 2. 90 3. 50 3. 90 3.25 

w/Amsler Grease 

1;45 2. 10 2. 40 I 	2. 65 2.40 
1.15 1.65 1.70J 1.95 1.75 
1.00 1.40 1.45 1. 50 1.45 
1:1_0 1. 50 1.50 1.55 1. 50 
1115 1.60 1. 50 1. 50 1.55 
1. 20 1. 60 1.55 1.50 1. 55 
1.25 1.45 1.45 1.45 1.45 
1.35 1.40 1.45 1. 35 1.40 

w/Rhodina-graphite Mixture 

1.75 0.75 0.75 0.75 0.75 
3.40 0. 55 0.70 0.60 0.60 
4.25 0. 60 0.40 0.50 0.50 
5. 35 0. 65 0. 60 0. 55 0.60 
5.40 0.60 0.65 0.65 0.65 
5. 60 0. 55 0. 60 0. 60 0.60 
5;80 0. 55 0. 60 0. 60 0.60 
5.85 0.55 0.60 0.60 0.60 

Coefficient of Friction (V° ) 

Run 	' Run 
2 	1 3 

App- 	Run 
lied 1 1 
Loa d 
(tons) i 

EiStauffer's Grease 

10 	0.70 1.75 2,75 
20 	2. 30 	3. 75 	4. 20 
30 	3.70 4.35 4.65 
40 	4, 95 	5.40 	5.70 
50 	5.10 	5.45 	5. 60 
60 	5. 50 	5. 65 	5. 70 
70 	5.70 	5,, 90 	5. 80 
80 	5.90 5.95 5.75 
(cont.) 

Radius Seatillffi(Con0 

VShell Rhodina 2 

10 
20 
30 
40 
50 
60 
70 
80 

10 
20 
30 
40 
50 
60 
70 
80 



Coefficient of Friction (°/o) 
Run 	' Run ; Aver. 	Run 	Run I Run 
2 	3 	1 1 	2 ' 3 

Aver. App- Run 
lied 	1 
Load 
(tons) I  
3" Radius Seating cont.) 

w/Yellow Tallow 
O. 90 O. 90 
0. 20 0. 20 
0. 20 0. 25 
0. 30 0. 25 
0. 20 0. 30 
0, 25 0, 30 
0. 30 0.30 
0.30 0.30 

7/Sternol Grade 140 
0,'75 2.30 4.75 
2.05 4.30 6.20 

	

3. 00 	4.70 	6. 80 
4.05 5.60 7.25 

	

4."85 	6.40 	7. 60 

	

5. 35 	6. 70 	7. 60 
5. 80 	7.00 	7. 85 
6. 15 	7. 20 	8. 00 

w/Graphit e (Black Lead)  

	

4.2 , 3.0 	1.8 	3.0 

	

6. 6 	5. 5 	5. 0 	5.7 
8. 6 	7. 8 	7. 1 	8. 3 
9. 9 	9. 2 	8. 7 	9. 3 

	

10.3 	9.8 	9.6 	9.9 

	

10.5 	10.2 	10. 0 	10.2 

	

10.4 	10.3 	10.1 	10. 3 

	

10.5 	10.4 	10.6 	10. 5 

lyGralphite-tallow Mixture 
0.20 
0.15 
O. 10 
0. 20 
0. 30 
0. 15 
0.35 
0.25 

0.05 
O. 
0.05 
O. 30 
0. 20 
0.25 
0. 35 
0.35 

0.05 
0.05 
0.15 
O. 10 
O. 30 
0.25 
0.40 
O. 35 

0.10 
0.05 
O. 10 
O. 20 
O. 25 
O. 20 
O. 35 
0.30 

- 	sh oil 
11. 30 12. 55 13.40 12.40 
11.95 13.05 13. 60 12.85 
11. 50 12. 30 12.70 12.15 
11.65 12.45 12. 90 12. 35 
11. 50 12. 30 12.65 12. 15 
11. 10 11. 75 12. 15 11.65 
11.00 11.55 11.95 11. 50 
10.65 11. 20 11. 55 11.15 

w/No Lubricant 
13.9 12. 5 	11. 1 12. 5 
14. 1 13.3 12.2 13. 3 
13.4 12.9 12.0 12. 8 
13. 9 13.4 12. 7 13. 3 
13. 8 13.4 12. 8 13. 3 
13.4 13. 2 12. 6 13. 1 
13. 3 13. 1 12.7 13. 0 
13. 1 12. 9 12. 6 12. 9 

1.00 
0.25 

1.25 
0. 35 
0:30 	0. 25 
0. 25 	0.25 
0;35 0:30 
0. 35 	0.'30 
O."30 O.30 
0.30 0.30 

Motoroiaj 
2. 60 
4, 20 
4, 85 
5, 65 
6. 30 
6. 55 
6. 90 
7. 10 

10 
20 
30 
40 
50 
'60 
70 
80 

10 
20 
30 
40 
50 
60 
70 
80 

10 
20 
30 
40 
50 
60 
70 
80 

TABLE 6.5 COEFFICIENT OF  FRICTION VALUES FOR SPHERICAL 

SE:,TINGS 	:DIFFERENT LUBRICANTS (cont.) 
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when considering that Tarrant's good lubricants had µ values of 

4% and 5.5%. Both an alternative method of mathematical an-

alysis based on an effective moment of inertia method, and a re-

petition of two tests with only the transfer assembly reversed, 

provided proof that the results wore truly correct. 

8.7.1 Pinned End And Fixed End Conditions 

As discussed in Soction 3.5, spherical soatings should be-

have in either a pinned or fixed manner. To achieve a pinned 

condition, the sphorical seating must havo the resultant force 

at all times passing through its centre of rotation, that is, 

the product of the coeficiont of friction and seating radius 

must equal zero. As the latter is always finite positive, the 

fauner must equal zero. 

Examination of µ results on the 7" radius seating, (see 

Figure 8.7) shows that witlthe proper machine finish and contact 

area, pinned conditions are essentially achieved with 7 differ- 

ent lubricants. The ropoptability of these results, their 	- ex-

tremely low µ values(<0.25) and condition of the interfaces 

after completion of test all provide proof that the stool sur-

faces wore maintained. completely apart. Tho resistance to 

movement at the interface is therefore provided only by the 

shear resistance of the lubricant. Figure 8.119  showing the 

shear resistance of lubricants as a function of shear rate, 

demonstrates that, at very low velocities as in those tosts (ap-

proximately 0.5 in. per hr.), the shear resistance for oils, 
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and soft greases will be virtually zero. Consequently, alth-

ough the sensitivity of tho test was inadequate to discriminate 

between the behaviour of these 7 lubricants, the best lubricant 

will be the motor oil while the greases rank in order of their 

cohesive resistance. However, all these 7 grw.scs will have 

/µ R values less thin l/64",that is, the centroid of action will 

be located at loss than this distanco from the centre of rota-

-ti -m of the seating, and on that basis, may be considered eff-

ectively pinned. Examination of Figure 8.8 shows that, with 

a. seating of only 7.0 sq. in. contact area as compared to 78.5 

sq. in. in the 7" radius seating thereby increasing the average 

pressure from 2,300 p.s.i. to 26,000 p.s.i. at 80 tons, most of 

the lubricants above have insufficient hydrodynamic forces to 

maintain the surfaces completely separated. In fact, only one 

of the 7 lubricants discussed above, Rocol A.S.P. was capable 

of effective lubrication. 

For achieving fixed end conditions in routine testing, it 

is simply necessary to have the product of the interface coef-

ficient of friction and seating radius greater than the distance 

separating the centre of rotation of the seating and the resul-

tant force of the uniformly dcforMed specimen. From examination 

of Figures 8.7 to 8.10, this is most effectively achieved with 

no lubricant with the above product varying from 0.40" to 1.40" 

for the seatings tested, To prevent -possible corrosion at the 

interface under long term conditions, a non-lubricant such as a 

light oil would be required. Except with the high quality 7" 
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radius seating, this is not a difficult  problem as fish oil pro—

vides little lubrication. However, with the 7"radius seating, 

this oil developed hydrodynamic forces approaching the magnitude 

of the applied force due to the largephigh—cuality contact 

area of the seating. With such a seating, effective fixity 

can only be achieved with no lubricant. 

8.7.2 Influence of Contact Area and Lubricant on Coefficient  
of Friction Values  

The coefficient of friction values, which were lowest when 

the steel surfaces wore maintained completely apart increased 

with the degree of stool contact at the interface. Hydrodynamic 

forces, increasing from zero at the interface boundaries to a 

maximum at the fathost distance from the boundary, provided, 

as expected, the best lubrication in the 7" radius seating. 

Only when using fish oil was there, probably, some contact as 

demonstrated by its relatively high coefficient of friction, and 

yet, even here, most of the load w,, s being transmitted across 

the interface through hydrodynamic action. 

With the 5" radius line contact seating, it is apparent 

that, oven at 2300 p.s.i., which is the average pressure of the 

7" radius seating at 80 tons, most of the lubricants show a 

marked increase in µ from that indicated in the 7" radius seat—

ing test. Severe boundary conditions here provide inoufficient 

distance for many of the lubricants to develop adequate hydro— 
dynamic resistance. Rocol A.S4P., however, by virtue of its in— 

(52) 
herently strong bonding nature, 	is capable of producing 
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extremely high hydrodynamic pressures in a short distance and, 

therefore, resists the applied force to an average stress of 

at least 26,000 p.s.i. 

Other lubricants which provided good lubrication in the 5" 

radius line contact seating were three graphite greases and com—

mercial tallow. However, all these greases arc relatively hard, 

as distinguished by the penetration test(A.S.I.M. standard 

D217-60). As a result, they are capable of keeping the steel 

faces completely separated, but their relatively large resis—

tance to shearing, roughly proportional to the area of contact, 

becomes significant when the interface area becomes large. This 

is demonstrated in Figure 8.7 where the graphite—Rhodina mixture 

and Amsler grease both have relatively high µ values despite 

total separation of the two steel faces. 

It might at first appear logical that, as long as the steel 

surfaces were maintained completely separated, the frictional 

resistance in the lubricant would be proportional to the applied 

load; that is, µ would be constant. However, the results on the 

graphite greases, particularly Amsler grease arid. graphite—

Rhodina mixture, indicate that this is not so. For as the load 

increases, the resistance to sliding also increases, but at a 

decreasing rate eventually becoming constant. This results in 

a decrease in µ with increasing load and an apparently improved 

behaviour at high load. Although the remainder of the greases 

behaved linearly over the range tested, it is possible that a 

similar maximum resistance to sliding will occur at stresses 



outside the range tested with the harder greases, such as gra-

phite-tallow mixture, becoming constant at higher applied stres-

ses. 

The results of the 3" radius seating, with contact area 

14.5 sq. in., would be expected to lie intermediate between 

those of 7" radius and 5" radius, line contact seating with con-

contact area of 78.5 and 7.0 sq. in.,respe3tively, These res-

ults, however, are aenerally high, and have been partially in-

fluenced by a shortcoming in the load transfer assembly. (see 

Section 8.3.2) The combined flexibility of the 3" radius male 

Portion and transfer assemb17, which produces a severe distri-

bution of stresses across the seating interface, results in some 

steel contact at points of extreme pressure with a resulting 

increase in µ. The 5" and 7" radii seatings, on the other hand, 

due to the very large stiffness of the male section, apply a much 

more uniform pressure at the interface. 

A comparison of the lubricating property of graphite and 

tallow indi7idually with that of the graphite-tallow mixture 

(Figure 8.10) indicates that the mixture can behave at least as 

well as either of its constituents. As it seems logical that th 

tallow, being obviously the better of the individual lubricants 

would be the lubricating enstituent in the mixture, the µ value 

of the mixture and individual tallow would be expected to be of 

the same order. This is shown td be so in both Figures 8.8 and 

8.10. For the unlapped seating, the mixture, due to being some-

what harder than the tallow maintains the surfaces completely 



separate, thereby resulting in the apparently improved lubri-

cation. The behaviour of the graphite-Rhodina mixture as com-

pared to the Rhodina grease(seo Figure 8.7) shows that an incr-

ease in viscosity has an important effect when considering large 

area seatings. 

8.6.3 Influence of Surface Finish and Lubricant on Coefficient  
of Friction Values  

Comparison of Figure 8.9 with Figures 8.7 and 8.8 shows, 

conclusively, the great importance of the quality of surface 

finish on the lubrication behaviour. For, in every case, the 

µ value is greater with the unlapped 5" radius seating despite 

its contact area being 40.0 sq. in,, and roughly half-way be-

tween that of the 7" radius and 5" radius line contact seatings. 

Only with the graphite-tallow mixture, .Amster grease and graphite 

Rhodina mixture were the unlapped steel surfaces kept separated, 

Yet, due to the hardness of these lubricants, the coefficient of 

friction is still significant. 

With the other lubricants on this seating, it was obvious 

upon examining the interfaces after test, that steel to steel 

contact had occurred. As the hardness or viscosity of the lub-

ricant decreased, the lubricating capacity likewise decreased, 

thereby resulting in an increased proportion of the load being 

transmitted directly at points of steel contact. This is shown 

in Figure 8.9 where the hardest greases have the lowest 14 values 

while the oils provide virtually no lubrication. 

In his work, Tarrant defines good lubricants as having µ 

values of the order of 5%.Yet, with this µ value, a displace- 



204 

ment of more than 1/4" in a 5" radius seating would be necessary 

before tilting would occur. Yet, it is highly unlikely that his 

tests, conducted on 4" cubes, presumably located accurately, 

would have a displacement of the specimen's resultant of this 

maanitude. For his tested greases to have behaved in the pinned 

manner demonstrated, it seems reasonable to suggest that his 4 

values should have been much lower. 

As a result of Thrrant's work, Shell Livona and Rhodina 

greases are now, 11 years later, used universally on spherical 

seatinas. This is despite the fact that there are now several 

for superior lubricants for providing the necessary lubrication 

under extreme pressures. 

Although effectively pinned end conditions can be achieved 

with Rocol A.S.P. grease on either small or large contact area 

seatinas with a 4 to 8 microinch finish, an inferior surface 

finish should be adequate. Rocol A.S.P. is a suspension of 

molybdenum disulphide in petroleum jelly; equal proportions 

by weight. The average size of molybdenum disulphide p.rticlos 

is 1.8 microns(about 70 microinches) with the maximum size being 

8.0 microns. It is therefore reasonable to suggest that as long 

as the surface finish of the steel is significantly less than 

the average particle size, the grease will still be capable of 

keeping the steel surfaces apart. On this basis, with each sur—

face lapped to a 16 microinch finish, Rocol A.S.P. would still. 

provide complete lubrication. 
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8.8 CONCLUSIONS  

An investigation on spherical seating behaviour has been 

conducted. The area and type of lubricant, machine finish of the 

interfaces, type of lubricant and applied load all have a highly 

significant effect on the resistance to sliding at the inter-

face. The radius, acting as a moment arm is influential only in 

deciding the limit of fixity. 

The following detailed conclusions have been obtained: 

1. To achieve an effectively pinned condition with a spherical 

seating, the two steel surfaces must be maintained completely 

separated by either an oil or soft grease. When using an oil, 

which should be highly viscous, the surface area must be of a 

high quality (4 to 8 microinch), the contact area largo {average 

pressures within about 2,500 p.s.i.) and boundary effects kept 

to a minimum. A soft grease with strong adhering properties 

such as Rocol A.S.P. is also c,-.tisfactory even with average pre-

ssures up to at least 26,000 p.s.i., and a high quality surface 

finish, although the finish may be slightly inferior to that 

dL- ribed above. 

2. Effectively fixed conditions obtained with a spherical seat-

ing are best achieved with no lubricant. In corrosive surround-

ings, however, a light oil will be necessary oh the seating 

interface. Although effective fixity c.-.n still be achieved with 

some soatings that have a light, anti-corrosive oil, other coat-

ings with better machine faces and larger contact areas must 

have all lubricant removed before effective fixity is obtained. 
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3. As complete lubrication will only be achieved with total 

separation of the interfaces, the best lubricant for any seat—

ing becomes more viscous or hard as the surface finish reduces 

in quality. Consequently, as an increase in the lubricant vis—

cosity or hardness produces en increased resistance to shearing, 

the ability of the seating to behave in a pinned mannor simul—

taneously, reduces. 

4. Although it is reasonable to suggest that all greases at 

some stage acquire a constant resistance to shearing, only the 

graphite greases displayed this property. 

5. With hard greases, there is a significant increase in re—

sistance to sliding at the interface as the contact area incread. 

ses. 
6. The lubrication capacity of a mixture may be as good as eith— 

er of its constituents when the steel surfaces are kept separat—

ed. With poorer quality seatings, the mixture can have better 

lubrication than either of its constituents as a result of an 

increase in hardness over that of its softer constituent. 
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THE INFLUENCE OF TESTING MACHINE CHU2ACTERTSTICS ON 

THE STRENGTH !ND MODE OF FAILURE OP COMPRESSION 

SPECIMENS  

9.1 TESTING MACHINE PROBLEMS REQUIRING EXALINATION  

The two purposea of testing concrete spedimens in 

uniaxial compression are to deterMine the strength and 

its variation in strength of concrete in an actual structure. 

To do) this, the test result must either be independent of 
(21) 

machine effects as shown by Newman and Laahange 	or be 

related empirically to the true uniaxial compressive strength 

and affected uniformly by different testing machines. 

Variable cube strengths-  as influenced by testing machines, 
(18, 22-26, 29, 30) 

are caused by variations in such machine 

/ characteristics as spherical seating effect, lateral stiffness, 

machine restraint and specimen alignment, (see Section 5.4). 

A thorough experimental investigation of these factors 

comprises the main investigation of this chapter. 

In any material, two failure modes only, on the 

phenomenological level, are usually recognized.. Whether 

the uniaxial compression mode of failure is shear or tensile 
(6, 14, 56-8) 

cleavage has been a popular study of investigation. 

A true uniaxial test to investigate this can only be conducted 

with effectively pinned ends; that is, the resultant force 

at all load stages is coincident with the specimen axis. 

The mode of failure in such a test, therefore, represents 
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the intrinsic weaKness of the material in uniaxial compression. 

The second investigation of this chapter is to determine 

conclusively this mode, as an aid to standardizing the 

uniaxial compression test. 

9.2 OUTLINE OF TEST SERIES 

To investigate the influence of the testing machine 

characteristics stated above on the mode of failure and 

strength of concrete, nine separate test series were performed. 

The object of each test series with a brief description is 

as follows'. A detailed descrition of the testing 

procedure is presented in Section 9.4 

Test Series 	Object (1) To show the difference in strength, 

if any, between using a well-lubricated and an unlubricated 

seating. 

(2) To show the effect of contact area. 

(Stauffer's grease on 3" and 71  radii ssatings) on the 

cube strength.:  

) To determine the influece of the surface 

finish of the seating interface on cube strength. 

Description of Test: 

Twelve 41  sp3-regated cube specimens were tested under 

each of nine combinations of spherical seating and lubricant. 

The 3' 54  and 74  radii seatings, all full contact, were used 

while the lubricants included Rocol M.G., Stauffer's grease 

and no lubricant.. 
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Test Series 2.: Object: 

To determine the effect of the type of seating contact 

(full or strip) on the cube strength. 

Description of Test: 

Twelve 4" segre7ated cubes were tested under each of 

four combinations of seating and lubrieant; 3" radius with 

no lubricant, 3 4  and 74  radii with Shell Rhodina 2 and 5°  

radius line contact with Shell_Rhodilla 

Test Series 3: Object: 

To investigate the influence of specimen misalignment 

on specimen strength and its coefficient of variation with 

both en effectively pinned end e fixed seating. 

Description of Test: 

Twelve 41  segregated cubes were tested under each of 

6 combinations of misalignment and lubrication of the 5" 

radius unlepped spherical seating. The lateral displacements 

of the seating werW towards and away from the cast face from 

the centre of the specimen as well as coincident with the 

centre of the specimen. The best lubricant, graphite-tallow 

mixture (see Figure 8.9) and no lubricant were the two 

lubricating conditions. 

Test Series 4: Object: 

To investigat if concrete cubes can produce the same 

strength when loaded with a well lubricated seating as whdn 
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loaded under fixed conditions. 

Description of Test  

A number of 44  cubes, usually 6, were tested under each 

of six combinations of misalignment and lubricant with both 

the 34  and 5" radii full contact seatings . The well 

lubricated conditions were obtained with Rocol M.G. grease 

and Rhodina-graphite mixture, respectively, while fixity 

was achieved with no lubricant. Misalignment of the seating, 

canied out on the well-lubricated seatings only, were p 

towards an 	14" and ji" away from the cast face with 

reference to the specimen centreline. Testing under perfect 

alignment with both the well-lubricated and unlubricOted 

seatings was also performed. 

Test Series 5: Object: 

(1) To observe the ratio in failing strengths under each of 

the basic philosophies of loading. (see Section 5.3) for the 

standPrd compression control specimens; 4" and 6" cubes and 

6'10 x 12" cylinders. 

(2) To determine the ratio of failing strength between 

cylinders and cubes as a function of the method of loading. 

(3) To establish the basic failing mode of concrete in 

uniaxial compression., 

(4) To investigate the importance of the testing machine 

laterl stiffness on the ultimate strength of cubes and 

cylinders. 
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Description of Test; 

Twelve segregated concrete specimens of each of the 

three standard sizes above were tested under each of the 

three basic methods of loading. Both ends pinned was achieved 

with Rocol M. G. grease on the 74  radius seating located at the 

bottom and Rocol A.S.P. grease on the 34  radius seating at 

the top. (see Plate 9.1) For one end pinned or both ends 

fixed, the 34  radius seating lubricated as above or unlubricated 

respectively were used at the top while the bottom was in 

both cases- the bearing block of the testing machine, as 

shown in Plate 8.4. 

Test Series 6: Object: 

To determine whether the relationships and influences 

as obtained with the segregated specimens in Test Series 5 

are the same for uniform concretes. 

Description of Test: 

The test is identical to that used in Test Series 5 

except for the casting of specimens with a non-segregating 

concrete. 

Test Series 7: Object: 

To determine whether the longitudinal stiffness of 

the testing machine influences the strength of concrete 

specimens. 



Description of Test! 

Five 4" cubes were tested under effectively Fixed 

loading conditions in each of two Grade A compression testing 

machines. The machines used were a 500 ton and a 50 ton 

with longitudinal stiffnesses, 2 x 107  lbs/in. and 10 x 105  

110e/in. , respectively. 

Test Series 8: Object: 

To determine if the degree of vibration of conrete 

cubes has any effect on the ratio of strengths obtained from 

the well lubricateo, and non-lubricated spherical Beatings. 

Description of Test: 

Twelve naturally segregating 4" cubes were tested under 

four combinations of method of test and degree of segregation. 

The two methods of test, as shown above, were both ends 

effectively fixed and one end pinned, one end fixed while 

the two degrees of vibration were obtained with the same 

Kongo hammer by vibrating each specimen for a total time of 

either 10 seconds or 90 seconds. (see Section 9.3.4). 

Test Series 9: Object: 

To determine the influence of restraint of the loading 

'platens on the ultimate strength of concrete specimens. 

Description of Test: 

Six 6°  cubes were tested under each of six combinations 

of spherical seating and concrete strength. The cube; strengths 
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were approximately 5,000 p.s.i. and 6,500 p.s.i. while the 

seatings were the 3", 5" and 7" radii seatings (all full 

contact). 	supplementary set of tests were conducted on 

eleven 6 1  high strength cubes, about 8,000 p.s.i. with each 

of the 54  and 7" radii seatings. In every case, fixity was 

ensured with no lubricant on the.seating interface. 

9.3  WINUF1CTURE OF SPECIMENS 

9.3.:1. Materials Used 

Ordinary,Portland-Cement supplied by Tunnel Cement 

Co., from their Pitstone Works was used for all mixes with 

all the cement coming from the same batch. The cement 

was brought in steel drums from the cement storage area 

to the 'patching area as required. 

Potable water used for the mixes was drawn from the 

standard temperature tank in the mixing laboratory, 

maintained at 64°  F. 

All aggregate used was Thames Valley River Gravel 

supplied by Ham River. Co. from the Chertsey pits. It 
(59) 

had been dried to an air dry condition 	and sieved 
(60) 

into each of the British Standrd sizes 	in the aggregate 

processing plant before being transferred to the batching 

area, where it was kept in steel bins. At time of batchingl  

the aggregate was at 680; the temperature of the batching 

area. The grading was in accordance with Graiting Curve 
(61) 

2 or 4 (see Table 9.1) in Road Note 4 	with i" aggregate 

being the maximum size used. 



TABLE 9.1 DETAILS OF CONCRETE .IIXES FOR TEST SERIES 1 to 9 

TEST 
SIRIES 
N). 

NO. 	OF 
C',STIAGS 

N. AND TYPE 
02 SPECImLN 
TN EACH CAST- 

ING 

./C 
RATIO 
(BY 	dEI- 

GHT) 

A/C 
RATIO 
(BY TEI- 

GHT) 

GRADING 
CURVE, SEE 
FIG.. 	2.  
ROAD NOTE 4 

1 6 18-4" cubes 0.60 4.5 4 
2. 24-4' cubes 0.60 4.5 4 
3 4 18-4" cubes 0.60 4.5 4 
4 4 19-4' cubes 0.60 4.5 4 
5 3 12-4" cubes 0.60 4.5 4 

12-64  cubes 
12-6" 0 x 12" 

cylinder 
6 3 12-4" cubes 0.55 7.5 2 

12-6" cubes 
12-6" 0 x 12" 

cylinder 
7 1 10-4" cubes 0.60 4.5 4 
8 2 24-4" cubes 0.60 4.5 4 
9 2 18-6" cubes 0.50 6.0 2 

1 24-6°  cubes 0.35 2.8 a 

9.3.2 Composition of Specimens 

The composition of the mixes for all 9 test series is given 

in Table 9.1. For each of Test Series 1 to 5 and 8, a naturally 

segregating concrete was required. It was considered that this 

would indicate the importance of each variable being investigated 

most significantly, Before selecting these mix proportions, several 

trial test cubes with varying mix proportions were cast to invest-

igate the one most vulnerable to segregation. 

Test Series 6, a relatively stiff mix was, in comparison 

with Test Series 5, relatively immune to segregation effects. 

With Test Series 9, high strength mixes were selected as these 

would be most sensitive to machine restraint. 
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9,3,3 Batching and Casting Procedure  

Each aggregate size and cement were weighed to the nearest 

gram by the author and placed in steel drums, before being 

transported to the temperature controlled casting area, maintained 

at 64°F. The required water was weighed to the nearest gram 

immediately prior to casting to avoid possible evaporation. 

For Test Series 1 to 4, 7 and B, the constituents were mixed 

in a 3Liner Pan' Cum Flow mixer of 1 cubic foot capacity while 

the concretes for Test Series 	6 and 9 were mixed in a Gustav 

Eirich EA21 Pan Mixer of 100 litre capacity. In every case, 

the aggregate and cement was mixed for 2 minutes and then, after 

addition of water, was mixed for a further 3 minutes. 

For the smaller mixes in the "Liner Pan" mixer, the 

concrete was transferred directly from the mixer into the moulds, 

care being taken to stir the remaining mix frequently with a 

shovel.. With the larger mixer from the Gustav Eirich Pan Mixer, 

the contents, after mixing, were dumped into'a wheel-barrow, which 

had been prewetted to avoid loss of moisture. Prior to placing 

in the moulds, the mix was thoroughly rel!orked with a shovel. This 

process was repeated several times to avoid segregation in the 

wheel-barrow.. 

In cases where 2. mixes were required on any one day as in 

each of the castings for Test Series 5 and 6 (see Table 9.1), 

all attempts to produce an identical mix were employed. To 

prevent loss of moisture, the mixer and water measuring container 

were prewetted for the first mix in an attempt to duplicate 

their moisture retaining properties in 
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the second Mix. The first mix was placed in half the moulds 

which were then vibrated completely before beginning the 

second mix, thereby ensuring an equal state of plasticity 

for all specimens during vibration. 

All moulds were manufactured in compliance with 
( 9) 

British Standard specifications-. 

9.3..4 Vibration of Specimens  

As repeatability of results was required for successive 

castings in any test series, a repeatable vibration procedure 

as well as a consistent batching and casting process was 

considered important. The general requirements in most 

test series was a well compacted. concrete with a minimum of 

air voids. In addition, a high degree of segregation in 

the nattrally segregating concrete, Test Series 1 to 5 

was achieved. An exception to this was half:of Test Series 

8 where only a small vibration was conducted to specifically 

investigate this variable. All specimens in Test Series 

1 to 8 were vibrated with a "Kango" hammer while those in 

Test Series 9 were vibrated on a vibrating table. Details 

of the vibration procedure for every test series are presented 

in Table 9.2.: 

It is regretted that the same vibration procedure 

could not be used for all the 3 separate castings in each 

of Test Series 5 and 6. This was due to the "Kango" hammers 



;TEST 
:nRIEs 

Kango 430 watt,Type F 
for 1st mix. 

Kango 630 watt,Type K 
for 2nd and 3rd mixes 

Kango, 315 watt,Type 
Kango, 430 watt,T,Ipe 

2 
5 

6 

7 
8 

9 3 

3 

DESCRIPTION NO, OF 	LENGTH OF 
OF 	LAYERS 	VIBRATION IN 
SPECIMENS 	FOR 	EACH LAYER 

VIBRATION 

VIBRATION 
EQUIPMENT 
USED 

45 secs. 
12 secs. 
12. secs. 
12 secs. 
15 secs. 

in bottom 3 
layers, 20 secs 
in top layer 

75 secs. 
for 1st mix 

60 secs. 
for 2nd,3rd 

mixes 
75 secs. 

for 1st mix 
60 secs. 

for 2nd,3rd 
mixes 

75 secs. in 
, bottom 3 lay- 
ers, and 90secs 
in to? for 1st 
mix, 60 sees., in 
bottom 3 layer 
and 90 secs. i 
top for 2nd an 
3rd mixes. 

30 secs. 
45 secs for 

half.  
5 secs for 
half 

Xango, 315 watt,Type 0 
Mango, 430 watt,Type F 
Kango, 315 watt,Type C 
for lst and 3rd mix 
Kango, 430 watt,Type F 
for 2nd mix. 

6°  cubes 

6°  cubes 

30 secs for bot- Vibrating Table 
tom 2 layers, 45 
secs. in top -- 

60 secs. 

4°  cubes I 2, 
4°  cubes I 2 

	

4" cubes 	2 

	

6°  cubes 	3 
6°  Ox12°  
cylinders 4 

	

cubes 	2 

6 cubes 	3 

6°  Ox12°  
cylinders 

41' cubes 	2 
4" cubes 	2, 

2,76 

TABLE 9.2 VIBRALTION DETAILS FOR CONCRETE IiIXES IN TEST SERIES 1 TO 9  

being in continual use elsewhere and the desired one not being 

readily available at time of casting. However, as care was taken 

to ensure that each specimen size received identical Vibration in 

each casting,7  a significant relation- 
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ship, isdn.t.d.Jetween the results as shown in Sections 

9.7 and 9.8. 

For all specimens in Test Series 1 to 8, care was 

ta4en to ensure that the moulds were completely filled except 

for the 6" 0 x12' cylinders where space for the capping 

material was provided. In test series 9 only , the specimens 

were trowelled after vibration. At approximately two hours 

after casting, the specimens were covered with polythene 

sheeting to prevent loss of moisture from the specimens. 

9.3.5 Curing 

On the morning after casting, all specimens were 

stripped, marked with a black crayon and placed in curing 

tanks maintained at 64 F, in accordance with British Stan—

dard 1881: 1952 (9)  . The cylinders were removed from the 

curing tanks within 4 days of casting for capping. Following 

capping, performed with a high strength mix of sand, water 

and either high alumina cement or amalgamated dental plaster, 

the cylinders were replaced in the storage tanks until time 

of testing. 

9..4 JESTING PROCEDURE 

The specimens tested at an age of 28 days were 

removed, as required, from the curing tanks and placed in 

a water filled tank hear the 500 ton Avery compression 
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testing machine used for these tests (see Plat?. 8.4). Prior 

to placing in the testing machine, the specimens were wiped 

elect), of surplus moisture and grit and measured to the 

nearest 0.0i" This was performed by taking an average of 

3 readings fOTthe cube height and 6 readings for the cylinder 

diameter. To ensure uniform bearing, both ends of the 

specimen were scraped with the edge of a platen followed by 

a thorough wiping of both the platen and specimen ends 

with a clean towel. 

For locating in the testing machine, the bottom platen 

was accurately positioned axially on the lower machine 

bearing block. The specimen, upper platen and spherical 

seating, dowelled to the upper platen (except for Test 

Series 3 and 4) were then .in turn positioned accurately. 

A small load was applied and immediately removed to ensure 

parallelness between the upper cross head anki the bearing 

face of the female portion of the spherical seating. Prior 

to loading to failure, the entire assembly was again 

carefully checked for _alignment. Cubes were always 

positioned with their cast face to the right (see Plate 

3.4) while all cylinders were positioned with their capped 

end uppermost. 

The loading rates to failure were 10, 25 and 20 tons/Min; 

respectively, for the 4" and 6 1  cubes and cylinder specimens 

i.e., approximately 1500 p.s.i. per minute in each case. 
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In Test Series 7, due to the inability of the 50 ton compression 

machine to load at a uniform stress rate, the loading rates 

were altered to a constant strain rate with the stress rate 

in the first 505 of loading being 20 tons/minute. 

When using well lubricated seatings, the spherical 

seating interfaces were prepared as discussed in Section 

8.6.2 with 3 pre-compressions to 100 tons in the 200 ton 

compression machine. 

As small differences were being investigated, each 

test series had an equal number of specimens tested under 

each condition on each day. For example, in Test Series 

1, 2 cubes were tested under each of the 9 conditions on each 

day.. In addition, to allow for ary,.. slight increase in 

strength or variations in operator technique during any one 

day, the sequence of testing specimens was reversed on 

successive days. 

The same platen, i" thick, and 4" square for 4" 

cube and 6" square for 6" cubes and cylinders, were used 

for any one test series. As they were ground and maintained 

plane in accordance with British Standard 1881, platen 

effect was eliminated. In addition, the centre of rotation 

of the seating was located at the centre of the specimen 

bearing face. (see Section 5.:.4). 

For misalignment tests (Series 3 and 4), the platens 

and specimen were located axially in the testing machine 

in every test while the spherical seating was displaced 
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laterally the necessary off-centre distance. This procedure 

eliminated variations in ram behaviour. 

For testing with 2 well lubricated seatings, (Series 

5 and 6) the male bearing face of the lower seating was 

carefully checked for level in both directions in every 

teat, to ensure repeatability of loading (see Plate 9.1). 

9.5 THE INFLUENCE OF SPHERICAL SEATING PROPERTIES AND TYPE 

OF LUBRICANT ON THE CUBE STRENGTH (TEST SERIES 1 AND-2)  

The cube results as shown in Table 9.3, fall into two 

strength groups of approximately 4550 and 4800 p.s.i. The 

higher strength group failed in accordance with the philosophy 

of having both ends effectively fixed as revealed by equal 

failure on all four faces (see Plate 5.2)). The lower 

strength specimens)  on the other hand, showed excessive 

failure on one face thereby giving proof that the seating 

rotated under load, thus approaching a pinned behaviour. 

These behaviours agree with the predictions formulated from 

the results of Chapter 8 (see Figures 8.7, 8.9 and 8.10). 

In Section 9.6 it is shown that the centroid of 

resistance of the cube specimen, when deformed uniformly 

is about -V towards the bottom of the specimen, as cast, 

from its centre line. Therefore, with the seating accurately 

centred, a IbRt  value (the product of the coefficient of 

friction at the seating interface and the radius of the 

sphere) in excess of this value would produce a fixed end 
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PLATE 9.1 Test assembly for loading concrete specimens 
under both ends pinned condition 
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condition. ' With the unlubricated seatings as well as all 

the lubricants on the 5" radius seating, (see Table 9.3) 

the '(pp.,  value is greater than t", thereby producing 

consistent strength results and failure patterns. The 3" 

radius seating with Stauffer's grease is a marginal condition 

as its pit equals about It 	as can be observed from Figure aao, 

As 11 crf-these cubes failed uniformly while the twelfth 

showed some tilting, these results should, as was seen to 

be the cases  agree with those loaded under effectively fixed 

conditions. 

TI.BLE 9.3 EFFECT OF SPHERICAL SEATING AND TYPE OF LUBRICANT 

ON COhiPRESSIVE STRENGTH OF  4" CUBES — TEST SERIES 1  

ifor individual strengths see Appendix A) 

RADIUS OF! ‘. 
SEATING 

q0. 	STAUFFER'S ROCOL 
UBRICANT GREASE M.G. 

311 

5" 
 

7" 

Average 
Strength 

Standard 
Deviation 
Coeffic.ient, 
of variattoD 

Average 
Strength 
Standard 
Deviation 
Coeff. of 
Variation 

Average 
Strength 	4872 
Stan. Deviation 173 
Coeff. of Var. 

4595 
199 
4.45 

4857 

190 

4.1% 

4809 

210 

4.4% 

4508 
175 
3.9% 

4796 
	

4857 

211 
	

134 

4.4 4• 	2.. 8% 

4876 	4760 

183, 	200 

3.8% 	4.2%, 
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TABLE 9.4 EFFECT OF SPHERICAL SEATING TYPE OF CONTACT ON 

COMPRESSIVE STRENGTH OF 4" CUBES - TEST SERIES 2 

3" RADIUS 3" RADIUS 5" RADIUS 7" RADIUS 
w/SHELL SEATING w/SHELL w/SHELL 
RHODINA 2. NO LUBRICANT RHODINA a RHODINA 2 

(LINE CONTACT) 

iAverage St7enc,fth ;4652, 
Standard Deviation; 188 
,Coeff of Varitioni 4-05.  

4883 
105 

2. 25 

1 

4907 
180 

3. 7% 

4672 
256 
5.55 

     

For the other 3 -combinations of spherical seating 

and lubricant, the '/JR.' values are essentially zero (see 

Figures 8.7 and 8,10). Again, consistent strengths and 

failure patterns are obtained, as tilting of the sphere in 

its Heating produced excessive failures on the cast face 

(similar to that shown in Plate 5.1) These results 	5.55 

lower than when the seating remains locked. 

The general method of test has. little effect on the 

coefficient of variation and standard deviation values as 

these are observed to be of the same. order (see Table 9.3). 

However, this only applies when great care is taken in ensuring 

a repeatable loading pattern. As discussed in Section 9.6, 

inconsistency in the degree of misalignment will have a 

very serious effect in machines with well lubricated seatings 

with both lower average strength and increased standard 

deviation of strength values occurring. 
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While the analysis of the results of Test Series 1 

indicates that the ultimate strength and mode of failure of 

cubes are influenced by such spherical seating properties 

as radius, area of contact, surface finish and type of 

lubricant, Test Series 2 .reveals the importance of the 

type of seating contact. From Table 9.4, it is seen that 

the results obtained with the 3" radius seating lubricated 

with Shell Rhodina 2 are reasonably identical to those 

Obtained with the 7°  radius seating due to the t OR?  value, 

in both cases, being essentially zero.. Although Fig. 8.10 

shows a 	value of 0.85 at 40 tons, this value would 

probably be nearer zero due to a uniform stressing on the 

interface as opposed to the non-uniform stress condition 

occurring in the '//' test, as discussed in Section 8.7.2. 

On the other hand, the 5" radium line contact seating showed 

a completely fixed behaviour as prdicted from Figure 8.8. 

Although some difference would be expected between the 3" 

and 5" radii seatings lubricated with Shell Rhodina 2 

grease due to differences in contact area (14.4 and 7.0 

sq. ins. respectively), such a complete difference in 

behaviour cannot be accounted for by difference in contact 

area alone. This is verified by the fact, that at any average 

interface- pressure,. the 	value for the 5" radius 

seating is greater than that,: on the 3" radius seating with 

the above lubricant. 
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TABLE 9.5 SIGNIFICANCE OF DIFFERENCES IN TEST SERIES 1 — 

SEE "ABLE 9.3  

I CONST VARIABLES 	ULTIMATE STRENGTH 	SIGNIFICANCE 
DIFFERENCE 	LEVEL 

3" 	7' 
RADIUS RADIUS 

3" 	5" 
RADIUS RADIUS 

7" 	5rt 
RADIUS RADIUS 

NO 	ROCOL 
LUBRICANT M. G. 

NO 	ROCOL 
LUBRICANT M. G. 

STAUF.bER'S 
GREASE 

ROC OL M. G. 
GREASE 

ROC OL M. G. 
GREASE 

3" RADIUS 

7" RADIUS 

5.4% 

4.6  

6. /) 
4.4;0 

7.,5% 

To establish conclusively the difference in strength 

observed with different seatings or lubricants, a series 

of significance calculations were performed in accordance 

with the method of interpolating data at the Road Research 
(19) 

Laboratories, 

	

	the results of which are presented in Table 
(19) 

9.5. As stated by Wright , 	a 5% significance level implies 

strong evidence of a real difference while a 1% level 

indicates reasonable certainty that a real difference exists. 

The significance levels, as presented in Table 9.5, prove 

that the differences obtained are conclusive. Combining 

this analysis with the influence of the spherical seating 

on the cube behaviour, it is concluded that, all factors 

which affect the behaviour of the spherical seating (see 

Section 8.1.3) will influence the ultimate strength and 



IT" TOWARD 	I 0 
CAST FACE  

NO LUBRICANT ON SEATING INTERFACE 

Average Strength 4702, 	4757 
Standard Deviation 168 	335 

GRAPHITE - TALLOW ';IIXTURE ON INTERFACE 

Average Strength 3620 	4366 
Standard Deviation 264 	183 

• 

DISPLACEENT OF SEATING AXIS WITH REFERENCE TO 
SPECIIviEN AXIS - 5" RADTuR myrI, ^w 	.045 SEATING 

131  TOWARIT--
BOTTOM FACE 

4727 
219 

4198 
238 

mode of failure of cube specimens. 

9.6 THE INFLUENCE OF SPECIMEW MISALIGNMENT ON ITS ULIMATE 

STRENGTH (TEST SERIES 3 and 4)  

In commercial testing , small misalignments of the 

specimen will be general and random, particularly when the 

lower platen is not accurately dowelled to the lower 

machine nearing block. Test Series 3, (Section 9.2) 

performed to investigate the effect of misalignment on cube 

strength, showed that results are extremely sensitive to 

misalignment effects with a well lubricated seating. A 

displacement of the specimen axis with reference to the 

seating axis of only*" produced a reduction of strength 

of 17% in one direction and 4% in the other (see Table 

9.6 and Figure 9.1) 

TABLE 9.6 LF2ECT OF SPLCIWiEN MISALIGNMENT ON ITS STRENGTH 

AND DEVIATION - TEST SERIES 3-  (for individual  

strengths see Appendix A) 

4 
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EFFECT OF MISALIGNMENT ON ULTIMATE STRENGTH 

OF 4" CUBE SPECIMENS WITH 5" RADIUS SPHERICAL 

SEATING 

      

3600 

        

        

        

                  

 

3300 

                 

            

I . of spherical seating displaced 

  

 

3000 

          

towards cast face of specimen 
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t 

FIG. 9.1 
	 MISALIGNMENT 	INS. 
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,ith unlubricated scatings however, misalignment produced 

strength results and failure patterns essentially identical 

for all specimens. (see Fig 9.1). This is due to a uniform 

deforming of the specimens in every case since the '144R.' 

vslue is greater than the displacement of the effective 

resultant of the cube. 

Although these deliberate misalignments are rather 

more than would generally be expected in practise, an 

exercise to demonstrate the difference in specified strength 

on the basis of these results reveals the importance of 

using a machine immune to small misalignment effects, The 

average strength and its standard deviation for the 36 

specimens tested in the fixed condition are 472.8 and 204 

p.s.i., while for the well lubricated seating, they are 

4061 and 394 p. s. i. On the basis of a statistical analysis 

to determine the strengths above which 99 of the results 

would be expected to fall, the values are 4250 and 3140 

p.s.i. for the unlubricated and well lubricated seatings, 

respectively, a difference of 265: 

In standard testing machines where random lateral 

displacement of the specimen occurs, the strengths may be 

affected by ram behaviour as well as seating behaviour. The 

former has been eliminated• in Test Series 3 and 4 by moving 

the seating laterally rather than the specimen. Therefore, 

although it is concluded that ultimate strengths of 



289 

misaligned specimens tested with effectively locked spherical 

seatings are independent of the spherical seating7 some 

influence from ram behaviour may result. It is however 

apparent, from the investigation of Chapter 4, that with 

long, large diameter and well machined rams, such influences 

will be only a fraction of that obtained with well lubricated 

seatings and negligible for the misalignments being considered 

above. (see Section 5.4.8) 

With the well lubricated seating, the failure 

patterns, excessive on one side in every case was dependent 

upon the location of the neutral axis of the specimen with 

reference to the seating axis. As observed in Figure 9.2 

the maximum strengths with the lubricated seatings were 

obtained when the axis of the seating was positioned about 

le towards the bottom of the specimen, as cast. With this 

particular misalignment, there tended to be excessive 

failure on a random face. This indicated that the speciMens 

were being loaded at or very near their neutral axis (see 

Sections 6.3.1 and 6.3.3). However, when the centreline 

of the seating was moved from theneutral .axis of the 

specimen, excessive failure occurred on the specimen face 

towards which the seating was displaced. 

In Section 6.3.1 and Table 6.1, it was shown that, 

theoreticallyl no tilting of the seating would occur if the 

seating axis were positioned coincident with the neutral 



DISPL"10EMENT 02 SPHERICAL SEATING AXIS WITH REFERENCE 
TO SPECIMEN AXIS 

TOWARDS 	 TOWARDS 
CAST FACE 	BOTTQJ 

14" 	
i0 	 1/16" 1 a it, 

SERIES 4A:5" RADIUS SEATING (FULL CONTACT) 
NO LUBRICANT _N SEATING INTER

I

FACE 	! 
Average ! 	I 

4820) 
Strength 	' . 
GRAPHITE TALLOW MIXTURE ON SEATING INTERFACE 

-i.Ve r E. gc 1 	
I 	I 

3570 ,4630' - 4600 4255 
Strength i 	! 
SERIES 4B:3" RADIUS SATING  
NO LUBRICANT ON SEATING INTERFACE  

'.verEgc ! 	1 	i
47201 

Strength 
ROCOL M. G, ON SEATING INTERFACE 

%vc:ragc,. 	, 
• 3510 I 	- 4320 i 	0 	4490 Strength ( 	i 

1. It 
2 

3475 

3340 

2.90  

TABLE, 9.7 	EFFECT OF SPECIMEN MISALIGNMENT ON ITS STRENGTH-

TEST SERIES 4 (for individual strengths, see  

Appendix A)  

axis of the specimen and treat, as a result, the stress 

patterns and resulting strengths obtained under the three 

'• -basic methods of loading would be identical. Results 

of Test Series 4 show, however, that the strengths obtaited 

with the well lubricated: Seating are always less than those 

Obtained with the non-lubricated seating. (see Table 9.7 

and Figure 9.2). Furthermore, as the seating tilted in 

every case, even when positioned virtually at the neutral 

axis of the specimen, it is suggested that the neutral 
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3000 
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STRENGTH OF 4' CURE SPECIMENS 	• • • 

+ 5" radius seating 
x 3" radius seating 
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towards cast face of specimen 

3300- 

11" 

• 

1)4" 	 1/2" 

MISALIGNMENT INS. 
FIG. 9.2 
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axis did not remain constant,but rather altered its position 

slightly Ft different load stages. In the theory of Chapter 

6, it was assumed that the neutral axis remained constant.. 

It is concluded that the cube strength obtained with 

an unlubricated spherical seating is greater than that 

obtained with a well lubricated spherical seating. 

9..7  THE INFLUENCE OF METHOD OF LOADING AND SPECIMEN COMPOSITION 

ON THE CUBE STRENGTH: CYLINDER STRENGTH RATIO (MST SERIES 5 & 6)  

As shown in Table 9.8 and 9.9, the ratio between 4" 

and 64  cube strengths is reasonably consistent and independent 

of the method of loading although the actual cube strengths 

are very much influenced by the loading system; differences 

between pinned and fixed end conditions are about 7%. 

Alternatively, cylinder strengths, due to their direction 

of testing in relation.:to casting are only slightly influenced 

by the method of test, the maximum difference between two 

methods of loading being 3%. Consequently, the cube: 

cylinder strength ratio is very much a function of the 

method of loading. 

This ratio, in addition to being dependent upon the 

method of test, is also influenced by the mix proportions. 
(62) 

Williamson 	in a series of tests to determine the 

strengths of different sections of concrete cylinders, 

concluded that, generally, they decreased from the bottom 

to the top, as cast, due to segregation effects. This 
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TABLE 9.8 SPTRENGTHS AND THEIR R!,.TIOS AS A FUNCTION OF 

SPECIMEN SIZE AND METHOD OF LOADING. - TEST SERIES 5 ON 

SEGREG"-TED CONCRETE. (for individual strengths, see 

Appendix A)  

END WERAGE STRENGTH(p.s.i.) AND RATIOS 
CONDITION -7 CUBLS 6" CUBES 6"0x12" CYLINDER 

4 

Both Ends 1st Mix. 4695 1.000 4230 0.902 3232. 0.690 
Fixed 2nd Mix 4983 1.000 4789 0.960 3748 0.752 

3rd Mix 4490 1.000 3748 0.836 3151 0.703 
Average 4723 1.000 4258 0.904 3377 0.715 

1 End Pinned let Mix 4562, 0.974 3964 0.845 3196 0.681 
1 End Fixed 2nd Mix 4920 0.988 4626 0.928 3642 0.731 

3rd Mix 4100 0.914 3629 0.810 3028, 0.675 
Average 4527 0.959 4073 0.863 3289. 0.697 

Both Ends 1st Mix 4438 0.945 4085 0.870 3299 0.703 
Pinned 2nd Mix 4968 0.997 4464 0.896 3764 0.755 

3rd Mix 3952,0.881 3675 0.820 3166 0.707 
Average 4453 0.945 4075 0.863 3410 0.723 

Note: For each specimen size and mix.., the value given above is 

the average of 4 specimens.. 

  

RATIO OF VARIABLE CONSTANT 

 

   

Both Ends Fixed 
1 End Pinned 
1 End Fixed 

4" Cube: 
4' Cube: 

6" CUbe: 
61  Cube: 

Cylinder = 1.000:0.904:0.715 
Cylinder 	1.000:0.900:0.726 

Both Ends Pinned 4" Cube: 61  Cube: Cylinder = 1.000:0.915:0.765 
41  Cube Both Ends Fixed: 1 Pinned, 1 Fixed,Both Ehds 

Pinndd - 
=1.000:0.959:0.945 

6" Cube II 	It It It =1.000:0.957:0.957 
Cylinder It =1.000:0.975:1.010 
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TABLE 9.9 STRENGTHS AND THEIR RATIOS AS A FUNCTION OF SPECIMEN, 

SIZE AND METHOD 02 LOADING - TEST SERIES 6 ON UNIFORM CONCRE2E 

(for individual strengths, see Appendix A)  

END 
CONDITION 

WERAGE SMENGTH (p.s.i.) AND RATIOS 
4" CUBES 6" CUBES 16°0X12" CYLINDERS 

BOTH ENDS 1st Mix 5321 1.000 4274 0.803 4009 M54 
FIXED 2nd Mix 6074 1.000 5578 0.919 4558 0.751 

3rd Mix 5921 1.000 5541 0.935 4614 0.779 
Average 5772 1.000 5131 0.888 4397 0.762 

1 END PINNED 1st Mix 4811 0.905 4011 0.754 3956 0.744 
1 END FIXED 2nd Mix 5916 0.974 5431 0.894 4370 0.720 

3rd Mix 5516 0.932 5342 0.902 4572 0.772. 
Average 5414 0.938 4928 0.853 4300 0.745 

BOTil ENDS 1st Mix 4886 0.918 3925 0.737 4195 0.788 
PINNED 2nd Mix 5544 0.913 5432 0.894 4599 0.757 

3rd Mix 5391. 0.909 5098 0.860 4439 0.744 
Average 527 0.914 4818 0.835 4411 0.764 4' 

Note: For eadh specimen size and mix, the value given above 

is the average of 4 specimens. 

CONSTANT RATIO OF VARIABLE 

  

.f Both Ends Fixed 

1

1 End Pinned 
1 End Fixed 
Both Ends Pinned 
4" Cube 

6' Cube 
Cylinder 

4" Cube: 6" 
It 

Cube: Cylinder 
It 
	

It 

= 1.000:0.888:0.761 
= 1.000:0.910:0.799 

It 
	

Tt 
	

1.000:0.918:0.837 
Both Ends Fixed: 1 Pinned: 1 Fixed: Both Ends 

Pinndd 
= 1.000:0.938:0.914 

TI 
	

It 	= 1.000:0.961:0.940 
tl 
	

L000:0.979:1.005 
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variation more severe with P naturally segregating concrete, 

accounts for the higher cylinder:cube strength ratio in the 

relatively uniform concretes in Test Series 6. This was 

amplified by observation of the failed cylinder specimens 

in both Test Series 5 and 6; the former failed more consistently 

near the tt>p, as cast. 

The 6" cube strength, only about 90% of the 4" cube 

strength is seen to be considerably lower than that generally 

obtained; 967, as suggested by Newman(40), This, as will 

be proven in Section 9.113is due to machine restraint effedt. 

9.8 THE INFLUENCE OF METHOD OF LOADING AND MACHINE LATERAL 

STIFFNESS ON SPECIMEN STRENGTH AND MODE OF FAILURE (TEST SERIES 

5 AND 6)  

To determine if differences observed in Test Series 5 

and 6 are significant, calculations in accordance with the 
(19) 

method suggested by Wright 	were used. 

As stated above, the lowest cube strengths are 

obtained with pinned ends while fixed conditions produce the 

highest strength. Although the third method of loading 

produces intermediate results, the significance of differences 

from that (obtained with -binned ends is mot conclusive fbr 

either the 4" or 6" cubes. However, the probability of both 

sets of cubes being different for the two methods of loading 

is 98%, which is significantly conclusive. As the one end 
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TABLE 9.10 SIGNIFICANCE OF DIFFERENCES IN TEST SERIES 5 AND 6 — 

SEE Ti\.BLE 9.8 AND 9.9 .&ND "..?PENDIX A 

CONSTANT VARIABLES 	[AVERAGEl% 	/SIGNIFICANCE 
IDIF2ERENCEIDIFFERENCE 
(p.s.i.) 

EVEL OF 
IFFERENCE 

4." Cubes Both Ends 	1 end 
Fixed 	pinned, 

1 end 
fixed 

276 5.35 0.2% 

4" Cubes Both Ends 
Pinned 	t 114 2.3% 11f  

64  Cubes Both Ends 
Fixed 	-- 'I 195 4.2%- 0. 1% 
---- 

6.1  Cubes Both Ends 
I I Pinned-- 5.1 '0f 

Cylinders 
• - 

Both Ends 
Fixed 	- 	- 	t 93 2. 45 65 

Cylinders Both Ends 
Pinned 	t I  116 3.0% 

pinned, one end fixed loading method is the only one to induce 

lateral forces (see Sections 5,3 and 6.2), it.is concluded 

that the lateral stiffness of this testing machine, 3.0x10 6 

lbs./inch, has a significant effect on the cube strength. 

In Plate 5.1, which shows a cube failed under 

effectively pinned conditions, excessive failure can be 

seen on the weaker half of the specimen and, not only is 

there no visible compression failure on the opposite face 

but in this case, a horizontal tension crack has occurred. 
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Near failure-, the failing face deformed so excessively 

that an internal hinge.developed. The resulting rotation 

caused the compressive stresses on the strong face to 

reduce, eventually becoming tensile. Alternativel y, with 

a cube failed under fixed end conditions, as shown in 

Plate5.2, failure of the specimen occurs when all the 

elements on the weakest cross-section have exceeded their 

load carrying capacity, as demonstrated by an equal amount 

of failure on all fates of the specimens The induced 

lateral force, with the third system of loading whereby 

one is pinned and the other fixed, produced inclined cracks 

which followed the lines of principal compressive stress. 

The resulting failure, although somewhat similar to that 

shown in Plate 5.1, indicated obvious signs of a shearing 

mechanism. 

Cylinder specimens, in contrast to the cubes, showed 

comparatively little variation in strength as a function 

of the method of loading although the one end pinned, one 

end fixed method produced results about 21-70 lower than with 

the other systems. Such relatively small variations would 

be expected as a result of the force system being coincident 

with the resultant of the uniformly deformed specimen; the 

specimens were carefully centred in every case. Yet, the 

failure patterns as shown in Plates 9.2, 9.3 and 9.4 differ 

markedly for the 3 systems of loading. Where one or both 



A 
A 

PLATE 9.2 Concrete cylinder loaded to failure with both 
ends effectively pinned 



B 

PLATE 9.3 Concrete cylinder loaded to failure with both 
ends effectively fixed 



C 

PLATE 9.4 Concrete cylinder loaded to failure 
with one end pinned, one end fixed 
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ends are loaded with a well lubricated. seating, obvious 

tilting occurred in every case in a random direction, thus 

producing further verification of the very low 	values 

obtained in Chapter 8. With specimens loaded udder 

effectively pinned or effectively fixed end conditions, 

similar failing modes to that obtained with the cubes 

occurred, Under a both ends effectively pinned condition, 

a tensile crack was again obtained On one side as shown in 

Plate 9.2: The shearing mechanism resulting from the 

induced lateral force in the third loading system was more 

pronounced with cylinders than with cubes as shorn in Plate 

9.4. This force, tending to displace the resultant at the 

fixed end, would account for the slightly lower strengths. 

(see bottom line in Table 9,9) 

Some investigators have, in explaining the mode of 

uniaxial compression failure, suggested the existence of a 

shear mechanism on the phenomenological level. while others 
(6, 14,56-58) 

have supported the vertical splitting theory. 

In standardizing a suitable compression test, a complete 

understanding of specimen movements is necessary. The former 

mechanism infers a lateral deformation in the specimen as 

well as a longitudinal deformation whereas the latter mechanism 

infers only a longitudinal deformation. Thus, a compression 

test for a material intrinsically weak in shear can only 

be conducted satisfactorily on a machine with both ends 

effectively pinned whereas a test on a material prone to- 
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splitting tensile failures can be conducted with both ends 

either pinned or fixed. The method whereby one end is 

pinned and the other is fixed is unsuitable in every case 

due to induced lateral forces, and the resulting complem 

distribution of stress (see Secticn 6.5). 

For concrete specimens where lateral farces do not 

arise from the bending of the specimen i.e. ; both ends 

pinned or fixed, it is readily observed in Plates 5.11  5.a., 

9.2. and 9.3 that the failures obtained are of a splitting 

tensile mechanism, thereby allowing the loading system of 

both ends pinned or fixed to be acceptable. However, due 

to such factors as specimen alignment, stability, spherical 

seatings, operator technique and ease of altering existing 

machines, it is concluded that, for control testing of conrete 

specimens, a system of loading whereby uoth ends are fixed is 

the most suitable. (see also Section 6.3,a) 

9.9 THE INFLUENCE OF MACHINE LONGITUDINAL STIFFNESS ON 

SPECIMEN STRENGTH (TEST SERIES 7)  

In Section 5.4.1, the influence of testing machine 

longitudinal stiffness was shown to han nu effect on the 

ultimate strength of concrete specimens, except for a 

possible psychological effect on the operator with the 
(63) 

softer machines. However, Glucklich, 	in a theoretical 

and experimental investigation distinguished between the 

mechanism 



of failing in soft and hard testing machines. He deacribed 

these two mechanisms as a'Tirst crack mechanism" and a 

"mechanism of cracking", which produced brittle and dUMtile 

failures, respectively. In his experiments he showed that 

the strengths obtained in the soft machines were only about 

30y:; of those - obtaim)d in the hard machines. However, 

his results are suspect due to a poor testing technique 

(see Section 5.1). His method of placing a railway carriage 

type spiral spring did not only reduce the longitudinal 

stiffness, but also altered the machine restraint, planeness 

of platen during loading, lateral stiffness, alignment of 

the specimen in relation to the resultant force and the 

spherical seating effect. His low strengths which showed 

a single vertical crack in the soft machine were probably 

caused by a punching action of the top platen similar to 

the splitting tensile test rather than what he termed "an 

unlimited store of elastic energy". 

To establish conclusively the theory of Section 5.441 

a series of 4" cubes were tested in both hard and soft 

Grad A testing machines with longitudinal stiffness, 

2 x 107 and 10 x 105 lbs/ins., respedtively. To elininate 

effects of all other machine charcteristics, the same 

platens and spherical seating were used, while lateral 

stiffness effects were eliminated by using an effectiVely 

locked seating. 

303 
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The results, presented in Table 9.11 show a slightly 

higher strength with the soft machine which. is opposite to 

Glucklich's results. Higher strengths of the magnitude 

obtained in this Test Series would be expected with the 

soft machine due to load application considerations. As 

explained in Section 9.4, the strain rate had to be constant 

in the specimens elastic range due to the inability of the 

soft machine to apply a constant stress rate. The stress 

rate, although identical for the two machines in the initial 

stages of loading,becomes more rapid in the soft machine near 

failure as explained in Section 5.4.7.2. 
(22) 

Wright 	also conducted a series of tests to examine 

the influence of longitudinal stiffness. Thirty-six 4" 

cubes were tested with a 120 ton proving ring placed between 

the cube and the lower platen and a further thirty six cubes 

with the ring replaced by a solid steel cylinder 6 ins. in 

diameter and the same height as the proving ring. The 

results obtained with the proving ring and,steel cylinder 

agreed to within 1%. 

It is concluded, on the basis of the experimental 

results obtained by Wright,and the author as well as the 

theory of Section 5.4.1 that concrete strengths are 

independent of machine longitudinal stiffness. 

Specimen failures in the soft machine, always highly 

explosive, caused Obalous excessive wear of the platens while 

very little wear occurred in the stiffer machine. This 

emphasizes the importance of having stiff machines which 
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TABLE 9.11 INFLUENCE OF TESTING MACHINE LONGITUDINAL. STIFFNESS 

ON ULTIMATE STRENGTh OF 4" CONCRETE CUBES - TEST SERIES 7 

(for individual strengths see Appendix. A)  

1 
i 	 TESTING MACHINE AND LONGITUDINAL 
I— 	 STIFFNESS 

1 

iAverage Strength 
, 

	

	(p.s.i.,) 
Standard. Deviation 

(p. S. i. ) 

50 TON COMPRESSION 
PA.= 10 x.105  lbs/in. 

500 TON COMP4ESSION 
Pk = 2 x. 10 1  

4660 

218 

4605 

187 

largely eliminate the wear on components due to impact loadings 

arising from the instability occurring in the falling off 

portion of the load deformation curve (see Section 5.4.1) 

9.,10 THE INFLUENCE OF SEGREGATION AND IiIETHOD OF LO'LDING ON 

CUBE STRENGTH (TEST SERIES 8) 

With only a small amount of vibration, relatively 

unsegregated, uniform specimens, immune to the method of 

lording, might be expected. HoweverI the results of Test 

Series 8, presented in Table 9.12, show that inadequate 

vibration can cause specimens to be even more sensitive to 

the method of loading than when adequately compacted. From 

observation of the failed cubes, the segregation was roughly 

the same. However, in the specimens receiving only 10 

seconds vibration, the entrapped air had not been adequately 

removed, particularly from the upper half of the specimen. 



10' secs 
90 secs 

4714 	4310 
5052, 	4808 

LOADING SYSTEM 

TOTAL VIBRATION 

Appendix A) 

BOTH ENDS 
	

1 END PINNED 

FIXED 	1 END FIXED 

(for individual strengths, see 
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TABLE 9.,12 INFLUENCE OF DEGREE OF VIBRATION AND METHOD OF 

LOADING ON ULTIMP,TE STRENGTH OF 4" CUBES - TEST SERIES 8 

The resulting increase in strength difference between the 

two halves of these cubes accounts for the greater difference 

in strength under the two methods of loading, 8.65,/3 as 

compared to 4.870 with the well compacted specimens. 

From the abc -,-it is concluded that.the method of 

loading whereby both ends are fixed is less sensitive to 

vibration effects of the specimen than when one or both 

ends are pinned. However, these results emphasize, not 

only the importance of a proper testing technique, but also 

the importance of proper preparation of specimens; variations 

in strength in this test from both factors combined resulted 

in a maximum difference of 15 0; 

Inadecuate care in preparing specimens has also been 
(64) 

shown by Wagner 	to result in low strengths. 
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9.11 THE INFLUENCE OF RESTRAINT OF THE LOADING PLATEN ON 

CUBE STRENGTH (TEST SilaIES 9)  

It was shown5  in Section 5.4...5, that an increase in 

restraint of the loading platens would increase the cube 

strength by virtue of the increase in lateral applied forces. 

The results of Test Series 9, presented in Table 9.13 

confirms this, although no significant difference in strength 

is detected between the 5" and 7" radii seatings. 

With the 34  radius seating, the cube is larger in 

cross-section than the seating; 6" square as opposed to 

4" diameter . The resulting upward-i:bending of the sides of 

the male section of the seating unc-ler load will result in 

a non-uniform deforming of the specimen as well as some 

sliding at the sgecimen-platen interface due to a reduction 

in-  applied frictional forces. With the 5" and 7" radii 

seatings, only slight flexural action of the corners with 

the former while none with the latter are possible due to 

the larger cross-section dimensions of the seating. Although 

a small difference would be predicted theoretically on the 

basis of the amount of expansion at the above interface, 

this is seen to have a negligible effect on the ultimate 

strength. 

Although the above investigation has been limited to 

only one end of the specimen, the spherical seating end, 

the same influence would be obtained at the other end of 

the specimen7usually the ram end. It is concluded therefore, 



TABLE 9.13 INFLUENCE OF THE RESTRAINT OF THE; LOADING PLATENS  

ON ULTIMATE STRENGTH OF 6" CUBES - TEST SERIES 9: (for individual 

strengths, see Appendix. A)  

SPHERICAL SEATING USED 

3" RADIUS 5" RADIUS 
FULL CONTACT 

7" RADIUS 

Average Standard Average 	I Standard Average Standard 
Strength Deviation,  Strength' Deviation Strength Deviat,1 1 

1st. Mix. 	4774 153) 5299 275 52.59 286 
2nd Mix 	6408 169 6721 177 6759 161 
3rd Mix 	- - 8092; 187 7940 209 

that, for cube testing, adequate machine restraint is obtained 

only if the entire spherical seating and ram cross-section 

dimensions are at least as large as the cube cross-section 

dimenaions. Variations in machine cross-section dimensions 

above this limit have no significant effect on the cube 

strength. 

9.12 CONCLUSIONS  

On the basia of the investigation as presented in this 

chapter, the following conclusions can be made. 

1.. All the factors which influence the spheriCaI 

seating behaviour (area and type of contact, surface finish 

of interface, radius of seating, type of lubricant and load) 

can have a highly significant influence on the method of 

leading and failure strengths of specimens. 



2. Concrete strengths- are highly sensitive to. misalign- 

ment of the specimen when tested with well lubricated spherical 

seatings, but on the other hc40,are immune when the seating 

is' fixed. 

3.. While the standard deviation is unchanged by 

the method of test as-long as great care is employed in 

placing the specimen accurately, it is highly sensitive to 

inconsistency in misalignment with a well lubricated seating.. 

4. The maximum strength of a cube tested with a well 

lubricated spherical seating is less. than that when tested 

with a locked seating. 

5. The cube strength : cylinder strength ratio is 

very dependent on the method of test and type of cornrete, 

varying generally from 70% to 84%. 

6.. The reduction in cube strength from effectively 

fixed to pinned loading conditions is about 0. 

7. Cylinder strengths are essentially identical. 

under effectively pinned or fixed loading conditions 

provided that the specitens are in every case accurately 

centred. 

8. The lateral stiffness can, in some testing machines, 

have a significant effect on the cube and.c7Iinder strength 

as well as the failure mode of the specimen. 

9. The intrinsic' failure mechanism of concrete in 

uniaxial compression is a splitting tensile mode.. Apparent 
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shear mechanisms which occur on specimens in some machines 

are due to induced lateral forces under a system of loading 

whereby one end rotates-whilst the other is fixed..  

10. For control testing of concrete specimens in 

uniaxiaI compression, the most suitable method of test ia 

one where both ends of the specimen are effectively fixed.. 

11. The machine longitudinal stiffness has no effect 

on the ultimate strength of concrete specimens. 

12. Longitudinally soft machines produce greater 

wear of components than stiff machines due to impact loadings 

in the falling off portion of the load deformation curve. 

13. The method of loading where both ends of the 

specimen are effectively fixed is less sensitive than the 

other two methods to insufficient compaction of cubes..  

14. For cube testing, adequate restraint of the loading 

platens is obrained only if the entire spherical seating add 

ram cross-section dimesnions are, at lease, as large as the 

cube cross-section dimensions. Variations in machine cross—

section dimensions above this limit have no significant effect 

on the cube strength. 
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CHAPTER 10 

CONCLUSIONS, RECOMMENDATIONS, SPECIFICATIONS AND 

FUTURE RESEARCH FROM THE INVEMIGATION OF PARTS  

AND II  

10.1 CONCLUSIONS  

Although conclusions have been given at the ends of 

previous chapters, it is useful to correlate the more important 

conclusions with an aim of producing definite recommendations 

and specifications for testing machines. 

Longitudinal stiffness: 

The longitudinal stiffness of testing machines has been shown 

both theoretically (Section 5.4.1) and experimentally (Section 

9.9) to have no direct influence on the ultimate strength of 

concrete specimens. However, due to the greeter possibility 

of explosive failures with the softer machines which would 

result in excessive weer of machine components and a pycholog... 

ical effect on the operator, the stiffer machines are more 

suitable, particularly for control testing. 

Stability: 

When both ends of short specimens such as cubes are effectively 

pinned, buckling of the machine may be a probkem, particularly 

with ling, laterally flexible machines. With tension machines, 

not only is buckling out of the plane of the frame possible 

with specimens effectively longer than the machine, but, in 

addition, both torsional buckling and column buckling are 

possible 
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with any length of specimen,(Section 5.4.2). 

Lateral stiffness. 

The lateral stiffness of testing machines may have a significant 

effect on the ultimate strength and mode of failure of specimens 

tested with a loading system whereby one end if fixed whilst 

the other is pinned (Section 9.8) 

Spherical Seating Behaviour: 

Factors which influence the behaviour of a spherical seating 

under load are its radius, the arec_and type of contact at 

the seating interface, the machine finish of the interface, 

the type of lubricant and the applied load►. Seatinga can 

be effectively loced under load due to a large '.iR' value 

(product of the coefficient of friction at the interface and 

the seating radius) or behave in a pinned manner due to a 

virtually zero ',GAR' value or exhibit behaviours between 

these extremes (Chapter 8). 

All the factors which influence the behaviour of 

spherical seatings can have a significant effect on the 

ultimate strength and mode of failure of concrete specimens. 

(Section 9.5). 

Platen Restraint Effect: 

The platen restraint effedt has a significant influence on 

the. dube strength if the cross-section dimensions of any 

portion of the spherical seating or ram are less than those 

of the cube. Above this limit, machine restraint has *o 

significant influence. (Section 9.11) 
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Intermediary Platens.: 

The thickness of intermediary platens positioned between the 

cube specimen and machine bearing blocks has no apparent 

influence on its ultimate strength (Section 7.5). 

Section Misalignment,: 

The stress distribution induced in specimen and - Its ultimate 

strength ha$ been proven theoretically (Section 6.3.1) and 

experimentally (Section 9.6) to be very sensitive to small 

misalignment in the machine if either one or both ends of the 

specimen are effectively pinned. 

Concrete strength: 

The strengths of cubes when either one or both ends are pinned 

will be less than if both ends are fixed; the difference 

between both ends pinned and both ends fiXed with accurate,  

aligning being about 7% (Section 9..7). 

The strengths of cylinders with proper centring are 

essentially identical when tested with both ends either pinned 

or fixed. (Section 9.7) 

Mode of failure: 

The mode of failure of concrete in uniaxial compression is 

caused by a tensile splitting mechanism at right angles to 

the direction of loaditgI apparent shear mechanisms observed 

in some specimens are the result of an induced lateral force. 

(Section 9.8). 

Ram Effect: 

Due to an increase in frictional forces at the ram-cylinder 
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interface, off-centre loadings can produce apparent increased 

strengths. (Section 4.3) 

Machine components: 

Testing machines which are sloppy or loose fitting may produce 

imreliable strength results as a result of non-repeatability 

of load application and inconsistent machine influence (Section 

. 

End loading conditions: 

'A testing =chine having an unlubricated spherical seating is 

more suitable for control testing of concrete than one having 

a well-lubricated seating, i. e. ; where specimens are loaded 

with bon lends beitolffectively fixed. (Section 9.8) 

Intrinsic Failure Fode: 

In order to determine the basic failure mode of material 

specimens and their strengths udder uniaxial testing, the 

only satisfactory method of test is one whereby both ends of 

the specimen are effectively pinned as both ends of bhe 

specimen must be able to rotate for a shearing mechanism to 

occur (Section 9.8). 

10.2, P_ECOLI.,:iNDA.TIONS FOR TESTING MACHINES 

Longitudinal stiffness: 

The longitudinal stiffness of compression testing machines 

should be large enough to make explosive failures unlikely. 

As the falling portion of the load deformation curve for 
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concrete in unixial compression has been shown by Turner and 
(34,35) 

Barnard 	to be about one quarter as steep as the initial 
6 

rising portion, a longitudinal stiffness of about 10 x 10 

lbs/in. would be required for 6°  cubes. This was obtained 
P AE 

from the relationship ;: = L where,:,. denotes the longitudinal 

stiffness, A and L represent the cross-sectional area and 

length of the specimen, respectively and E, the' Luadulus 

of elasticity, is assumed to be equal to 6 x 106  p.s.i. far 

the initial rising portion of the stress-strain curve for 

concrete. The above value is of the right order as only 

slight instability occurred (see Section 5.4.1) on a machine 

having a longitudinal_stiffness of 2 x 10
7 lbs/im. (see 

Section 9.9). 

Lateral stiffness: 

Machines used for control testing of concrete specimens are 

theoretically immune to the lateral stiffness characteristic 

if both ends of the specimen are fixed. However, machines 

which have loose fitting components are prone to random results 

arising from non-repeatable machine behaviour, Therefore, it 

is recommended that machines be manufactured with close 

tolerances, and have a lateral stiffness of at least 5 x 104 

4 
to 10 x 10 lbs/in. 

End loading Conditions: 

To obtain a fixed end condition in the spherical seating, the 

most suitable method is to remove the lubricant from the 



316 

spherical seating interface. However, due to possible corrosion 

effects, a very light oil applied to the interface is advisable. 

However, if tilting still occurs which is possible with a 

large, high quality finish seating, then effective fixity can 

be obtained only with no lubricant. 

Size of spherical seating: 

Flexural action of the male section of the spherical seating 

which is particularly critical for cube strengths, can be 

eliminated by maintaining its cross-section dimensions at 

least as large as those-of the specimen. That is, for the 

testing of 	cubes, the entire body of the seating should 

be at least 6°  square or 8.5°  in diameter. This suggests 

a minimum radius of 5°. 

(9) 
Although the current British Standard 1881 	specifies that 

the centre of the sphere of the seating be at the centre of 

the specimen bearing face, the insertion of a platen between 

the bearing face and the specimen has little or no influence 

00 the cube strength. As it is advantageous in cube testing 

to employ such platens (Section 7.5), their use is recommended, 

with the bottom one being accurately dowelled to the lower 

machine bearing block. Also, they should be square, of the 

same cross-section dimensions as the spedimen being tested, 

I°  to 11  thick and both sides finished plane bn accordanoti 

with the requirements of British Standard; 1881. For the testing 

of cylinders, the length of one side of the platen should be 

Intermediary Y'__aten: 
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equal to the diameter of the cylinder. 

Rate of loading: 

For the loading of specimens, a fine control valve capable of 

producing a uniform loading rate should be used. The 

capacity of the loading apparatus should be sufficient to 

apply--a minimum deforming rate of 0.5 in. /min. to the specimen. 

The use of a pacing device on a larbe well-marked and 

accurate load indicating panel is recommended for elimination 

of operator technique.. 

Ram effect: 

The research on ram effect, limited here to investigating 

variations in indicated load with misalignment of the 

effective resultant, (Section 4.3) has shown that only slight 

errors would be expected with the better rams. However, as 

strengt results should always be relatively immune to small 

lateral movements of the specimen in the machine, a series 

of tests is recommended as follows for every compression 

machilye to investigate variations arising from ram behaviour, 

spherical seating behaviour 

six medium strength 6" cubes 

laboratory conditions, (6000 

should be tested to failure 

at 28 day age with 3 groups 

and machine restraint. Thirty- 

cast under well controlled 

+ 1000 p.s.i. at 28 day age), 

at the rate of 2000 	
(9) 

p. s.  

of l2. being tested at each of 

3 conditions of displacement. The first group would be loaded 

axially (zero displacement) while the other two groups of 12 

would be loaded by displacing them t" laterally in two mutually 
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opposite directions. If the average strength of any of the 

3 groups of 12 deviates by more than 2% from the average 

strength of the 36 cubes, the machine shall be considered 

unacceptable for cube testing. 

A summary of all these conclusions and recommendations 

suggests that the ideal cube-crushing machine is a short 

stiff machine with at least 3 columns which are encnstrg 

with the cross-heads at both ends, manufactured with close 

tolerances, containing a large spherical seating which does 

not tilt under load during testing and which has a long, large 

diameter, well-machined ram. In addition, the platens and 

machine bearing faces should be plane in accordance with 

Brifish Standard 1881 with the lower intermediary specimen 

platen PCCU tely dowelled axially to the lower machine 

bearing block. The loading system should be well designed 

and manufactured to ensure good load control while the load 

dial should be highly accurate, preferably within t 1.0% (8) 

Testing machines used in research for analysing the 

intrinsic failure mode of a specimen and its corresponding 

strength are conducted satisfactorily only when both ends 

of the specimen are effectively pinned. This principle 

ap2lies not only to uniaxial, but also to biaxial and triaxial 

loading systems. For, it must be appreciated that material 

specimens which fail in accordance with a 'splitting tensile' 

or 'cleavage' mechanism in uniaxial compression when an 

effectively fixed loading system is datisfactory, may alter 



-419 
their failure mode to - shearing mechanism in biaxial or 

triaxinl stress states when an effectively fixed system is 

no longer satisfactory. 

10.3 SPECIFICATIONS 

The research in Parts I and II, part of which was 

generously supported by the Department of Scientific and 

Industrial Research, has been conducted to improve existing 

specifications on the requirements of a suitable testing 

machine and its 	for uniaxial compression testing 

of concrete specimens. The following alterations are suggested 

to the requirements of testing machines d41Section 58, British 

Standard 1381 : T952. 

The testing machine shall conform to the following 

requirements. 

(1) The testing machine shall be in good alignment, free from 

loose fitting components and stiff longitudinally and laterally. 

The machine columns shall be encastr with both the upper 

and over cross-heads. 

(2: The male section of the spherical seating, usually at 

the upper end of the specimen, shall at.all times be main-

tained in full contact in its seating. It shall be tilted 

freely through small angles in any direction during the 

initial setting up procedure, but shall be effectively 

pr=ented from any further tilting during the loading of the 

specimen. 
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(3) The centre of rotation of the male section of the spherical 

seating shall be located at the centre of its bearing face. 

Allowable tolerances are 	in each of the horizontal and 

vertical directions. 

(4) For hydraulic machines, the ram shall have a minimum dia-

meter of 8.5 ins. for the testing of 6" cubes and 6" for the 

testing of 4.1  cubes and 6" 0 x. 12" long cylinders. During 

loading, the distance between the bottom of the specimen and 

the top of the ram-cylinder interface shall not be less than 

2". 

(5) Square platens, having the same cross-sectional dimensions 

as the specimen being tested and having a thickness of 	to 

1" shall be positioned between the specimen and the testing 

machine bearing faces. Both bearing surfaces of each platen, 

when new, shall not depart from a plane by more than 0.0005 

in. at any point and they shall be maintained within a 

permissible variation limit of 0.002 in. The testing machine 

bearing faces, likewise, shall be manufactured and maintaiped 

within the above limits. The lower platen shall be accurately 

dowelled axially to the lower machine bearing lqlock. 

(6) The loading system, capable of ap2lying load uniformly 

and smoothly, shall be able to deform the specimen at a rate 

of not less than 0.5 in/min. at all load stages. 

(7) As regards accuracy, the machine shall comply with the 

requirements of Grade A of British Standard 1610 Methods for 

the Load 
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Verification of Testing Machines'. In addition, it shall 

conform to the following requirement, conducted once every 

four years. On the basis of 36-6°  cubes tested at 2000 p.s.i. 

/min. at.28 day age (average 28 day strength to be 6000 + 1000 

p.s.i.), the average strength of any group of 127 tested-either 

axially or 40 off-centre in one of two directions miltUld:If 

opttesite, shall not deviate from the average of the 36 specimens 

by more than 2%." 

In addition alterations in specifications to Section 59(c) 

are suggested as follows. 

Delete the sentence "The maximum load applied to the cube 

shall then be recorded and the appearance of the concrete and 

any unusual features in the type of failure shall be noted" 

and replace with "The maximum load applied to the cube shall 

then be recorded and the appearance of the concrete shall be 

noted. If the failure on any exposed face is more pronounced 

than on any other exposed face, the result shall be cAlsidered 

suspect., If specimens fail consistently on one side, the machine 

shall be considered suspeat and shall be checked to ensure 

that it is complying with the requirements of testing machines 

under Section 58". 

10.4 FUTURE RESEARCH 

In light of the investigation as presented in Parts I and 

II, the following areas of useful research are suggested. 
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(1) Load calibration devices are influenced by small off centre 

loadings and shearing actions. Much research, aimed at 

rendering them immune to such loading effects, is necessary. 

This can be conducted most effectively under the pinned end 

conditions of loading. 

(2) The rem behaviour in testing machines has received very 

little attention. (s more specialized machines are being 

continually required for research investigations, an examination 

aimed at establishing suitable dimensional limits as well as 

clearances and machining tolerances would provide useful. 

information. 

(3) In order to differentiate between good lubricants on a 

spherical seating (see Figure 8.7) it is necessary to employ 

a technique more sensitive to small changes in applied moment 

than that used in Chapter 8. A double spherical seating such 

as that shown in Figure 10.1 is suggested. 

The load, P, would be applied by a standard. testing 

machine while the force, Q, would le applied by a subsidiary 

machine very sensitive and accurate to low loads, measured 

by dead weights or a proving ring. 

By taking moments about the point, 0, thereby eliminating 

the moment arm of the applied force, P, .and assuming that the 

frictional forces at the two spherical seating interfaces are 

equal, then 

QL = 2FR 	 ... 10.1 
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FIG, 10.1 SUGGESTED LOADING METHOD FOR COEFFICIENT OF FRICTION 

TESTS FOR DIFFERENTIATING BETWEEN GOOD LUBRICANTS 
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3,84 

But 	= F 	 ... 10.2 
p 

) 	 ... 10.3 
2PR 

It will be appreciated that, as each of the values on 

the right hand side of equation 10,3 can be accurately 

measured, the value of 	will also be very accurate. By 

conducting the test twice, that is, by loading the rigid 

arms ') -t the points A and B, the true coefficient of friction 

would be obtained as an average of that obtained from 

loading at the individual points, A and B. 
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CHAPTER 11 

REVIEW OF PAST RESEARCH 

11.1 INTRODUCTION 

Although a large proportion of concrete research has 

been directed at establishing properties of concrete in 

uniaxial compression, only a very limited number of 

investigations have been performed in biaxial states of 

stress. Yet, such structures as bridge decks, floor and 

roof slabs, shells, 5nd prestressed beams are all subjected 

to biaxial stress systems. 

A com?Dlete understanding of the deformation and 

strength properties of concrete, as well as its mechanism 

of fracture and failure, requires a thorough examination 

of concrete subjected to various combinations of stress 

based on reliable testing techniques. Such an investigation 

has been launched at Imperial College with this thesis form- 

ing a logical sequence to the results of previous investig- 
(1) 	(2) 

ators. Lachance 	and 'tiara 	developed uniaxial com- 
(6) 

pression and tension tests, respectively, while Robinson 

and Vile
(7) 
 have each subsequently worked on biaxial com-

pression. The investigation as presented herein will be 

the result of an examination into the other two biaxial 

stress systems; biaxial tension and tension-compression. 

This chapter describes the investigations conducted 

by previous researchers along with a critical appraisal of 

their individual testing techniques. After determining 



what characteristic concrete properties require examination, 

a selection of the most suitable test method is made with due 

consideration of all known methods of achieving both biaxial 

tension and tension-compression stress states. 

11.2 ',ISTORY OF BIAXIAL TENSION AND TENSION COIJPRESSION TESTING 

Biaxial stress systems with at least one stress tension 

have been created with the following test methods. 

(1) Plate tests 

(2) Hollow cy;inders: hoop tension and axial compression. 

(3) Hollow cylinders: torsion and axial compression 

(4) Direct tension and compression 

(5) Flexural tension and compression 

(6) Indirect tension test. 

It will be apparent from the following discussion that, 

of the above methods, only the first can induce both biaxial 

tension and tension-compression. The last five concern 

biaxial tension-compression stress states only. A brief 

discussion of the resef,rch conducted on concrete specimens 

by each of the above methods is now presented. 

11.2.1 Plate Tests 

In obtaining a state of biaxial tension-compression, 
(65,66) 

Blakey and Beresford 	used square slabs loaded on two 

diagonally opposite corners while being supported on the other 

two. Under this loading system, principal compression and 
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tension stresses of equal magnitude are obtained in any 

plane parallel to the surface of the slab. (see Timoshenko 
(67) 

and Woinowsky-Krieger 	). Due to a state of flexure, the 

stresses vary from a aero value at the neutral axis to a 

maximum at the outside fibres. 

Although the theory requires that slabs be loaded at 

the corners, this was considered for practical reasons to 

be impossible. The loading and support points were con-

sequently displaced a few inches in from the corners, but 

the theory for corner loading was still assumed as being 

valid. (see Figure 11.1) 

For biaxial tension stress states, circular discs were 

loaded with a central annulus while being supported by a 

ring around the edge. The resulting loading produces a state 

of pure moment in the area within the central annulus with 

biaxial tension of equal magnitude on the bottom face and 
(67) 

likewise biaxial compression on the top 	(see Figure 11.2) 

In the support of the disc, the investigators used 

firstly a laminated wooden ring. After considering this 

undesirable, a bicycle racing tyre held in position by a 

wooden disc was selected. Unfortunately, no detailed des-

cription of theirAentral loading ring is presented. 

The test methods used by Blakey and Beresford were 

adopted by Imperial College in a series of tests to determine 
(68) 

the influence of mix proportions on biaxial strengths 
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FIG. 11.1 SLAB TEST AS PERFORMED BY 

BLAKEY AND BERESFORD 

FIG. 11.2 DISC TEST AS PERFORMED BY 

• BLAKEY AND BERESFORD 
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The same testing techniques were adopted in principle. 21" 

square slabs were loaded and supported by rollers at approx—

imately 3" in from the corners, (see Figure 11.1)., With 

testing of circular discs, a bicycle racing tyre with a 

support contact diameter of 25*" was used to support a 30" 

diameter disc. The inner loading annulus was a 	diameter 

knife edge ring. (seeFigure 11,2). The plates were, in most 

cases, 4" thick. 

11,2,2. Hollow  alinders. Hoop Tension and  Axial  Compression. 
E,9) 

McHenry and Karni, 	carried out a limited investig- 

ation on 24'lbng hollow cylinders with internal diameter, 10" 

and external diameter, 14". Loading was applied by an internal 

fluid pressure, thereby subjecting the cylinder to a hoop 

tension stress. With the specimen and internal pressure 

bags positioned in a testing machine, axial compression could 

be simultaneously applied.. (see Figure 11.3) 

With the above loading, the concrete was assumed as 

being in a uniform state of biaxial tension-compression, 

although recognition was given to the fact that the tensile 

strain varied linearly across any section, being proportional 

to the distance from the cylinder axis.. The average tensile 

stress was assumed equal. to that at the outer face. In 

addition, the concrete on the inner fade is subjected to 

compression in the third principal direction, but reduceo 

to zero at the exposed face. This value, always relatively 
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FIGURE 11.3 Test method used by McHenry and Karni; hoop 
tension and axial compression. 

FIGURE 11.4 Test method used by Bresler and Pister; torsion 
and axial compression 
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smaI.'..11  was found to have negligible influence when taken into 

account in the calculations. 

11--3.3 Hollow Cylinders: Torsion  and  Axial Compression 

By subjecting hollow cylinders to a combination of 
(70, 71) 

torsion and axial compression, firstly, Bresler and Pinter 
(72) 

and subsequently, Tsuboi and Suenaga 	were able to obtain 

failure strengths under numerous combinations of principal 

tension and compression stress. The 30°  long specimens with 

internal diameter 6" and external diameter, 9" were loaded 

in direct compression by a standard testing machine while 

simultaneously, a lateral compressio* machine applied torsion 

(see Figure 11.4). As in the case of McHenry and Karni's 

analyses, these investigators assumed a uniform compression-

tension stress state although the twisting strain will be 

proportional to the distance from the cylinder axis. Again, 

the average stresses were assumed equal to those on the outer 

face. 
(73) 

In more recent work at the Indian Institute of Science , 

a pure torsion test on solid cylinders, 16" long and 4" 

diameter was assumed to induce equal tension and compression 
a 

principal stresses with the principal planes inclined at 45 

to the longitudinal axis. The ultimate stresses obtained 

with this specimen were combined with ultimate stresses of 

other tests such as the splitting cylinder test in an attempt 
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to determine the criterion ofitilure in biaxial tension-com-

pression (see Section 11.2.6). 

Failure stresses, propagating from the outer fibres, 

in the torsion testw. above, were assumed to comply with the 

requirements of elastic theory; that is, no non-linear 

behaviour occurring prior to failure. 

11.2.4  Direct Tension and Compressim 
(74) 

Nishizawa 	used an Amster compression machine and a 

horizontal tension machine to subject the central portion of 

15 x 15 x 50 cm. prisms to biaxial tension-compression. (see 

Figure 11.5). The tensile force was achieved by loading 

10 bolts embedded in the prism at each end whereas the 

compression force, distributed over a 15 x.15 cm. area at 

the mid-section, was applied in the conventional manner. 

In his analysis, Nishizawa assumed the central 15 cm. 

cube to be in a state of uniform biaxial tension-compression 

with the end portions of the prism being in a state of uniaxial 

tension. 

11.2.5 Flexur?1 Tension and Direct Compression 
(75) 

Smith, 	in a very brief series of tests, applied 

compression by a strip loading to the sides of a flexural 

beam which was simultaneously loaded in flexure by a standard 

four -oint loading. (see Figure 11.6) 

In the analysis, Zmith assumed the tensile strength 

to be eaual to the modulus of rupture while the compressive 
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FIGURE 11.5 Test method used by Nishizawa; direct tension and 
compression 

FIGURE 110;6 Test method used by Smith; flexural tension and 
direct compression. 
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strength was computed on the basis of the area of the loading 

strip in contact with the beam. The concrete volume between 

the compression pads was therefore assumed to be in a uniform 

state of compression and flexure whereas, outside this bound, 

the stress sytem was flexure only. 

11.2.6 Indirect Tension Test 

This test is performed by loading a solid cylinder in 

compression through line contacts along its full length on 

opposite ends of a diameter. The resulting splitting of the 

specimen is brought about by tension stresses perpendicular 

to the failure plane. Although this test is now extensively 

used as a mcasure of the uniaxial tensile strength of concrete, 
t2, 76-78)' 

the critical section is actually in a state of 

biaxial compression-tension with the compression stress being 

three times the tensile stress at the centre. This ratio 

gradually decreases towards the end of the critical diameter. 
(73) 

Sundara et al 	combined the results of pure torsion, 

flexural and compression tests with those of the indirect 

tension test to obtain a surface of failure, i. e. , the 

theoretical bound in stress space within which any combination 

of principal stresses will not produce failure, over the 
(79) 	(80) 

biaxial tension-compression range. Wright, 	Halabi 
(81) 

and latchell 	have all conducted extensive investigations 

with the former two attempting direct correlations with 
(2) 

uniaxial tension results. Ward, 	in a very recent 
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investigation, concluded that, for normal concretes, the 

uniaxial tension strength is 2 higher than the indirect 

tensile strength. 
(2, 73, 82) 

Investigations conducted on splitting cubes 

have shown good correlation with cylinder splitting strengths 

where the dimensions are similar; i.e. cube side equal to 

cylinder diameter. A further refinement has been conducted 
(83) 

by Durelli et al 	where the specimen cross-section shape 

has taken the form of the Greek letter theta, 8  . A uniform 

tensile stress, induced in the central bar from compression 

at right angles to it suffers in that stresses have to be 

compAted from 4.,5asured deflections. 

11.3 EX Ai CIATIO-N 	TLSTMG TECHNIQJ_TES LM OYED 

Failure results of the above investigations differed 

widely. Nevertheless, the results of some of the papers 
(84-86) 

aroused extensive interest 	with particular emphasis 

on correlating data for determining an applicabl.•q failure 

criterion. Although it was appreciated that such factors 

as mix .)roportions, specimen size, loading rate, moisture 

conditions, age of testing and direction of loading accounted 

for some of the observed discrepancies, an investigation to 

verify the assumed stress distribution was not performed by 

any of the authors. Furthermore, as no strain readings were 

taken by the majority of the investigators, the failure crit-

eria are usually based on the short term ultimate strength 
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of the specimen as determined by a constant stress rate. 

11.3.1 ?late Tests  
(65,66) 

As the square plates tested by Blakey and Beresford 
(68) 

and Newman 	had the load and support points located in 

from the corners and not at the corners as stated in the 

theoretical derivation, there was reason to suggest that the 

stress pattern was not uniform. Evidence of this was provided 

by the generally high results as compared to those of Other 

researe'lers as well as failures occurring consistently at 

or near a diagonal. Confir-,ation of this suspicion is 

provided in Section 14.2.3 where it is shown that the test 

methods used were highly erroneous. 

Blakey and Beresford indicated that the stress level 

at which cracs occurred in biaxial tension, as a result of 

their disc test, was 5024J of that in uni axial. tension. Yet, 

due to a very large scatter in strain readings and no 

verification that the stress pattern conformed to theoretical 

requirements, this value must be treated with suspicion. 

In the disc tests conducted at Imperial College, 

the ultimate stress was calculated from formulae based 
(67) 

on elastic analysis 	Not only is this erroneous due 

to the non linear stress• strain curve for concrete in 
(2) 

tension , but of more importance5 ultimate collapse of the 

slab occurs somewhat after the failing stress in the most 

highly stressed portion within the annular loading ring 
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has been reached. Consequently, after this section has begun 

to fail,, an increasing proportion of the load will be distri-

buted to the outer section until ccllapse of the slab occurs. 

The test method was, likewise, in error. Not only did 

the annular knife edge loading ring provide a restraint effect 

thereby preventing free contraction of the upper surface of 

the disc specimen, but also; the 6i-13-" diameter to 4" thickness 

ratio was too small. Consequently, only a minute portion . 

of the slab, if any, would be subjected to the desired biaxial 

tension stress. 

As will be seen in Chapter 15, the above loading methods 

are highly erroneous and the attainment of a satisfactory 

testing technique is, in fact, a very difficult task. 

11.3.2 Hollow Cylinders: Hoop Tension and Axial Compression  
(69) 

In their analysis, McHenry and Karni 	obtained a 

rather peculiar S-shaped graphical relationship for their 

envelopes of failure with sharp curvattres near the states 

of both uniaxial compression and tension stress. However, 

a close examination of their testing technique shows that 

the state of stress in the specimen was considerably different 

from that assumed due to machine effects. 

Their 24" long cylinders with 14" extrnal diameter had 
(40) 

a snail length: diameter ratio (see Newman 	and Section 5.4.5). 

Consequently, the effect of machine restraint would have a 

significant influence on the stress pattern throughout the 

entire height of the specimen. The sharp increase in tension 



39 

strength near the uniaxial tension end is accounted for by the 

omittance of machine restraint under fluid pressure only there- 

by resulting in uniform hoop tension for the entire height..  
(84) 

Similarly, Brice 	has suggested that the sharp curvature 

at the uniaxial compression stress state is also due to these 

parasitic machine restraints. 

11.,3.3 Hollow Cylinders: Torsion and Compression 

The machine restraint influence, arising from using 

too short specimens, was wisely allowed for in the investi- 
(70,71) 

gstions conducted by Bresler and Pister 	and Tsuboi 
(72) 

and Suenega. 	However, their pure torsion test produced, 

on the basis of the can radius, a variation of 40% in shear 

strain across the thickness of the hollow cylinder. 

The resulting induced tension and compression stresses 

will therefore also vary by 40% in the elastic range. With 

a uniform axial compressive stress superimposed, the percen-

tage variation of compressive stress across the thickness will 

reduce as the ratio of axial stress: torsion stress increases. 

Thus, at different combinations of torsion and compression, 

the 	stress variation across the thickness will not only 

vary, but will vary differently for tension and compression 

stresses. Also,the method of computing stresses used by the 

above investigators, whereby the average stress was assumed 

equal to that at the outer face, produces only very approx-

imate values of the actual stress. 
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with the tension stress varying by such a large amount, 

it must be appreciated that a considerable distribution of 

stress occurs, particularly near failure where the tension 

stress-strain greph becomes non-linear. Therefore,the values 

obtained for tension are probably high. 
(73) 

lAith solid cylinders as used by Sundara et al ) 	the 

torsion test would result in an even greater non-linear 

distribution of tensile stresses near failure. Consequently/  

the stresses computed On the basis of elastic theory would 

be high by a magnitude similar to the increase of modulus 
(2) 

of rupture over true uniaxial tensile strength . It is 

therefore surprising that, in their calculations, Sundara 
(73) 

et al 	reduced their modulus of rupture values by 26.5% 

but did not alter their comuted torsion stresses., 

1.3.4 Direct Tension and Compression 

Achieving a true state of uniaxial tension with the use 

of embedded bolts or bars has been attempted by numerous 
(87-92) 

investigators. 	Yet, results have, in generali been 

subjected to large variations arising from eccentric loading 

even when considerable care was employed. The large scatter 

of results obtained by Nishizawu 	(coefficinits of variation 

of 12 to 1527,) are therefore not surprising. 

To suggest that the central 15 cm. cube section of 

his prism is in a uniform state of biaxial tension-compression 

is merely wishful thinking: For, as no attempt has been made 
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to eliminate platen restraint in the compression diredtion, 

the stress pattern will probably vary, in the zone considered, 

from uniaxial tension to triaxial compression. Even if a 

successful attempt had been conducted to eliminate platen 

restraint, the assumption of a sudden transition from 

uniaxial tension to uniform biaxial tension-compression 

implies a discontinuity due to variable lateral deformation.. 

The smooth transfer from one stress state to the other, which 

should occuril would be expected to require a distance equal 

to at least the smallest dimension of the specimen on the basis 

of St. Venant's principle. It is therefore apparent that,before 

a zone of uniform biaxial tension-compression is assumed, a 

longer length of uniform contact than used by Nishizawa, 

free from platen restraint, will be required. 

11.3.5 Flexural Tension and Dire-M.-Compression 

The above criticisms of Nishizawa's work are amplified 
(75) 

when considering Smith's investigation . 	For, due to only 

a strip compression loading, the stress pattern it the 

critical secti -m will be exceedingly difficult to analyse 

and will, most certainly not be ih a state of biaxial 

tension-compression as assumed. Furthermore, due to the 

strip dimensions, the test in many ways resembles an indirect 

tensile test superimposed on a modulus of rupture test. (see 

Figure 11...6). 

11.3.6 Indirect Tension Test 

The splitting cylinder or cube test is, in practice, 
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a very simple test to execute. However, although the failure 

is caused by a biaxial tension—compression stress state, it 

is difficult to correlate the ultimate load to a failing 

stress. For, not only does the tension compression ratio 

vary across the critical section but the ends of this diam—

etral plane are in a  state of triaxial compression. In 

addition, loading strips cause variable parasitic effects which 

further detract fr-)m the values of the results. 

11.4 PROPERTIES TO BE MEASUhED IN BIAXIAL TESTING 

An investigation into the behaviour of concrete in 

biaxial tension and tension comoression should attempt to 

establish: 

(1) whether concrete behaves in accordance with the laws 

of elasticity, 

(2) the ultimate failing strengths, 
(6, 14) 

(3) the stress and strain at the discontinuity level 	. 

(4) the governing failure criterion. 

11.4.1 Laws of  Elas4!city 

Although the laws of elasticity are known 	apply 

for uniform materials euch as steel and aluminium, such a 

relationship has not been conclusively established as applying 

to concrete under all stress states. Ward verified that the 

same modulus of elasticity, E, existed for both tension 
2)

t' 
 

and compression in the elastic range 	. It appears 
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reasonable to assume that Poisson's Ratio,y, would also 

remain constant for these two stress states, as they involve 

the same internal distribution of forces and resulting stress 

pattern.. Hovever, in biaxial stress states where a completely 
(93)  

different phenomenological stress pattern 	is induced 

thereby totally altering the internal distribution of forces, 

the deformations need not necessarily correspond to the laws 

of elasticity, particularly ih view of the heterogeneous 

or two phase nature of concrete. 

The basic elastic constants for any material are 
(94)  

the bulk modulus, K and the shear modulus0. Although 

they appear to remain unchanged in uniaxial states of stress 

due to constant E and v values, there is some evidence to 

indicate that they increase with the degree of hydrostatic 

pressure, particularly in triaxial compression. 
(6) 

Robinson 	in a recent investigation on concrete in 

biaxial compression produced insufficient evidence to show 

that E changed from uniaxial to biaxial compression. However, 

his 	values decreased initially in biaxial compression and, 

subsequently, increased. The initial decrease, he considers 

is due to a stiffening process in the mortar or cement paste 

phase and the subsequent increase, due to an opening of 

cracKs in the third principal direction. 

Other investigators have made no attempt to correlate 

the elastic properties of concrete under uniaxial and biaxial 

or triaxial states of stress. 
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11.4.2 Ultimate Strengths 

Eost investigations 	biaxial stress states have been 

concerned with obtaining ultimate strengthsl based on a constant 

stress rate to failures  undervarying combinations of stress. 

Of those experiments conducted on biaxial tension and tension- 
(65, 66) 

compression, only BlaKey and Btresford 	have attempted 

to obtain information other than ultimate strength values., 

This is not :-urprising as, until recently, the short term 

ultimate strength has been generally defined as the failure 

strength of the material. 

Graphical representations of the surfaces of failure 

in biaxial tension-compression have varied widely in shape 
(65, 66, 69-75) 

between the different investigators. 	McHenry 
(69) 

rnd KarnCs 	results showed an S - shaped curve with sharp 

curvatures near the uniaxial tension and compression stresses. 

Approximate linear relationships were obtained by Bresler 
(70, 71) 	(72) 	(73) 

and Pister, 	Tsuboi and Suenaga, 	Sundara et al, 
(74) 	 (75) 

and Nishizawa. 	On the other hand, Smith 	obtain&d a 

curve showing proportionally higher biaxial strengths than 

those of the other investigators. 

By clotting the octahedral normal and shearing stresses 

against each other, a good linear relationship was obtained 

by all investigators except Smith. As pointed out by Bresler 

and Pister,(71)  the octahedral stresses provide a sound basis 

of investigation as they represent the mean normal and shear 

stresses at any point in the material. They have also 
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indicated that the failing si:rengths depend on the devi-

ntoric strain energy, the volumetric strain energy and a 

term which is the product of the principal stresses. This 
(660,85) 

hss been sup?orted by Blakey and Beresford 	who have 

calculated their equations on the basis of stresses associated 

with cracking strains. Their equation constants are, however, 

vastly different. 

11.4.3 Stresses and Strains st the Discontinuity Level  

Although it has been shown in recent investigations 

that cracks in concrete occur prior to commencement of 
(95,96) 

loading, and continue at all load stages, 	the stress— 

strain curves are reasonably linear to about 60% of the 

short term ultimate strength is uniaxial compression. 
(2,90) 

Similar results have been obtained in uniaxial tension 

Beyond this stage, however, the marked non-linearity of the 

stress-strain curve is accompanied by a sharp increase in the 

rate of internal breakdown of the concrete structure. This 

has been studied by several investigators with the aid of 

resonant frequency, pulse velocity and X-ray techniques as 

well as simply observing sudden transitions in longitudinal 

end lateral strains and Poisson's Ratio. (6, 03, r, 65, 66,95, 
97-101) 

(14) 
Newman 	has defined this transition point as the 

discontinuity level of the concrete. It is at this stage that 

the material not only becomes discontinuous in a physical sense, 
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but also, mathematical and graphical expressions between load 

and deformation become markedly discontinuous ima linear 

sense. Prior to this level, developing cracks will become 

stable at any load whereas, after the discontinuous stage, 

cracks will continue to propagate in an unstable manner. 

Consequently, ultimate strengths as discussed in Section 

11.4.2 are random values depending on such variables as 

loading rate, duration of loading, number of repetitions 

of load, and size of specimen. It must therefore be appre-

ciated that the discontinuity level represents a much more 

fundamental property of concrete than does the shortiErm 

ultimate strength. 
(66) 

In their an.11ysis, Blakey and Beresford 	related 

their failure eouations to calculated stresses corresponding 

to strains at the discontinuity level., However, due to their 

unreliable testing techniques, their equations fop failure 

in biaxial states of stress are unreasonably sophisticated. 

11.4.4  14412s of  Failure  

A conclusive establishing of the governing laws of fail-

ure for concrete will ultimately involve examination of 

stress sy,•tems with corresponding strain measurements for 

almost all stress patterns and certainly, triaxial loading 

systems. However, the establishing of reliable testing 

techniques for triaxial testing is an arduous process. Thus, 

we must be satisfied with tackling the problem backwardsby 

beginning with a point (uniaxial stress systems), developing 
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to a line (biaxial systems) and finally establishing the 

surface (triaxial systems) of the f.ilure envelope. 

Yet, the results of a well conducted biaxial invest-

igation can provide much useful information on failure theory. 

On a. phenomenological level, only two failures are possible; 

a cleavage or tensile splitting and a shearing mechanism. 

When at least one stress is tension, the former will govern 
(2,65,69-75) 

In fact, in uniaxial and biaxial compression 

stress states, a tensile failure. still occurs (see Chapter 

9 and Robinson
(6)

). However, under states of triaxial 

compression where tensile stresses and strains have been 

prevented, a shearing mechanism or a general pulverizing of 
(85, 102.108) 

the cement paste phase will occur. 

Although it has been established that concrete will 

fail by a tensile or cleavage mechanism in biaxial tension 

and tension-compression, it has not been recognized whether 

this is due to a limiting stress or strain, limiting volumetric 

strain, mean stress, maximum energy or some other failure 

criteri -m. The results from biaxial aaalysis should make 

it apparent as to which of these, if any, is applicable. 

11.5 SELECTION OF A SUITABLE TEST METHOD 

Fundamentally, there are two states of stress which 

reouire examination. 

(i) direct or uniform states of stress 

(ii) flexural states of stress-. 

In the former, the entire critical section of the specimen 
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is subjected to the desired stress state whereas in the latter, 

the principal stresses, created by the action of pure moments, 

vary from zero values at the neutral axes to maximum values 

at the extreme fibres. 

An ideal test method for the investigation of biaxial 

tension and tension-compression properties of concrete would 

require: (1) 	that specimens for biaxial tension and tension-

compression be capable of being loaded in the same machine. 

(2) a simple testing procedure, (3 	that the volume of 

material being subjected to the desired stress system should 

remain approximately eaual for different states of stress. 

(4) large specimens so that the results will represent a 

reliable average behaviour of the Material and not be affected 

by aggregate size. (5) that the critical section of the 

specimen be subjected to the desired stress state. 

The following test methods appeared possible for the 

necessary investigation. 

(1) plate tests 

(2) hoop tension and axial tension or compression on hollow 

cylinders. 

(3) torsion and axial tension or compression on hollow 

cylinders. 

(4) direct tension and direct'tension or compression. 

Of the above methods, only the first produces pure 

flexural states of stress whereas, only the last results in 

uniform stress states. Tests on hollow cylit6ers resulting 

in uniform states of stress would require massive dimensions. 
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For example, for a 570 strain variation in a 4" wall thickness, 

the dimensions of the cylinder would be 12.3 feet in diameter 

cnd about 30 feet high. Clearly, tests on such specimens 

would be impractical. 

As far as the first requirement above is concerned, only 

plates can be loaded in one testing machine whereas, in achiev-

ing uniform states of biaxial tension and tension-compression, 

three different testing machines are necessary. Furthermore, 

the problem of achieving a uniform state of biaxial tension 

is very complex in view of difficulties with alignment and 

methods of apllying the tension. (see second requirement of 

ideal test method above). Thus, the testing of plates, i.e. 

biaxial flexure testing, was adopted for the examination of 

concrete characteristics in. states of both biaxial tension 

and tension-compression stress. 
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THE BIAXIAL FLEXURAL TESTING EACHINE 

12.1 ItlUI.risiTS 

The first requirement of a good testing technique for 

the testing of plates is a proper testing machine capable 

of applying the assumed loads without inducing any extraneous 

influence (see Section 5.1). On the basis of the recommend—

ations set out in Section II, it should satisfy the following 

requirements: 

(1) a longitudinal stiffness equal to or greater than that 
(93) 

of the specimen, i.e. it should be a hard 	testing 

machine. 

(2) high lateral stiffness and no loose fitting components., 

(3) stability, if the both ends effectively pinned loading 

method is used. 

(4) effective elimination of restraint effects of load and 

supgort points. 

(5) facility for positioning specimen accurately. 

(6) a loading rate capable of being easily controlled. 

(7) a predise well-marked load indicating device. 

(8) virtual elimination of ram effects. 

It was decided to load all specimens with both ends 

effectively pinned (see Section 5.3). This was particularly 

important in the slab tests as the theory is based on equal 

loading at all corners.. If a both ends fixed method had been 

adopted, the yielding of a localized section near failure 

would have resulted in unequal loads at the four corners. 
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The testing machine, which was manufactured by J. and 

N. hlectronics Ltd. , London is shown in Plat6 12,1 while 

details of machine components are presented in Figures 12.1 

and 12.2; 

12.2.1  Pinned End Conditions 

The method of achieving effectively pinned ends for the 

loading of discs and slabs is shown in Plates 14.4 and 15.2 

respectively. with the testing of both specimens, the upper 

pin is a 	diameter ball coated with Rocol A.S.P. (see 

Section 8.7.1.) With the slabs, the effective lower pin is 

obtained with rollers at each support point, Iiith two of 

the rollers being at right angles to the other two. The 

lower pin in the testing of discs is obtained with a 

grease pact positioned between the loading ring and the upper 

surface of the slab. 

12.2.2. Longitudinal Stiffness 

As seen in Table 12.1, the longitudinal stiffness of 

the machine with the loadi:_g beam is larger than that of 

the slab spedimens. Thus, for the testing of these specimens, 

the machine is classed as a hard machine. As a result, it is 



352 

PLATE 12.1 The biaxial flexural testing machine 







machine Component 
Deformation (ins.) 
(P is in lbs) 

Stiffness 
K =, P 

(lbs. /inch) 

4 columns - 2"6 x. 30" long 

Upper cross-head 

Loading beam 

Loading jack - 1" column 
of oil 

Hydraulic fluid ifnline 
and 5 ft. of *" 0 steel 
tubing 	 -9 
hydraulic lines 	2,3 x. 10 P 

Total: Machine with load- 	-6 
ing beam 	2.4 x 10 P 

5 
4.2 x 10 

-8 
8.0 x 10 P 

-7 
4.29 x 10 P 

-7 
12. 78 x 10 P 

-7 
2.10 x 10 P 

-7 
4.30 x.10 P 

Machine without 
loading beam 

-6 
1.15 x 10 P 

5 
8,7 x 10 

6 
Speclmeru E = 6 x. 10 ,v =0. 2., d=3", side length = 30" 

-6 
15.5 x 10 	P 

4 
6.4 x 10 

-6 4 
10.0 x. 10 	P 10.0 x. 10 

-8 7 
5.9 x 10 	P 1.7 x 10 

slab with ratio of diagonal 
lengths, 2:1 

slab with ratio of diagonal 
length 1:1 

30" diameter disc with 12" 
diameter loading ring 

TABLE 12.1 DEFORMATION RELATIONS FOR TESTING 
LWHINE  AND SPECIMEN 

Note: Deflections for slabs and discs are computed from. 
Equations 14.21, and 15.14, respectively. 
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possible to load these specimens et on almost constant 

deformation rate as well as at a constant loading rate. The 

high relative stiffness of the machine resulted in strain 

measurements being obtained in some of the slab tests after 

the maximum load had been reached as shown, for example, in 

Fi2ure 17.9. 

Alternatively, for the testing of discs, the machine is 

classified as being soft. The machine stiffness for these 

tests is further reduced from the value of 8.7 x 1051bs/inch 

given in Table 12.1 because of the soft materials used in the 

loading and supporting of the specimen. (see Section 15.3.1) 

Thus, difv,  specimens can anly be loaded at a constant stress 

rate. 

13.2.3 Lateral Stiffness and Stability 

To achieve high lateral stiffness and freedom from loose 

f' 	compol.lents, the 2!?  diameter columns and cross-heads 

were manufactured so as to have encastre. connections. The 

lower column -cross-head connections were a tight at whereas 

the upper ones were a sliding fit. The latter allowed for 

adjustment in the elevation of the upper cross-head. Locking 

nuts were used from both sides on every column-cross head 

connection.. 

As a both ends effectivtly pinned load method was adopted 
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as the explicitly definable method of test, a check on stability 

was necessary. Assuming a specimen length of 8°  and a machine 

length of 30°, the theoretical buckling of this machine would 

occur at 203 tons (see Equation 5.1). Clearly, with maximum 

loads of only about 10 tons being applied, stability will not 

be a problem. 

12.2.4 Specimen Alignment and Platen Effects  

To obtain precise alignment of the specimen in the 

machine, the support points were located accurately on the 

machine base with the aid of dowelling pins. In order to 

check that proper alignment was being achieved, two tests 

were performed on an aluminium slab loaded in mutually opposite 

positions, These results, presented and discussed in Section 

14.3.3, show that the machine is in good alignment. 

The influence of the load and support points on the 

stress distribution in the slab and disc specimens, referred 

to generally as platen effect, was examined in conjunction 

with the suitable dimensioning of such specimens (see Chapters 

14 and 15). For the slab tests, these platen effects have been 

confined to the extended corners and do not influence the genera 

stress pattern in the slab, as shown in Section 14.3..3. Like— 

wise, for the disc tests, the restraining effects at the load 

and support rings have been successfully eliminated, as shown 

ihtSection 15,3.3 
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l2.2.5 Load Application, Ram Effect and  Operator Technigue 

To achieve a well-controlled and smooth load application 

system, a very fine control valve, a steady continuous flow of 

hydraulic fluid and a hydraulic ram which behaves smoothly even 

at slow rates are the important requirements. The pump unit 

selected was an Oswald and Ridgeway Beacham Centrifugal Motorized 

Unit; Type ma Flow and load control was obtained with two 

control valves; an Oswald and Ridgeway 5,000 p.s.i. pressure 

release valve, Type S.V.1. and a fine control metering spool 

valve, Type CSW 5971. Hydraulic lines are Ermeto -47" 'diameter 

high pressure steel tubing, thus ensuring increased longitudinal 

stiffness. (see Table 12.1) Details of the hydraulic system are 

shown in Figure 12.3. 

The loading jack selected was a Blackhawk doll-O-Ram, 

No. R.C.30 of 30 ton capcity, 	7.2, sq. ins, of ram cross-

-sec-tional area, pressures were maintained low (usually to less than 

1500 2.s.i.) and control of oil flow through the control valves 

was therefore easily regulated. (see Section 5.4.9) In addition, 

the relatively large ram area with the corresponding low 

pressures resulted in improved longitudinal stiffness of the 

machine. This was also considered by Barnard in the design of 
(35) 

his stiff testing machine. 	The relatively long contact at 

the ram-cylinder interface, 7", prevented binding action occurr- 

ing, thus resulting in smooth movement even at slow rates. 

T.o. achieve precise and accurate measurements of load, a 

3.5 tonf 	electrical resistance strain gauge load cell, firmly 

attached axially to the ram, was. used (see Plate 12.1). 



4000 p.s.i. Budenberg 
Pressure Gauge 

400 p.s.i. Budenberg 

Pressure Gauge 

Oswald & Ridgeway Metering 
Spool Valve, Type CSW5971 

rnicrofilter 

	1)( 

Oswald & Ridgeway 5000 p.s.i. 
Pressure Release Valve, 
Type SV1 

rubbe.r. tubing 

Btackhawk Holl-O-Ram 

Type R.C.30 

Oswald & Ridgeway Beacham Centrifugal 

Motorized Unit, Type SWOO 

Note: All hydraulic lines, except one return 
rubber tubing, are Ermeto 1/4" diameter 
high pressure steel tube 

-777 I /7- 

Motor Pump 

FIG. 12.3 HYDRAULIC LOADING SYSTEM FOR BIAXIAL TESTING MACHINE 



360 

Measurement of load was achieved with a Peekel Model 540 DNH 

strain measuring unit. The high sensitivity is shown by the 

fact that 1 division represents only about 0.9 lbsf.. (see 

Figure 3.9). The calibration of this device showed excellent 

repeatability, complying well within the requirements of a Grade 

A testing machine as discussed in Section 3.3.6 (see Figure 
1 

3.9), For loads in excess of 3.5 tone , a 4,000 p.s.i. pressure 

gauge connected directly to the hydraulic line was used. This 

gauge showed good repeatability and satisfied the requirements 
(8) 

of a Grade A machine 	(see Section 3.3.7) 

12.3 PERFORMANCE OF MACHINE  

With the fine control spool valve, large ram area and 

centrifugal pump, the control of load was found to be excellent. 

As the pressure on the ram side of the spool valve was low, 

the pressure drop across the valve remained essentially constant 

thereby resulting in a virtually constant deforming rate of the 

ram with increasing load. This was shown in the loading of most 

specimens as, over their elastic range, no adjustment of the 

valve opening was necessary to ensure a constant loading rate. 

The good load control and repeatilbility of machine behaviour 

produced good repeatability in the modulus of rupture values 

obtained in testing standard 4" x 4" x 20" flexural beams. (see 
(9) 

British Standard 1681 	). The average coefficient of variation 

of 2.5 (see Table 16.2) shows a significant improvement over 

results obtained on the flexural machine (see Section 0.3.5) 
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where, with similar care, \ard obtained an average coefficient 
(2)  

of variation of 	
, 
. It is considered that an average coeff- 

icient of variation of only 2.5: represents the true scatter 
(31, 109) 

of concrete strengths, independent of machine effects. 

The high longitudinal stiffness of the machine was of 

particular importance in the testing of the reinforced slabs. 

(see Chapter 18). v,ith these speoimens,there was usually a 

significant drop in 16ad during test, when the concrete on 

the reinforced face failed in tension. ',:fith a soft machine, 

an imnect loading at this stage would have resulted in less 

reliable results teeing obtained at later load stages. 
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CHAPTER 13  

MODEL ANALYSIS 

13.1 IMPROVEMENT IN TESTING TECHNIQUE WITH MODEL ANALYSIS 

In Section 5.1, it was shown that the development of a 

satisfactory testing technique for examining the deformation and 

strength properties of materials requires: 

(1) a testing machine which loads the material specimens in 

accordance with theoretical requirements and 

(2) a specimen shape and size which produces the desired stress 

and strain pattern throughout the critical volume being examined. 

With a testing machine having been manufactured in accordance 

with the recommendations of Part II of this thesis (see Section 

12.2), the initial development of a satisfactory testing technique 

has been fulfilled. Howevcr, as shown in Chapter 11, the assurance 

that the specimen is being deformed in accordance with theoretical 

requirements is as important as the design and manufacture of a 

good machine. 

Before commencing with tests on concrete slabs and discs, 

it was necessary to investigate the testing technique by subjecting 

an ideal material specimen to a loading system as specified by the 

theory. Strain measurements would be recorded at several points on 

the specimen and compared with the strain pattern obtained theoret—

ically. In the event of good correlation, it was considered that 

similar results would be obtained with concrete specimens of the 

same shape. Alternatively, with poor correlation, a complete check 
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on the loading system, specimen shape or validity of the theory 

would then be necessary. With continued improvements in the 

testing technique, tests could be repeated until good correlation 

were obtained between the experimental and theoretical results. 

With doubt about parasitic effects in the applied force system 

and the resulting stress and strain pattern in the specimen 

being conclusively eliminated,, full confidencecould then be 

placed in the results of subsequent tests on concrete specimens. 

13.2 SE,LhOTTON 02 i SUIITABLE LMIRIAL 

An ideal material for the model testing of plates needed 

to meet the following requirements; 

(1) complete elasticity to a relatively high uniaxial strain 
-6 

(about 400x10 ) 

(2) similar modulus of elasticity to that of a typical concrete. 

(3) uniform thickness 

(4) simple to cut 

(5) negli7ible creep characteristics 

(6) light and easy to handle 

(7) low cost 

(8) availability 

Three materials commonly used as model materials were 

considered; steel, aluminium and Perspex. After considering 

each of these materials in detail in light of the above 

requirements, an aluminium plate specimen was selected. The 

dimensions of the plate as measured by the author were 36" 

square while the thickness, taken as the average of 16 readings 



with calipers graduated in 0.0001" divisions, was 0.7620°. 

The variation in thickness, assuming a normal distribution, 

wam a standard deviation of 0.0035°, i.e., a coefficient 

of variation of only 0.46%. This was considered an 

exceptionally desirable feature as large variations in 

plate thickness would create severe stress concentrations. 

In addition to having good uniformity in plate thickness, 

aluminium was regarded as being the most suitable material 

when considering the other requirements above. Although 

perspex is lighter, it is very susceptible to undesirable 

creeo effects and its plate thickness varies by relatively 

large amounts. To overcome any possible anelastic or 

delayed elastic effects in aluminum, the strain readings 

were recorded at 15 to 30 seconds after each load stage 

had been reached. Steel, although displaying good elastic 

behaviour and capable of being manufactured to close 

tolerances, was rejected because of its weight and high cost. 

364 
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CHAPTER  14 

DEVELOPMENT OF TESTING TECHNIQUE FOR SLAB TESTS  

14.1  THEORY OF THE RECTANGULAR SLAB TEST 

14.1 General Plate Theory 
(67) 

Timoshenka and Woinowsky-Kreiger 	, in andysing the 

relationship between bending moment and curvature in the pure 

bending of plates, derived the formulas. 

M 	= D(1 +1)1 ) = 	2 + \)),,2%;) 	 064 14.1 
rx 

	

ry  

= D(1 + 121 ) = -D(c) 2v4 + \/e)2Vv) 	 IltO 14.2 

x. 
where Mx and M are the bending moments in the x end y principal 

directions, respectively, r and r are the radii of curvature 
x 	y 

in these same two principal directions, respectively and w is 

the deflection of the middle surface of the plate with respect 

to the origin: at the origin, the x-y plane is tangential to 

the middle surface of the plate. D, the flexural stiffness of 

the slab, is given as 

D= 	 ... 14.3 
12(1-y 2) 

where E is mqdulus of elasticity, d is the plate thickness, and 

is Poisson's ratio. 

Solving Equations 14.1 and 14.2 ford  2A and 2w and 
2.1 Y 

integrating twice, we obtain the general formula for 

deflections of the middle surface of the plate, i. e. ; 

Iv' -0 M 	2. 

w 	
x  	- Iviv  - 	y 
2D(1-.) 

2.D( 1- v 

... 14.4 
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14.1.2 Rectangular Slab Theory 
(65,66) 

In the slab tests conducted by Blakey and Beresford 
(68) 

and subsequently, Newman 	, the moments in the x and y 

directions were assumed to be of equal magnitude, but of opposite 

sign, i.e. Mx equal to -M (see Section 11.2.1). 

Substituting M
x 
= -M into Equation 14.4, then 

w = -,Ix  
(x - y) 	 ... 14.5 

2D( 1-u) 

The surface formed is an anticlastic surface as shown in 

Figure 14.1 where the curvatures in the two principal directions 

are equal and opposite 

into Equations 14.1 

1 	= 	1 
rx 	7 

Y 

as obtained 

and 14.2, 
2w  = 

from the substitution 

i.e.;• 

Mx 

of M =-M 
x 	y 

... 	14.6 
7  

D(1-0 

Along the lines bisecting the angle between the x and y 

axis, the deflection 'w' is zero. All lines parallel to these 

bisecting lines remain straight during bending, rotating only by 

some angle. k rectangle 'abed' bounded by such lines will be 

twisted as shown in Figure 14.1. Along these boundaries, the 

normal bending moment will be zero as determined from the 
(67) 

equation 

M = Mx.  cos
2 	+ M sin

2
0( 	 ... 14.7 

where the oc values, the angles between the yz plane and the 

Planes on which the normal moments, Mn 
are acting, are + 45°. 

Along these same sections, the twisting moments, as determined 
( 

from the equation 67)  

M
nt 	

= IT sin 2cx (M x 
 -M 
y
) 	 ... 14.8 
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Lines of pure twist My 

Notes: 
1. Mx  is equal to My 
2. Lines of pure twist are also 

lines of linear deformation 

FIG, 14,3 ANTICLASTIC BENDING OF A PLATE BY PURE MOMENTS OF EQUAL 

MAGNITUDE AND OPPOSITE SIGN 

2Mx  

lib) 	 - (c) 
q 

YMx 
 

Mx 
FIG,14.2 ANTICLASTIC BENDING OF A PLATE RESULTING FROM THE CORNER 

LOADING OF A RECTANGULAR PLATE 

(a) 
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are equal to 'Mx' along the sections 'ad' and 'be' and '-flx?  

along l ab' and I ce. Thus the portion 'abed' is in a 

condition of a plate undergoing pure bending produced 

by twisting moments uniformly distributed along the edge. 

(see Figure14.2a).To produce this series of moments the 

edge 'ad' can be divided into a large number of narrow 

rectangles, such as 'mnpq' in Figurel4;213 If L. is the small 

width of the rectangle, the corresponding twisting couple 

is M
x 	

and can be formed by two vertical forces equal to 

Mx  acting along the vertical sides of the rectangle. 

This replacement of the distributed horizontal forces by a 

statically equivalent system of two vertical forces cannot 

cause any sensible disturbance in the plate, except within a 

distance compareble to the thickness of the plate, which is 

assumed to be small. 	(see discussion of St. Venant's 
(110) 

principle in Timoshenko and Goodier 	). Proceeding in 

the same manner with all the rectangles, we find that all 

forces, Mx 
 acting along the vertical sides of the rectangle 

balance one another and that only two forces, Mx  at the 

corners a and d are left. Making the same transformation 

along the other edges of the plate, we conclude that bending of 

the plate to the anticlastic surface shown in Figure 14.2a call 

be produced by forces concentrated at the corners as show.. 

in Figure 14.3c. 

The above theory was first analysed _ by Lord Kelvin and 
(111) 

P. G. Tait in 1883. 	The verification of the theory 
(112) 

was conducted by Nadal 	in 1915 whereby the deflection 
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of a aquare plate along a diagonal was measured. Discrepancies 

with the theory occurred only near the edges, but these would 

be expected in consideration of the transformation of twisting 
(110) 

couples along the edges. 

14.1.3 Principal Surface Stresses and Strains  

With a rectangular slab being loaded at two diagonally 

opposite corners, the total applied load will be P. But 

as shown above, the load at each corner equals 2M , i.e., 
x 

P = am 	 ... 14.9 
2 

At any point, the normal stress, ("( at the outer fibre 

can be obtained from the relationship 

M 
S 

where S is the section modulus. For a unit width 

S =d 2 

6 
where d is the thickness of the slab. 

... 14.10 

... 14.11 

If tensile stresses are assumed to be positive and 

compression stresses negative, it is observed that for the 

upper surface of the plate, ‹ is negative and I( is positive 

(see Figure 14.2). For the bottom surface, the opposite will 

be true. Denoting the upper and lower surfaces by the subscripts 

1 and 2 respectively, and proceeding from Equation 14.9, 14.10 

and 14.11,. then 

-‹f 	= 6P 	 14.12 
lx. 2x v, 

Similarly, 
= 3P2 	 14.,13 
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Therefore, ✓  
= 	... 14.14 

vlx r 	 2x. 	1Y 	ay 
At any point on the surface of the slab, the principal 

strains, 	and ,f can be obtained from the relationships 
y' 	(67) 

(see Timoshenko and Woinowsky-Kreiger 	p.5) 

(cE = 13c, _ \,dy 	 ... 14.15 

(yE =fy -kAlx 
By substituting Equation 14.14 into Equations 14.15 and 14.16 

and solving for the principal strains on each surface then it 

is shown that 

4 	= ' 
	

= 3Pc, ( 
Sr 	

11-)t) -x = 	= 	37 
... 14.17 

14..2, TESTS ON A SQUI.RE SLAB 

Although the above theory requires that the slab be loaded 

at the corners, this loading is, in practise, hot simple to 
(99) 

achieve. In his tests, Nadai 	used steel slabe with sides 

of equal length, i.e.; a square, containing extended corners 

similar in shape t -) the mortar slab shown in Plate 14..2. 

In the tests on square slabs conducted by Blakey and 
(65.66) 	(68) 

Beresford 	and later by Newman, 	it was assumed 

that a negligiVe. effect on the stress and strain pattern 

occurred if the load and support points were simple moved 

a few inches towards the centre from the corners. To establish 

the validity of such assumptions, a comprehensive examination 

of the strain pattern on the square aluminum slab, described 

in Section 13.2, was conducted with the load 

and • O• 14.16 
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and support points moved toward the centre in a manner 

similar to that used by the above investigators. 

14.2.1 Testing Procedure  

In order to obtain a complete representation of the strain 

pattern on the 36 square aluminum slab, one surface of one 

quadrant was covered with strain gauges as shown in Figure 

14.3. This was considered sufficient as, under any symmetrical 

loading of the slab, every quadrant of both surfaces are stressed 

i dentically. On each surface, the strain pattern is symmetrical 

with respect to either 	the two diAigonal axes whilst the 

strain pattern on either surface is symmetrical to the strain 

pattern on the opposite surface with respedt to those centre 

line axes which are parallel to the slab sides. The strain 

gauges were therefore generally placed in pairs in one quadrant 

symmetrically positioned with reference to one of the latter 

centre line axes. For example, with the load applied as shown 

in Figure 14. 4, gauge no. 12: (see Figure 14.3) measures not 
only the tension strain at its location on the top surface, 

but also the tension strain on the bottom surface at the 

location of its symmetrically opposed gauge no. 8; the latter 

strain will be perpendicular to the orientation of gauge no. 

8. Furthermore, by repeaJ,Jng each test run on the slal) in an 

inverted position, it is possible to determine the strain 

pattern on both surfaces of the slab in both of the theoretically 

principal directions, with the given gauges. 
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I Gauge on near sur6.ce 

Gauge on far surface 

Note: Reference Location 
is on near surface 

FIG. 14.3 LOCATION AND DESIGNATION OF GAUGES ON ALUMINUM 

SLAB - TEST SERIES 1 
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Several additional gauges were added to investigate the 

strain pattern in other quadrants as well as to check the 

alignment. For example, readings on gauge nos. 2, 23 and 

24 should be identical to the readings obtained on gauge 

nos. 1, 20 ands 9 respectively. 

The strain gauges used were Technograph electrical 

resistance strain gauges of 1" length. Prior to applying 

each gauge, both the gauge and the aluminum surface were 

thoroughly cleaned with a cloth and Acetone. Areldite 

adhesive was used to fasten the gauge to the surface and, 

after setting, a thin layer of the adhesive was agaln used 

to cover each gauge. This not only protedted gauges against 

possible damage, but also, insulated them against small 

fluctuations in room temperature. 

To record the gauge readings', a Solartron data-logger, 

sensitive to 2 microstrain, was used. 

For this first Test Series No. 1, the testing was performed 

in an auxiliary loading frame, as the biaxial testing machine 

described in Chapter 12 had not then been constructed. However, 

the base slab, 12'' diameter x 6" long steel rollers, roller 

supports and loading beam which eventually formed part of 

the biaxial testing machine, had been manufactured and were 

therefore used'in this test series. A picture of the general 

loading assembly is given in Plate 14.1. 

The rollers had two supports at one end and one at the 

other for each of the loading and reaction points. This 



PLATE 14.1 Test method used for-loading aluminum slab 
in tast scrics 1. 

374 
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providdd a stable loading system while ensuring simultaneously 

that, with proper centring, the effective centroid of load 

application at each roller coincided with its centre. Each 

of the roller supports had a spherical cap with the centre 

of this sphere coinciding with the longitudinal axis of the 

roller. 7ath- the radius of this cap being slightly smaller 

than the inner spherical surface of contact of the roller, 

rolling was achieved with a negligible component of vertical 

movement for the small magnitudes of roiling obtained._ 

For every test, the slab was positioned on the loading 

frame with the loading beam placed on top,care being taken 

in both cases to obtain,axial alignment. Both the slab and 

loading beam were levelled in both directions with the aid 

of adjusting screws: on the roller supports. The load was 

ap2lied by means of a hydraulic, hand-operated jack with 

calibrated proving measurement of load being performed with a 

ring. 	(see Plate 14.1) 

Test Series 1 consisted of four independent sets of tests. 

2or the first three, the load waE,  applied directly by rollers 

with all rollers being located 3", 2" and 1" from the corners 

of the slab, respectively. For the fourth test, conducted 

with the rollers 	from the corners, the loads were applied 

through 2°  x 24  x '41:4  steel plates interposed between the 

rollers and the slab surface. The sides of these plates 

were parallel to the sides of tie aluminum slab. In 

addition, one thickness of building paper, 24  square was 
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interposed between each of the plates and slab surface. 

Each test, consisting of two load stages, was performed three 

times with three complete sets of readings at each load stage. 

This procedure vias subsequently repeated on the slab in the 

inverted oosition. The total applied loads at each of the 

two load stages were 326 and 787 lbs., producing approximately 

105 and 250 microstrain respectively, at the centre of the 

slab, 

14,2.2: Discussion of Results 

The averages of the nine strain readings for each gauge 

at each load stage for each of the various tests in Test 

Series 1 are presented in Tables 14.1 to 14.4. 

In each of the tables, T denotes tensile strain and C denotes 

compression strain, &s the principal strain values over the 

entire slab surface should be of constant magnitude (see 

Equation 14.17), the average strains have also been represented 

as coefficients in relation to the average strain at the centre 

point of the slab (gauge no. 22). The distribution of the 

coefficients of longitudinal and lateral strains, assumed as 

principal strains from theoretical analysis, for one representativ 

quadrant have been presented for the second load stage in Figures 

14.4 to 14.7. 

The theory of Section 14.1 is based on small deflections 

of the slab. Consequently, the coefficients of the first load 

stage are presented for one test, where the maximum 
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TABLE 14.1  STRAIN DISTRIBUTION ON ALUMINUM SLAB LOADED WITH 

STEEL ROLLERS 3" FROM CORNERS  

GAUGE 
No. 

SLAB IN UPRIGHT POSITION SLAB IN INVERTED POSITION 
1st LOAD STAGE 2nd LOAD SrIAGE 1st LOAD STAGE 2nd LOAD STAGE 
STRAIN GOEff -STRAIN EFF-  "ST=Er CUED STRAIN COEFF 
(x10 -u) (x10-6) (x10-6 ) (x10-6 ) 
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0.530 127 T 0.535 60 	C 0.600 137 	C 0.578 
2, 0.530 127 T 0.535 57.5 0 0.575 138. E., C 0.585 
3 O. 818 198 T O. 835 84.5 C O. 842, 199.50 O. 840 
4 0.750 179 T 0.755 80.5 C 0.802, 192.5C 0.810 
5 0.710 170 T 0.715 76 	C 0.758 186 	C 0.785 
6 24 T 5.5 T _ 26.5 T - 
7  0.928 229 T 0.965 91.5 C 0.912 217.50 0.915 
a 0.898 214 T 0.902, 92• 	0 0.918 233 	C 0.940 
9 0.868 205 T 0.865 91 	C 0.908 224 	C 0.945 
10 49 T 12.E C - 22.5C - 
11 0.948 232 T 0,978 91.5 C 0.912 217.50 0.918 
12 0.958 234 T 0.985 98 	C 0.978 230 	C 0.970 
13 0.958 231 T 0.972; 98.5 C 0.982, 234.50 0.990 
14 7 c 0.,5 G 1.5c 
15 0.938 225 T 0.948 99. 5  0 0.992 239.50 1.008 
16 0.938 222,T 0.935 99 	C 0.988 238 	C 1.010 
17 0.848 211 T 0.890 83 	C 0.828 200 	C 0.842 
18 0.670 157 T 0.660 
19 0.928 230 T 0.970 91.5 0 0.912 213.5C 0.898 
20 0.988 241 T 1.015 99 	C 0.988 233 	C 0.980 
21 0.958 233 T 0.98a 100 	C 0.998 240 	C 1.010 
2a 0.995 2322T 0.980 101:00 1.008 242.7C 1.020 
23 0.988 242 T 1.020 98.5 0 0.982 230.5C 0.970 
24 0.918 211 T 0.890 93.5 0 0.932 227.5C 0.958 
25 0.210 54 C 0.228 
26 0.560 134 C 0.565 55.5 T 0.555 131. 5T 0.555 
27 0.888 223 C 0.940 90 	T 0.898 211 	T 0.890 
28 0.988 242,C 1.020 99 	T 0.988 236 	T 0.995 
29 0.908. 217 C 0.915 g" 	T 0.968 235 	T 0.998 
30 9 C 0,5 	T 2.5C - 
31 0.490 109 T 0.460 49.5 C 0.495 118.50 0.500 
32 0.570) 138 T 0.580 58.,5 0 0.585 140.5C 0.590 
33 - 126 0 47.5 T - 112.5T - 
34 - 126 C 49.5 T _ 114.5T - 
35 0.988 233 T 0.980 99 	C 0.988 238 	0 1.002 

Note: Average Principal Surface Strain at centre is100.3x10-  at  
1st load stage - Total Applied Load of 326 lbs.: 237.5x10-6  at 
2nd load stage - Total Applied Load -of 787 lbs. 
The coefficient values of the 2nd load stage above are 

presented diagrammatically in Figure 14.4 
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1.020 0.980 

1.008 
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Load down with steel roller 
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A 
D- 

Tension Strain on Top Surface 
CoMpression Strain on Bottom Surface 
Compression Strain on Top Surface 

D Tension Strain on Bottom Surface 

(t:1(4/660 
0.580 
0.590 40  ce 

0- 0. 0- 

C- 

111..101.1111 

Note: Given coefficients are with reference to 
the average principal surface strain at the 
slab centrepoint, 237.5 microstrain at a 
total applied load of 787 lbs. 
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0.902 0.970 	0.865 0.980 
0.96510.915 	0.940 
0.91510.965  

0.985 	0.945 1.015 

• 0.990 
0.972 

Load up with 
steel roller 

3" 

0. 
(0.842 

O 
0.660 10.15' 

0.978 0.840 0:985 0.940 0.9721 
0.918 0.835 0.970 0.902 0.9901 

0.590 
0.580 0.810 
0.578 0.755 
0.535 

c' 	0.970 0.785 1.015 0.945 
at 0.898 0.715 0.980 0.865 

FIG.14A STRAIN DISTRIBUTION ON ALUMINUM SLAB LOADED AND 

SUPPORTED BY STEEL ROLLERS AT 3" FROM CORNERS 
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TABLE 14,2; STRAIN DISTRIBUTION ON ALUMINUM SLAB LOADED WITH 
STEEL ROLLERS 	FROM CORNERS  

GAUGE 
No. 

I_ 	SLAB IN UPRIGHT POSITION SLAB IN INVERTED POSITIOg 
r-lst LOAD STACIE 2nd LOAD STi'LGE 1st LOAD STAGE 2nd LOAD ST"GE 
STRUM 
(x10-') 

COEFF STRAIN 
(x10-') 

COEFF STRAIN 
(x10-6 

COEFF STRAIN 
(x10-°) 

COEFF 

1 74.5 	T 0.708 178.5 T 0.715 80 	C 0.760 191 	0 0.765 
a 75 	T 0.712, 178 	T 0.712. 79 	0 0.750 190 	C 0.760 
3 91 	T 0.865 219 	T 0.878 94 	0 0.892 225 	0 0.900 
4 86 	T 0.835 207 	T 0.830 93 	C 0.882 227 	C 0.908 
5 84 	T 0.798 200 	T 0.800 91.5 C 0.870 222.50 0.890 
6 4 	T - 26 	T - 7 	T - 32 	T - 
7 101 	T 0.960 243 	T 0.972 99 	C 0.940 232 	C 0.928 
8 96 	T 0.912 229 	T 0.918 102.50 0.972 245.5C 0.980 
9 92 	T 0.872 220 	T 0.880 102 	C 0.968 248 	C 0.992 
10 13.5 	T - 37..5 	T - 1 	C - 2 	T - 
11 100 	T 0.950 242 	T 0.968 95 	C 0.902 229 	C 0.918 
la 102 	T 0.970 245 	T 0.980 102.5C 0.972 242.50 0.970 
13 101.5 T 0.965 243.5 T 0.975 105 	C 0.998 250 	C 1.000 
14 1..5 	C - 2.5 C - 2. 	T - 1 	T - 
15 98.5 	T 0.935 234.5 T 0.940 105.50 1.00a 255.5C 1.022 
16 99.5 	T 0.915 233.5 T 0.935 107 	0 L018 256 	C 1.025 
17 98 	T 0.930 234 	T 0.938 90.50 0.860 219.50 0.878 
18 87 	T 0.825 207 	T 9.830 87.5 C 0.830 198.50 0.795 
19 102..5 T 0.975 250.5 T 1.0021 103 	C 0.980 239 	C 0.955 
20 104 	T 0.988 252 	T 1.008 105 	C 0.998 247 	C 0.990 
21 103 	T 0.930 241 	T 0.965 105.5C 1.002; 254.5C 1.020 
22 102..3 T 0.972 239.2 T 0.958 108.20 1.030 260.8C 1.042 
23 105.5 T 1.002 252.2 T 1.010 105.5C 1.002 246.50 0.985 
24 99 	T 0.940 229 	T 0.918 107 	C 1.018 255 	C 1.020 
25 50 	C 0.475 115 	C 0.460 48 	T 0.455 116 	T 0.465 
26 78 	C 0.740 183 	C 0.732. 76.5 T 0.725 182.5T 0.730 
27 99 	C 0.940 239 	C 0.958 97 	T 0.920 228 	T 0.912 
28 105 	C 0.998 247 	C 0.988 104.5T 0.992 250.5T 1.002 
29 100 	C 0.950 231 	C 0.925 105 	T 04998 257 	T 1.028 
30 7 	C - 14 	C - 1.50 - 5.5C -- 
31 69 	T 0.655 162 	T 0.648 74 	C 0.702 180 	C 0.720 
32; 71 	T 0.675 173 	T 0.692 76 	C 0.720 179 	C 0.715 
33 50.5 	C - 124.5 C - 52.5T - 118.5T - 
34 56.5 	C - 134.5 C - 49 	T - 118 	T - 
35 104 	T 0.988 246 	T 0.985 108 	C 1.025 256 	C 1.022 

Note: Average Principal Surface Strain at Centre is : 105.2x10- 
1st Load Stage - Total applied load of 326 lbs. 

: 250.0x10-6 at 
2nd Load Stage - Total applied load of 787 lbs. 

The coefficient values of the 2nd Load' Stage are presented 

in Figure 14.5 
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Load down with steel roller 

A - Tension Strain on Top Surface 
C - Compression Strain on Bottom Surface 
B - Compression Strain on Top Surface 
D - Tension Strain on Bottom Surface 

0.878 
Note: Given coefficients are with reference to 

	0,900 
the average principal surface strain at the 
stab centrepoint 250.0 microstrain at a 
total applied toad of 787 Lbs. 
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0.800 0.955 0.918 0.8301 
0.968 0.9081 	0.890 1.032 
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0.97210.928 
0.92810.972 

0.900 0.980 0.980 0.9751 
0.878 0.970 0.918 1.000 
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0.830 
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FIQ 14.5 STRAIN DISTRIBUTION ON ALUMINUM SLAB LOADED AND 

SUPPORTED BY STEEL ROLLERS AT 2" FROM CORNERS 
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14.3,  STRAIN  DISTRIBUTION ON ALUMINUM SLAB LOADED WITH STEEL ROLLERS 
AND 2" SQUARE STEEL PLATES 2" FROM CORNERS 

GAUGE 
NO. 

SLAB IN UPRIGHT POSITION SLAB IN INVERTED POSITION 
1st LO &.D STAGE 2nd LOAD STAGE 1st LOAD STAGE] 2nd LOAD STAGE 
STRAIN 
(x10-6) 

COEFF STRAIN 
(x10-61_ 

COEFF STRAW 
_(x10-°) 

COEFF 	STRAIN 
(x10-°) 

COEFF 
- 

1 74.5 T 0. 712 175.5T 0.700 80. 	C 0.765 191 C 0.762 
a 76 	T 0.728 179. 	T 0.710 78 	C 0.748 189 0 0.755 
3 93.5 T 0.895 223.5T1. 0.892 92.5C 0.885 223.5 C 0.892 
4 88.5 T 0.848 208.5T 0.832 93 	C 0.890 225 C 0.898 
5 87 	T 0.832, 203 	T 0.810 92.50 0.885 225.5 C 0.900 
6 3.5 	T - 24.5T - 8.5T - 33..5 T - 
7 102.5T 0.982, 247.5T 0.988 99 	C 0.948 232 C 0.925 
8 98.5 T 0.942. 232.5T 0.930 101 C 0.968 244 C 0.972 
9 97 	T 0.930 224 	T 0.895 101 C 0.968 247 0 0.985 
10 12 	T - 35 	T - 2.50 - 2.5 T - 
11 101 	T 0.968 246 	T 0.982 95 	C 0.910 227 C 0.908 
12. 104 	T 0.995 251 	T 1.002 101.5C 0.972 241.5 C 0.965 
13 105 	T 1.005 248 	T 0.990 104 C 0.998 248 C 0.990 
14 1 	C - 4 	0 - 2 T - ..#44 	2 T - 
15 103 	T 0.988 240 	T 0.958 105 0 1.008 256 C 1.022 
16 101 	T 0.968 237 	T 0.945 105 C 1.008 255 C 1.018 
17 98.5 T 0.942• 236.5T 0.945 91 	C 0.872, 219 C 0.875 
18 94 	T 0.900 228 	T 0.910 - __ _ _ 
19 105 	T 1.005 256 	T 1.022 103.50 0.992 239.5 C 0.955 
20 106.5T 1.020 255.5T 1.020 105 C 1.008 247 C 0.985 
21 104 	T 0.995 244 	T 0.975 1d5.50 1.010 253.5 C 1.010 
22 103 	T 0.988 243 	T 0.970 205.70 1.012 257.7 C 1.030 
23 107 	T 1.025 258 	T 1.030 103 C 0.988 244 0 0.975 
24 99 	T 0.948 231 	T 0.922 101 0 0.W8 251 C 1.000 
28 46.5 C 0,445 110.50 % 0.440 - _ _ _ 
26 76.5 C 0.732 180.5C 0.720 76 	T 0.728 181 T 0.722 
27 99 	0 0.948 244 	C 0.975 97 	T 0.930 229 T 0.915 
28 106 	C 1.015 252 	C 1.005 103.5T 0.992 248.5 T 0.992 
29 101 	C 0.968 236 	C 0.942 1065T 1.020 258.5 T 1.030 
30 0.5T - 7.5C. - 1.5C - 5.5 C - 
31 73 	T 0.700 167 	T 0.668 77.5C 0.742 183.5 0 0.732 
32 75 	T 0.720 176 	T 0.702 73.50 0.705 176.5 C o.705 
33 51 	C - 128 	C - 50.5T - 117.5 T - 
34 53 	C - 132 	C - 48,5T - 118.5 T - 
35 106. 5T 11.020 249.5T, 0.995 103 C 0.988 253 0 1.010 

Note: Principal surface strain at centre is : 104.3• x10-6  at 
1st load: stage. - Total applied load of 326 lbs. 

: 250.3 x10-6  at 
2nd load stage - Total applied load of 787 lbs. 

The coefficient values of the 2nd load stage are presented 

diagrammatically in Figure 14.6. 
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A - Tension Strain on Top Surface 
C - Compression Strain on Bottom Surface 
B - Compression Strain on Top Surface 
0 - Tension Strain on Bottom Surface 

Load down from steel roller 

	

B 	through 2" square plates onto 

	

C 0 	slab surface 
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FIG,14.6 STRAIN DISTRIBUTION ON ALUMINUM SLAB LOADED AND 

SUPPORTED BY STEEL ROLLERS AND 2" SQUARE PLATES 
AT 2" FROM CORNERS 
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TABLE 14.4 STRAIN DISTRIBUTION ON ALUMINUM SLAB LOADED WITH STEEL ' 

ROLLERS 1" FROM CORNERS 

GAUGE 
NO. 

SLAB TN UPRIGHT POSITION SLAB IN INVERTED POSITION 
1st LOAD STAGE 2nd LOAD STAGE, 1st LOAD STAGE 1  2nd LOAD STAGE 
STRAIN 
(x10-°) 

COLFF STRAIN 
(x10-6) 

COEFF STRAIN 
(x10-6) 

COEFF STRkIN 
(x10-6) 

00EFIb 

1 93.5 T 0.840 229.5 T 0.868 97 0 0.872 236 C 0.892 
2 99.5 T 0.895 236.5 T 0.895 98.5 C 0.888 238.5 C 0.902 
3 107.5 T 0.970 255.5 T 0.965 103 C 0...4.,J 245 C 0.925 
4 103.5 T 0.932 246.5 T 0.932 104 0 0.938 254 C 0.960 
5 102.5 T 0.922 239.5 T 0.905 104 0 0.938 254 C 0.960 
6 4 T - 27 	T - 11.5 T - 37.5 T - 
7 109 T 0.980 268 	T 1.012 103.5 C 9.932 244.5 C 0.925 
8 107.5 T 0.968 253.5 T 0.958 107 C 0.965 261 C 0.985 
9 104.5 T 0.940 246.5 T 0.932 108.5 C 0.978 266.5 C 1.008 
10 5.5 T - 22.5 T - 6.5 T - 21.5 T - 
11.111 T 1.000 268 	T 1.012 104.5 0 0.942 244.5 C 0.925 
12. 112. T 1.010 269 	T 1.018 108.5 C 0.978 253.3 C 0.958 
13 110.5 T 0.995 263.5 T 0.995 109 C 0.980 262 C 0.990 
14 2 a - 7 	C - 3.5 T - 2.5 T 
15 110 T 0.990 257 	T 0.970 109.5 C 0.985 269.5 C 1.020 
16 109.5 T 0.988 253.5 T 0.958 111 C 1.000 270 C 1,020 
17 108.5 T 0.978 264 5 T 1.000 101 C 0.910 240 C 0.908 
18 105.5 T 0.950 255.5 T 0.965 103 C 0.928 243 C 0,. Q28 
19 110.5 T 0.995 272.5 T 1.030 108.5 C 0.978 251.5 0 0.950 
20 114 T 1.025 272 	T 1.028 110.5 C 0.995 258.5 C 0.976. 
21 108.5 T 0.978 259.5 T 0.980 111 C 1.000 265 C 1,0021 
22 110.8 T 0.998 258.2 T 0.975 111.3 C 1.002 270.7 C 14026 
23 113 T 1.018 273 	T 1.030 108.5 C 0.978 253.5 C 0,95a 
24 108 T 0.972 249 	T 0.940 112 C 1.010 273 C 1.0301 
25 89.5 C. 0.805 215.5 C 0.815 89 T 0.800 205 T 0.775 
26 99.5 C 0.895 242.5 C 0.918 99 T 0.890 232 T 0.878 
27 	1 109.5 C 0.988 272.5 C 1.030 107.5 T 0.968 248.5 T 0.940 
28 112 C 1.010 270 	C 1.020 113 T 1.020 262 T 0,9C 
29 107.5 C 0.968 255.5 C 0.965 115 T 1.035 276 T 1.0.42 
30 1 C - 9 	C 0.5 T - 3.5 0 .- 
31 93 T 0.882 230 	T 0.870 96.5 C 0.868 235.5 C 0.00 
32 89.5 T 0.805 216.5 T 0.820 89 C 0.800 213 0 0,805 
33 56 C - 141 	C - 54 T - 125 T - 
34 58.5 0 - 143.5 C - 54 T - 125 T - 
35 112 T 1.010 263 	T 0.995 112.5 C '.012 267..5 0 1.010 

Note: Principal surface strain at centre is: 111.0 x10-6  at 
1st load stage - Total applied load of 326 lbs. 

: 264.5 x10-6 at 
2nd load stage - Total applied load of 787 lbs. 

The coefficient values of the 2nd and 1st load stages 

are presented, diagrammatically in Figures 14.7 and 14.8 

respectively. 
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0.925 
0.965 0.9250.9321 

1.012 0.96 0.960 1.030 
0.905 0.950 

Note: Given coefficients are with reference to 
the average principal surface strain at the 
slab centrepoint, 264.5 microstrain at a 
tot at applied toad of 787 lbs. 
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4\0 0.950 0.905 0.978 0.932 1.002 

1.010 0.970 
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FIG.14.7 STRAIN DISTRIBUTION ON ALUMINUM SLAB LOADED AND 

SUPPORTED BY STEEL ROLLERS AT 1" FROM CORNERS 
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Load down with steel rotter C D 

1" 

0.965 0.9951 	1.010 
0.968 0,9801 	1.012 

1.012 0.9901 	0.988 
1.010 0.9851 	1.000 

 

0.978 0.978 1.000 0.998 
1.000 0.988 1.002 0.940 

0.978 
0.910 

0')  
0.950 ot'

0, 
 

0.928 000 
0- 

0.8000. 

•

928 

% P (0 '1,0 950 Pcbc6  0.8051 O. 	c%,•0-  
0.8001 All, 	c;;6 % 0) 00 O• 0- 0- 

A - Tension Strain on Top Surface 
C - Compression Strain on Bottom Surface 
B - Compression Strain on Top Surface 
D - Tension Strain on Bottom Surface 

0.970 0.942 0.932' 0.922 0.978 
0.928 1.000 0.938 0.9380.995 Note: Given coefficients are with reference to 

the average principal surface strain at the 
slab centrepoint, 111.0 microstrain at a 
total applied toad of 326 tbs. 
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0.800 
0.938 
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0.805 
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0.938 
	

1.025 

0.970 

1.002 
0.998 0.922 

	
0.995 

0.840 
00 

0- 0.995 
cbri, 0.978 
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F. 14.8 STRAIN DISTRIBUTION ON ALUMINUM SLAB LOADED AND 

SUPPORTED BY STEEL ROLLERS AT 1" FROM CORNERS 
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deflection, with respect to the slab centre point is only 

0.10°  as opposed to 0.24°  for the second load stage (see 

Figures 14.7 and 14.8). 

From Figures 14.4 to 14.8, the folowing conclusions are 

drawn': 

I. With 	lo.din2; zyetcm whereby the 	is not ,1,2plied directly 

at the corners, the strain distribution will vary markedly as  

opposed to the constmt distribution assumed. 

2. This non-uniformity of strain distribution decreases 

as the loading points move nearer their respective corners. 

3. The average strain and corresponding stress at the centre 

increases as the load points move nearer the corners. For 

example, the average strain increased from 237.5 to 264.5 

microstrain, at 787 lbs. lord when all load points were moved 

from 3°  to 14  from their respective corners. This is an 

increase of 11.4%. 

4. The general strain pattern remains independent of the 

method of applying the load except in the immediate vicinity 

of load application. Although there appears to be some 

difference in the coefficients in Figures 14.5 and 14.6, 

this difference, is consistent ( abDut 1%) and is due to 

small errors in the measured strain at the slab centre- 

point. (gauge 22) As all the coefficients in Table 14..1 

to 14,4 are related to the average measured strain at the 

slab centre (see Tables 14.1 to 14.4), a small error in the 

reading of the gauge at the centre)no. 22,will produce similar 



387 

percentage errors in the coefficients of the other gauges. 

When the above test was repeated in Test Series 2. (see 

Section 14.3.3), the average strains at the centrepoint of the 

slab were virtually identical for the two tests and, as a 

result, the strain patterns over the surface of the specimen 

for the two tests were remarkably similar, except in the 

immediate vicinity of the load and support points. 

5.. The strain pattern is more consistent with small 

deflections of the slab. This is shown by comparing Figures 

14.7 and 14.8 where, at the 1st load stage, corresponding to 

a deflection of only 0.10" (Figure 14.8), the strain at 

each gauge point is closer to being identical for the two 

separate tests and also,c_the strains across a section parallel 

to a diagonal are more consitent, than at the second load 

stage. (Figure 14.7) At the latter load stage, a 

significant maximum deflection of 0.24" with reference to the 

slab centrepoint occurred. 

It is apparent from the foregoing that the non-uniform 

stress and strain pattern arising from loading even a small 

distance in from the corners will have a very significant 

effect on the discontinuity level stresses as well as the 

ultimate strengths- Li,cewise, a significant influence on 

modulus of elasticiti7 values will occur. 

For example, using the average strain values obtained 

at the slab centrepoint with a total load of 787 lbs. and 

a V valve of 0.343 (see Section 14.6), then, from Equation 

14.17, the calculated E values are 11.5 x10 6, 10„9x10 6  and 



10.3 x106 p.s.i. with the load points 3", G" and 1" from 
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the corners, respectively. Extrpolating to a theoretical 

distance of 	the E value obtained would be about 9.7x106  

p.s,i. This comperes very favourably with the average value 

of 9.85 x106  D.s.i. obtained from the tests on the aluminum 

slabs with extended corners (see Section 14.6)„ 

It should be appreciated that the centrepoint strains 

selected above produce the most realistic values of E. At 

any other point, the calciflated E value will be even more 

grossly in error due to measured principal strains having 

smaller values. 

As the calculated E values at the slab centrepoint increase 

by about 19,when the applied loads are moved from 0" to 3" 

it from the corners, the calculated stress values simultaneously 

decrease by 	at any value of applied load. A.s the slab 

centrepoint is the most highly stressed p0int on the slab 

when the load points are not at the corners, it is apparent that, 

near failure, en increasing proportion of the load will be 

transferred to less highly stressed portions before ultimate 

collapse of the slab occurs. As such a redistribution of stresses 

would not occur with slabs loaded at the corners where all 

points of the slab are equally stressed, the difference in 

ultimate strengths would be expected to be even greater than 19%, 

probably 25 to 30 

14.2,3 Assessment of Previous  Testing Techniques  

From the above discussion, it is obvious that the 
(65,66) 

test methods as used by Blakey and Beresford 	end 
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subsequently by Newman(68)  were highly unsatisfactory. The 

(68) slabs tested by Newman, 	21" square with the load points 

34  in from the cornersf  would exhibit even greater variations 

in strain than any of the tests on the 36" square aluminum 

slab, discussed above. Consequently, be extending the above 

analysis, the modulus of elasticity, discontinuity level 

stresses and ultimate strengths would all by high, probably 

by as much as 40;10. 

The largest average tensile strains across a section 

occur at or near a diagonal and reduce towards the load 

points. This verifies the type of failures obtained by 

both Blakey and Beresford and Newman where it was observed 

that almost all failures occurred at or very near a diagonal. 

From the foregoing, it is obvious that, with a testing 

technique in which the loads are not applied at the corners 

as specified in the theoretical requirements, the increase 

in modulus of elasticity, ultimate strength and other related 

properties are enormous. It can be concluded that a reliable 

technique is possible only if the loads are applied at the 

corners. 

14.3 TESTS ON SQUARE SLABS WITH EXTENDED CORNERS 

As it is impossible in practise to load a square slab 

at its corners, it was necessary to produce extensions at 

the corners through which the loads could be applied. Then)  

the centroids of the loads could be made to coincide with 

the intersection of the protection.of the slab sides. 



390 

The following discussion is concerned with the deVelopment of 

suitable c -)rners for perfrmming such a test satisfactorily, 

followed by an investigation of the resulting strain pattern 

on the slab., 

14.3.1. Results of  Tests on Pilot Mortar Slabs 

The first two slabs tested, 30" square x 2" thick, one of 

which is shown in Plate 14.21 had 4" square corners with 

the centre of each corner coinciding with the intersection 

of the projection of the two adjacent slab sides. The 

method of loading the slab was essentially identical to that 

shown in Plate 14.1 except that 4" square x 5/ille thick steel 

plates were positioned between the rollers and slab surface. 

Several electrical resistance strain gauges were attaOhed 

to the slab surface to investigate the strain pattern. 

On loading to failure, the principal strains remained 

reasonably constant except near the edges. However, as- 

failure of the f—Lst slab occurred at the intersectiot of 

the slab side and corne2 projection, it was concluded that 

the loading method caused high stress concentrations in this 

localized area. 

Following this initial failure, the bro'Ken section 

was glued together with a very strong adhesive, Certite,. 

and the slab was subsequently reloaded to failurelwice. 

Plate 14.2 shows the slab after it has been loaded to failure 

three times. For the first slat), failure in every case 

occurred at the location of the re—entrant corner whereas, 



P144 17 14.2 30" square mortar sDecimen with 4" square 
corners after being loaded to failure 

three times 
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PLATE 14.3 30" square mortar specimen with 2" 
square corners at failure 

392 



393 

for the second slab which was identical in shape to the first, 

failure occurred away from the corners. From the results of 

the above tests, a redesign of the corners was considered 

necessary. This was not only to avoid failure occurring 

at the re-entrant corners, but also, because it was considered 

that the excessive volume of matorial in the corners, could 

influence the stress distribution in the slab.. 

A second pair of slabs, 30°  x 30" x 2" were cast, 

the first of which is shoes in Plate 14.3., The corners 

of this slab have been reduced to 2" square with a smooth 

transition from the corners to the slab sides. When loaded 

to failure with simultaneous recordings of strain, sensibly 

constant values of principal strain over the surface were 

obtained. Failure occurred at a section located several 

inches from the corner, where any possible stress concen-

tration effects-  from corner loading were eliminated. As 

a. result]  this slab shape was considered satisfactory. 

The last slab tested was rather similar in shape to 

the one shown in Plate 14..3 but had the size of the corners 

further reduced to 1" square. Again there was a smooth 

transition from the corners to the slab sides. However, 

when testing it, great care had to be employed to prevent 

instability of the test set-up as the load points were very 

small. In addition, as the failure occurred at about 2" 

from a corner, it was considered that stress concentrations 
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arising from theAbdipoints at the corners influenced the 

failure. It was con-_tluded therefore that 1" square corners 

were too small. 

From the foregoing investigation, a 30" square slab 

with 2" square corners having a smooth transition curve 

from the corners to the slab sides was- accepted as being 

the most suitably shaped specimen for achieving the desired 

uniform stress pattern. 

14.3.,2. Tests on Aluminum Slab 

A comprehensive investigation was made of the strain 

pattern on an aluminum specimen similar in shape to the 

mortar specimen specified above.. The 36" square aluminum 

slab used in Test Series 1 had a 1" width removed from each 

side except at the corners, thus leaving a 34" square aluminum 

slab with '2'" square corners and a smooth transition curve 

from the corners to the slab sides (see Figure 14.9). 

As a few of the gauges used *la Test Series I had 

been removed in the cutting operation, new ones were attached, 

particularly to measure strains near. the edge of the slab. 

The majority of the gauges used in Test Series 1 were, 

however, reused in this test series, hereafter referred to 

as Test Series 2. The Solartron data-logger was again used 

to record the strain. reading. 

As the biaxial testing machine described in Chapter 

12 had, at this stage, been manufactured and assembled, 

all tests were performed in this machine (see Plate 14.4 



I Gauge on near surface 

I Gauge on far surface 
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FIG.14.9 LOCATION AND DESIGNATION OF GAUGES ON ALUMINUM 

SLAB (SQUARE) WITH EXTENDED CORNERS - TEST SERIES 2 



71ATE 14.4 Testing method for loading 
and supporting square plates 

at corners 
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for the test set-up). Before each test, the slab and beam,  

were carefully positioned axially and levelled. 

Test Series 2 consisted of three independent sets of 

tests with the centroid of each corner load coinciding, 

in every case, with the intersection of the adjacent 

projected slab sides. In the first test, the load was 

applied to the slab surface directly from the rollers, as 

observed in Plate 14.4. In the second test, 2" x 2" x 41  

steel plates were positioned between the rollers and slab 

surface with two sides of these plates, being flush with 

the specimen corners. In addition, one thickness of 

building paper 2" square was positioned between each of 

the plates and the slab surface. The third test, to check 

the alignment of the biaxial machine, was performed by 

rotating the slab 1800  about a vertical axis from a position 

as shown in Plate 14.4, 

As in the case of Test Series 1, the slab was loaded 

three times with three readings at eaca load with a 

subsequent repetition on the slab in the inverted position. 

In every case, there was one load stage only of 705 lbs., 

total applied load, 

14.3.3 Discussion of Results  

The average of nine strain readings for each gauge 

for each test in this test series is presented in Tables 

14.5 to 14.7 in which 7 is tensile strain and 0 is compression 

strain. The correspbnding distributions of strain in one 
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slab quadrant, based on the average recorded principal surface 

strains at the slab centrepoint, have been presented in 

Figures 14-1) to 14.12. 

From examination of Figure 14-10, it is apparent that the 

principal surface strains are very nearly constant, 

seldom differing by more than 5: from the average principal 

strains at the slab: centrepoint, except in the immediate 

vicinity of the mrners. The variations which do exist are, 

in large part, accounted for by the excessive deflections 

of the slab, as explainedin Sections 14._ and 

At the slab corners and immediate vicinity, there is a 

reduction in strain from that obtained generally on the 

slab surface. 'Tis is particularly desirable as failure will 

then occur at a uniformly and more highly stressed section, 

sufficiently removed from the immediate vicinity of the corner. 

Comparison between Figures 14.10 and 14.11 shows that 

loading the slab with steel plates positioned between the 

rollers and slab surface, produces the same general distribution 

of strain, as that obtained by loading directly with the rollers. 

In fact, on17 in the immediate vicinity of the corners are 

any differences detected and these would not be sufficient 

to cause any alterations in ultimate strength or other measured 

properties. Consequently, for all subsequent tests on mortar 

and concrete specimens, the load was simply applied 



TABLE 14.5 STRIN DISTRIBUTION ON SQUAILE ALUMINUM SLAB WITH 
EXTENDED CORNERS LOADED WITH STEEL ROLLERS ONLY 

GAUGE 
NO.. 

SLAB IN UPRIGHT POSITION SLAB IN INVERTED POSITION 
STRAIN(x10-6) COEFF STRAIN(x10-b) COEFF 

1 252.7 	T 1.022, 250..7 	C 1.013 
259.0 	T 1.048 251.0 	C 1.016 

3 256.0 	T 1.037 245,,0 	C 0.996 
4 253.7 	T 1.027 257.0 	C 1.040 
5 244.3 	T 0.988 256.0 	C 1.036 
6 34.7 	T - 23.0 	m .L - 
7 257.7 	T 1.042 233..7 	C 0.945 
a 249.7 	T 1.010 249.0 	C 1.008 
9 240.0 	T 0.971 255..7 	C 1.033 
10 19.7 	T - 23.3 	T - 
11 861.7 	T 1.060 236.0 	C 0.955 
12 259.3 	T 1.049 237.0 	0 0.959 
13 254..3 	T 1.029 242.7 	C 0.982 
14 5.0 	G - 2.3 	T - 
15 244.0 	T 0.987 252..7 	C 1.022 
16 240.7 	T 0.974 252.0 	C 1.020 
17 238.7 	T 0.964 219.7 	C 0.889 
18 227.7 	T 0.922 210.7 	C 0.854 
19 257.7 	T 1.042 228.7 	C 0.926 
20 259.7 	T 1.051 234.0 	C 0.947 
21 246.3 	T 0.996 245.3 	C 0.993 
22. 243.0 	T 0.983 251.7 	C 1.018 
23 259.0 	T 1.048 234.7 	C 0.950 
24 241.7 	T 0.978 256.7 	C 1.040 
25 250.7 	T 1.015 250.7 	C 1.014 
26 133.3 	C - 116.7 	T - 
27 269.3 	C 1.090 239.0 	T 0.968 
28 257.0 	C 1.040 242.3 	T 0.980 
29 238.0 	C 0.963 252.0 	T 1.020 
30 10.3 	C - 7.0 	0 - 
31 238.7 	T 0..966 237.0 	C 0.959 
32 136.0 	C - 113.7 	T - 

Note: Average principal surface strain at centre is 247.3x10 
at a total applied load of 705 lbs. 

Coefficient values above are presented diagrammatically 

in Figure 14.10. 
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Load down with steel roller 
A  
C 

A - 	Tension Strain on Top Surf ace 
C - Compression Strain on Bottom Surface 
B - Compression Strain on Top Surface 

- Tension Strain on Bottom Surface 

B  

1.022161)  010.854 
1.013 <0\'' (0°)  0.922 

Oc.b  O'c)  

1.027  0.966  0.926 
1.040 

1.037 0955 
0,9961,060 

1.036 1.042 Note: Given coefficients are with reference to 
the average principal surface strain at the 
stab centrepoint, 247.3 microstrain at a 
total applied load of 705 lbs. 

1.008 
1.010 

1,042 0,945 
0.94 1.042 

0.959 
1.049  

0.971 
1.033  

0.947 
1,051 

0.982 
1,029 

1.015 
1.014 

0.974 1.060I 0.996 1.049 1.008 1,029 1.014 0,987 
1.015 1.022  

0.993 
0,996 0.95 1,037 0,9551.010 0.98 

1,040 
0,987 

<   
0.92
85 :  143868 	

1.0511,033 	0.9961,020 	0,9831.018  
1 0.991a974 	,018 0.983 0.947 0,971 

Load up with steel roller 

FIG.14.10 STRAIN DISTRIBUTION ON SQUARE ALUMINUM SLAB WITH 

EXTENDED CORNERS LOADED AND SUPPORTED BY STEEL 

ROLLERS AT CORNERS  

1.022 
0.9641,013  
0,88 1,022 

1.027 

1.020 
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TABLE 14.6  STRAIN DISTRIBUTION ON SQUARE ALUMINUM SLAB WITH 
EXTENDED CORNERS LOADED WITH STE.JL ROLLERS AND 

1GAUGE 
NO. 

3 
4 
5 
6 
7 
8 
9 
10 
11 
12 
13 
14 
15 
16 
17 
18 
19 
20 
21 
22, 
23 
24 
25 
26 
27 
28 
29 
30 
31 
32. 

21).-  &WARE PLATES 

SLAB IN UPRIGHT POSITION SLAB IN INVERTED POSITION 
STRAIN(x10-u) COEFF STRAIN(x10-b) 	COEFF 

860 	T 1.0 50 245.0 	n 	1 0.990 
2b9.6 	T i.047 250.0 	U 1.008 
260.0 	T 1.050 244.0 	C 0.985 
259.0 	T 1.045 253.3 	C 1.022 
249.0 	T 1. 005 254. 0 	C 1. 025 
36.7 	T - 2;7.7 	T - 
261.3 	T 1.053 232.3 	C 0.938 
251.7 	T 1.017 246.0 	C 0.993 
243.0 	T 0.980 256.0 	0 1.032 
23.0 	T - 21.3 	T  

264.3 	T 1.067 233.0 	C 0.940 
262.7 	T 1.060 235.7 	C 0.950 
256.0 	T 1.032 243.3 	C 0.982 
6.0 	C - 0 - 

247.7 	T 0.999 252.0 	C 1.018 
241.7 	T 0.975 252.7 	C 1.020 
240.3 	T 0.971 216.3 	C 0.833 
232.3 	T 0.939 211.3 	C 0.853 
259.7 	T 1.048 228.3 	C 0.923 
260.7 	T 1.052 236.0 	C 0.952 
248.7 	T 1.003 244.0 	C 0.985 
244.3 	T 0.987 251.7 	C 1.015 
261.3 	T 1.054. 235.7 	C 0.952 
242.3 	T 0.978 258.7 	C 1.036 
351.7 	T 1.016 252.3 	0 1.01Q 
135..3 	0 - 114.0 	T 0.459 
271.0 	C 1.093 237.7 	T 0.955 
257.7 	C 1.040 243.3 	T 0.981 
238.7 	C 0.964 252.0 	T .017 
10.0 	C - 5.7 	C - 
243.3 	T 0.983 237.7 	C 0.960 
134.3 	C - 115.7 	T - 

-6 
Note: Average principal surface strain at centre is 248.0x10 

at a total applied load of 705 lbs.. 

Coefficient values above are presented diagrammatically in 

Figure 14.11, 



1.0031.020 	0.987 
Q985 0,975 	1.015 0.987 

1.015 

Load down from steel roller through 
2" square plates onto stab surface 
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A B 
C 0 

A - Tension Strain on Top Surface 

C - Compression Strain on Bottom Surface 
B - Compression Strain on Top Surface 

- Tension Strain on Bottom Surface 

1.047 • 047'3:0.853 
1.008 4\'` crcSO.939 

O. 	- 

1,045 
1.022 1.025 

1.005,0.923 
1.048 Note: Given coefficients are with reference to 

the average principal surface strain at the 
stab centrepoint, 248.0 microstrain at a 
total applied load of 705 lbs. 

1.050 0.940 
0.9851.067 

1.017 
0.993  

0.950 
1,060  

0.980 
1032  

0.952 
1.052 

1,053 0.938 
0.9 :1.053 

/1.022 
1.045 

0.9M) 1.0 50 Q9501.017 0.98 
1,05710.985 1.05C:0,993 1.0321 1.016 

1.018 

0.982 
1.032 

1.018 0.999 
	

0.975 0.985 
1.016 1.018 	1,0201.003 

Load up from steel roller through 
2" square plates onto stab surface 

FIG.14.11 STRAIN DISTRIBUTION ON SQUARE ALUMINUM SLAB WITH 

EXTENDED CORNERS LOADED AND SUPPORTED BY STEEL 

ROLLERS AND 2" SQUARE PLATES AT CORNERS 

0.853 0,9830.923 1.005 0.952 0.980 
1.025 
	

1.052 

1.018 
0.999 0.971 1.008 

0.8331,047 

0.939 0.960 1048 1,032 



TABLE  14.7 STRAIN DISTRIBUTION ON SQUARE ALUMINUM SLAB WITH 
EXTENDED CORNERS LOADED WITH STEEL ROLLERS ONLY 

G'OGE 
NO. 

SLAB IN INVERTED POSITION 
STRAIN x10-• COEFF 

1 2A-R7 	n 1.008 
2 '248,0 	0 1.013 
3 241.3 	C 0.987 
4 251.3 	C 1.027 
5 253.0 	C 1.034 
6 28.3 	T - 
7 230.7 	C 0.943 
8 246.3 	C 1.007 
9 253.7 	C 1.037 
10 22.3 	T -- 
11 230.3 	C 0.941 
12 234.7 	C 0.960 
13 241.7 	C 0.988 
14 1.3 	T - 
15 2513 	C 1.023 
16 250.3 	C 1.,023 
17 211.7 	C 0.865 
Try 207.7 	C 0.849 
19 227.0 	C 0.928 
20 234.7 	C 0.959 
21 243.3 	C 0.994 
22 248.7 	C 1.018 
23 234.7 	C 0.960 
24 256.3 	C 1.048 
25 250.0 	C 1.022 
26 116.7 	T - 
2.7 237.0 	T 0.969 
28 242.0 	T 0.989 
29 249.7 	T 1.021 
30 7.0 	C -- 
31 238.7 	C 0.976 	- 
32. 115.3 T - 

Note: Coefficient values are based on coefficient value at 
gauge 22, 1.018, -s 	obtained from Table 14.5. 

Coefficient values are presented diagrammatically in 

Figure 14.12. 
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Load down with steel roller 
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C 

C - Compression Strain on Bottom Surface 
B — Compression Strain on Top Surface 1.008 

0.865 
0.976 

0.849 

0.928 Notes: 
1. Given coefficients are with reference to a value 

alignment of the testing machine 

0.941 0.960 0.988 

1.027 
1.008 

.865 

0.976 1034 1.037 
0.849 Q928 0.959 

1,023 N 

1,034 

0,959 

0.994 

1018 
0.994 1.018 

of 1.018 at the stab centrepoint, obtained from 	0,987 
Figure 14.10 and Table 14.5. 
2. These coefficients are compared to the 
values in Figure 14.10 to check the 

Load up with steel roller 

FIG,14.12 STRAIN DISTRIBUTION ON SQUARE ALUMINUM SLAB WITH 

EXTENDED CORNERS LOADED AND SUPPORTED BY STEEL 

ROLLERS AT CORNERS 
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at the corners from the rollers to the slab surface. 

It is obvious from comparison of Figures 14.10 and 

14.12 that the strain pattern is 4ndependent of the 

orientation of the slab. in the testing machine. Any 

minute differences which do exist are well within the 

bounds of experimental error. It is consequently concluded 

that the biaxial testing machine is in good alignment and, 

thereby capable of producing a repeatable loading system. 

(see Section 12.2.4) 

14.4 THEORY OP THE PARALLELOGRAM SLAB TEST 

In the foregoing investigation, a suitable technique 

for inducing principal tension and compression stresses 

of equal magnitude in slab spedimens has been developed.. 

However, in any comprehensive study of a material under 

biaxial states of stress, a detailed examination of its 

behaviour under each of several different ratios of 

principal stress is necessary. 

To produce these different ratios of teu,Aion to 

compression stress while simultaneously performing the 

test on slabs; (i.e. flexural states of stress)the author 

has developed the following theory as a natural extension 

to the theory presented by Timoshenko and Woinowsky-Kreiger(671 

14.4.1 Parallelogram Slab Theory 

In the general case of pure bending to an anticlastic 

surface, 
... 14.18 
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where m is any positive value (see Figure 14.13). 

Substituting Equation 14,18 into Equation 14.7 then, 

	

Mn. 	MX cos
2 	Mx.  sin. 

20( 	... 14.19 

m 
By setting Mn  equal to zero and solving Equation 14.19 for 

, then 
-1 

d = tan 	flr7 	 ... 14,20 
That is, there are two sets of .parallel lines where only 

twisting moments exist. These lines can be selected to produce 

a parallelogram as shown in Figure 14.13..  

By substituting Equation 14.20 into Equation 14.8, the 

twisting moments along the sections 'ad' and 'be' are equal 

tor-1--RI whilst the moments along 'ab' and I ce are equal to 
.$171 x 

— 1 M . Thus, the portion of the plate 'abed' is the condition 

of a plate undergoing pure bending produced by twisting moments 

uniformly distributed along the edges. 

By employing the same analysis as used i4 Section 14.1 and 

shown in Figure 14.2, it is concluded that the twisting of 

any one side can be produced by forces concentrated at the 

corners. Each of these are equal to 2,M 	acting down at the 
.1711 x 

points 'a' and lc' and LIR at the points 'b' and I d'. 

Substituting Equation 14.18 into Equation 14.4, then the 

deflection of any point of the middle surface of the slab 

is given by 
_ 	2,1 

... w = M 

	

Y 	k 	\) m+V )x2  - (1+m) y 	14.21 

_i 2Do___„4)L 
It should be appreciated that the above theory produces 

general formulae for anticlastic bending of which the formulae 

for a rectangle, as presented in Section 14,1 are a special 



Lines of zero deformation 
Lines of pure twist y 

My  
Notes: 
1 Mx = -mMy  where m is any positive value 

2. V denotes Poisson's ratio 

3. Lines of linear deformation are parallel to 

tines of zero deformation 

FIG. 1433 ANTICLASTIC BENDING OF A PLATE BY PURE MOMENTS OF 

OPPOSITE SIGN 
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case. For example, as M = -M in Section 14.1 then 'm' in 
x 	y 

Equation 14.18 must be equal to 1- As a result, 04., values in 

Equation 14.20, + 45°, define a rectangle and concentrated 

loads at corners become 2Mx
, whilst the general equation for 

deflection of the slab, Equation 14.21, reduces to the fdrm 

shown in Equation 14.5. 

Although the sides of the rectangle shown in Figure 14.,1 

and all sides parallel to it were concluded to be straight, 

this is riot true for the general case of the parallelogram. 

This may be somewhat difficult to visualize ct first, perticu-

larly as there are no bending moments along the edges to produce 

suah curvatures. However after examining the orientation and 

magnitudes of principal curvatures in relation to the sections 

considered, the above statements are seen to be logical. To 

clarify this, the following analysis is conducted. 

When Equation 14.21 is factorized, then the deflection is 

shown to be. 

w = M I 	x. -314-V  m ypm+ v x. +,11+Vityl 	• .. 14. 22, 
.7 	1 jm 

2D(i_v 

For the deflection t w t  to be linear with a linear change 

in either 'x' or 'y', then either of the above factors contained 

within brackets must be a constant; if both factors vary, w 

is parabolic. That is, 

= 1  -fr III  y lc 	 400 14.23 
m v 

where k.is any constant, defines the qquations of all lines 

where 'w t  is linear. 
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But, from Equation 14.20 and Figure 14.13 the equation 

of the lines of pure twist are 

t-n x + 	+ k 	 14. 2 

where again, k is any constant. 

It is obvious, from comparison of Equations 14.23 

and 14.24 that the lines of linear deformation and lines of 

pure twist will only coincide when m = 1; the particular case 

of D rectanap discussed in Section 14.1. Furthermore, in any 

quadrant, the above lines will always exist on opposite sides 

of the 45
0 

line; i.e. the line bisecting that particular 

quadrant (see Figure 14.13). 

From Equation 14.20 

t-n o< = ± v1-1; 	 ....14.25 

But tang(represents the ratio of diagonal lengths in the case 

where the above parallelogram is a rhombus. Therefore, it 

follows that, for rhombi, the ratio of the magnitude of pure 

bending moments is proportional to the square of the ratio 

of the diagonal lengths. 

14.4.2 Surface Stressss and .Strains  

With a parallelogram loaded at diagonally opposite 

corners, the total applied load will be P. But as shown 

above, the applied load at each corner (Figure 14.13) is 

M x 	i • e. ; 

p _2, L 	 ... 14.26 
m 
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Proceeding as in Section 14.1.3 and from Equations 14.10, 

14.11 and 14.26, we obtain the principal surface stresses in 

the x-direction, i.e.; 
... 14.27 

- 	= 	
2x- 

= 3 
2  vd 

 P. 

Similarly, from Equations 14.10, 14.11 14.18 and 14.26, the 

principal surface stresses in the x-direction are 

1fly = 
fay = 3P 	2 21"-m*  d 

... 14.28 

To obtain the principal surface strains, Equations 14.2.7 

and 14,28 are substituted into Equations 14.15 and 14.16. 

Thus, 

= 	=  3P  On +V) 
2d2Elni 

and 

ly = - -y = 	3P  (1 + vm) 
2VEVT- 

In the investigation to follow, the loads P and principal 

surface stresses and strain' will be measured experimentally.. 

With this information, the E and V values may be obtained by 

the simultane-)us solution of Equations 14.29 and 14.30. The 

calculation is, however;  performed more conveniently by 

substituting directly into equations for E and v. Therefore, 

by solving Equations 14.29 and 14.30 algebraically for these 

values, we obtain 

E = 3PC1 - m2) 
	 ... 14.31 

2 r-  2d jm(ur  Iy  

v".-- - 1x  ma% 	 ... 14.32. 

6Sly mer1Jx. 
Although the above formulas for E and V  have been given in 

terms of the strains on the upper surface only, very similar 

... 14.29 

... 14.30 



411 

relationships are obtained from strains on the lower surface. 

This is due to the principal strains on the two surfaces 

being theoretically identical in magnitude, but of opposite 

algebraic sign. (see Equations 14.29 and:14.30) As a 

result, in the investigation conducted (see Section 14.5), 

the values of strain in each of the principal directions, 

for substitution into Equations 14.31 and 14.32, were the 

average of the measured strains on both the upper and lower 

surfaces. 

In the particular case of a parallelogram where m,  

equals unity, i.e-; a rectangle, it is Observed that both 

Equations 14.31 and 14.32 are indeterminate. Thi0 is due 

to ely  being equal to -elx (see Equation 14.17) and, as 

a result, the denominators of both Equations 14,31 and 14.32 

are equal to zero. Thus, only one equation can be obtained 

for the value of the two elastic constants, E and v in 

terms of the applied load an2 measured strains (see Equation 

14.17), 

14.5 TESTS ON A RHOkBUS SLAB 

14.5.1 Method of Test  

Ta verify the above theory, it was necessary to load 

a flat slab with a general parallelogram shape at the corners. 

Such a specimen was obtained by cutting the aluminum specimen 

used in Test Series 1 and 2 to the shape shown in Figure 
0 	o 

14.14 where the internal angles are 80 and 100. The 



_____T  
I Gauge on near surface 

41/2" 
I Gauge on far surface 

FIG. 14.14 LOCATION AND DESIGNATION OF GAUGES ON RHOMBUS 

ALUMINUM SLAB WITH EXTENDED CORNERS - TEST SERIES 3 
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recommendation of Section 14.33 stating that extended corners 

be used was again employed here, with the corners being very 

similar in shape to those on the square slabs in Test Series 

2. Care was exercised in ensuring that the centroid of the 

load at each corner coincided with the intersection Of the 

adjacent projected sides.. 

When cutting the aluminum slab, care was taken to 

cut it so that the majority of the gauges used in Test Series 

1 and a would again be measuring principal strains in this 

test series, hereafter referred to as Test Series 3. However, 

although with the square slab, the measurement of one principal 

strain on one surface was theoretically identical with the 

principal strain on the opposite surface in a perpendicular 

direction at a corresponding point (see Section 14.2..1) this 

will not be so for the rhombus test. Consequently, several 

additional gauges were added in this test series so that a 

comrlete representation of the strain pattern in both 

crircipal directions in one quadrant could be obtained. 

(uee Figure 14.14) Again, as in the previous test series; 

the test was repeated on the slab in the inverted position 

in ordel tc Cbtain the strain distribution on both faces.. 

Test Series 3 was carried out in virtually an identical 

manner to Test Series 2, (see Section 14.3.2). One test only 

was performed, consiting of three ,runs on the slab in each 

of the upright and inverted positions. Each run consisted 

of two load stages, 270 and 630 lbs. total applied loads with 

three complete sets of readings at each load stage. The 
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loads were 	applied directly to the slab corners through 

steel rollers (see Section 14.3.3) 

14,.5.2; Discussion of Results 

The average of nine strain readings for each gauge for 

each test in this test series is presented in Table a4.8. 

The corresponding distributions of strain in one representative 

slab quadrant in relation to the average principal strain in. 

the more highly stressed principal direction are presented 

in Figures 14.15 and 14.16. The principal strain in the 

lateral direction at the slab centrepoint have been computed 

from the readings of the four gauges-.at the slab centre by 

using Mohr's circle of strain method. (see Timoshenka and 
(110) 

Goodier 

It is apparent from either of the above riBritioned figures 

that the strain pattern in either of the two principal direc-

tions is virtually constant, seldom differing by more than 

2% from that at the slab centre, except in the immediate 

vicinity of the corners. Again, as discussed in Section 

the stress at the corners i-, less than elsewhere on the slab, 

so that failure would occur across a uniformly stressed section 

away from any of the corners. 

By comparing Figure 14.15 to 14.16, it is seen that 

the larger slab deflections produce greater variations in 

strain from one face to the other at any point as well as 

greater variations in strain at any one section. This. 
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TABL17, 14.8 STRAIN DISTRIBUTION ON RHOMBUS ALUMINUM SLAB WITH 
EXTENDED CORNERS LOADED WITH STEEL ROLLERS  

GAUGE 
SLAB IN UPRIGHT POSITION SLAB IN INVERTED POSITION 

?,nd LOAD STAGE 
NO. 1st LOU)  ST1GE 2nd LOAD ST"iGE 1st LOAD STAGE 

STRAIN 
(x10-6) 

COEFF SThAIN 
(x10-6 ) 

COEFF STRAIN 
1x10-6 ) 

COEFF 
1 
STRAIN 
(x10-6 ) 

COEFF 

1 103.0 T 0.976 240.5 T 0.984 99.7 C 0.944 235.7 C 0.965 
a 73.0 C 0.691 169.5 C 0.694 75..5 T 0,715 174.5 T 0.714 

• 3 90,D a 0.857 215.0 C 0.880 89.0 T 0.834 201.3 T 0.823 
4 107.3 T 1.016 251.3 T 1..028 105.5 I 1.008 250.7 C 1.027 
5 107.0 T 1.014 245.7 T 1.005 106.0 C 1.010 252.0 C 1.031 
6 38.3 C 0.837 208.7 C 0.854 90.0 T 0.844 207.0 T 0.848 
7 83.0 C 0.787 196.5 C 0.804 78.5 T 0.755 185.0 T 0.758 
8 107.0 T 1.014 247.0 T 1.011 102.5 C 0.986 244.0 C 0.997 
9 104.5 T 0.991 240.3 T 0.983 104.5 C 1.000 252..3 C 1.032 
10 72.5 C 0.687 172.3 C 0.705 70.5 T 0.661 160.5 T 0.657 
11 86.7 T 0.821 2-)2.5 T 0.829 86.5 C 0.812 196.0 C 0.802 
12 109.7 T 1.039 255.0 T 1.040 104.5 C 0.986 240.3 C 0.984 
13 107.3 T 1.018 250.0 T 1.024 105.0 C 1.002 244.0 C 0.998 
14 8.0 T 0.076 16.0 T 0.065 7.0 C 0.060 17.7 C 0.072 
15 106.0 T 1.004 243.0 T 0.985 105.5 C 1..004 252.0 C 1.031 
16 104.5 T 0.991 238.5 T 0.978 105.5 C 1.004 251.0 C 1.027 
17 91.0 C 0.862 214.7 C 0.879 89.0 T 0.841 201.0 T 0.823 
18 90.0 C 0.853 208.0 C 0.851 92.0 T 0.873 211.7 T 0.867 
19 85.5 T 0.810 200.0 T 0.819 81.0 C 0.770 189.7 C 0.777 
20 107.0 T 1.014 249.5 T 1.020 101.0 C 0.967 234.0 C 0.957 
21 705.0 T 0.995 243..0 T 0.994 104.5 C 0.993 244.3 C 0.999 
22 105.0 T 0.995 239.7 T 0.981 106.0 C 1.004 249.3 C 1.021 
23 107.0 T 1.014 250.0 T 1.023 100.0 C 0.958 234..3 C 0.960 
24 304.0 T 0.986 240.0 T 0.983 107.0 C 1.014 254.0 C 1.040 
25 107.0 T 1.014 248.0 T 1.014 107.0 C 1.014 250..3 C 1.025 
26 43..5 C 0.412 100.0 C 0.409 39.5 T 0.379 88.3 T 0.361 
27 109.0' C 1.033 259.0 C 1.060 05.0 T 0.995 241.0 T 0.988 
28 106..3 C 1.008 348.5 C 1.018 107.0 T 1.002 244..3 T 1.000 
29 82.0 C 0.777 190..5 C 0.780 86..5 T 0.815 201.0 T 0.822 
30 10.0 C 0.095 24.3 C 0.099 7.0 T 0.071 16.3 T 0.067 
31 100.5 T 0.952. 232.5 T 0.951 98.5 C 0.929 231.0 C 0.945 
32 41.0 C 0.389 98.5 C 0.403 40.• 5 T 0.384 91.3 T 0.373 
33 88..0 C 0.834 204.0 C 0.834 91.5 T 0.869 216.0 T 0.884 
34 87.0 C 0.824 204..7 C 0.839 91.5 T 0.871 214..0 T. 0.876 
35 87.0 C 0.824 200.0 C 0.819 91.0 T 0.858 213.0 T 	0.872 
36 78.3 a 0.741 181.3 C 0.742 80.0 T 0.758 186.3 T 	0.762 

Note: Average principal surface strains at centre are; 105.5 and 
89.0 microstrain at a total applied load of 270 lbs..  

;' 244.5 and 
206..0 microstrain at a total applied load of 630 lbs. 

Coefficient values above are nresented diagrammatically 
in Figures 14.15 and 14.16, 
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- Tension Strain on Top Surface 
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B - Compression Strain on Top Surface 
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0.97 	0°). 0.741 
0.944 <,cst, 0.758 

O. 0- 
0 - Tension Strain on Bottom Surface 

Note: Given coefficients are with reference to 
the average principal surface strain in the 
vertical direction at the slab centrepoint, 
105.5 microstrain at a total applied load 
of 270 lbs. 

1,039 0,853 	1,018 
0.986 0.872 	1.00 

Load up with 
steel roller 0.8210.787 

0.812 0.755 
0.810 0.687 	1.014 0.862 
0.7700.661 0.967 0.841 

1.016 1.014 0.824 
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0.995 0.857 	0.9950.865 
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FIG.1415 STRAIN DISTRIBUTION ON RHOMBUS ALUMINUM SLAB LOADED 

AND SUPPORTED BY STEEL ROLLERS AT CORNERS 

(1st LOAD STAGE) 
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B - Compression Strain on Top Surface 
D - Tension Strain on Bottom Surface 

1.00E 0.819 
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the average principal surface strain in the 
vertical direction at the slab centrepoint, 
244.5 microstrain at a total applied load 
of 630 lbs, 0.983 
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0.879 	0.994 
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Load up with steel roller 

FIG. 1416 STRAIN DISTRIBUTION ON RHOMBUS ALUMINUM SLAB LOADED 

AND SUPPORTED BY STEEL ROLLERS AT CORNERS 

(2nd LOAD STAGE) 



substantiates the findings of Test Series 1 where similar 

trends were observed. (see Section 14..2.2) From this, it is 

recommended that the maximum deflection of the slab centre—

point should be small; preferably to less than 10% of the 

alab thickness. 

14..6 PRECISION OF SUGGESTED TEST METHOD 

From the results of Test Series 2 and 3, it is 

apparent that a uniform strain pattern with a correspondingly 

uniform stress pattern can be achieved with the proper 

technique of loading at the corners.. As a result, this 

test method was adopted for the testing of concrete slabs 

to obtain information on their behaviour under different 

combinations of biaxial tension-compression stress. However 

FS strains at the centre could be used to provide elasticity 

properties of the material, it was considered useful to 

analyse the results of Test Series 1, 2 and 3 to assess the 

precision of the above test methods for providing such 

information. 

From Figure 14.15 and Table 14.8, the'average principal 

surface strains in the two principal directions at the rhombus 

slab centrepoint are 105.5 and 89,0 microstrain at the first 

load stage, From Equations 14.31 and 14.32, the corresponding 

values for Poisson's Ratio, y , and modulus of elasticity, 

E, are 0.343 and 9.81 x106 	respectively. For the 

418 
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second load stage., where the strains are 244.,5 and 206.0 

microstrain, the above elasticity values are 0.340 and 9.88 

x106 
 

p. SO L. These values show not only excellent agreement 

with each other, but are also, representative values for 

aluminum.Fairman and Cutshall(113  ) give values of 0.33 

and 1.0x106 p.s.i. for the above elasticity properties. 

As shown in Section 14.5.2, Equ4tions 14.31 and 14..32 

become indeterminate for rectangular slabs. As a result, 

only one equation with the two unknowns, v and E, is obtained 

(see Equation 14.17) Consequently, for the square slabs discussed 

in Section 14.3-3, ,11 has been assumed as being 0.340 (fronr 

above) and E has been calculated as being 9,84 x106 p.s.i. 

(from Equation 14-17). 

This shows good agreement with the above results. 

Furthermore, from the analysis of Section 14.2.21  it has 

been shown,fromextrpolation,that with a perfectly square 

slab with loading right.  at the corners', the modulus of 

elasticity value obtained would be about 9..7 x106  p.s.i. 

From the consistency of these results as well as the 

close agreement in strain pattern obtained experimentally 

With that predicted theoretically, it is recognized that 

the small variations observed are in large part accounted 

for by possible imperfections in the material itself. As 

shown in Chapter 13, the variations in slab thickness was 

only minute, but variations in measured strain of the order 



The results of the 

the testing technique of previous 

which investigates 
(65,66,68) 

researchers, 	have 

first test series, 

of 0.5 to 	would be expected because of this. Similarly, 

it is reasonable to suggest that other small variations will 

arise from lacK of planeness in the slab surface and even, 

non-homogenity in the material itself. 

From the above analysis, it is concluded that the 

loading method as adopted in Test Series 2 and 3 induced 

not only uniform stress and strain over the general slab 

area, but also, these values were in excellent agreement with 

theoretical predictions. Furthermore, the measurement of 

elasticity properties can be made with confidence anywhere 

on the slab except in the immediate vicinity of the corners 

or slab edges. 

SUlaARY 

A comprehensive investigation of the induced strain 

pattern and resulting elasticity values has been conducted 

on b -)th the general. parallelogram slab and the rectangular 

slab usin7 an aluminum specimen. 

420 

suggested that excessively high values arise for ultimate 

strengths and elasticity properties when the slabs are not 

loaded at the corners. Thus, the importance of a testing 

technique whereby the slabs are loaded at the corners was 

emphasized. 

Subsequent investigation on slabs with extended corners 
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has shown that it is possible to achieve a uniform stress 

and strain distribution when care is taken to load the slab 

directly at the corners. These corners can be made small 

enough to have a negligible influence on the general stress 

and strain pattern while simultaneously, reducing the 

values in the immediate vicinity of the corner so that 

failure is induced et a. section where the above values are 

constant. Elimination of re-entrant corners by having 

gradual transition curves from the corners to the slab 

sides is also important. 

The author has presented a theoretical analysis of the 

pure bending of plates to an anticlastic surface as a result 

of the corner loading of a parallelogram. The theory has 

been experimentally verified by the corner loading of a 

rhombus having internal angles of 80°  and 100°. The exper-

imental and theoretical results =are found to be in good agree-

ment with a uniform strain and corresponding stress. distri-

bution being obtained. The calculation for the elasticity 

values show good agreement not only with those of the 

previous tests, i.e. the square slab, where a different 

combination of biaxial tension-compression stress was 

induced, but also with general values obtained for aluminum 

by other investigators.. 
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CHAPTER 15  

DEVELOP1ENT OF TESTING TECHNIQUE FOR 
DISC TESTS  

15.1 THEORY OF THE DISC TEST 

The slab tests described in the last chapter produced 

anticlastic bending with uniform bending moments of opposite 

sign thereby resulting in biaxial tension-compression stresses, 

To achieve a state of biaxial tension in plates, a test, here-

after referred to as the disc test, is used. The disc, 

circular in shape, is supported along its periphery while 

being concentrically loaded. (see Figure 11.2) This creates 

a uniform state of biaxial moment within the loading ring 

resulting in uniform biaxial tension on one face and biaxial 

compression on the op-Josite face. In principle;  thistest 

method is analogous to the four point loading of beams in 

two dimensions.: 

15.1.1 Deflection and Slope et Mid-Plane of Disc 

In the analysis of the symmetrical bending of circular 
(67) 

plates, Timosheno and V/oinowsky-Kreiger 	developed the 
formulas, 

Mr = -D(d2w +9 dw ) 2 in dr 
dr 

2 
Mt 

= - D(i dw + V  d w ) 
r dr 

dr 

. . 15.1 

. . . 15. 2 

where Mr and M are the radial and tangential bending moments 

per unit wi,,'"th on any element in the pl,ite, D is the flexurf,1 

stiffness, 
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(see Equation 14.3), w is the deflection of the middle surface 

of the plate, r is the distance from the centre of the plate to 

the element being considered and 0 is Poisson's Ratio. 

By analysing the distribution of moments and shear forces 
(67) 

at any element in the disc, Timoshenko and Woinowsky-Kreiger 

obtained the differential equation. 

d 1 drdw) = 	 15.3 
dr r dr( dr!, 	D 

where Q is the total shearing force at the radius, r. From 

this basic equation, the radial curvature,. d2w , the tangential 
Tri7  

curvature, 1 dw, the slope, dw and deflection, w at any point 
r dr 	dr 

in the plate surface can be computed. 

For the particular case of loading where the load is 

applied through a. concentric ring and supported along the 

periphery, the above authors have analysed the loadings inde-

pendently as shown in Figure 15.1. 

From Figure 15.1 (a) where only bending moments, uniformly 

distributed along the edge of a circular concentric hole are 

considered, the successive integrations of equation 15.3 yields. 

dw = a2b2M1  2 _ 2 _(1 +  1-J  r2' 	 ... 15.4 
dr 	D(1-v)(a -b )\r. 	1+0 a .• 

where a and b represent the radii of the outer support and 

inner circular hole, respectively. 

Integrating again, we obtain 

b2  M1(a2-r2) 	a2  b2  M1  logy 	• • .5 15. 5 
W - -  	a 

2(1+V)D(a-b) (1-0D(aa.-0 

where w = 0 at the location, r = a 



(d) 

t 	(e) 

FIG. 15.1 INDIVIDUAL CASES ANALYSED FOR DETERMINING MOMENTF7'TCURVATURES, SLOPES 

AND DEFLECTIONS IN A CONCENTRICALLY LOADED DISC 

t 	(b).  

M Q 

(c) 

Mgr 
(c) 

1 
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Similarly, for the condition of to 	shown in Figure 

15.2(b), where only shear forces are considered, 

dw .= PrR tor - 1 +  b2 	log b(l+a2(1+01 	... 15.6 
dr 	4-rtD\ 	a l+ti a b 	a(1- 41 

2 , 	2 

	

= Pr 'logy   + b,  log b 1+a2(2.(1+Ologri... 15.7 
r 8 -DL a 20.+A)) 7;2) 	aL 3-72-  1-v' 	a ) 

a 
+ a 2p+1 
2r 1+V 

The addition of Equations 15.4 and 15.6 gives the slope 

at any point on the middle surface of the plate under the 

combined loading shown in Figure 15.1(c). Similarly, the 

addition of Equations 15.5 and 15.7 gives the value of the 

accompanying deflection. 

For that portion located within the loading ring (Figure 

15.1(d), the plate is in a condition of pure bending, as a 

result of the uniformly distributed moment, M . The magnitude 
1 

of this moment is found from the condition of continuity along 

the circle, r = b, from which it follows that both portions of 

the plate have, at that circle, the same slope. 

For the inner portion of the plate, (see Figure 15.1(d)). 

the curvature can be found from Equations 14.1 and 14.2 whereby 

1 = 1 = 141 	= 	d2w. 	 ... 15.8 
r 	r 
x- Y D(14-V) dr

2. 

By integrating Equation 15.8 with respect to r, then, 

dw = - 421: 	 ... 15.9 
dr 	Dc1+.) 

where dw = 0 at r = 0, 
dr 
By equating Equation 15.9 to the sum of Equations 15.4 
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and 15.6 at the value, r = 11, and solving for M ,we obtain 
2  

M 	= (1-0P(a -b ) 	- (1+  Plog_ b/a 	15.10 

Substitution of this value of M
1 

into Equation 15.5 

yields the deflection, w, of any point on the portion of the 

disc, outside the load ring, due to the moment M1 	Adding 

this deflection to that obtained in Equation 15.7, for shearing 

forces only, then the actual deflection for the outer part of 

the disc is 

w = P 	a2  -r2  ),1+1(.1.(a2=  2))+ (b2+r2)logr 
8-rrE( 	gl+V) a 1 	a 

L. 
At the particular case, r ==. b, we obtain, 

w = P Y.ra2-b2:)(1+T-N))(a2-b2))+ '2b2  log b 
SIND 	7 1+v) a2  / 	al 

... 15.11 

... 15.12 

To find the deflection of the inner portion of the plate, 

the deflection obtained from the pure bending of this inner 

portion is added to the value given by Equation 15.12. There-

fore, by integrating Equation 15.9 and setting w=0 at r=b, then, 

w  = M1 	 (132'-ra) 	 004 15.13 
2D(1+‘)) 

By substituting Equation 15.10 into Equation 15.13 and 

adding to Equation 15.12, the deflection for the inner part of 

the plate is 

w= P (b2+r2)logb + (a
2
-b
2 

r 	)(3+15-)r2i  
871D! 	

,  ... 15.14 

15-1-2  Surface Stresses and Strains  

In order to.evaluate the bending moments i# the plate, 

Mr and Mt, 
it is necessary to determine the first and second 
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differentials of the deflection, w.. (see Equatiors 15.1 and 

15.2). For the outer portion of the disc, the slope and 

curvature of the middle surface are obtained from Equation 

15.11. Thus, 

dw= p2r/1+-1(1-0(a -b2)) + 1(b2+ 2) +2rlogr! 
dr 8-rn 	2(I+V) a2, 	r 	a' 

(12iri =  P 	- p.-\)(a2-b)-b? + 210gLi 
• 87 1+- a- 72  ai 

.. 15.16 

Substituting Equations 15.15 and 15.16 into Equation 15.1, 

then the radial moment, Mr, is 

M,. 	P 	k(1-v) b) -(a2  -r2  )-2(1+‘41og 	... 15.17 
8r-r 	a2r2' 	a 

Liicewise, by substituting Equations 15.15 and 16.16 into 

Equation 15.2, the tangential moment, Mt, is 

M P f(1-\A(2a2-b2)-(1-0)132-2(1+v)logrl 
t 81) ' 	a2 	r2 	I,  a 

	... 15.18 

For the inner portion of the plate, by proceeding as 

above from Equation 15.114 then 

... 15.15 

dw = Pr 21ogb - 
dr 87ID 	a 

d2IN = P 21og 

dr2 8.11-D 	a  

(a2-b2)(1-4 
a2, 	(1+ t))j 

(2.=

1+ \A

.1,1 

0 - 	 (  

... 15.19 

... 15.20 

15.20 into Equation 15.1 Substitution of Equation 15.19 and 

yields 
M = P 	- 
r2 " a2 

= Mt. 

)(1-0-2,(1+,)logil 
a 

... 15.21 

It is observed that, at r=b, Equations 15.17, 15.18 and 

15.21 are all identical. 

At any point, the normal stress at the outer fibre, 1 

is calculated from the expression (see Section 14.1.3) 
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= 	 ... 15.22 

S 
where M is the bending moment and. S is the section modulus given 

2 
by 	S = d 	 ... 15.23 

6 
where d is the plate thickness, Therefore 

... 15.24 
= 6M 

d2  

For the outer portion of the disc; the radial stress is 

computed from Equation 15.17 and 15.24. 	That:is, 

V".  = 	3P 	, r 
r 	Ttrta2  

... 15.25 

	

-(1-V) b2 	2-r2)- 2(1+Ologri 

	

a2r 	a 

Likewise, 	the transverse stress, computed from Equations 

and 15.34, 	is 

15.18 

__,.. 	3p 
t 	47-17.d2 

r(1-1q3a2-b2)- (1-ab2-2(14-v)logli • * • 15.26 
a 	r2. a 

Similarly, for the inner portion of the disc, the radial and 

transverse stresses, es computed from Equations 15.21 and 

15.24 are, 

tc = CC =_...
43Pd2 — 

[(a 	
- 

-b?)( 	 .-2(1+V)logb 
7-r 77"  '  

	

n 	a 	
... 15.27 

At any point on the disc surface, (see Timoshenko and 
(67) 

	

Woinowsky-Kreiger 	, p.5), the radial and transverse strains 

are, respectively 

=<1; - N.A; 	 ... 15.28 

and 	= 	- 	 ... 15.20 
I] 	1 

By substituting Equations 15.25 and 15.26 into Equation 

15.28, then the radial strain for the outer portion of the disc 

is / 
6 •  - 3P 	(1-i b2(14-q-b2(1-V)-2V-2(14-Ologr7 r 4rrd2E 	I r2 	a2 	a 

• I* • 15:30 



2-ba( 

a
2 

-b2(1+ V) -2(1+01oExq 
2 	a 

= 3P(1-0)  
4Trd E r 

... 15.31 

Similarly by substituti4g Equations 15.25 and 15.26 into'  
Equation 15.29, then the transverse strain for the outer 

portiDn is 
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The radial and transverse strains on the inner portion 

of the disc are similarly obtained by substituting Equation 

15.27 into Equations 15.28 and 15.29. That is, 

3P(1-rf )  
417dE 

(a -b)  a 	(1- \)) -2(1+ \ios..b_ 

 

... 15.32 

   

Again, at r=b, equations 15.30, 15.31 and 15.32 are 

identical, as expected.. 
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15.2  INITIAL TESTS :Pi RFax.MED ON ALUMINIUM DISC  

The experimental verification of the above theory, to 

the best of the author's knowledge, has not been previously 

performed. Consequently, the aluminium elate used in the tests 

on the square and rhombus slabs in Chapter 14 was again used 

not only to verify the above theory, but also, to assist in 

the development of a suitable technique for achieving the desired 

state of stress and strain. The plate was cut into the shape 

of a circular disc of 30" diameter. Although several of the 

strain gauges which were used in the previous tests had been 

retained, a few new ones were added to provide a more 

comprehensive indication of the radial and transverse strains 

(see Figure 15.2). 

15.2.1 Method of Test 

In the first series of tests on the aluminium disc, 

hereafter referred to as Test Series 4, the load was applied 

through a circular load ring of 12 
	

diameter (see Plate 15.1), 

The load was transmitted to the ring at four points by means 

of a cruciform welded to the load ring. The steel ring is 

square cross-section with an integral 	radius loading 

strip. This allows the load to be maintained on a 12" diameter 

circle, despite small changes in the slope of the plate 

immediately beneath the ring. 

4s the top surface of the aluminium disc is in a state 

of biaxial compression, a contraction of this surface will occur. 

Alternatively, the loading ring due to being in a state of 

vertical compression will exhibit an increase in circumference 



I Gauge on near surface 
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Gauge on far surface 

FICA 15.2 LOCATION AND DESIGNATION OF GAUGES. ON CIRCULAR 

ALUMINUM DISC 



PLATE 15.1 Circular ring and crucifos•in used 
for loading aluminum disc in test series 4 

432 
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due to the Poisson's ratio effect. Consequently, provision was 

made for sliding with negligible restraint effect at this inter- 

face. This was performed with grease packs interposed between 

the disc surface and loading ring. Each of the three sheets of the 

selected greF,se pack 	was a cellulose sheet, cetate, of 0.003" 

thicKness. Between the lower two sheets,StcAuffer's grease, 

a relatively soft grease (see Chapter 8) was applied whereas a 

mixture of yellow commercial tallow and black lead, equal 

proportions by weight, was applied between the upper two acetate 

sheets. This ensured friction-free sliding between the lower two 

layers while the highly viscous graphite-tallow mixture produced 

a more uniform distribution of load. 

To ensure that the grease packs functioned during loading, 

it was necessary to ap?ly uniform pressure to them while, 

simultaneously, maintaining the load on a narrow strip. Thus, 

a 	wide strip of a Paxolein hardboard with a mean diameter of 

12" was interposed between the _grease packs and the loading 

ring. 

For supporting the aluminium disc, a bicycle racing tyre 

with a mean contact diameter of 2517" was used. This was, in 

principle, identical to the supports used by Blakey and Beresford 
(65,66) 	 (68) 

and, subsequently, by Newman . To maintain the tyre 

at a constant and known diameter as well as locating it durihg 

test, a circular wooden disc which functioned as the r.m of a 

bicycle wheel, was used. 

The entire assembly was carefully positioned axially on 
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the biaxial machine base with the aid of a scale graduated in 

I 0  
— 	divisions. 
32 

The disc was positioned with the majority of the gauges 

on the bottom surface. 

Test Series 4 consisted of three independent sets of tests. 

In the first test, the principal axes of the cruciform were 

located so as to bisect each of the quadrants of the aluminium 

disc in Figure 15.2. The second test was identical to the first 
0 

except that the loading ring was rotated 45 ; i.e., the principal 

axes of the cruciform were aligned with the principal axes of 

the aluminium disc. The third test differed from the second in 

that the Paxolein hardboard strip had been rotated 450. 

One load stage only of 4,098 lbs. was applied three times 

for each test with three complete sets of strain readings at 

zero load and the applied load. All strain readings were 

recorded by a Solartron data logger, sensitive to two microstrain. 

15.2.2 Discussion of Results  

The results of the test series are presented in Table 

15.1. Along with the actual recorded strains are a series of 

coefficients based on a value of 1.00 for the average strain 

at the disc centre, calculated from the average recording of 

gauge numbers 2, 6,8; and 9 (see Figure 15.2) 

From Equation 15.32, it was observed that the strain 

distribution within the loading ring should be constant at 

any load stage. However, from the coefficients given in Table 

15.1, it is shown that there is a very large scatter in results, 



NO. 	RT1 .A,INCx10-0) ; 

1 	113 T 
2. 	182 T 
3 	'48 T 
4 	213 T 
5 	74 T 
6 	190 C 
7 	168 T 
8 225 T 
9 190 T 
10 113 T 
11 223 T 
12 189 T 
13 65 T 
14 179 T 
15 140 T 
16 147 T 
17 34 C 
18 191 T 
19 194 T 
20 189 T 

GAUGE 	TEST 

I 
1 

1 
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ranging from 75;, to 1585 of the average strain at the disc centre.  

These large discrepancies are priOtrily due to the bending of 

the load ring and the shortcomings of the 

T \BLE 15.1 STIR .".IN DISTRIBUTION ON ALUMINIUM DISC FOR TEST S7.,RIES 
4 (see Figure 15.2 for location of 

strain gauges) 

A 	TEST TEST 
CUFF 	sTRTI1TEE'T COhFF STRAIN x10 	00EFF 

1 
0.574 	104.0 T 	1 	0,527 100 0.506 
0.924 185.5 T 	1 	0.940 189 T 0.9591 
0.244 52.5 T 	0.266 51 0.250 
1.082 198 	T 	i 1.003 /94.5 T 0.9871  
0.,376 71.5 T 	1 0.362 70.5 0.357 
0.966 183.5 C 	! 0.930 189 0.958 
0.854 207 	T 	1 1.048 210 1.064 
1.143 227.5 T 	1 1.152 220 T 1.116 
0.966 193 	T 	i 0.979 191 0.969 
0.574 121.5 T 0.616 127 T 0.645 
1.132 292.5 T 1.482 311 T 1.578 
0.960 186 	T 0.943 183 0.929 
0.330 52.5 T 0.266 59.5 T 0.301 
0.910 130.5 T 0.660 155.5 T 0.78 
0.711 	141 	T 0.714 165 0. 83(. 
0.747 	195 	T 0.988 176 T 0.89 
0.173 	40 	C 0.202 41 0.2(X.) 
0.971 	233.5 T 1.182 214 T 1.0851 
0.987 	210.5 T 
0.960 	246.0 T 

1.066 
11.246 

198 T 
230 T 

1.003 
1.166 

Note; average strain (x10
-6

) for gauge no.'s 2,6,8 and 9 

corresponding to a coefficient of 1.00 is for test A, 196.8 

test B, 197.4 

test C, 197.2 

P-xllcin strip. 	31iTht irrcguIf,,ritics 

in the thickness of the aluminium disc could also account for 

small variations. These will each be discussed briefly. 

(1) The  load ring Although the load ring shown in Plate 

15.1 is relatively bulky and therefore, stiff, it did bend up 
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between the cruciform ends, thereby causing zones of stress 

concentration at the four ends of the cruciform. This is shown 

in the results of both tests A and B (Table 15.1). In test B, 

where the load was applied to the load ring from the cruciform 

directly above gauge nos, 7, 11, 16 and 20, the recorded 

strains for these gauges are 19.1 higher than the strains 

obtained at the centre. Alternatively, in test A, where the 

above gauges are equidistant from the cruciform ends, the 

recorded strains are 7.72 lower than at the slab centre. From 

the above observation as well as. a similar trend on gauge nos. 

1 and 14, it was concluded that the load ring was insufficiently 

stiff. 

(2) Paxolein strip. Paxolein is a very hard material, 

With irregularities in its own thickness as well as those 

arising from the aluminium slab surface, the material was 

unable to deform sufficiently to produce a uniform intensity 

of loading. Instead, with only isolated points of contact, 

uneven load concentrations resulted. This is borne out in 

comparing the results of tests B and C, 	Table 15.1 where 

the readings of several of the gauges changed markedly, 

-particularly those which are located under or near the load 

strip. For example, compare coefficients of gauge nos. 7, 11, 

15, 16, 18 and 20. 

(3) Aluminium surface The aluminium disc, which had not 

been machined perfectly plane, would have slight irregularities 

in its surface. This is shown in Table 15.1 where certain 

gauges in all tests recorded consistently high or low values 

of strain. For example, gauge not. 11 was always higher whereas 



gauge no. 16 tended to be lower than the average strain at the 

centre of the disc. This indicated that the aluminum surface 

was slightly high at the former and low at the latter, thereby 

being prone to such localized intensities of load. 

In addition to the strains being non-uniform due to the 

above causes, the method of support was incorrect. For the 

particular loading being considered, where the support radius, a, 

in Equations 15.30, 15.31 and 15.32, is laa", it was assumed 

that the portion of the disc outside the support ring had no 

influence on the overall stress pattern. Although the radial 

stresses theoretically reduce to zero at the support ring, 

(Equation 15.25). The transverse stresses are still large. This 

is shown by solving Equations 15.26 and 15.27 (a = 12.62, 

V = 0.342) where, theoretically, the transverse surface stresses 

at the outer support ring are calculated as being 415 of the 

surface stresses in the central section. As a result, the 

transverse stresses existing outside the support ring would be 

expected to influence the overall results. This is borne out 

in the calculation of the modulus of elasticity, E. With a 

Poisson's ratio, v , equal to 0.342 (as obtained from Chapter 14) 

and an average strain at the centre of 197 x 10-6  (see Table 

15.1) at the applied load of 4098 lbs., E is calculated as 

14.1 x 106 p.s.i. from Equation 15.32. This result, when 

compared to values obtained in Chapter 14, is high by 435: 
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15.3  FINAL TESTS PERFORMED ON  ALUMINIUM DISC  

15.3.1 TestiEE Technique &iterations  

The results of Section 15.2 showed that definite improvements 

were required before a suitable testing technique could be 

established 	In particular, it was important that the loading 

ring should be capable of applying a uniform load and that the 

support ring should be located at the periphery of the slab 

es theoretically specified. 

Following from the previous investigation,itvas apparent 

that the most satisfactory technique for achieving uniform load 

and uniform suppqrt was with a soft packing material. The 

resulting deflections in this medium would then dampen out 

the influence of small irregularities on the disc surface or 

from variations 
	in. the 	thickness of the packing material. 

Consequently, for the support ring, rubber of Shore hardness 60 

• was used. The sup-Dort was 2.5°  high and 14  thick at the bottom 

being reduced to o.5" at the top by chamfering both the inside 

and outside edges. For the loading ring, the Paxolein strip 

used in the previous tests, was replaced with two circular 

0.54  wide strips of Sundeela soft grade building board of 12" 

mean diameter, each strip being approximately e thick. 

To prevent differential deflections of the load ring, the 

cruciform used for Test Series 4 (Plate 15.1) was replaced 

with a solid circular steel plate of 24-4  thickness. (see Plate 

15.2). Two small holes only were drilled to allow electrical 

leads to pass through to strain gauges positioned on the upper 

surface within the loading ring. 
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PLATE 15.2 Test method used for loading 
circular discs 
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15.3.2. Description of Test 

Five separate tests, hereafter referred to as Test Series 

5, were performed on the aluminium disc with the altered 

equipment described above. In the first three tests, the 

majority of the gauges were on the bottom surface, i.e.)  in 

tension. (see Figure 15.2) Test B differed from Test A only 
0 

in that the disc was rotated 90 . Test C which was performed 

to investigate possible restraint between the support ring and 

disc, differed from Test B only in that a greased packing was 

interposed between the suppalt ring and disc surface. This 

greased packing was identical to the one used between the 

loading strips and the upper disc surface. (for description, 

see Section 15.2.1) Test D and E, performed on the disc in 

the inverted position, i. e. ; with most of the gauges on the 

top surface in compression, were mutually similar except for the 

disc being rotated 90°  between the two tests. 

For each test, the slab was loaded three times with two 

complete sets of readings at zero load and the applied load of 

26211bs. Ul readings were tPken with a different Solartron 

data-logger, sensitive and repeatable to 1 microstrain. For 

test Ethree load stages of 	1342, 2621, .and 3989 lbs. 

were performed to investigate the influence on strain pattern 

of deflection of the slab. 

15.3.3 Discussion of  Results  

iith the gauges as positioned in Figure 15.2 and values 

of a = 14.75", b = 6.00" and V = 0.342, the theoretical values 

of stress and strain at the gauge points /lave been calculated 



from Equations 15.35, 15.26, 15.27, 15.30, 15.31 and 15.32. 

(see Table 15.2) These values of radial and transverse stresses 

and strains across a typical radius have been plotted graphically 

in Figure 15.3 and the strain values have been presented 

diagrammatically in Figure 15.4(a). As a sharp decrease in 

radial strain occurs at r 	6" (see Figure 15.3), the theoretical 

strains on the radial gauges nos. 7 and 16 were determined by 

integrating the strains over the distance r = 5.54  to r = 6.54, 

thereoy obtaining the coefficient, 0.965. For all other gauges 

the strain was obtained from the I r l  value at the gauge 

TABLE  15.2  THEORETICAL DISTRIBUTION OF STRESS AND STRAIN OVER 
SURFACE OF ALUMINIUM DISC  

(a = 14.754, b = 6,00", v = 0.342) 

RADIUS 	GAUGE:,DIAL 
r 	Nos. ISTRESS 

(ins.) - v(xP) 

TRANSVERSE 
STRESS 
-1 	(xP) 
't 

RADIAL 
STRAIN.  
r() 

COEFF 
OF 

STRAIN 

TRANSVERSE 
STRAIN 

 , t(xP) 
E 

COEFF 
OF 

STRAIN 

0-6 2,4,6 1..320 O. 804 1. 000 O. 304 1.000 
8,9,11 
12,18, 
19,20 

6 7,16 1. 138 O. 776 O. 965 
6.71'' 15 1. 044 1. 152 0.650 0.810 0.795 0.990 
8..484 5 . 702 0.370 0.461 

14 0.972 0.732 0.912 
10.81 13 .381 0.757 O.1;32 0.152 0.627 0.782 
11. 50 17 . 304 O. 035 O. 081 

10 0.699 0.595 0.741 
12. 75 3 0. 176 -C. C28 -0. 035 

0.598 0..538 0.670 
14. 75 0 0.454 -0.153 -0.190 0.454 0.564 

Note: Theoretical coefficients of strain at gauge nos. 15 and 13, 

computed from Mohr's respresentation of strain, are 0.846 and 0.588 

respectively. 



b =6.00" 

a =14.75" 

Cr = 1,220 P 
1,2 

0.9 a--.  

b 
0.6 0  

c.n 
w 
cc 

6 0.80 --E- 

Note: Theoretical values of stress 

and strain at gauge points are given 

in Table 15.2 and are presented 
diagrammatically in Fig 15.4a  

Radial stress - Or 
Radial strain - 

p.2- 
FIG. 15.3 THEORETICAL DISTRIBUTION OF STRESS AND 

STRAIN ALONG RADIUS OF CONCENTRICALLY 

LOADED DISC 	d= 0.762", Y = 0,342 I 
I 	  

0.8- 

0,6 

I 1.1J 
X 

• z 0.4 

ar 
(r) 

Tangential strain - St  

Tangential stress - cr, 
---1 

0.3 

0 

0 12 	 14 4 	 6 	 8 	 10 
RADIAL DISTANCE FROM DISC CENTRE (IN.) 
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centre. For gauge nos. 13 and 15, i.e. those which are neither 

radial nor transverse, the theoretical strain was computed from 
(110) 

hlohr's circular representation of strain. 

TABLE 15.3 STRAIN DISTRIBUTION ON ALUMINUM DISC FOR TEST SERIES 5  
(Most strain gauges on bottom surface in tension) 

GAUGE 
No. 

TEST A. TEST B 
----4 

TEST C 
STRAIN CaFF STRAIN COI:FF STRAIN COEFF 
(x10-6) (x10-6s  (x10-64  

1 149.3T 0.709 141. OT 0.682 144. OT 0.700 
2 214. OT 1.015 216.OT 1.044 207.2T 1.007 
3 7.9T -0.037 10,8T Q 052 8.4T -0.041 
4 217. 8T i. 032 208. OT 1.006 213. 7T 1.039 
5 105..6T 0.500 97.5T 0.471 102.0T 0.497 
6 207.80 0.984 204.20 0.987 199.80 0.972 
7 204.2T 0.969 215.7T 1.042 200.5T 0.977 
8 210. OT 0.996 219.3T 1.062 215.7T 1.049 
9 214. 8T 1.018 207. 7T 1.003 210. 2T 1.024 
10 148.0T 0.702 159. OT 0.769 155.3T 0.755 
11 207.0T 0.982 216.OT 1.044 211.7T 1.030 
12. 216.4T 1.023 207.8T 1.003 211.7T 1.030 
13 129.2T 0.612, 121.8T 0.589 123.3T 0.600 
14 192.4T 0.912 190.3T 0.920 189.,3T 0.921 
15 189.30 0.898 181. 8T 0.879 181. OT 0.880 
16 213. 6T 1.013 208, OT 1.006 204. 5T 0.996 
17 18. OT 0.086 22.7T 0.110 25.1T 0.122 
18 213.8T 1.013 205..6T 0.994 209.8T 1.020 
19 214.5T 1.018 206. OT 0.997 209.8T 1.020 
20 210.5T 0.999 202. OT 0.978 207.6T 1.011 

Average of gauge nos 2,4,8,9,12,18,19= 
Test A Test B Test*  0 

210.0 211.0 
6 = 207..8 204.2 199.8 

Average strain (coeff. = 1.000) 211.0 207.1 005.6 

Coefficients for Tests A to C are presented 

diagrammatically in Figure 15.4 (b) to 15.4 (d). 
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TABLE 15.4 STRAIN DISTRIBUTION ON ALMINUM DISC  FOR TEST SERIES 5  
Tmost Strain Gauges on Top Surface in Compression) 

I GAUGE 
NO. 

TEST 	iJ TEST 	E 
STR,U 	;COEFF , 1st LOAD STP1GE 	2nd LOAD STAGE 3rd LOAD STAGE 

STRAIN 	COEFF 	STRAIN 	1  COEFF STRAIN COEFF (x10- 	)1 
(x10-°) (x10-°) (x10-°) 

1 143 	C !0:682, 74.90 	.0.700 149.20 0.703 223.20 0.703 
2. 209 	0 	0.997 110.3C 	1.031 214.60 Lola 318,60 1.005 
3 7.5C ;-0.036 3.00 -0.038 5.4C -0.025 6.90 -0.022- 
4 205.50 i0.980 104.90 0.981 	208.20 0.981 310.80 0.980 
5 96 	C f0.458 51:30 0.479 100.50 0.474 148.80 0.469 
6 212 	T 11:012: 110:3T 1.031 218.6T 1,030 328.0T 1.033 
7 - 	- - - 	- - - - 
8 205 	C 0.979 102.00 0.953 	204.4C 0.964 306.30 0.966 
9 207. 	C 0.988 102.00 0.953 	203.40 0.959 301.0C 0:949 
10 156 	C 0.745 80.80 0.755 162.10 0.764 246.0C 0.775 
11 - - - - - - - 
12. 206.50 0.986 102.50 0.958 203.40 0.959 303.6C 0.957 
13 126:5C,  0:604 64.00 0.598 127.70 0.601 191.30 0:604 
14 191:50 0.914 100.00 0.934 199.0C 0.938 298.3C 0:941 
15 - - - - - - - - 
16 - - - - - - - - 
17 18 	C 0.084 9.9C 0.092 17.20 0.081 211.20 0.076 
18 208.5C 0,995 102.5C 0.958 204,00 0.961 306 	C 0.965 
19 207.50 0.990 102.5C 0.958 203.40 0.959 304.70 0.961 
20 - - - - - _ _ _ 

Test 	 Test  
Average strain of gauge no. 	1st 	2nd 

2,4,8,9,12,18,19 = 	(load stageST 

	

207.0 103.8 	205.9 307.3 

	

6 I. 212.0 110.3 	218.6 	328.0  
%vera,7,e of top and bottom 

(coeff = 1.40 	209..5 107.0 	212,2. 	317.6 

Coefficients for Tests D and 2nd load stage of Test E 

are presented diagrammatically in Figure 15.4(e) to (f).. 

3rd 



(a) Theoretical Coefficients of Strain at Gauge Points 

0.612 13 
1 

0.89415 1.013116 

/ 101819 

,s4:1 
.S)19\ 

0.98416 

/„...0.99618 0.98 	7  
1-i 

1.023112 
.%1.01512 

/0.70911 

1,032 1 4 

Note: All gauges except 
no.3 and 6 are on 
bottom surface 

ti°  
.03730117 	0.99'120 ...(> 18 0.500 5 

  

0.5831 13 	0.84615 0.96416 
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• AIB 

A- Coefficient of strain, 
obtained from Table 15.2 
15.3 or 15.4 
8-  Gauge number to 
which the coefficient,A 	.035 
pertains (Figure 15.2) 

Note: Theoretical radial 
and transverse strains ar 
presented graphically in 
Figure 15.3 

Location of load,  
ring 	  
	 radial strain/ 

30917 0.46115 1.000120 -118 
/\\> 10 0.912 114 	' 

transverse strain \  

1.00019 1.00016 

,1„st 	1A00180.9651 7  

1,00012 
1.000 12 

1.000 4 

•-'/0.68611 

(b) Coefficients of Strain from Test A 

Note: Test B is identical 
to Test A except that 
the disc has been 
rotated 90°  

0.5891 13 	0.879115 1.006115 	 

1.003 
_112 1.04413 

	

1.04 	/ 

0.682 

• .z\C) 	 / CbV 4\  \ / -0.052'301 7 0.47115 0.978120 q8 elo ,  ' 	I 	 -106218 'l042 7 
I  t!10 	0.920114 	' I\ O. 

100319 1 0 98716 

1 

(c) Coefficients of Strain from Test B 
	

I 

10 0.912 

FIG.15,4 STRAIN DISTRIBUTION ON ALUMINUM DISC CONCENTRICALLY 

LOADED AND SUPPORTED AT PERIPHERY - TEST SERIES 5 (cont.) 



.036 	7 0.458 5 
AN"? 10 0.938 14 

Note: Test 0 is similar 
to Test A except that 
the disc has been 

• inverted 

Note: Test C is identical 
to Test B except that a 
grease pack has been 
positioned between the 
support ring and disc 
surface 

	

-0.041 30 17 0 49715 1011120 N;-18 	at, 	_ _ 0.97717 

	

„NrD 	\ 	104g 8 
I h 10 0.914114 

O. ,\`') 
1030 12 

1.007' 	2 	) 

030 111  / 0.700 1 

(d) Coefficients of Strain from Test C 
0.604 13 

(e) Coefficients of Strain from Test 0 
0 601

I 
 13 

Note: Test E is identical 
to Test 0 except that 
the disc has been 
rotated 90°  

(f)  

1.012 2 
0.95F.i 12 

0,98114 

0.703 1 

Coefficient of Strain from Test E - 2nd Load Stage 

FIG. 15.4 STRAIN DISTRIBUTION ON ALUMINUM DISC CONCENTRICALLY 

LOADED AND SUPPORTED AT PERIPHERY - TEST SERIES 5 
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0.600113 0.880115 0.9916 
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0,98819 1,01216  

°)C) PI  0  (3, 19 	.979 _ A 

0,907.2 
0,985  

• 
0,980 4 

0.6820 

\ 	1.039 

/ 	1.02419 
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The strain values and corresponding coefficients related to a 

value of 1.'00 for the central section for Test Series 5 are given 

in Tables 15.3 and 15.4. The coefficient values at the applied load 

of 2621 lbs. axe presented diagrammatically in Figures 15.4 (b) to 

(f). 

From comparison of Figure 15.4(a) with Figures 15.4 (b) to 

(e), it is seen that the strain pattern obtained experimentally 

agrees very closely with the strains derived theoretically. For 

example, in the cent!al section, the strains are very consistent, 

seldom differing by more than 4i4 from the average. Similarly, 

outside the load ring, there is good agreement in the values of the 

coefficients. 

PL.ny possible restraint effect between the support ring and 

slab surface is negligible. This is borne out in comparing the 

results of Tests B and C in Table 15,3 or Figure 15.4 (c) and (d), 

where it is observed that the straih pattern remains sensibly unchan-

ged. Particularly, with those gauges such as nos. 3, 10 and 17 

near the support ring, which would be most susceptible, the small 

differences observed are insignificant. It is therefore concluded 

that the restraint effect of the rubber support ring is negligible. 

Taxing the average of the average strains in the central 

section for Tests A to E, a value of 209.1x10-6  in/in. has been 

obtained at the applied load of 2621 lbs. Using v equal to 0.342, 

the value of the modulus of elasticity, E, as computed from 

Equation 15.32 is 10.04x106  p.s.i. As the above calculation is 

based on an outer radius, a, 	14.75', there would be some error 
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expected as there are actually 15.00" of radius resisting the applied 

moment, i.e.; the actual stresses would be slightly lower than 

obtained theoretically. To correct for this, the summation of the 

transverse stresses across any radius was obtained by integrating 

equations 15.26 and 15.27 over the distance, r = 0 to r = 14.75" 

and subsequently, over the distance, r = 0 to r = 15.001. From 

the ratio of these values, equal to 0.995, it was apparent that the 

calculated stresses were 0.5 high. By applying this correction to 

the above h value, the corrected modulus of elasticity is 9.99x106  

p. s. i.  

This value of E is only about 1.5Z larger than the values 

obtained from the results of the slab tests described in Chapter 

14. In view of the completely different method of testing to 

obtain these 1, values as well as the different equipment used to 

measure strain, i.e.; different data loggers, it is apparent that 

the above close relationship falls within the bounds of experimental 

error. 

PA.s is seen in Table 15.4, the different load stages for Test 

IL produce no significant alterations in strain pattern. This would 

be predicted theoretically as the deflections of the centre of the 

disc, 0.0161, 0.0321  and 0.048" for the three respective load stages, 

are small in relation to the slab thickness of 0.762°. &s concrete 

and mortar discs are both thicker and fail at lower strain values, 

(see Chapter 17) it is concluded that the influence of deflection 

is negligible. 
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15..4 SUMhARY 

From the basic equations for the deflection and curvature of 

circular plates or discs supported uniformly at the periphery and • 

loaded uniformly by a concentric load ring, formulae for surface 

stresses and strains have been derived. 

In order to achieve a satisfactory testing technique for 

applying a uniform intensity of load and support, it is necessary 

that a soft pacLcing medium be used. The resulting deflections in 

this packing medium will then dampen out small irregularities on the 

disc surface or thickness of the medium. In the tests performed by 

the author, a rubber supoort ring of 2.54  height with Shore hardness 

60 and a loading strip of 14  thick soft building board were used. 

For transferring the load from the load ell to the load strip, a 

rigid steel ring, firmly attached to a 244  thick plate, was used. 

The distribution of strain agreed very closely with the 

theoretical distribttion, seldom differing by more than 4%. Further— 

more, the value for the modulus of elasticity, 9.99x106  p.s.i. 

based on the average of the strain readings in the centre, agrees 

within 1.57:1‘ of the average result obtained in the slab tests of 

Chaptr 14. It is therefore•concluded that the above testing 

technique does produce stresses and strains, which are in very close 

agreement with theoretical predictiohs. 
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CHAPTER 16 

EXPERIMENT 1L PROCEDURE ON CONCRETE AND MORTAR 
SPECIMENS 

16.1 OUTLINE OF EXPERIMENTAL WORK 

The main test series consisted of loading slabs, 

discs, beams and uniaxial tension and compression specimens 

to failure while simultaneously obtaining reliable values 

for the modulus of elasticity, Poisson's ratio, ultimate 

strengths and discontinuity level stresses and strains. 

One mortar with an effective W/C ratio of 0.425 and A/C 

ratio, 1.3 was tested while the concrete investigated had 

the same W/C ratio, 0.425, an A/C ratio of 4.05 and a fine 

ag -Tegate/conrse aggregate ratio of 40/60. The tests were 

generally performed at an age of 28 days. 

The technioue used for the manufacture of the specimens 

and for the preparation and testing is described in this 

chapter. The results of the individual slab, disc and beam 

specimens are presented and discussed in Chapters 17 and 18. 

Since nine different shaped specimens were required 

to achieve a satisfactory range of biaxial stress combinations, 

flour separate castings of both the concrete and mortar were 

necessary. This was due to only two different shaped specimens 

being tested satisfactorily at a_y one time. In order to 

maintain a check that the mix proportions and concrete 

properties were consistent, control specimens were used. 
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These consisted of three 4" x 41  x 12" prisms for assessing 

the compressive strength, 4" x 4" x 20" waisted specimes for 
(2) 

the uniaxial tensile strength (see Ward 	) and 41  x 41  x.201  

flexural beams for modulus of rupture values.. The results 

of these tests are discussed in Section 16.6. 

Although the above concrete specimens were initially 

designed with an VC ratio of 4.5, an error in the design of 

one of the initial mixes was not discovered until after the 

specimens had been cast. 	Rather than repeat this mix, it 

was decided to accept the ratio of 4.05 for the main test series. 

Mix 
Designation 

W/C 
Ratio 

A/c 
Ratio 

Age at 
Testing 
(days)  

Description of Specimens 
Cast 

Ml 0.40 2.0 7 2:1 	slab 
M2' 0.40 2.0 28 2.:1 	slab 

M3 0.425 1.6 28 241 	slab, 1:1 slab 
M4 it it it 1.58:1 	slab, 	2:1 rein- 

forced slab 
E5 tt if 2:1 reinforced slab, 

1,16 A  il II 

2.5:1 reinforced slab 
1..58:1 reiriforced slab, 

beam, 	disc. 

01 0.425 4.5 28 1:1 Blab  
C2. 0.425 4.05 28 2.5:1 reinforced slab 
03 0 A 

° 241 slab, 	1.58:1 slab 
C4 11 il " 1:1 slab, 	1.58:1 rein- 

forced slab 
C5 ,, 1  2.5:1 reinforced slab, 

2:1 reinforced slab, 	disc, 
beam. 

TABLE 16.1  

SUMMARY OF MIXES 
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Note: 1 Mix designation letter M denotes mortar, 0 denotes 

concrete. 

2. All concretes have a fine aggregat$/coarse aggregate 

ratio of 40/60. 

3. All slabs are defined by the ratio of their diagonal 

lengths. 

However, as a test on a square concrete slab with an MO ratio 
of 4.5 had already been performed, this result is included., 

(mix designation Cl in Table 16.1). 

Likewise the results of an initial investigation on 

two mortar slabs, W/C ratio, 0.40 and A/C ratio, 2.0, with 

diagonal lengths ratio of 2:1 are included. These slabs, 2" 

thick, as opposed to all other slabs with 3" thickness, were 

tested at 7 day and 28 day age, respectively. (mix dedgnation 

nos. 	and M2 in Table 16.1) 

16.2 PRECAUTIONS TAKEN FOR ACHIEVING A SIGNIFICANT CORRELATION 

IN THE RESULTS OF DIFFERENT SHAPED SPECIMENS  

In the first instance, it was accepted that no concrete 

or mortar can be manufactured uniformly because of segregaticn 

during casting, whereby the coarser material sattles to the 

bottom of the mould. To minimize such an effect, it was 

necessary to have a relatively stiff mix which could then be 

excessively vibrated to eliminate air voids. Consequently, 

the mixes selected in the main test series, particularly, the 

concretes, are Classed as dry mixes of low workability. 
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The upper slab surface will have a lower modulus of 

elasticity and will be slightly weaker than the opposite surface 

due to the segregation effect. It was thus decided to teat 

all slab, disc and beam specimens so that failure would propagate 

from the cast face as this would in fact be the failing face 

with the sc-mare shaped slabs- This also proved. to be more 

suitable with the reinforced , slabs where, as shown in Chapter 

18, it was easier to achieve accurate positioning of the 

reinforcement in the bottom of the slab. 

As the slab, disc and beam specimens are all subjected to 

flexural states of stress, the depth of the section would be 

influential on the results. This has been shown by Wright (48) 

in tests conducted on flexural beams, where the modulus of 

rupture values were reduced by 30;:wheo the depth of the test 

specimen increased from 3" to 8" while maintaining a constant 

span: depth ratio. It was thus considered imperative that the 

thickness of all the flexural specimens should be constant. 

The determination of the best slab thickness involved a 

compromise. Although it had to be sufficiently thin to be 

considered as a slab, it required adequate thickness to make 

the maximum aggregate size small in raltion to the slab thickness, 

In the case of the reinforced slabs, a significant distance was 

also reouired between the neutral axis and the steel both before 

and after cracking. 'rith these considerations in mind, a 

thickness of 31  was selected as the most 'suitable size. 

For the purpose of the beam test, i.e.; the uniaxial 
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flexural test, a special beam was designed and manufactured 

with the above thickness of 3". To avoid any possibility 

of an arching action as that which occurs in the standard mod-

ulus of rupture test
(9)

, it was necessary to increase the 

distance betvien the load and support points. The specimen 

selected, 3°  x 4" x 40", was loaded and supported symmetrically 

with the load points 18" apart and the support points 36" 

apart. The central section was thereby subjected to a state 

of uniform, uniaxial moment. 

16.3 MANTO=URE 02 SPECIMENS  

The manufacture of the specimens followed principles 

adopted by previous researchers of the Imperial College 

Concrete Materials Research Group. These have been presentdd 

in detailby Uard
(2)

. However, a brief description of the 

techniques employed in the preparation of the materials 

and the mixing, casting and curing processes will be presented 

here. 

16.3.1 Description of Materials 

The cement used was ordinary Portland Cement supPlied 

in one batch from the Kent Works of the Cement Marketing 

Compan7. It was blended and stored in air tight steel drums 

until used. 

The water for the mixes was drawn from the Imperial 

College mains. As therevas a 24 hour pre-soaking period, 

the water was at laboratory temperature at time of mining. 
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All aggregate used was Thames Valley River Gravel, 

supplied by the Stone Court and Ballast Co., from their 

Rickmansworth pit. The fine aggregate (passing 3/16")(60) 

was stored in two sizes; 

(i) retained on sieve 25 

(ii) passing sieve 25. 

As the fine aggegate, when supplied, was 72% and 28% 

respectively in the above two sizes, these proportions were 

maintained for the complete test series.. 

As the slabs being tested were only 3" thick, a 

maximum size aggregate of v was considered to be excessively 
large. Likewise, with mime of the reinforced slabs where 

the, space between the bars was only VI, the large aggegate 

would tend to settle on the reinforcing bars thereby creating 

a surplus of mortar between .and beneath the bars. To' overcome 

the above size and space limitations, the size of the coarse 

aggregate in all the concrete tests was that retained on the 

3/l6" sieve, but passing 1". (60) 

16.3.2 Preparation of Aggregate 

In the new aggregate processing plant at Imperial 

College, the aggregate is washed in an L.A. Mitchell 

horizontal rotary washer and subsequently, dried to a 'bone 
(59) 

dry' condition 	in an L.A. Mitchell 90 kilowatt rotary 

drier. Following  sieving, it is stored in air tight steel 

bins until used. 

For the tests considered, the required amount of 
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aggregate was removed from the steel bins and weighed 124 hours 

prior to casting. By then adding sufficient water to immeree 

the weighed-out aggregate in each drum, complete saturation 

of the aggregate was ensured. To provide an effective water—

cement ratio, additional water was allowed for the absorption 

of the qggresnte. This amounted to 1.8% for the coarse 
(2) 

aggregate and 1.0% for the fine aggregate as shown by Ward's 

tests conducted in accordance with principles established by 
59 

Newman
() 

A few minutes before mixing, the excess water in the 

individual aggregate drums was poured off thereby leaving the 

exact amount required for the effective water cement ratio 

and aggregate absorption. 

16.3.3 Mixing and Casting  

The aggregate and water were placed in a 1.5 cubic 

feet Eirich Pan Mixer, Type SV/Gll, and then were mixed 

thoroughly for three minutes. The preweighed cement was 

subsequently added and the contents mixed for a further 

three minutes. Following this, the mix was taken directly 

fl.om the pan and placed in the mould s. As several batches 

were required on every casting day, each successive batch 

Was mixed independently after each emptying of the pan. 

The vibration 77;,as performed on an Allam 776 vibrating 

table by holding the moulds firmly on to the vibrating table 

until full compaction was obtained, as indicated by removal 

of the majority of entrapped air. &fter removing the mouIlds 



from the vibrating table to a leyel surface, the top of each 

moubd was levelled and floated with a steel trowel. 

16.3.4 Moulds  

All control specimens were manufactured. in standard 

44  x 4" x 204  flexural specimen moulds .cnnforming to the 
(9) 

requirements of British Standard 1881 . For the diredt 

tension and compression specAthens, small modifications to 
(2). 

these moulds hove been made,as described by Ward. 

The moulds used for the slab, disc and beam specimens 

were manufactured in the Civil Engineering Department work— 

Sho?. They consisted of a i" plywood base, firmly screwed to 

2" x 2" slats, which prevented warping of the base. The 

sides, 3" high, were screwed into the base and into each other, 

thereby ensuring a tight fit. To prevent moisture seeping 

out of the edges, a grease layer was applied to all mating 

components of the mould, thus providing an effective seal. 

The above specimens were of dimilar dimensions to.) 

those used in the basic investigation on the aluminum slabs 

and discs discussed in Chapters 14 and 15, respectively. 

This was achieved with slabs, whose side lengths were 30" 

and discs, whose diameters were also 301. The exception was 

the .5.1 slabs whose side lengths were 29"., The beam specimens 

were 34  x 4' x 40".. 
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After the specimens had achieved an initial set, 1..e..; 

at about three hours after casting, the specimens were covered 

with saturated hessian and polythene sheeting to present dry—

ing. The control specimens were removed from the moulds 20 

hours after casting and placed directly into curing tanks. 

With the larger slab, disc or beam speciments, it was 

considered unsuitnble to handle them at such an early age 

and they were, therefore, left in their moulds for a further 

day. These letter specimens, after being deloulded were 

usually placed on their edge, 10.e.; with their principal 

faces in a vertical plane, in the curing tank to prevent 

surface stresses occurring. 

The curing tanks, being thermostatically controlled, 

maintained the water at 70°F. However, on several occasions 

faults occurred resulting in the temperature deviating sig—

nificantly from the above temperature. However, as the 

temperature VMS in all cases restored to normal within a few 

hours, this was considered not to have any effect on the 

results. 

16.4 PREPARATION OF SPCIIviENS FOR TESTING 

16.4.1 Application of Strain Gauges  

As the entire investigation was. limited to saturated 

specimens, a. technique had to be,developed for applying 

electrical resistance strain gauges to the surfaces of such 

specimens, while simultaneously preventing any influential 
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drying action taking place. The following procedure was 

adopted. 

(1) The specimen, after being removed from the tank on the 

day prior to testing, was wiped thoroughly with a Clean hand 

towel and then marked out for gauge locations. 

(2) A membrane curing compound, Super Febcure, was then 

immediately applied over the entire surface area, except in 

the vicinity of the gauge points. 

(3) These points were then scraped with a knife edge, thereby 

removing surface leitance and simultaneously providing a 

firm base for the bonding of the gauges. For the cast face 

of the specimen, some smoothing was usually performed with 

an emery cloth. 

(4) ,fter the gauge point areas had become dry, they were 

wiped clean end washed with Acetone. This operation occurred 

at -about one hour after removal of the specimen from the 

tank. 

(5) The strain gauges, also washed in Acetone, were then . 

fastened to the surface at about ten to thirty minutes afterthe  

alp -we oper-tion, It wL,s necesaRrg ibetaquick setting adhesive 

such as PS Adhesive, manufactured by Tokyo Sokki Kenkyujo 

be used for this operation. Care was taken to remove all 

air bubbles beneath the gauge. 

(6) After the adhesive had hardened, ( 10 to 15 minutes) 

the immediate area around the bounds of the adhesive was 

coated with Super Febcure, thereby preventing further 
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evaporation. The entire slab area was alsoEimultaneously 

recoated with the above curing compound. 

(7) The electrical leads were soldered to the gauges several 

hours after application of the gauges. It is important that 

sufficient time be allowed to elapse,as soldering too soon 

will destroy the bond between the strain gauges and adhesive. 

(8) Prior to testing;  the gauges were coated with yellow 

tallow or a grease thereby insulating them against small 

fluctuations in room temperature. 

(9) The curing compound is not totally impermeable. Con-

sequently, while the slab was waiting to be tested, it 

was covered with polythene sheeting to prevent evaporation 

of moisture. 

With the above method whereby the entire specimen is 

effectively sealed, internal moisture movement resulted in 

the cone of concrete immediately beneath the gauge becoming 

saturated Soon after application of the gauge. It was 

Observed when a strain gauge had to be removed or replaced, 

that this resaturation occurred within an hour of placing 

the original gauge.. 

Any drying action greater than necessary can cause 

marked alterations in the values of the results obtained, 

particularly with cement paste specimens and, to a lesser 

extent, with mortars. Several cement paste specimens were 

test and tested, but. the drying action. associated. with the 

application of the _strain gauges resulted in failure occuvring 
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through the gauges at abnormally low values. Similar difficulties 
(T14) 

have also been encountered by Alexander 	in tests on the 

cement paste-aggregate bond strength. These difficulties 

resulted in the abandoning of the test series on cement paste 

specimens. Litcewise, in tests on a few mortar specimens where 

sufficient care had not been taken in preventing excessive 

drying at the gauge points, the results were doubtful and 

therefore have been discarded. 

The strain gauges used were Technograph 14  etched foil 

electrical resistance strain gauges except for the last mix, 

C5, when Saunders Roe 1" etched foil electrical resistance 

strain gauges were used..  

16.4.2: Positioning of Specimen  

/Ill tests on slabs, discs and beams were performed in 

the biaxial flexural machine. (see Chapter 12) The methods 

of positioning the slabs and discs were identical to those 

used on the model aluminum specimens discussed in Sections 

14.3.2 and 15.3.2, respectively. The beam specimens, described 

in Section 16.2 were accurately positioned with the aid of 

dowelling holes.. 

For the slabs and beams, the load was applied by means 

of a counterbalanced beam so that the true applied load is 

that which is actually recorded. In the case of the cisc 

specimens,it was not easy to counter balance the loading ring. 

Consequently, in the calculations, its wight is added to the 
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indicated load at each load stage for determining the true a 

anplied load.. 

The uniaxial compression and tension specimens were 
( a) 

positioned in a Denison compression and mlard tension machine, 

respectively. In both cases, care was taken for achieving 

accurate alignment; dowelled platens being used in the former 
(2) 

case whereas in the latter, a technique developed by Ward 

was followed. 

The 4" x 4" x 20" flexural specimens were tested In 

the biaxial flexural machine. The bottom supports were 

accurately located with dowelling holes whereas the flexural 

specimen and upper loading assembly were positioned with a 

steel scale and levelled, care being taken in every case to 

obtain good alignment. The method of test conformed to the 

requirements of British Standard 1881 except that the beam 

was loaded at right angles to the direction of casting and, 

the loadihg rate was altered, so that the outer fibre was 

being stressed et the rate of 150 p.b.i./minute (see Section 

16..5. 2).  

16.5 i;IETHOD OF TEST 

16..5.1 Slab, Disc And Beam Specimens  

The ultimate loads varied from approximately 900 lbs. 

with the 	x 3" x 40" concrete beam to almost 14,000 lbs. 

with the mortar disc. As a result, some variations in the 

method of test had to be accepted due to the limitations 
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of the eouipment and the scope of the investigation. In 

particular, with specimens whose ultimate strength was in 

excess of 3.5 tonf, i.e. ; the capacity of the load cell, the 

loading wasLconducted twice. The first loading was performed 

slowly with the load cell in place, strain readings being 

ta,..cen at each of several load stagee up to a level significantly 

below the discontinuity level. (assumed as 80 microinches 

strain for concrete and 150 microinches for mortar). This 

provided accurate information on the load-deformational 

behaviour of the material in the 'so-called' elastic range. 

The second loading, performed directly by the hydraulic ram 

with loads being measured with the 4000 p.s.i. Budenberg 

pressure gauge, (see Figure 3.9) was conducted at a constant 

loading rate to failure. 	gain, the readings of all the 

gauges were obtained et several load stages. 

With specimens whose ultimate strengths were less than 

3.5 tonf., the specimens were usually loaded directly to 

failure with numerous train readings being taken. However, 

with the 4" x 34  x 40" beams, where-  accurage comparisons of 

Poisson's ratio and modulus of'elasticity between tension 

ana compression were required, a more comprehensive invest-

igation was conducted. In the first test, the beam, Ositioned 

with the cast face uppermost i. e. ; in compression, was loaded 

several times in the 'so-called' elastic range with strain 

readings taken at each of several load stages.. In the 

second test the beam was simply reversed so that the cast face 
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would be in tension, and the above testing procedure was then 

repePte,'1. However, in the last run, the beam was loaded 

continuously to failure at a constant loading rate. 

Although considerable information on some specimens was 

obtained in the elastic range by repeated loadings, this was 

not oxpectec: to have a significant effect on the ultimate 

strength.(44) However, after the discontinuity level has been 

reachefl, the loading rate would be influential on the shape 

of the stress-strain curve and the ultimate strength (14,40,43,44) 

Therefore, the last loading of each specimulwas performed at 

a continuous rate with failure occurring in about ten minutes. 

Thus, the results obtained are compatible with and represen- 

tative of the short term behaviour of the material. 

':/ith each specimen shape having a different ratio of 

biaxial stresses, it was.necessary to load each specimen at 

a different rate so es to induce   in approximately 

the same time. It was assumed that all the specimens for 

,the mortar or concrete would fail at a similar principal 

tensile strain. On this basis, the loading rate was calculated 

as 

Loading rate = 	150(1 - m V) p.s.i. 	... 16.1 

where m is the ratio of principal bending moments (-Mx/My) 

(see Equation 14.13 ) and vis Poisson's ratio. Therefore, in 
(2) 

uniaxial tension the stressing rate was 150 p.s.i. per minute 

while in biaxial compression-tension, the loading produced a 

slower increase in the rate of the larger principal tensile 

stress. 



The strain values for any test were recorded. on either 

of two Solartron data loggers. For the first few mixes, Ml 

to M3, Cl .and 02, the data logger used, operating on a 

pulse excitation system, was sensitive to two microstrain 

and recorded the results a.t the rate of ten per second. As 

a result, at any load stage, no significant difference in 

loar7. occurred during the reading of the gauges, despite a 

continuous application of load. The second data logger used, 

operating on a continuous pulse system, was sensitive to one 

microstrain and repeatable to one microstrain for up to 72 

hours. However, its slower output of strain readings (two 

per second) resulted in a small increase in load during the 

reading of the gauges. To allow for this increase, small 

adjustments in the load corresponding to the strain for each 

gauge were required. 

16.5.2 Control Specimens  

The direct compression and tension control specimens 

were loaded to .failure at the rate of 1500 and 150 p.ai. 
(2) 

per minute, respectively 	. The 4" x 4" x 20" flexural 

s7)ecimens were loaded so that the rate of increase in the 

modulus of rupture vItie was also 150 p.s.i. per minute, 

compatible with the uirect tension specimens above. For 

those direct tension and compression specimens which had 

strain gauges, the above loading rates were maintained with 

strain readings obtained at each of several load stages. 
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All control specimena were tested in the saturated state. 

16,6 RESULTS OF CONTROL TESTS  

In order to ensure that constant mix proportions were 

being used, control specimens for mixes M3 to M6 and 01 to 

05 were cast and tested, the results of which are shown in 

Table 16,2. In most cases, three specimens of each type 

were tested. ?There fewer specimens were tested, these are 

shown with the number, 1 or 2, beside the average result 

representing the number of specimens. 

Although differences in strength are observed between 

mixes with identical mix proportions, these are not consistent 

with all specimens and in no case is there conclusive 

evidence that a mix is too strong or weak. Differences 

which do exist are probably due to variations in the degree 

of vibration. (see Section 9.10) rLs each slab, disc and 

beam was vibrated independently, no correction to any of 

the results was therefore justified. 
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TABLE 16.2 RESULTS OF CONTROL TESTS 

MIX 
DESIG. 

UNI "aIAL COMPRESSION ' UNIAXI \I TENSION MODULUS OF RUPTURE 
STRENG 	i ST "IND1 COLFF. 1 

DEV. I OF \TAR 
STRENGTH STAND 

DEV. 
COEFF. 
OF VAF. 

STRENGTH 
i 

STAND 
DEV. 

COEFE 
OF V" 

1A3 76115 329 4.3% 530 4..6 O. 9% 
1\14 7880( 2) 78 1.0% 622, 33.7 5.4% 989 36.5 3.7% 
M5 7450 134 1.8% 717 19.9 2.8% 1020 28.5 2.8% 
M6 8480 110 1:3% 651(1) 1026 51.3 5.0% 

01 5490 341 6.2% 387 18.9 4.9% 
C2 7160 19 2.4% 482 11..7 2.4% 720( a) 4.0 0.5% 
03 8220 98 1.2% 516 23.7 4.6% 815 8.1 1.0% 
C4 7260(1) 
C5 7470 195 2.5% 451 25.2 5.6% 788 16.5 2.1% 
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CHAPTER 17  

THE BEHAVIOUR OF CONCRETE AND MORTAR UNDER UNIXIAL MID 

BIAXIAL TENSION AND TENSION-COMPRESSION STATES  

OF STRESS 

17.1 INTRODUCTION 

In any experimental investigation of the properties of 

concrete under different states of stress, the following 

points must be examined (see Section 11.4) 

(1) the applicability of the laws of elasticity 

(2) the ultimate failing strengths 

(3) stresses and strains at the discontinuity level 

(4) the governing failure criterion 

In this chapter, the test results of one mortar and one 

concrete are presented and discussed with particular emphasis 

on the first three points above. Although some comments are 

made on possible failure criteria, this is covered in greater 

detail in Chapter 19 where the results of both this and Chapter 

18 are considered together. 

17.2 UNIAXIAL TENSION AND COMPRESSION  

An investigation to determine the fundamental values 

of Poisson's ratio, C and modulus of elasticity, E in uniaxial 

states of stress was conducted on three differently shaped 

specimens; 4" x 4" x 12" prisms for direct compression, 



44  x 44  x 20" waisted specimens for direct tension and 3" x 

41  x 404  specimens for flexure. The stress-strain graphs for 

these specimens are presented graphically in Figures 17.1 to 

17.6, the mortar in Figures 17,1 to 17.3 and the concrete in 

Figures 17.4 to 17..6. All data is given in Appendix B whilst 

the details of the mix proportions are presented in Table 16.1. 

Figure 17.1, showing the longitudinal and lateral strains 

on both the tension end compression faces of the mortar beam 

in two separate testa (see Section 16.5.1), indicates con- 

clusively that both the 	and E values are unchanged in tension 

end compression. This is particularly significant as, for 

each load stage in the second test, the material at every 

gauge point is subjected to the same magnitude of stress, but 

of apposite sign, as in the first test. 
(2) 	(115) 

Although data obtained by Ward 	, Todd 	and Blakey and 
(66) 

Beresford 	indicate that the moduli of elasticity in tension 

and compression pre the same, it has. not previously been shown 

that Poisson's ratio is theethe same in tension and compression. 

Unfortunately, for the same flexural test performed on 

a concrete, the data logger behaved somewhat erratically (see 

-eigure 17.4). As a result, any differences observed in E and 

0, particularly the latter, cannot be considered significant in 

view of the scatter in relation to the maximum value of the 

strains being recorded. For example, the strains in the 

lateral direction et the discontinuity level were only of the 

order of 10 microstrain. However, despite the scatter in 
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results, both the lateral and longitudinal gauges showed strains 

of very similar magnitude and opposite sign at each load stage 
in the two separate tests. In uniaxial tension and compression, 

it seems logical to expect, from a phenomenological approach, 

that both the E and ;values should remain the same. 

Figures 17..2 and 17.5 show the longitudinal and lateral 

strains on direct tensile specimens for the mortar and concrete 

respectively. The non-uniform strains which arose on opposite 

faces were not due_to non-axiality in setting-up', but instead, 

were caused by slipping at the grips. As the specimens were 

coated in Super Febcure (see Section 16.4.1) whicNat time of 

testing, was a hard packing material with low frictional restraint 
(21, 1164 

the surfaces in contact with the grips tended to slide 

along the interface. Even after scraping the Feboure off the 

surface with a knife edge, slipping still occurred. occasionally 

as the curing compound, on iaatial application, permeated into 

the surface of the specimen. 

Nevertheless, as the lateral and longitudinal gauges on 

either side of the specimen are located very near each other, 

it is reaeonELbly accurate to accept the measurements as being 

the longitudinal and lateral strains .at the same point. With 

this qualifications theyvalues for each specimen are computed 

by averaging the;!values obtained from opposite sides of the 

s-oecimen. The E values are similarly computed on the basis of 

the average longitudinal strains on the opposite faces of each 

specimen. 'iJith the concrete specimens, the relatively large 



477 

TABLE 17.1 EL'LSTICITY PROPERTIES 02 UNIAXIAL SPECIMENS  

I 
1_11 
: ODULUn 
EL 'i.STICITY 

( p....a...i...,1____ 
11? 	, 	POISSON' S 

RATIO 
( V) 

I AVER 'G.E 	, 	AVE—R.,... 

MORTAR SPECIMENS 

Beam Test: 	cast face 4.11x10 4.46x106  0.162 0.168 
bottom face 4.81x10 0.171 

Direct Tension: 	Specimen 1 4. 45x10 	4. 59x106 0.167 0.176 
Specimen 2 4.74x106  0.185 

!Direct Compression: Specimen 1 
6 4.46x1061 4. 49x106 0.196 0.196 

Specimen 2 4.52x10 

CONCRETE SPECIMENS 

Beam Test: 	cast face 6.27x1061 6.31x1J.129 .135 
bottom face 6.36x1061 0.140 

6 
Direct Tension: 	Specimen 1 4.76x1014.73x106 0.114 0.141 

Specimen 2 4.70x106I 0.169 

Direct Compression: Specimenl 5.27x10d 5.14x106 .158 .158 
Specimen 2 5.00x101 

scatter in strain measurement was due to these measurements 

being recorded with the first data-logger, sensitive to 2 

microstrain only.. 

The results of the direct compression specimens are 

shown in Figures 17.3 and 17.6.. 

The o! and E values, recorded in Table 17.1, show good 
Fgreement with the different mortar specimens. The observed 

differences in E between the two faces of the beamwas due to a 

segregation effect. That is, the stiffness increased towards 
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the bottom of the specimen, as cast, be6ause of the increased 

concentration of stiffer aggregate particles. (see Section 6.2) 

However, the average E in this test agrees very closely with 

the vques obtained in the direct states of stress. 

With the concrete specimens, on the other hand, there 

was larger scatter, particularly in the E values obtained. 

In comoarison to the values obtained in the slab tests, where 

good agreement is obtained for E values under differeht states 

of stress, (see Table 17.2) it is apparent that the beam test 

(Table 17.1) resulted in excessively high values for E while 

the h value obtained for the direct tension test was low. It 

is difficult to account for such apparently large errors in 

E when considering the care employed in the preparation of the 

specimens and the method of test. However, as the data-logger 

was behaving somewhat erratically on the particular day which 

the beam was tested, this is the probable source of error. 

That this is so is further substantiated by the apparently 

large E value also obtained for the disc test which was tested 

on the same day (see Section 17.4). Similarly, the low E value 

for the direct tension test may possibly be due to some odd 

behaviour in the first data-logger used. 

17.3 BIAXIAL TENSION-COMPRESSION LRHOMBUS SLAB TESTS)  

17.3.1 Presentation of Results 

For the biaxial tension-compression tests, six unrein-

forced and six reinforced rhombus slabs were tested. The 

results of the six unreinforced slabs are discussed in this 



section wherers-  the reinforced slabs will be discussed in the 

next chapter. The six slabs discussed here (Figures 17.7 to 

17.12) consisted of three each of mortar and concrete with the 

ratio of diagonal lengths being 1:1, 1.58:1 and 2:1. As shown 

in-Section 14.4*1. each of these ratios is equal to 	m  where 

(-m) is the ratio of the principal bending moments. 

The first slabs tested were the mortar specimens with 

ratios of diagonal lengths, 1:1 and 2:1 (see Figures 17. 7 

and 17.9). As the slab specimens were considerably thicker 

than the aluminum specimen (3" as compared to 0.75") used in 

the pilot investigation, it was necessary to obtain a complete 

indication of the strain pattern over the surface of the 

specimen in order to detect possible parasitic effects arising 

from the increase in thickness. It is observed in Figure 17.7 

and 17.9 that the strains in either of the two principal direc-

tions on either surface are very consistent, even to within 1" 

of the edge. Thus it is concluded that, for the specimen 

dimensions used in this investigation, the influence of thickness 

has a negligible effect on the stress pattern. 

As with the mortar beam discussed. in Section 17.2, 

segregation was seen to occur with the mortar slabs. For 

example, in Figure 17.9, the strain values indicate that the 

modulus of elasticity is larger at the bottom of the specimen, 

as castI than at the top. With the concrete specimens, the 

segregation effect is only very slight. 
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The relative stiffness of the testing machine (see Section 

12.2-2) led to a considerable portion of the descending part of 

the load deformation curve being examined on sop occasions, 

before collapse of the slab .occurred; For example, with testing 

the 2:1 mortar slab;  a'hillge or yield line which was developing 

resulted in strains away from thiQ. critical crack reducing 

with reduction in load (see Figure 17.9). However, the strain 

gauges measuring the large principal tensile stresses returned 

in a loop with the observed difference in strain at each load 

stage being caused by the combined creep and dilatation of the 

material. 

Typical failed spceimens are shown in Plate 17.1, It 

is observed that failures occurred perpendicularly to the 

longer diagonal, i.e., at the location of the larger principal 

moment with the failure being caused by the corresponding 

principal tensile stress. The failures, which occurred at a 

random section removed from the extended corners, were caused 

by a uniform moment, calculated directly from Equations 14.18 

and 14,28. 

17.3.2 Elasticity Properties  

It has been shown in Section 14.4.2 that the elastic 

constants, E and v for the slab tests are computed from the 

equations (see Equations 14.31 and 14.32 .) 

E = 3P cl - m2) 	 ... 17.1 
ada in ( 	+ ;91x) 
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PLATE 17.1 Typical unreinforced slab 
specimens at failure 
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and 
	

V = 	÷ ra-iy) 
	

... 17.2 

	

y + m 	) 

The values of E and)/ have been computed from the average 

measured principal strains obtained from the top and bottom 

surface in the quasi-elastic range.. (see discussion of 

Equations 14.31 and 14.32 in Section 14.4.:2). These are 

presented in Table 17.2. With the square slabs, i.e.; 

-ly _ - •
lx 

 and m = 1, Equations 17.1 and 17. 2- are both 

indeterminate. E is therefore calculated directly from 

Equation 14.17, i.e.; 

	

E = 3P (I +V) 	 ... 17.3 

220 

The value of i..,used in Equation 17.3 is obtained from the average 

value in the uniaxial tests, Table 17.1. 

From Table 17..2, it is observed that, whereas the E 

values remain reasonably constant, relatively large differences 

occur in the values of V. These differences in Vare partially 

accounted for by the susceptibility of these values to small 

errors in measured strains. This is shown by the fact that the 

numerator in Equation 17.2 is generally a small difference of 

two large numbers. However, the large differencesolsserved..in 

the values of \.i cannot be completely accounted for by this 

susceptibility. It is observed that the v values increase 

as the applied compression increases. For example it is seen 

that for both the mortar and concrete, the V values for the 



TABLE 17.2 EL',9TICITY VALUES FOR SLAB TESTS 

SPECIMEN SHAPE E 
(p. s. 	) 
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f 
4. 64 x 106  R  
4. 55 x.  log 
4. 00 x 10 

2:1 5..43 x 106  
1.58:1 5.30 x 106  

1:1 5. 59 x 106 

Mortar 

Concrete 

2:1 

1:1 

0. 161 
0. 263 
0.,180 

O. 157 
0. 217 
0. 145 

(assumed) 

( assumed) 

1.58:1 specimen is larger than for the 2:1 specimens. In the 

former case, the compression stress is 40% of the tension stress 

whereas in the latter case, this ratio is only 25%. The 

increasedvvalues obtained for these unreirrorced slabs are 

also observed on the reinforced slabs (see Section 18..6)j- 

The modulus of elasticity values in Table 17.2 show 

generally good agreement with the values in Table 17.1, 

except for the sauare mortar slab where the E value is 

somewhat low. It is thus concluded that the modulus of 

elasticity values for biaxial tension-compression states of 

stress over the range examined are in reasonable agveemenit 

with the values obtained in uniaxial tension and compression. 

17.4 BIAXIAL TENSION - DISC TESTS  

The results of the two disc tests are presented in 

Figures 17.13 and 17.14 with all data being given in Appendix 

B. 
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With the concrete specimen, Figure 17.14, it is interesting 

to observe the extensive cracking which occurred in the central 

section prior to collapse of the slab. At about 705 of ultimate 

load, the gauges on the tensile face behaved in random manner, 

depending on the location of the cracks. For example, gauge 

2, adjacent to a crack showed a definite reduction in stress 

after about 85;',, of ultimate load. due to the local stress 

relieving. 

The extensive crac,cing in the central section is also 

Observed in Plate 17.2. On the bottom face in the central 

aection, the cracks developed in random directions under the 

influence of biaxial tension. With further leading, the cracks 

propagated radially as a result of thelligh transverse stresses 

(see Figure 15.3) until these cracks reached the periphery 

at which time, the specimen collapsed. 

The mortar disc, (Figure 17.33) being considerably 

stronger than the concrete disc could not be loaded to failure 

due to the limitation of the rubber support ring. At roughly 

14,000 lbs., the ring collapsed in a buckling mode. However, 

due to the deviation from the theory of Section 15.1, loads 

and strains beyond the discontinuity level are only of secondary 

interest.. (see Section 11.3.1) 

As with the square slab specimens, it is not possible in 

the analysis of the disc tests to obtain two equations for 

determining simultaneous values for E and v. As a result, 

was calaulated by substituting average values of V obtained 
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PLATE 17.2 Concrete disc at failure 
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from Table 17.1 into Equation 15.32' 	An average strain value 

obtained from the measured strains on both faces of the specimen 

prior to the discontinuity level and the corresponding load 

were also substituted into Equation 15.32_ 	Although the E 

value for the mortar, 4.61 x 106  p.s.i. is in goodL-greement 

with the results given in Tables 17.1 and 17.2, the E value 

for the concrete 6.07 x 106 p.s.i. is high, However, as 

explained in Section 17.2, the large value for the concrete 

is believed to be due to the faulty behaviour of the data-

logger. 

17.5  LITSCONTINUITY LEVEL STRESSES AND STRAINS AND ULTIMATE 

STRENGTHS  

17.5.1 Flexural and Direct States of Stress  

As has been shown in Section 11.5, there are two funda- 

mental states of stress; 

(1) direct states of stress 

(2) flexural states of stress 

In the former, the stress or strain will be constant throughout 

the critical volume whereas in the latter, the strain will 

vary linearly from a hero value at the neutral axis to 

maximum values at the extreme fibres. In the oaasi-elastic 

range, formulas for stress in terms of strain,based on elastic 

analysis will be exact from a phenomenological view-point, 

although it is recognized that stress concentrations exist 

because of the general heterogeneous nature of concrete. 
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Therefore, with concrete or mortar subjected to either direct 

tensile stress or flexural stress, the discontinuity level 

would be expected to occur at the same stress and strain level 

With specimens loaded above the discontinuity limit 

however, the material will exhibit non-linear stress-strain 

behaviour. Under direct states of stress, the formulas for 

average stress obtained by dividing the applied load by the 

cross-sectional area will still be correct whereas, for the 

flexural test, the stress at the outer fibre calculated from 

elastic analysis will be increasingly erroneous with continued 

apilication of load. As a result, the calculated failing stress 

in flexure, ',mown as the modulus of rup*ura7 is higher than the 
(2) 

true tensile stress at the outer fibre. Ward 	showed that 

the average uniaxial tensile strength was 74/: and 81% of the 

average modulus of rupture for concrete and mortar, respectively. 

In the slab tests, (flexural states of stress in tvic; 

dimensions) the calculated failing stresses,  when based on 

elastic analysis would be expected to be higher than failing 

stresses obtained from tests under direct states of stress by 

a similar magnitude to those observed by Ward is his uniaxial 

tests- \s the beam test can be considered to be a particular 

caFe of a biaxial flexural test, the failing strengths from 

the slab tests will be based on elastic analysis and the 

tensile strengths will be classified as the modulus of rupture 

values in biaxial tension-compression. 
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17.5.2, Discontinuity  Level Stresses and Strains 

From Figures 17.1 to 17.14, the strains at the discontinuity 

level have been obtained by observing the onset of definite 

non-linearity on those load-strain burves representing the larger 

principal tensile strains. The average of these strains for 

each specimen and the corresponding stress using the modulus 

of elasticity values from Table 17.1 or 17.2 are presented in 

Table 17.3. 

It is observed that the principal tensile strain at the 

discontinuity level is virtually constant for the mortar, over 

the range examined whereas:, for the concrete, this strain 

decreases from a state of biaxial tension-compression to the 

biaxial tension state (see Table 17.3). On examining the 

corresponding stresses, it isEeen that for the concrete, the 

principal tensile stresses at discontinuity are reasonably 

constant whereas, for the mortar, the stresses tend to 

increase from the biaxial tension-compression stress state 

to the biaxial tension state 

The discontinuity levels for the direct tension and 

compression specimens have also been included, except for 

the mortar tension specimens where the problem with slipping 

at the grips was encountered (see Section 17.2.). 	It is 

observed that the discontinuity level for concrete and mortar 

in direct compression occurs at'a considerably larger principal 

extensional strain than in Tension. Although the internal 

distribution of forces would be expected to remain the same in 



FPECIIEN SHAPE THIC1CNESS LDISCONTINUITY LEVEL [F21aLING STRESSES  
d 	Principal 	Stress planing ' Stress 

(in.) 	Tension 	s. i. ) y `LOad 	) 
Strain 	Tension Comp:. (lbs,) Ten.lCom 
(x10-6)  

Mortar 

BEAM 41x3 1 x40") 3.02" 

SLAB 1:1) 

2:1) 	3.07 

3.07" 
SLAB 1.58:1) 3.00" 
SLAB °  

DISC 	 3.02" 
DIRLCT TENSION 
DIRECT COIAPRESS- 

ION 	- 

C-mcrete  
SLAB (1:1) 	13.01" 
SLAB1.58:1) 	3.01" 
SLAB(  2:1) 	3.044  
BEAM (44x3"x40'') 2.98" 
DISC 	 3,10" 
DIREGT TENSION 
DIRECT COicIPRES- 

SION 

(including 
specimen! 
weight) 

414 —4.560 1728 1728 
208 3467 915 1366 
145 2447 1792 198 

0 1178 1897 	0 
-670 

'r23 0 

0 7840 

p562 
r38 

662 
294 

836 209 
1729 0 

483 0 

0 7610 

122 
126 
130 
123 
119 

0 4060 

205 	0 4700 

- 3993 
166 2810 
92 
0 

-497 
0 

414 
519 
578 
576 
670 

415 
366 
499 
497 
312 

85 
82.  
75 
70 
66 

125 

2504 
911 

12,680 

- • 

-197 
TABLE 17,3 DISCONTINUITY LEVEL STRESSES AND STRAINS AND MODULUS  

OF RUPTURE VALUES 

the compression and tension states of stress, the mechanism 

of fracture for concrete will probably be different. This 

will be examined in Chapter 19, by considering the results of 

Chapter 18 in conjunction with the results of this section. 

17.5.3 Failure Strengths  

The modulus of rupture values for the flexural tests 

and the failing stresses for the direct tension and compression 
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tests are given in Table 17..3. 

The general trends observed for the stresses of the discontin-

uity level are repeated with the moduli of rupture values with 

the former being about 63!. and 561`.a of the latter for the mortar 

and concrete.respectively. 

Although the concrete and mortar have very similar 

compressive strengths, the direct tensile strength of the mortar 

is aa: greater than that of the concrete. This agrees generally 
(117) 	(2) 

with results obtained by Jones and Kaplcm 	and Ward 

It is of particular interest to observe that both the 

discontinuity level stresses and the failing strengths showed 

no sudden drop from uniaxial tension to biaxial tension- 

compression. This sup?orts the criticisms of McHenry and Karni l s 
(69) 

testing technique, 	discussed previously in Section 11.3.2. 

The restraint effects in their biaxial tension-compression tests 

produced different states of stress to that assumed, as opposed 

to their unia;t1a1 tensile test, where these restraint effects 

were eliminated. 

17.6 INYLUECE OF 1,iIX PROPORTIONS 'AND AGE OF  TEST ON ULTIMATE 
STRENGTH 

In comparing the uniaxial tensile and compressive strengths, 
(2) 

Ward 	concluded that all factors which cause the compressive 

strength to increase will also produce an increase in the tensile 

strength. As both compression and tension failures are usually 

caused by the limiting strength of the cement paste phase or the 

bond at the cement paste aggregate interface, it is reasonable 

to consider the strength 



of concrete in terms of the factors which affect these 

strengths. 
(118) 

It has been shown by Brunaeur and Copeland 	that 

the strength of the cement paste is determined by the extent 

and nature of the tobermorite gel. For example, an increase 

in 1:i/C ratio produces less gel per unit volume with a 

corresponding decrease in the average strength of the gel. 

Also,the chemical reaction between the cment clinker and 

free water continues for many years, thereby producing more 

gel per unit volume with a corresponding increase in strength 
(114,119) 

with age. Furthermore,it has been shown by Alexander 
(95,120) 

and Hsu et al 	that the aggregate-cement paste bond 

strength increases as the strength of the cement paste 

increases. 

It was observed from examination... of the failed 

specimens that, in general, concrete and mortars in biaxial 

tension and tension-compression fail along the cement paste-

aggregate interface aad. through the cement paste -i.laiase 

As these failures are of the same general type as those 

which occur in uniaxial tension and compression, it would 

be expected that those factors which increase the strength 

in uniaxial states of stress would also increase the fail-

ing strengths in biaxial states of stress., 

To experimentally verify the influence of age, tro 

mortar slabs with ratio of diagona lengths, 2:1 were 

tested to failure, the first at 7 days age and the second 



500 

at 28 day age. (see mixes Ml and ma. in Table 16.1), For 

the two specimens, the moduli of rupture values were, 

respectively>  661 and 807 p.s.i. )  i. e. ; the former being 

of the latter. This agrees generally with ratios obtained 
(8) 

by '',iard 	in uniaxial tension tests on mortars at the 

same ages. 

For examining the influence of mix.prOportions, the 

failing strengths of mix Cl (Table 16.1) can be compared with 

those of mix 04. It was observed that mix Cl with the higher 

A/C ratio resulted in lower uniaxial tensile and compressive 

strengths than Mix C4 (see Table 16„2). The modulus of 

rupture values for the square slab similarly reduced from 

661 to 610 p. s. i. 

It is concluded from the above investigation that all 

facto=rs- which lead to an increase in uniaxial tensile or 

compressive strength will likewise result in an increase in 

biaxial tension and tension-compression strengths. 

17.7 SUMIARY 

The results of the disc and slab tests have been 

analysed in order to assess fundamental elasticity and 

strength properties for mortar and concrete subjected to 

biaxial tension and tension-compression. These have been 

compared with results obtained in uniaxial states of stress. 

In uniaxial tension and compression, it has been 

shown that both the modulus of elasticity and PdBsonls 



ratio ere reasonably unaltered in the different'states 

of stress. In particular;  it has been verified that, for 

mortar, thsee values are identical for tension and 

compression in the quasi-elastic range., For biaxial states 

of stress, there is reasonable agreement in the values of 

the elastic constant, E whereas 	tends to be larger than 

in uniaxial states of stress. 

The stresses and strains at the discontinuity level 

for the biaxial flexural tests, 	the slabs, discs 

and beams, showed fairly constant values for the different 

states of stress, although the discontinuity level stresses 

were more condant than the strains. The failing strengths, 

referred to as biaxial modulus of rupture values showed 

nearly constant values for the different states of stress. 

It was shown that the discontinuity level in uniaxial 

compression occurs at a significantly higher principal 

tensile strain than in uniaxial tension. 

From comparing the influence of age of test and A/C 

ratio on the ultimate strength of slabs, it is concluded, 

in light of the results of other investigators, that all 

factors which influence the short term ultimate strengths 

in uniaxial states of stress will have a similar influence 

on the ultimate strengths in biaxial tension and tension-

compression states of stress. 

150..T 
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CHAPTER 18 

REINFORCED RHOMBUS SLAB TESTS 

18.1 INTRODUCTION 

The loading of a parallelogram slab specimen at the 

corners will generally produce different ratios of principal 

tension to compressionstress on opposite faces (see Section 

14.4.2) with the ratio of these stresses on one face being 

the inverse of that on the other. However, as shown in 

Table 17:173, failure of such specimens made from concrete or 

mortar will propagate from the face having the larger tension 

stress, with the corresponding compression-tension ratio 

being equal to or less than unity. 

As the compressive strength of concrete is of the order 

of ten times its tensile strength, only about 10% of the 

-possible biaxial tension-compression strength combinations cax 

be obtained with the unreinforced slabs. To produce failures 

with a compression to tension ratio greater than unity while 

simultaneously ensuring that the stress state is flexural 

(see Section 17.5,1), the author has developed what is here-

after referred to as the reinforced rhombus test, 

basically, the slab is reinforced in one direction on one 

face to resist the large principal tensile force arising from 

the larger principal moment)  Mx. On the opposite face, the 

concrete will be in a state of biaxial compression-tension 

stress with the ratio of these stresses being greater than 
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unity. By varying the amount of reinforcement and the 

specimen shape, it is possible to test specimens with 

different ratios of compression to tension stress while 

also ensuring that failure propagates from the unreinforced 

face. 

18.2 THEORY OF THE REINRORCED RHOMBUS TEST 

In Section 14.4.1, it was shown theoretically that 

the corner loading of a parallelogram slab induced pure 

bending ml ants, Mx  and My)  which were constant throughout 

the entire volume of the slab. 

The experimental verification of the parallelogram 

plate theory was confined to a specimen composed of isotropic, 

homogeneous material. However,it is reasonable to suggest 

that, on s-oecimens which are not necessarily homogeneous, 

but which have a uniform thickness and flexural stiffness' 

in each principal direction, the transformation of forces 

along the si(les of theEib-;i111 result in a pure twisting moment 

along all lines parallel to the slab sides. It follows from 

this that the principal bending moments will be (see Section 

14.4.1) 
Mx 	P 1/4:r  m 	 ... 18.1 

M 	= 	P 	 ... 18.2 
-47777Y 

where P is the total applied force and the value m is equal 

to — M /M . For the case of a rhombus shaped specimen, it 
x y 
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has been shown that the ratio of the diagonal lengths is equal 

to 4-6 (see Section 14.4.1). 

By using an alternative analysis, the same theoretical 

results are obtained. As shown in Figure 184,1, the moment at 

any section perpendicular to the x - axis at a distance 'C' from 

the corner, will be equal to 2,0. - But it will be observed 
2. 

that C is equal to the ratio of the diagonal lengths of 

the rhombus specimen, i.e.; 

C 	 ... 18.3 
x 

The total moment on the cross-section is consequently equal 

to P,Trlix. As this moment is resisted by a width of 2x, then 
2. 

the average moment per unit width, Mx  is 
P 

M
x 

= a Vffm. 	P 47n 	 18.4 
2x. 

It is observed that Equation 18.4 is identical to Equation 

18.1 Similarly, by taking a section perpendicular to the y 

axis 	hiy  is shown to be equal to the value obtained in 

Equation 18.2. 

In Section 18,5, it is shown that the moments, Mx and 

M , are essentially constant throughout the entire slab since 

the measured surface strains in either principal direction 

are constant. 

It is recognised that for the general case, the concrete 

on the reinforced face will fail in tension due to the larger 

principal moment, M
x
, before the concrete on the opposite 

face begins to fail. However, it is appreciated that in cases 
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x 

Load at corner of 
parallelogram = P/2 

Note: 
1. m =-Mx/My  
2. When the parallelogram is a 
rhombus, ‘rr—n equals ratio of 
diagonal lengths of specimen 

FIG.18,1 CORNER OF PARALLELOGRAM SHAPED SPECIMEN 

r 	II
Ay  

(a) 
	

(b) 

FIG.18.2 INDUCED STRAINS IN THE PRINCIPAL DIRECTIONS DUE TO THE 

PRINCIPAL MOMENT, Mx 
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where the principal moments are very nearly of the same 

magnitude or where a large amount of reinforcing steel is 

used, then the concrete on the unreinforced face may be stressed 

past the discontinuity limit at an earlier load stage than 

the concrete on the reinforced face. AUthough it would be 

most desirable to allow the concrete on the unreinforced face 

to reach its discontinuity limit first, i. e. ; where the 

comisression to tension ratio is greater than unity, severe 

practical problems occur with regard to placing the reinforce-

ment and allowing suffidient space between the bars for the 

largest aggregate particles to pass freely. Consequently, 

two load stageu are assumed. 

(i) Prior to the tensile failure of the concrete on the 

reinforced face, the tension force due to the larger principal 

moment, Mx 
is resisted by both the concrete and the steel. 

(ii) After the concrete on the reinforced face has 

effectively failed in tension, then the tension force due 

to the moment, Iv will be resisted by the tension steel only. 

These two cases will by analysed independently. 

For the surface stresses and strains due to the combined 

influence of Mx and MY' 
the method of super-position is used,' 

i.e.; the stresses and strains are determined for each moment 

independently and subsequently added arithmetically when 

considering the moments M and M acting together. 
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18.2.1 Surface Stresses and Strains for Untracked Concrete  

In the analysis, the stresses and strains at the 

exposed faces will have the subscripts lx, 2x, ly and 2y 

where x and y denote the principle x and y directions and 1 

and 2 refer to the upper and lower faces, respectively. The 

reinforcement will be in the x direction on the lower face. 

18.2.1.1 Stresses tind strains due to IV  

It is assumed,  that, under the action of pure moment, 

the strain is linear across the section. Also, within the 

quasi-elastic range of the materiall the stress will be 

proportional to the strain.. 

In order to determine the location of the neutral axis, 

it is necessary to determine the forces on either side of the 

neutral axis in terms of the neutral axis distance., By then 

equating these forces, the position of the neutral axis is 

obtained. 

In Figure 18.2., the induced strains due to themment 

per unit width, M, are shown on aprismAic  section of depth 

dand unit width and breadth. With.; denoting strain, E 

representing modulus. of elasticity and a being the distance 

from the bottom of the slab to the neutral axis, the:; 

Tot=al force above rmeutral axis = ja ixE (d-a) 	18..5 
2. 

Below the neutral axis, the force taken by the concrete is 

Requal to 	E a -- d' (a-b)EA where A is the cross-sectional. 
L  ax 2 	Ei.„ 



a 	t 	... 18.11 
d 	2. 	2 
3 (d - 3ad + 3a ) + A(a-b) 

43x 2
( 
 1) 

area of the steel per unit width of section. Similarly, the 

fr2-...te taken by the steel equals c-,2x(.2.22)  EstA where E 

	

a 	st 

represents the modulus of elasticity of the steel. By 

addition, it is seen thati 

Total force below neutral axis 

E a + 	(a-b)A (Ect 	E) lx 	 x. a  

But, from Figure 18.2 (a), 
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18.6 

= 
	(d-a.) 	 • . • 18. 7 

Ix. 	a 	2x 

By substituting EquatioA 18.7 into Equation 18.5, 

multiplying by -I. and then equating to Equation 18.6, the 

location plf the neutral axis is obtained, i.e.; d 

a a + nil fib.  
d + n-1 A 	

... 18.8 = 

where n = E /E 	 ... 18.9 
st 

Themoment,M. Mx ' is then obtained by integrating over the 
depth, d , the product of the force on each elemental 

and its distance from the neutral axit:. Therefore, 

rd(d2  - d + x 	2x 	3a 

Solving for 02x
, then 

a) + A(a-b)2(n..1) 
a 

... 18.10 

  

strip 

and the corrosponding strain is 

2x= 14x1 
d 	2 	

a 
2 

3. (d - 3ad + 3a ) + A(a-b)2(n-1) 

. . . 18.12 



... 18.14 

a 
+ A(a-b) 

E 	d 2 

L 	
3 ( a - 3ad + 3a2) 

and the corresponding stress is 

xr 	a = - 

i  

M 	d- 
d 2 	2 
3 (d - 3ad + 3a ) + A(a-b)2(n-1) 

Due to the Poisson's ratio effect (see Figure 18.2(b)) 

4- 	

= - 
2y 	x 	a  

2 1  
+ A(a-b)(n -1) 2 - 3ad + 3a2 

• • ••• • 18.17 
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From Equations 18.7 and 18.12, the principal strain, (11x' on 
the upper face is 

/ = - Mx  0 lx d -a ... 18.13 

  

... 18.15 

Therefore, from Equations 18.13 and 18.15 

I = 3.y 
E d a 	2 	2 

3da + 3a ) + A(a-b) (n-1) 

Similarly, 

M 
d-a ... 18.16 

18,2.1.2  Stresses and strains due to M y  

Due to the moment, M , the surface'stress is computed 

directly from the moment-surface stress relationship shown in 

Equations 14.10 and 14.11, i.e.; 

6 My  
ly- 

... 18.18 

and = 6M 
y 

 
d 

... 18.19 
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The correaponding strains are 

fn 	= - GM 
ly 	

d2 E 
	 ... 18.20 

and or = 6My  
2y 	 

dE 
... 18. 21 

The steel is expected to have a negligible effect on 

the general stress pattern across the section due to the moment, 

M . Hovr&fver, the natural expansion of the steel in the x-
Y 

direction due to the Poisson's ratio effect would be only a 

fraction of that of the concrete as the steel is E stiffer 

material. For example, the nattral expansion of the concrete.?  
(  

	

represented by the strains, 1 	j1 and 	(see Figures 18.3 and 

	

lx 	2x 

18. 4)vioulC be( from Equations 18. 20 and 18. 21) 

, I  = 6 
lx. 

,, 
d
2 
 

and 	r
1 

= - 6yM r. ax -77 
d-  E 

At the level of the steel, the natural expansion of the 

concrete would be 

.a 	, 
* -='; 2x G"7- ) 

d/2 

... 18.22 

... 18.23 

... 18.24 

If the steel had the same WE value as the concrete, then 

the natural expansion of the steel would be equal to that given 

in Equation 18.24. However, as the steel is stiffer, i. e. ; 

higher E value, than the concrete, then the amount of natural 

expansion in the steel will be less than that given by Equation 



.,(slx-4x) 

	 ---(8st- 61st )  
(cS 	) 2x 2x 

(b) 

Reinforcing 

(a) 	 ( b) 

Note: See Fig. 18.4 for the actual strains in the x- direction 

FIG 18.3 NATURAL STRAINS IN THE PRINCIPAL DIRECTIONS DUE TO THE 

MOMENT, -My  
1 

FIG.18.4 ACTUAL STRAINS IN THE X - DIRECTION DUE TO THE 

MOMENT, -My 
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18.24. As the v values for steel and concrete are of a similar 

order, then the ratio of the actual natural expansion of the 

steel to that given in Equation 18.24 is approximately equal 

to- l/n (see Equation 18.9), 	(Figure 18.4), 
d _b) 

;.st 
= 
62x 	 

d/2 

However from Equations 18..25 and Figure 18.,4 it is 

seen that an incompatibility occurs between the natural 

expansion of the concrete (represented by the straight line 

1 
• between 4' 1  and 00  ) and the steel, As the sections 

x " I 

L 
	dst 

remain plane, stresses are created in the x-direction with 

a tensile force in the steel and an equal and opposite 

compression force in the concrete being produced. This is 

represented in Figure 18.4(a) by a dotted line whefe it is 

seen that the steel is stretched to produce a total extensional 

strain, dl(svcompatible with the strains in the concrete represent- 

ed by 'lx  and ,f2x. 

From Figure 18.4 (b); 

Force in steel = ( ‘st-jst
1) A E

st 	
... 18.26 

and. 
1 

Force in concrete = (d11x - ilx1) 	(d21c- cf2x  )E d 	• • • 18.27 

However, as the tension force in the steel is equal to the 

compressive force in the concrete, then by multiplying Equation 

18.26 by (-1) and equating to Equation 18.27, we obtain 

... 18.2.5 
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c)( 1) +(S 1)Ed 

st st 	Ix  (°( 	-ifst ... 18.28 

At the level of the steel the sum of the extension of 

the steel and the contraction of the concrete must be equal 

to theincompatibility in strain, (I ( 1, ost  h shown in Figure 

lei. 4( a)., Therefore, by subtracting Equation 15.25 from 

Equation 18.24, then 

-jstl = (f. x?-(d - 2b) (n-1) 	 ... 18.29 

The amount of contraction of the concrete at the level of 

the steel (see Figure 18.4(a)) is 
F / 	( 	1 

—°(St = i ( c) 2x -°2x) 	
f 

 ... 18.30 

Therefore, from Equations 18.29 and 18.30 and Figure 18.4, 

1—,f )401 	)lb 
lx lx _ 2x 2x 

18.31 
As the tensile and compressive forces of the steel 

and concrete, respectively must not only be equal and opposite, 

but also, the effective resultants must be coincident, it is 

possible to tacce moments of the forces about any point and 

equate them. By taking ,Ioments about the bottom surface, 

then, 

_a/ 	(f 	1)Ed d + [42x 42x1)4:  -- 

	

stk  st Qst 	
11 	1) Ed.d 

a 	-- ix .... 	g 
... 18.32 

It is seen that Lquations 18-22, 18..23, 18.25, 18.,28, 

18.31 and 18.32 produce six equations for the six terms, cr st'  

cr 	de' 	f 	1 
cl
t 
 st 	lx,  lx 	(2x) EnL: 2x  -13y suitable substitution, it is 

we obtain, 

1(d-2b)(n-1) -n 

 

'st st
1)+ 
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thus possible to solve for the actual strain values, c(
lx 

and 

2x  corresponding to the applied moment, M 
rl 

By solving Equation 18.28 for (I - d ) and 
st 	st 

substituting into .bquation 18.32, then 

(or — I 
2x 	2x 

) 	= (61 	- I 
lx, 	lx 

) 
r  
13b-2d 

d-3b 
... 18.33 

By substituting Equations 18.22, 18.23, 18.25 and 18.33 into 

Equation 18.31, then 
1 

(c( -if ) . - 12vmy(a-2b)(a-3b)A(n-1)  
Ix: ix 	2,3 	2 	2 

d E Lid + 4nA(d -3bd+3b )j 

By substituting Equation 18.33 into Equation 18.34 

.... 18.34 

r. 1 
(6d ) = 12.VM (d-2b)(2d-3b)A(n-1) 	... 18.35 

	

2x 2x 	2 r73. 	a 	2 
d E d + 4nA (d -3bd+3b 

The corresponding stresses, 	and ( are 
lx 	2x 

	

= - 12. vIld (d-2b1(d-3b)A;n-1) 	... 18.36 

	

lxa 
	

2 
d 	+ 4nA (d -3bd+3b2)] 

= 	12vM (d-2t)(2d-3b) i(n-1) 	... 18.37  
\t/  2x 	2 -Y3 	2 	a]  

d E d + 4nA(d -3bd+3b ) 

Due to the strains in the x-direction as shown by 

Equations 18.33 and 18.34, there will alAo be strains induced 

in the y-direction by the Poisson's ratio effect. Although 

these strains will tend to reduce the values given in 

Equations 18.20 and 18.21, the reductions are only of the 

order of 0.5:: of the values given in EquatiOns 18.20 and 18.21 

and can therefore be neglected. 
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18,2.1.3 Surface strains due to  M  and  M 

x 	y 
As discussed in Section 18.1, the method of super-position, 

which is employed in plate theory, is used here to determine 

the surface strains due to the combined action of the 

principal moments Mx  and M. Thus, for determining the 

strain, I , the values given by Equations 18.13, 18.22 and 1x  
18.34 are simply added. By substituting Equations 18.1 and 

18.2 so as to obtain the strain in terms of the applied load, 

P, then, 

S
Ix 

= - 	(d-a) 	+ 6V 
4E d 2 	2 	2 	2 

3(d -3ad+3a )+(a-b),(n71)A 	md 

... 18.38 

- 12;V id-213)(d-3b)A(nr-1) 

   

   

r  3 	2 	2 1 
md 	'd + 4nA(d -3bd+3b,)! 

  

Similarly, from Equations 18.1, 18.2, 18.12, 18.23 and 18.35, 

J2x 
= ,,rEP 	a 	+ 6v 
4E id 2 	a 	2 	2 

17(d -3 ad-+3a ) +A(a...;b) (11,-1) 	md 

- 12.+, (d-2b)(2d-3b)A(n-1) 	1 
2-, 	f 3 	2 	2 1 

( md 	i d +4nA( d -3bd+3b ) i 

... 18.39 

In the y-direction, the strains are (from Equations 18.1r  

18,2, 18.16 and 18.20) 
...._ 

cc = 'IrliP
)  

	

V( d-a) 	+ 6 
i 	1 d y 4E 	2 	2. 	2. 	md ---2 ( ( 

!_7(d -3ad+3a )+A(a-b) (n-1) J 
and from Equations 18,11  18.21  18.17 and 18.21 

1  =-4771P 	va 	+ 6 
2y7 4E 1 d 	2. 	2 	2 	2 

1/4.. 
t  3 ( d -3 ad+3a ) +A( a-?)) (n1-1) 	md 

... 18.40 

... 18.41 
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18.2.1,4 Modulus of elasticity and Poisson's atio  

In the experiments ,-.Inducted, the surface strains and 

the applied load were measured. (see Section 18.6) In order 

to determine the basic elasticity constants in terms of these 

measured results, it is necessary to solve Equations 18.38 to 

18.41 for E and v. As the strains on the top surface would be 

expected to be slightly different from those on the bottom 

surface due to the segregation effect of the concrete, it is 

necessary to solve for E ankl von the basis of the recorded 

strains on each surface. Thus, two values for both E and V 

will be obtained with the subsripts 1 and 2 denoting top and 

bottom surface, respectively.. 

For ease of calculation, let 

X = 	d-a 	 004 18.42 
d 2 	2 	a 
7(d -3ad+3a )+(a-b) (n-1)A 

... 18.43 =  2(d-2b)(d-3b),A(n-I)  
r 3 	2 	a , 
id +4nA(d -3bd+3b ) 1 

Thus, Equations 18.38 and 18,40 become 

	

d 	= ----- 	\X + 6v (1-Y)-1  

	

( 	& 	
_ 

lx 	4E 	i 
, 	a 
f 	rad 	j ,.._ 

ly 
= 	, X +- 6 ! 
4E md2 j  

By solving Equations 18.44 and 18.45 for E 1 and 

then 

	

36 	2 2 
E= P m .me (1-Y) - X and  
1 4 

6 cr.  (1-Y) +md 
ly 	lx 

and Y 

2- 

... 18.44 

... 18.45 

. . . 18.46 
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I 
Ix 	 md- 

	

„J, 	:1 1y 3(  
ref 6  (1-Y)+ X* ly md2, 	lx 

.... 18..47 

Similarly, from Equations 18.39 and 18.41 we obtain the 

elasticity values ,on the bottom surface, 

E2 = Perri  =md2 X2 ( a )2' - 36 (1-(2d-3b  Y)-1 
4 	 e 

	

m' 	( d-313  .. 18.48 

 

mda 
X 	6f (1-rd-3b)  Y) 

a d- 	2y 	d-3b) 

  

f (- Y L2x X a 
d-s 

+12y,  6.,(1-(2d-3b) 
-71-7ID) 

It is observed that all the values of E and v” are 

dependent on the location of the neutral axis represented 

by the distance, a (see Equations 18.8, 18.42 and 18.43). 

However, as the distance, a, is 	dependent on the modulus 

of elasticity of the concrete (Equations 18.8 and 18.9), then 

the values of E and v calculated. from Equations 18.46 to 18.49, 

Are based on an assumed E value for the concrete. Therefore, 

the true value of E and vmuist be computed by a trial and error 

process. In the calculation for E and v (see Section 18.6), 

the assumed value for E was an average value obtained from 

the results-  of the unreinforced slabs discussed in Chapter 17. 

Although small differences were obtained between the assumed 

E value and the computed E values obtained from Equations 18.46 

and 18.48, further calculation by substituting the computed 

a = -{ 2y X _a 
d-a 

I 6 1 2-x 2 and 18.49 
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E value into Equations 18.8 and 18..9 resulted in negligible 

changes n the calculated values of a.. Consequently, one 

calculation only was required for the individual value of E 

and V in Equations 18.46 to 1849 for each specimen..  

13.8.2 Surface Stresses and Strains After Tension Failure of  

Reinforced Face  

After the concrete on the reinforcing face has begun to 

crack and fail, there is a general transition in the slopes of 

the load-strain curves for the individual strain gauges (see 

Figures 18.6 to' 18.11). When the concrete on the reinforcing 

face has failed completely with all the tension force due to the 

moment, M, being resisted by the steel, the curves will again 

become linear as long as the steel, and the concrete on the 

unreinforced face are still in the elastic or quasi-elastic 

range. 

It is recognised that the concrete on the reinforced 

face will not fail completely in tension as some of the material, 

particularly near the neutral axis, will be subjected only to 

a very small strain. However, as this material also has a 

very small moment anm, its contribution to the moment of 

resistance is assumed to be negligible. 

A detailed theoretical analysis of the relationship 

between the principal surface strains and the applied load 

was conducted on the assumption that all the concrete on the 

tensile side of the neutral axis had failed. Although this is 
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reasonable when considering the relationship between the applied 

moment and surface stresses, large errors can occur in the 

comouted values of the strains due to Poisson's ratio effect. 

For example, as shown in Figure 18.5, there will be a natural 

contraction of the concrete on the upper surface, (fix, due 

to the. moment, Mx, and a corresponding natural expansion in 

the y-direction fiv  On the lower surface, however, the 

measured strain, ,i 	consists of series of fine cracks without 
2x 

any appreciable expansion in the material itself. As a result 

it might be assumed that there is no Poisson's ratio effect 

in the y-direction (see Figures 18.5 (b) and (c)). However, 

as this would imply a discontinuity at the neutral axis, 

stresses would be creattd, in the y-direction so as to obtain 

a plane section. The effect of these stresses is to reduce 

the amount of exoansion on the upper surface and to produce 

a compression on the lower surface. By conducting a theoretical 

analysis analogous to that used in Section 18i2.1.2, it can 

he shown that /ly equals 0. 5.r when al = d/a and that 
*ly 

ffiy1  decreases as a, increases. 

Alternatively, if it is assumed that the concrete shortens 

naturally in the y-direction as shown in Figure 18.5(d), the 
1 

theoretical analysis shows that the actual strain (Ily  is 

of the order of 0.9 hy. As either of the above assumptions 

may be considered reasonable, it is obvious that large 

variations in the theoretical values of strain and the 

corresponding values of stress will occur. Consequelittly)a 



(a) (b) (c) (d) 

Reinforcing 

six 

FIG. 18.5 INDUCED STRAINS IN THE PRINCIPAL DIRECTIONS DUE TO THE MOMENT, Mx  

AFTER TENSILE FAILURE OF THE CONCRETE ON THE REINFORCED FACE 

N O 
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detailed analysis analogous to that used in Section 18.2.1 is 

not justified. 

For computing the principal stresses on the upper 

surface, two methods are employed. In the first method, 

described in the next section, approximate values are obtained 

from a brief elastic analysis.. The second method, described 

in Section 18.2.2.2, is based on determining the stresses from 

the measured strains. 

18.2.2.1 Elastic analysis 

For determining the stress J 	it is necessary to 

Obtain the location of the neutral axis represented by the 

distance, a, in Figure 18.5 (a). As the tension force in the 

steel and the compression force in the concrete are of equal 

magnitude and opposite sign, it is possible to obtain the 

values for these forces in terms of the distance, a1.. By 

then equating these forces, the value- of a calt be olstainad, 
1 

i.e.; 

Compressive force in concrete = I.1x
E(d-al) ... 18.50 

and 

Tensile force in steel=- 
	

d..1;11 A E 
lx. st l)  

By solving for al, we obtain 

al  = (d+An) - Anj1 + 2L1=b) 
An 

... 18..51 

... 18.52 

As the moment, M , is equal to the product of the force 
x 

in the concrete (or the steel), and the moment arem, then 



... 18.56 

Mx = 	(d- al) 	i(a -b„)-1-2(da• )1  
lx 	• 1  3 

By solvin; .:,(1u - ti-)n 13.53-for lxewe obtain 
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,.. 

 
18.53 

• 

<11x = 	(d-al)(2d+al-3b) 

     

... 18.54 

     

The correspolain7 strin• lx 	be 

   

  

71)(4,)c-a-,--1-3b.) 

    

... 18.85 

      

The corresoonding strain in the y-direction, 	would 

be exioected to be equal' to 	However, as shown in 

Figure 18.5, the actual strain in the y-direction will be 

somewhat less because of the incompatability of strain across 

the section. (Figure 18.15 (c) and (d)) with the actual strain 

being generally between 0.5 Iy  and 0.941y. An approximation 

is made by assuming that the actual strain is 0.75 cfly. 

As S 	is the nattral expansion of the material and 
ly 

0.75 fcly is the actual assumed expanBion,it is apparent that 

a compression stress,f1r)will be induced at the upper surface 

with the magnitude of this dtress corresponding to the 

difference in the above strains, i.e; 

= (O. 	(cy)12, 

As 'sly, is approximately equal to - 0.2.0 
lx ly  

then then from Equations 18.54, 18.55 and 18-56, 

4 ly  = 0-05 Ix 	 ... 18.57 
// 

y Due to the moment, M , the stressq 	can be computed l 

from Equation 18.18. Although there will be stresses induced 

in the x-direction due to the incompatibility of the natural 

lateral strains of the concrete and steel, these will be 
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relatively small and are therefore neglected. 

Thus, from Equations 18.1, 18.2, 18.18, 18.54 and 18.57 

-3 	P dm  

 

... 18.58 
a (d-al)(2d+ai-3b) 

  

and 	PF(L2  - 0,05  
(d-a(2d+a1-31e), 

... 18.59 

18,2.2.2. Stresses from observed strain values  

It has been shown that, for any element subjected to 

biaxial stress conditions that (see Timoshenko and Woinowsky 
(67) 

Kreiger 	p. 5), 

E- lx  - \if ly 
18.60 

S lyE 	ilyv 	x. 

‘ As the. strains, IE  and ig,y are measured and the E 

and u values can be obtained from the computed elasticity 

values prior to cracking (Equations 18.46 to 18.49), it is 

seen that Equations 18.60 and 18.61 provide two equations 

for the two unknowns)  C and 	By solving them 

simultaneously, we obtain, 

Ccy ) ... 18.62 

 

(1-v, a 

  

1
iy 
 =  E('ly +  

) 
„418.63 

For the unreinforced rhombus slabs, the ratio of the 

principal moments as well as the principal stresses was shown 

to be equal to the square of the ratio of the diagonal lengths 

... 18.61 
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(see Sections 14.4.1 and 14.4.2). For the reinforced rhombus 

slabs, this relationship will still apply for the ratio of the 

principal moments although this will not generally be the case 

for the principal stresses. This is due to the neutral axes 

in the two principal directions being at different locations 

for the latter case. This will be true both beofore and after 

the tensile failure of the concrete on the reinforced face. 

18.3 REINFORCENLNT 

13.3.1 Design of Reinforcement  

In the design of suitable reinforcement in the slabs 

it was necessary that the reinforcement should satisfy certain 

requirements. These were; (1) There must be sufficient steel 

to allow the upper surface of the concrete to fail in 

biaxial tension-compression before the steel reaches its 

yield strength. (2) The distance between the individual 

bars should be small in relation tb the disttnce to the 

neutral axis. (3) The space between the bars must be 

adequate to allow the largest 'aggregate particles to pass 

freely, i.el  there must be no tendency for the aggregate 

particles to settle on top of the reinforcement during casting. 

For practical reasons,it was-also necessary that the 

mortar and concrete specimens be reinforced in an identical 

manner (see Section 18.3.2). 

To satisfy all these requirements, a compromise was 

required. After investigating severa possibilities, the final 

selection was as shown in Table 18.1, 
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TABLE 18.1 REI1UnRCING DETAILS OF SLAB SPECIhJENS 

Diagonal 
Length Ratio 

Reinforcing 
Details 

2. 5:1 
2.f2 :1 

1. 58:1 

e'" 	IV bars 	1." centres 
I " 	bars @ -Pe centres 
*." 0 bars Q -el centres 

18.3,2 Positioning of Reinforcement  

It was imperative that the reinforeement be positioned 

accurately, not only with regard to conforming to the ''between 

centres' distance given in Table 18.1, but also with reference 

to the distance from the surface of the specimen. To satisfy 

these requirements, the following procedure was adopted for 

placing the reinforcement. 

Prior to attaching the sides of the mould (see Plate 

18.1), the base of the mould was marked with parallel lines, 

the distance between the lines being the 'between centres' 

distance of the reinforcing bars. These lines were also 

parallel to the longer diagonal of the rhombus specimen. After 

cutting the reinforcing bars to the correct length (see Plate 

18.1), they were firmly secured in place by means of wires 

(see Plates 18.1, 18.3 and 18.5. Each wire passed over the 

too of the bar and along opposite sides of a spacer (a 	0 

reinforcing bar cut to a length of about 4"), Each end of the 

wire was then passed through a small hole drilled in the base 

of the slab and over a second spacer bar on the bottom side of 

the base of the mould. By then twisting the two ends of the 
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wire around each other, it was possible to anchor the reinforodng 

bar securely while simultaneously maintaining it at an accurate 

distance from the base of the mould. At least two supports 

were selected for each reinforcing bar. With bare more than 

about 24" in length, three and, in some cases, four supports 

were used. 

As it was important that the steel bars should be a 

uniform distance above the base of the mould, straight bars 

only were selected. 

On the basis of ten readings, with calipers graduated in 

C.0001" divisions it was observed that the bar diameter was 

generally within 0.002" of the diameter given in Table 18.1, 

With such small variations in bar diameter, it was considered 

sufficiently accurate to perform all calculations on the basis 

of the diameters-.  given in Table 18.1. 

To prevent movement of the bar& or damage to the anchor 

wires during casting, the concrete or mortar was placed in 

small quantities with short vibrations until the bars were 

completely immersed. By employing such care, no difficulty 

Was experienced with any of the reinforcement becoming loose. 

To remove a specimen from its mould, the specimen was 

overturned and all the wires were cut. The mould then was 

lifted off the specimen with the wires passing through the 

holes. Following this operation, the wires were again out so 

that the ends would be flush:with the surface of the concrete or 

mortar specimen. 
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18.4  EXY,RIliiENTAL DEVELaPMBNT 

It was found in the initial tests that the testing 

technique was unsuitable, the resulting failure being due to 

such factors as bond breakdown and diagonal tension. In this 

section, the problems which were encountered and the successive 

steps taken to prevent a repetition of these problems are 

discussed. 

18.4.1 Initial Specimen 

The initial specimen tested, a 2.5:1 slab (Mix designation 

C2, Table 16.1) had straight bare (see Plate 18.1)., The 

specimen failed qt oneefthe acute-angled load points with 

failure being initiated by a breakdown in the bond between 

the reinforcing bars and the concrete as shown in Plate 18.2. 

After the bond failure had propogeted past the load point, 

a diagonal tension failure occurred..  

Close examination of the failed specimen showed that 

cracks occurred at the end of each reinforcing bar. From 

this, it was concluded that a breakdown of the bond between 

the concrete and the steel had occurred at the end of each 

reinforcing bar. 

18.4.2 Second Speor:len 

To overcome the breakdown in bond at the ends of the 

individual bars, some form of anchoring was necessary. This 

was obtained by bending up every bar at both ends as shown in 

Plate 18.3. For the three bars at the acute angled load points, 



PLATE 18.1 Reinforcing in initial slab specimen 

PLATE 18.2 Initial slab specimen at failure 



PLATE 18.3 Reinforcing in second slab specimen 

PLATE 18.4 Second slab specimen at failure 
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the bars were turned and a -15" 0 bar was placed crosswise to 

provide a more suitable anchor in the mortar in this zone of 

high stress concentration. For additional anchoring of the 

ends of the bars, a i" 0 bar was placed parallel to the sides 

of the mould, and was secured to each bar by means of a wire 

(see Plate le.3). 

Although it may be thought initially that this bar 

wruld influence the stress distribution in the specimencloser 

examination shows that this effect is negligible. From Section 

18.1, it was shown that the sides of the specimen and all lines 

parallel to it are in a state of pure twist. Consequently, as 

the bar is parallel to the side of the specimen, it will not 

generally be subjected to any longitudinal stress. 

The specimen tested was a mortar (Mix designation M4, 

Table 16. 1) with a ratio)of diagonal lengths of 2:1. Unfort-

unately, failure occurred' again at an acute angled corner with 

the failure probably being initiated by a combination of bond 

breal.cdown and a splitting mechanism at the ends of the three 

bars extending into the corner. (see Plate 18.4). This 

developed into a diagonal tension failure with breakdown of 

the bond between the mortar and steel odcurring at the turned 

up ends of the bars _.nearest the acute angled corners as seen 

in Plate 18.4. 

18-4.3 Final Reinforcing Procedure 

To eliminate failure of the concrete in the acute angled 
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corners of the specimen, two steps were taken. So that 

failure would not be initiated at the load points, the three 

corner bars were extended as far as possible past the load 

point before being bent up. These bars were then bent back along 

the opposite surface of the spedimen as shown in Platt 18.5 

In order that failure did not occur as a result of diagonal 

tension in the concrete or bond breakdown on the vertical 

section of the bent up bars, tIB bars nearest the corners were 

bent up and then back on the opposite face. Stirrups were incl-

uded so that the tension force induced by the corner loading 

would be effectively resisted by the steel. 

A corner of a 2.5:1 slab is shown in Plate 18.5. As 

the extra reinforcing is confined to the two acute-angled corners 

of the specimen, it is considered that this reinforcement would 

have no significant influence on the general distribution of 

stress in the specimen.. All specimens were tested satisfactorily 

wits this general arrangeMent of reinforcement although the 

2:1 and 1.58:1 slab specimens had less corner reinforcing due 

to lower applied loadF,  at failure. 

18.5  ?RECISION OF TEST 1ETHOD 

Six reinforced slab specimens, three mortar and three 

concrete were tested for elasticity and strength properties. 

The mix proportions for these specimens are given in Table 

16.1 while the method of t€Etisdiscussed in Sections 16.4 and 

16.5. Load-strain graphs for the individual specimens are 
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PLATE 18.5 Final reinforcing procedure in acute angled 
corner of slab specimen 
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given in Figures 18.6 to 18.11. 

In Section 18.2, it was shown that the average moment on 

any principal section must be equal to the values given in 

Equations 13.1 and 18.2. If the principal moments at all 

-points Fre constant, then the values for the moment at every 

poiAt must conform to the values given by these equations. 

Under this condition, it also follows that the principal surface 

stresses and strains must be constant at all points. 

In Figures 18.6 to 18.11, the principal strains on 

aach surface have been recorded with two sets of electrical 

resistance strain gauges.. Half of the gauges have been 

positioned at or near the centrepoint of the slab while the 

other half have been placed roughly halfway between the centre 

and a corner of the specimen. The principal strains in each 

direction on each surface are observed to be remarkably 

coincident in almost every case. The small differences 

detected can be accounted for by small variations in the 

property of the material or thickness of the slab specimen.. 

In view of the theoretical presentation of Section 18.2 

and the experimental confirmation as discussed above, it is 

concluded that the induced principal moments are constant 

throughout the slab and therefore can be computed accurately from 

Equations 18.1 and 18.,2. It is, however, recognized that a 

small error will occur near the sidesrof the spedimen due to 

the transformation of twisting moments as discussed in Section 
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As observed in Figures 18.6 to 18,11, there is a transition 

in the slopes of all the curves following the tensile failure 

of the concrete or mortar on the reinforced face (see Section 

18.2). As the curves again become linear with the 2:1 and 

2.5:1 slabs, it is possible to determine the moduli of 

rupture values by two alternate methods, as discussed in 

Sect on 18.2.2. Unfortunately, with both the 1.58:1 slab 

specimens, the material on the unreifforced face had exceeded 

its discontinuity level before the tensile failure on the 

reinforced face had effectively ceased (see Section 18.2). 

For these specimens, the modulus of rupture values are 

obtained only by the approximate method developed in 

Section 18.3.2.1 

18.6 ELASTICITY PROPERTIES 

By using Equations 18.46 to 18.49, the elasticity values, 

E and V have been computed for the upper and lower surface of 

the specimen on the basis of'observed stroll's prior to the 

tension failure of the concrete on the reinforced face. (see 

Table 18.2) 

As discussed in Section 17.3.2., the mortar specimens 

tended to be stiffer at the bottom than at the top due to 

segregation whereas, for the concrete specimens, this effect 

was only slight. This effect is again observed with the 2.5:1 

and 2:1 reinforced slab specimens although the 1.58:1 

specimens showed an opposite trend. The reason for the 
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apparently high value for E, for these last specimens, 

particularly the mortar, were probably due to somewhat large 

values for recorded strain on the upper surface. This is 

further substantiated by the odd Poisson's ratio value obtained 

for these same specimens'.: 

TABLE  18.2 ELASTICITY VALUES FOR REINFORCED SLAB TESTS 

SPECIMEN SHAPE E (x10
6 
 ) 

1 
p. s. i. 

%.,?]_ 
!E 
I 
i 

(x106) 
2 

p. s. io 

__. 

V 2 

idortar 

4.30 0.231 4.97 0.291 2.5:1 
2.0:1 4.11 0.245 4.68 0.334 

1.58:1 5.30 0.394 4.67 0.266 

Concrete 

6.50 0.303 6.50 0.277 2.5:1 
2.0:1 5.80 0.233 j 6.16 0.238 

1.58:1 6.49 0.430 
4
I 6.2.5 0.239 

L 

Although the modulus of elasticity values for the 

reinforced mortnr spedimens showed generally good agreement 

with the values obtained for the unreinforced mortar specimens 

(see Tables 17.1 and 17.2), the reinforced concrete specimens 

tended to yield slightly higher values of E than for the 

unreinforced specimens. Furthermore, it is observed that 

the value of E for the concrete tends to increase as the ratio 

of compression to tension stress increases. 
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With regard to Poisson ratio values, it is observed that 

the relatively high values obtained for the unreinfotced slab 

specimens (Table 17.2) are again observed with the reinforced 

slab specimens (Table 18.2), Although no consistent trend for 

Vin relationt-rav induced stresses was observed with the Mortar 

specimens, the V  valued for the concrete specimens generally 

increased as the ratio of compression to tension stress 

increased (see Tables 17.2 and 18.2.). 

It is difficult to account for differences ih elasticity 

values as a function of the induced loading system. Robinson
(6) 

has obtained smaller 0 values for concrete in biaxial compression 
(7) 

while Vile 	has observed, also from biaxiab compression tests, 

that the values of E may increase by as much as 40'7 from that 

obtained in uniaxial compression. These changes have been 

described as being due to a general reduction in the internal 

voids or a general stiffening of the cement paste or mortar phase. 

It is logical to suggest that the increase in E resulting from 

the increased ratio of compression to tension would be caused 

by an alteration in the internal distribution of stresses which 

tends to cause an incrdasing proportion of the load to be 

transmitted through the stiffer aggregate particles. Similarly, 

an alteration in measured values of pan be accounted for by 

considering the internal distribution of stresses as a function 

of the variable restraint effect by the aggregate particles on 

the cement paste phase as well as the general multi-phase nature 

of the material. 
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18.7 DISCONTINUITY LEVEL STRESSES AND STRAINS AND ULTIMATE 

STRENGTHS  

18.7'.1_ Discontinuity Level Stresses and Strains  

The discontinuity level strains have been obtained from 

Figures 18,6, 18.7, 18.9 and 18.10 by observing the average 

strain at which the gauges in the principal tensile direction 

on the unreinforced face (gauge nos. 2 and 3 in every case) 

deviate from non-linearity. These values are recorded in 

Tables 18.3. Although the graphs become non-linear at an 

earlier load stage, this is caused by the redistribution of 

stresses corresponding to the tensile failure of the reinforced 

fade. (see Sections 18.2 and 18.5). 

It is apparent, from the values given in Table 17.3 

and 18,3, that the discontinuity level strains for both mortar 

and concrete generally increase as the ratio of compression to 

tension increases. For example, when the ratio of principal 

compression to tension stress is hero (uniaxial tension), the 

discontinuity level for the concrete occurred at a principal 

tensile strain of 75x10. When the above ratio of principal 

stresses was increased to about six (2.0:1 specimen, Table 18.3), 

the strain increased to 183x10
-6
, an increase of 145:. 

Although large increaseit in tensile strain were also observed 

with the mortar s,?ecimens, the percentage increase was 

generally smaller, than that obtained for the concrete speci-

mens. 
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TABLE 18.3 DISCONTINUITY LEVEL STRESSES AND STRAINS AND 

MODULUS OF RUPTURE VALUES 

SPECIMEN SHAPE Thickness 
d 

(ins. ) 

Discontinuity Level 	(Failing; Stresses 
Principal 
Tension Strain 
(x10-6) 

Strass(p.s.i.) Failing 
Load 
(lbs) 

Stress(p.s. 
Tensionl Comp Tensl Com. 

Mortar 

3.01 

3.07 

3.05 

3.25 

3.06 

3.07 

192 

215 

- 

160 

183 

- 

250 
(266) 

312 
(435) 

230 
(235) 

327 
(570 

- 

2310 
(2420) 

1750 
(1840) 

- 

2530 
(2680) 

aow 
(2100) 

- 

8850 

8255 

7915 

1q660 

8626 

6480 

406 

513 

676 

390 

52.4 

538 

(430)3910) 

$ 715)f3020) 

(400)(4570) 

(915)(3370) 

3725 

2880 

2640 

4310 

3340 

2280 

2.5:1 

2.0:1 

1.58:1 

Concrete 

2:5:1 

2.0:1 

1.58:1 

Note: Values of stress enclosed in brackets were obtained from 
Equations 18.62 and 18.63 whilst the other stress values 
were obtained from Equations 18.1 58 and 18.59. 

The fact that mortars and concretes can withstand larger 

extensional strains as the ratio of compression to tension stress 

increases is shown also by examining the principal tensile strains 

near failure. (see Figures 18.6 to 18.11). For example, with 

concrete, the largest average recorded tensile strains are 120, 

160 and 290 microstrain for compression to tension ratios of 0 

(flexural beam test), 0.4 (1.58 unreinforced slab) and 6 (2:1 

reinforced slab ), respectively. 
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18.7•..2 Modulus of Rupture  

To calculate the modulus of rupture values, (see Section 

17.5.1), Equations 18.58, 18.59, 18.62 and 18..63 were again 

used with the failure strengths being computed on the basis 

of elastic analysis. 

Two typic,a1 specimens at failure are shown in Pliote 

18.6, Although the unreinforced specimens discussed in Section 

17.3.1 tended to fail at a random secti)n, the reinforced 

specimens failed consistently near an obtuse angled corner. 

Unfortnately, as the stress pattern near the edge of the 

soedimen would be affected by the edge conditions, it is reason-

able to suggest that the modulus of rupture values obtained 

are slightly low (of the order of 5A. This is borne out by 

the fact that, for those gauges which measured the principal 

tensile strain on the unreinforced face, the graphs did not 

become as horizontal as in the case of some of the load strain 

graphs for the unreinforded slab specimens (Figures 17.7 to 

17.12) This suggests that some reserve of strength was still 

available over the general slab volume when the concrete or 

mortar near the corner failed. Furthermore, stresses at the 

discontinuity level for the reinforced slabs were about 65 to 70;?7 

of the modulus of rupture values as compared to about 60c/ for 

the unreinforced-  specimens. 

It is inter sting to observe that failure always occurred 

at a section, which was subjected to principal tension stress 

(Plate 18.,6). 11his1s in general agreement with the types of 

failures observed with the unreinforced specimens as discussed 
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PLATE 18.6 Typical reinforced slab specimens at failure 
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in the last chapter. 

18.8 APPRAISAL  OF TEST METHOD 

As discussed in Section 18.5, it was shown conclusively 

that the induced moments, M
x 
and M obtained from the theory 

Y/  
of Section 18.2 were accurate and that, as a result, the 

slab was subjected to a known and constant state of biaxial 

moment. Although the surface stresses and strains could not 

be similarly verified with the theory, it is considered that the 

theoretical values for stress and strain (Section 18.2.1) are 

in close agreement with the actual values obtained. On this 

basis, it is also reasonable to assume that the calculated values. 

for E and are accurate if the recorded strains are reliable. 

Asshown in Section 18.5, the recorded strains were usually 

found to be uniform, thereby conforming to theoretical 

predictions. However, when some strain. readings were stp2,3ct 

as occurred with the upper surface of the 1.58E dab specimens, 

the values of E and ,;were also found to be suspect. 

After cracking of the concrete on the reinforced face, 

the principal moments will still be in good agreement with 

the theoretical values obtained in Section 18.2 (Equations 18.1 

and 18.2). However, as shown in Section 18.2.2.,the 

calculations for surface stresses and strains are only 

approximate, being not only susceptible to theoretical 

assumpti-ms (Section 18.2.2.1), but also to strain measurements 

(Section 18.2.2.2) This was shown in TaIle 18.3 where, for the 
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two methods of calculating the principal stresses, large 

differences occurred in some cases. (for exatlaple, see the 

mortar slab Table 18.3). 

The greatest criticism of the reinforced slab test is the 

fact that it is an impractical specimen to use)  as the reinforc-

ing procedure is an extremely time-consubing operation. It 

is estimated that about 30 to 40 hours was required in 

preparing each specimen for test with the reinforcing requiring 

about 80: of the total time. Thus, in order to perform an 

examination of the behaviour of one concrete under different 

biaxial tension-comression states of stress, a two to three 

months programme is necessary. Clearly, for any extensive 

investigation on the inter-relation of several parameters 

such as water/cement ratio and aggregate/eement ratio, this 

test method is unsuitable.. 

18.9 SUMLARY 

In order to examine the behaviour of concrete under 

biaxial tension-compression states of stress where the 

compression to tension ratio is greater than unity while 

simultaneously ensuring flexural states of stress, the 

reinforced rhombus test':has been developed. A detailed 

theoretical analysis has' been,  conducted to determine the 

surface strains, moduli of elasticity and Poisson's••ratio values 

in terms of the applied load, P, prior to the onset of failure 

on the reinforced face. For establishing the surface stresses 
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on the unreinforced face after the tensile failure of the 

material on the reinforced face, two separate analyses have 

been conducted. 

It has been shown from strain measurements at different 

points on the specimen surface that, as the principal strains 

in either direction on either surface were constant, the slnb 

was being subjected to a known and uniform state of biaxial 

moment. 

From the calculated modulus of elastidity values, it was 

shown that with mortar, good agreement with the values for 

the unreinforced slabs and unia:rial specimens was generally 

obtrined. However, for concrete, there tended to be a small 

increase in the E value as the ratio of compression to tension 

stress increased. With regard to Poisson ratio values, there 

was a general increase from that obtained under uniaxial 

states of stress. This was shown to be in general agreement 

with the trends obtained for the unreinforced slab specimens. 

However, no significant trend in relation to the induced 

combination of principal stresses was observed..  

The principal tensile strains at the discontinuity 

level" increased' for both mortar and concrete as the ratio 

of compression to tension stress increased. Under certain 

ratios of principal compression to tension stress, it was 

observed that the strain at the disdontinuity level was 

more than twice as large as that obtained in uniaxial tension. 



Similar increase were alao observed with the strains at 

failure. This increasa tended to be more marked with the 

concrete than with the mortar. 

550 
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CHAPTER 19 

THE STRENGTH OF CONCRETE AND MORTAR UNDER BIAXIAL 

TENSION AND TENSION-COMPRESSION 

STATES OF STRESS  

19.1 INTRODUCTION 

Although the results of the unreinforced specimens and re-

inforced specimens have boen analyzed independently in Chapters 
17 and 18 respectively, it is necessary to consider these to-

gether when investigating the mechanism of fracture and failure 

of concrete and mortar in the full range of biaxial tension and 

tension-compression states of stress. 	In this chapter, the 

principal stress plot for the strength of concrete under biaxial 

tension and tension-compression is examined in terms of the dis-

continuity level stresses as well as the ultimate strengths. An 

examination is also conducted on the principal strains obtained 

at the discontinuity level. The results of these analyses are 

combined with the results obtained by other investigators to de-

monstrate the probable criterion of fracture and failure for 

concrete under biaxial tension and tension-compression states of 

stress. 

Prom an initial examination of concrete under different st-

ates of biaxial tension and tension-compression states of stress 

at Imperial College, suspicious discrepancies occurred in the 

principal stress plot. Such a curve is compared with the results 

of Chapters 17 and 18 where, with the necessary developments in 

testing techniques, the results can be treated with greater con- 
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fidence. 

Finally, a brief description of the probable mechanism of 

fracture and failure for concrete under different combinations of 

principal stress is presented. 

19.2 FAILURE OF CONCRETE IN BIAXIAL TENSION AND TENSION-COM-
PRESSION 

Most theories proposed for establishing a reasonable failure 

criterion for concrete under biaxial states of stress have been 

based on the assumption that concrete is a homogeneous, isotropic 
(69) 

material. With this assumption, McHenry and Karni 	were able 

to show that an almost linear relationship existed between the 

octahedral shear and normal stresses. These parameters also 
(70,71) 

have been used more recently by Bresler and Pister, 
(74) 	(72) 	(73,121)- 

Nishizalha 	, Tsuboi and Suenega 	and Sundara et al 

Bresler and Pister extended their examination on the phenomen-

ological level by representing the equation for the surface of 

failure in terms of the octahedral stresses and the principal st-

ress invariants. 
(6) 

Robinson showed that, as the octahedral shear stress is 

very insensitive to relatively large changes in the tensile str-

ength, an apparently good linear relationship may be obtained 

even when the tensile strength results are highly erroneous. 

Furthermore, as the value of the octahedral shear stress varies 

for different combinations of principal stressli.e. is not a con- 
(122) 

stant as specified in the theory, 	it is difficult to attach 

a physical meaning to such a plot. 
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(114,119) 	(95,120 
It has boon shown by Alexander 	and Hsu et al 

that the fracture of concrete is initiated by a breakdown of the 

bond at the cement paste-aggregate interface. Yet, no failure 

theory presented for concrete has explained or oven suggested 

the connection between the breakdown of the bond and the observ-

ed strength under the various combinations of stress. 

In the following analysis, the discontinuity level stresses 

and failure strengths of concrete y fill be analyzed in terms of 

the probable mechanism of bond breakdown at the cement paste-

aggregate interface. For tho mortar, on the other hand, failure 

is analyzed in terms of ph nomenological values as the strength 

appears to be basically a function of the intrinsic strength of 

the cement paste phase. 

19.2.2 Discontinuity Level Stresses and Failure Strengths  

In Figure 19.1, the discontinuity level stresses and the 

failing strengths for the concr-ote and mortar have been plotted 

on a biaxial stress graph. For all cases except the uniaxial 

compressive strength, the values have boon obtained for flexural 

states of stress where the specimen thickness has boon kept con-„ 

strait (see Section 16.2). As discussed in Section 17.5.1, the 

discontinuity level stresses would be expected to be appro;:im-

ately equal for direct and flexural states of stress, whoreap 

the calculated ultimate strengths, when based on elastic anal-

ysiisvaould be larger with the flcs.ural states of stress than 

with the direct 
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states of stress. To account for these higher ultimate strengths 

obtained with flexual tests as well as taking into consideration 

the slight reserve of strength available in the reinforced slab 

specimens at collapse (Section 18.7.2), the ultimate strength 

graphs have been moved slightly up and extended at the uniaxial 

compression end (Figure 19.1). 

(1) Concrete  

From Figure 19.1, it is seen that the surface of failure 

for concrete cannot be strictly expressed in terms of either a 

constant stress or a constant strain criterion. Furthermore, 

due to the sharp curvature near the uniaxial compression end of 

the principal stress plot, it is unlikely that any of the other 
(6) 

classical failure criteria will satisfy the given data. 

The principal biaxial tension-compression stress plots ob- 
(70) 	(69) 

twined by Bresler end Pister 	and McHenry and Karni 	have 

been presented in Figures 19.2 and 19.3, respectively. As dis-, 

cussed in Sections 11.3.2 and 11.3.3, the sharp curvatures near 

the uniaxial tension end of the principal stress plot for McHenry 

and Karni's results can be accounted for by the variable platen 

restraint effect while Bresler and Pister's method of analysis 

was shown to be slightly faulty. Nevertheless, these graphs are 

included as they are sufficiently accurate for showing the gen-

eral shape of the principal stress plot for biaxial tension-

compression states of stress. Furthermore, as the ratio of the 
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discontinuity level stresses to the ultimate c3tra:ths arc very 

nearly a constant for the different states of biaxial tension-

compression stress (see Figure 19.1), it is possible to inter-

pret results where only ultimate strengths are available in terms 

-- of discontinuity level stresses. 

From Figures 19.1,19.2 and 19.3, it is seen that the general 

shape of the principal stress plot is remarkably similar for the 

three separate investigations. In every case, a slight and alm-

ost linear reduction in tensile stress is obtained with increas-

ing compressive stress prior to the sharp curvature at the un-

iaxial compression end of the curve. These sharp curvatures,ob-

served in Figures 19.1 to 19.3, would suggest that there is a 

transition from one mechanism of failure to another. This is 

also supported by the fact that uniaxial compression failures ap-

pear to be different in some respects from uniaxial tension fai-

lures. Although both these failures are represented by crack pat-

terns perpendicular to the principal extensional direction, the 

uniaxial compression failure results in a greater degree of break-

down throughout the entire structure than occurs in the uniaxial 

tensile specimen at failure. 

From Figure 19.4(a), it is shown that, in uniaxial tension, 

the initial bond breakdown will occur at points of tensile stress 

concentration between large pieces of aggregate in planes perpend-

icular to the direction of the aprlied load. This has also been 
(2) 

considered by Ward from examination of failed specimens. It 
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has also been suggested that, for uniaxial compression, failure 

is similarly caused by tensile stresses in the lateral direction 

• 

However, closer examination of the probable internal distri-

bution of forces suggests that the bond breakdown in uniaxial com-

pression is initiated by a shearing failure on the cement paste- 

aggregate interface rather Shan a direct tensile failure. From 
(123) 

recent work conducted at Leeds University, 	it has been shown 

that the Poisson's ratio for different azaregates varies aener-- 

ally from about 0.26 to 0.30. This value is in close agreement 
(3) 

with the value of 0.25 obtained for cement paste by Anson 

As the longitudinal shortening of the cement pate and aggregate 

will be of p. similar order, then the lateral expansions in these 

two phases will also be similar. It is thus reasonable to suggest 

that the development of direct tensile bond stresses in the 'lateral 

direction will be only minute and therefore will not be the reason 

for the initiation of bond breakdowt in uniaxial compression. 

In Figure 19.4(b), the probable locations of initial bond 

breakdown for a uniaxial compression test are shown as occurring 

on inclined planes where the bond stresses are a high shear and 

a low normal stress. Following those initial breakdowns, the fai-

lure will propagate along the surface of the aggregate particles 

which ',re orientated approximately in the direction of the applied 

load as well PS through the cement haste phase, thereby connecting 

with similar failures on adjacent aggregate particles. That such 

a failure mode is possible is shown by examination of compression 
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specimens after failure. Numerous aggregate particles tend to 

have two cones of mortar or cement paste at opposite ends with 

the rxeS of these cones roughly aligned with the directicn of the 

applied loading 

It has been shown that most failures in biaxial tension 

and tension-compression are of very similar appearance to those 

which occur in uniaxial tension with the failure plane being at 

right angles to the direction of the principal tensile stress. 

(see Plates17.1, 17.2 and 18.6) It is also observed in Figures 

19.1 to 19.3 that the failure strength is basically dependent up-

on the principal tensile stress. 

In extending the above hypothesis, for biaxial tension-com-

pression states of stress, it seems reasonable to suggest that, 

where the compression to tension ratio is low,(less than that 

which produces the sharp curvature in the principal stress plot) 

the initial bond failures will still generally occur at the same 

locations as under the action of uniaxial tension and the direct 

tension bond stresses at these critical points will be basically 

dependant on the principal tensile stress only. Thus, it is more 

reasonable to think of the mechanism of failure for concrete in 

biaxial tension-compression, in terms of a maximum principal 

tensile stress rather than the tensile strain. That is, as the 

effect of Poisson's ratio from the applied compression will cause 

a lateral expansion without significantly increasing the critical 

bond stress, the extensional strain at the discontinuity level 
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increases ns 
4 -U  thc ratio of compression to tension increases (see 

Section 19.2.3). 

For high ratios of compression to tension stress (on the 

unin.xinl compressive side of the sharp curvature in the principal 

stress plot -see Figures 19.1 to 19.3), it is suggested that 
failure is caused by a similar shearing bond failure at the ce4-

ment paste-aggregate interface as has boon suggested for uninxial 

compression. 

The above hypothesis, which suggests that initiation of fail-

ure in uniaxial tension and most biaxial tension-compression 

states of stress is caused by the limiting direct tensile bond 
strength of the cement paste-aggregate interface, can also be 

applied to biaxial tension states of stress. However, the num-
ber of locations of potential bond breakdown is substantially in-

creased as failure can occur in any direction in the plane of the 

applied stresses as opposed to only one direction in the other 

stress states considered. Thus, from a statistical consideration, 

a small reduction in the stress at the discontinuity level would 

be expected. However, from Figure 19.1, such an effect appears 

to be insignificant. 

(2) Mortar 

For the mortar specimens, it is apparent that a different 

failure criterion exists than for the concrete as demonstrated 

by a virtually straight line relationship on the principal stress 

plot. 
(124) 

Guest 	in 1900 extended Coulomb's original internal 
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friction theory represented by the equation 

Cr 	--=..ZC 	c2  ( 	) 	..•19.1 

for showing when ductile materials begin to yield. In Equation 

19.1, the loft hand side represents the maximum shearing stress 

while the value,.`a# •? J3  ,represents the volumetric stress. Tho 

constant cl is the intrinsic shear strength while c2 is a material 

constant which shows the importance of the volumetric stress on 

the yield strength. As pointed out by Guest, brittle and ductile 

materials will have values of unity and zero, respectively,for 

c2. 

In Figure 19.5, the values of ((5 -07; ) have boon plottad 
2 

against the values of (U Ig)  for the mortar in order to in- 
2 

vestigate the applicability of an internal friction theory to 

mortar. It is observed that the values obtained satisfy the 

straight line relationship extremely well. By substituting 

in suitable values of0;anda-“rom Figure 19.4 into Equation 19.1 

then Equation 19.1 becomes, for the mortar; 

= 480 4- 0.8 (r;,FT1) 	• 19. 2 

This shows that the intrinsic discontinuity level shear strength 

of the mortar is 480 p.s.i. Also, with the value of c2  = 0.8 

being so large, it is apparent that over the range of stresses 

investigated, mortar tends to be a brittle material. From the 

above, it is concluded that the failure criterion for mortar for 

the complete range of biaxial tension and tension-compression 

states of stress can be expressed in terms of Coulomb's internal 

friction theory. 
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It is of interest to note the work of Karman and BOker (see 
(94) 

Nadai 	pp 238-244) in tests on marble and sandstone under com- 

plex states of stress. In their analyses, they showed that these 

materials exhibited brittle behaviour under uniaxial states of 

stress, but under high triaxial compression, these materials be-

came extremely ductile. As mortar is composed chiefly of calci-

um silicates and silica, thereby having a somewhat similar chem,!-. 

ical composition to the materials above, it is reasonable to 

suggest that it would also exhibit a more ductile behaviour at 

higher values of volumetric compression thereby resulting in a 

simultaneous reduction of the value of c2 in Equation 19.1. 

19.2.3 Strains at the Discontinuity Level  

Previous investigators have suggested that the failure cri-

terion for concrete in uniaxial tension and compression and other 
(2,6) 

states of stress may be caused by a limiting tensile strain 

However, as shown in Figure 19.6, the principal tensile strain 

at the discontinuity level for concrete increases initially as 

the compression to tension ratio increases and is observed, under 

certain combinations of tension-compression stress to be very 

significantly larger than the principal extensional strain for 

either uniaxial tension or compression. It is thus concluded 

that, for concrete in biaxial tension and tension-compression, 

the criterion of failure cannot be expressed in terms of the 

maximum principal extensional strain. 

It is seen that the sharp transition which occurs in the 

plot of the principal strains (Figure 19.6) corresponds to the 
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transition in the principal stress plot (Figure 19.1). That such 

a sudden transition must occur in the graph for principal strains 

will also be evident when considering Bresler and Pister and 

McHenry and Karni's curves (Figures 19.2 and 19.3) in terms of 

principal extensional strains. For, if we assume that V is const-

ant, the extensional strains corresponding to high values of com-

pression to tension ratio will be very much larger than in uni-

axial compression with a sudden transition occurring at the loca-

tion of the sharp curvature in their principal stress plots. The 

fret that V actually increases in biaxial tension-compression 

from that in uniaxial states of stress simply exaggerates this 

transition (see Section 18.6). 

Although in biaxial compression, it is shown that the extonr. 

sionnl strain capacity of concrete increases as the mean normal 
*-. 

stress(-( 
 iC 	) ) (7 increascs,,.this is not true in biaxial 

3 
tension-compression states of stress as demonstrated by the large 

strain capacity seen in Figure 19.6. 

For mortar, the extensional strain capacity is observed to 

generally increase as the mean normal stress or applied com-

pressive stress increases. The general curvature observed is 

accounted for by the higher values of Poisson's ratio observed in 

biaxial tension-compression states of stress. Again, it is app-

arent that a failure caJiterion for mortar in terms of a limiting 

extensional strain cannot be used successfully. 

19.3 TESTING TECHNIQUES 

At this stage, it is of interest to consider the results 
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obtained in terms of the care employed in achieving a precise 

and accurate testing technique. In Section 2.1, it was mentioned 

how, in initial tests at Imperial College, eui concrete subjected 

to various states of stress, unrealistic discrepancies occurred 

in the surface of failure. A typical example is shown in Figure, 

19.7. As has been shown in previous sections of this thesis, 

these discrepanciese,re accounted for by shortcomings in the or-

iginal testing techniques. For example, the biaxial tensile 

strength was too high as the ultimate stress was computed on the 

basis of the maximum recorded load whereas, in fact, the critical 

section had exceeded its maximum load carrying capacity at an 

earlier load stage (see Sections 11.3.1 and 17.4). Similarly, 

the results of the square slab test (biaxial tension-compression 

with the tensile stress equal to the compressive stress) are 

observed to be too large (see Sections 11.3.1 and 14.2.3). For 

the compression to tension ratio of 3, the ultimate strength was 

obtained by means of the splitting tensile test. Yet, this test 

can neither be classified as a flexural nor direct state of stress 

and, as a result, it is not logical to correlate it directly to 

the plotted values of the slab, disc and flexural beam tests (see 

Section 17.5.1). 

In Figure 19.1, it is observed that, where the errors in 

testing technique have been eliminated, the discontinuity level 

stresses and ultimate failing strengths show a linear relation-

ship with all suspicious discrepancies removed. 
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19.4 MECHANISM OF FAILURE FOR CONCRETE UNDER DIFFERENT STATES 
OF STRESS  

Whereas the failure criteria for mortar can logically be 

analyzed from a phenomenological consideration, this is not the 

case for concrete (see Section 19.2). That different analyses 

must be considered for mortar and concrete has also been observ- 
(7) 

ed by Vile from work in biaxial compression. In the following 

discussion, different failure criteria are suggested for concrete 

subjected to different states of stress. It is recognized that 

these criteria do not necessarily apply for mortar. 

Although it has been suggested in Section 19.2.2 that the 

mechanism of fracture and failure for concrete is different in 

uniaxiel tension and compression with the transition stage occur-

ring in the biaxial tension-compression range, it is of interest 

to consider the different types of failure which are likely to 

occur under all the different combinations of principal stress. 

In order to do this, a definition of failure is necessary. 

The surface of failure has been defined as the theoretical 

bound in stress space within which any combination of principal 
(69) 

stresses is admissible 	. However, this is not entirely satis- 

factory as it does not state whether a certain combination of 

stresses can be applied to a certain volume of concrete and then 

be removed before loading the same volume of concrete under a 

different combinatim of principal stresses. Clearly)  if a vole-

ume of concrete were loaded in triaxial compression to a load 

stage where all the internal matrix were pulverized, the effective 
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tensile strength would be reduced to virtually zero. Consequently, 

for the author's purpose, the surface of failure has been re-

defined as the theoretical bound in stress space within which 

the concrete can be loaded and still withstand all combinations 

of principal stress within the bound. It is considered that the 

discontinuity level under any combination of principal stresses 

will defect,  this load stage. 

With the above definition for failure, it is considered that 

failure of 	concrete can occur under all possible combinations 

of principal stress. For concretes where the aggregate is stron 

ger than the cement paste, three different types of failure will 

probably occur. 

(1) tensile bond failure at cement paste-aggregate interface 

(2) shear bond failure at cement paste-aggregate interface 

(3) internal failure of the cement paste phase 

In uniaxial, biaxial, and triaxial tension and over most of 

the biaxial tension-compression and triaxial tension-tension-

compression and tension-compression -compression states of stress, 

the fracture will be basically initiated by the direct tensile 

failure of the cement paste-aggregate bond(as discussed in Sec-

tion  19.2.2). It is appreciated, however, that with certain 

angular and coarse textured aggregates that failure will occur 

through sections of the aggregate particles and cement paste ph-

ase due to the high bonding strengths(as discussed by Alexander 
(114)' 

Nevertheless, these failures will be basically depend- 
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ant on the maximum principal tensile stress as long as the 

Poisson's ratio values for the cement paste and aggregate are 

reasonably the same. 

In uniaxial and biaxial compression and biaxial and tri-

axial tension-compression states of stress where the compression 

to tension ratio is large, failure is more likely to be initiated 

by a shearing bond failure at the cement paste-aggregate inter-

face. (see Section 19.2.2) Again, with angular and cOal"se tex-

tured aggregates where the shearing bond strength is improved, 

increased strengths will be obtained. However, the same mech-

anism of fracture is still expected to occur with the shearing 

taking place through the cement paste matrix as well as the agg-

regate particles. That such a mechanism does exist in uniaxial 

compression has been demonstrated by examination of different ag-

gregate particles at failure where, cones of mortar or cement paste 

have been observed at opposite ends of aggregate particles (ass 

discussed in Section 19.2.2). Similar failures have been observ- 
(7) 

ed by Vile in biaxial compression tests where these cones tend 

to become ridges around the aggregate with the plane containing 

this continuous ridge being coincident with the plane of the 

applied forces. 

Although the above concept of a shearing bond failure would 

also be expected in triaxial compression where one or two stress-

es are large in relation to the third, this would not occur under 

more nearly equal values for the three compressive stresses. For 

this latter condition, the bond stresses developed will be almost 
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entirely of a compressive nature. As bond failures are possible 

only when tension dti shear stresses are induced at the cement 

paste-aggregate interface, it will be seen that failure cannot 

be initiated at such interfaces. As the aggregate is stronger 

than the cement paste phase, the only possible mechanism of fail- 

ure will occur by a breakdown of the cement paste structure. 
(118) 

Brunauer and Copeland 	have shown that the tobermorite gel, 

which is the principal constItixent of the cement paste phase, is 

a highly indeterminate structure composed of an extremely large 

number of interconnected fibres with gute voids between the 

fibres. With this structural concept, it is reasonable to suggest 

that, under very high compressive loads, the individual fibres 

will fail either by buckling or shearing. The sucdossive fail-

ures with the continual redistribution of loads will produce, on 

the phenomenological level, a ductile behaviour with a relatively 

large flow of the material, However, to be in accord with the 

definition for the sur ace of failure presented above, it is 

duggested that the beginning of the flow will be classified as 

the surface of failure for high triaxial compression states of 

stress. 



F5, 

CHAPTER 20 

CONCLUSIONS TO PART III OF THESIS AND 

SUGGESTIONS FOR FUTURE RESEARCH  

20.1 SUML',RY AND CONCLUSIONS 

The main conclusions for Part I and II of this thesis have 

been summarized in Chapter 10. In the present chapter, the main 

conclusions from Part III of this thesis will be put forward. 

Testing techniques 

From a review of previous investigations on the strength of con-

crete under biaxial tension and tension-compression states of 

stress, it has been shown that there has never been any verifi-

cation to ensure that the method of test produced the desired 

state of stress. As observed differences between the results 

of different investigators are caused by errors in this assuip—

tion, it is concluded that for any method of test, a verification 

of the testing technique is necessary. A model specimen compos-

ed of homogeneous, isotropic material with good elasticity pro-

perties should be used to verify the testing technique. Alum-

i/lum is suggested as beingthe Most'suitable:mrterj.al. 

Testing machine  

A testing machine used 	the investigation of concrete pro-

perties in biaxial tension and tension-compression states of str-

ess was designed in accordance with the recommendations of Part 

II of this thesis. The method of loading as with both ends 

effectively pinned, and complete stability was ensured at all 
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loads. The machine was hard for the slab tests (biaxial tension 

compression states of stress) while being soft for the disc tests 

(investigation into biaxial tension). It was laterally stiff, 

free from loose-fitting components and was shown to have good 

alignment. With a highly sensitive and repeatable load cell 

firzly attached to the specimen side of the ram., loads were 

measured precisely and accurately while ram effects were simul-

taneously eliminated. The load control was also shown to be very 

good. 

Testing technique for plain slab tests  

(i) When square or rectangular plates are loaded at diagOntlly 

opposite corners while simultaneously being supported at the 

other two corners, principal biaxial moments of equal magnitude 

but opposite sign are induced. These produce biaxial tension 

compression stresses and strains throughout the slab, which are 

also of equal magnitude. 

(ii) When the load and supports points are moved in from the 

corners, even a small distance, erroneous values are obtained 

which reflect in high results for the ultimate strength, stress 

at the discontinuity level and modulus of elasticity._ 

(iii) With small extended corners whereby the centroid of the 

load and support points coincide with the intersections of the 

projected sides of the slab specimen, the strain pattern obtain-

ed experimentallk agrees very will with theoretical predictions. 

The small reductions in strain near the corners are a desirable 

feature as failure of concretes and mortars will then occur away 
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from the corners where the state of stress is known and constant. 

It is important that the transition curve from the corners to the 

slab sides be smooth. 

(iv) With the loading of diagonally opposite corners of a para-

llelogram while simultaneously supporting it on the other two 

corners, principal biaxial moments of different magnitude and 

opposite sign will be induced which will be constant throughout 

the slab. This will produce biaxial tension-compression states 

of stress with the ratio of these stresses being dependent only 

on the angles of the parallelogram. 

(v) From experimental results on slabs with small extended cor;-. 

ners, the above theory has been experimentally verified. Again, 

with the strain being lower in the corners than in the general 

slab volume, failure of concrete and mortar specimens will occur 

across a section removed from the corners where the state of st-

ress is known and constant. 

Testing technique for disc tests  

(i) By the uniform concentric loading of a circular plate while 

simultaneously supporting it uniformly along the periphery, the 

central section (that portion which is contained within the 

circular loading ring ) will be subjected to a pure state of 

biaxial moment which produces biaxial tension on one face and 

biaxial compression on the opposite face. 

(ii) When the concentric support is not positioned at the per-

iphery, but some distance in from the periphery, the theory is 
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no longer valid and the results obtained yield high values for 

the ultimate strength, stress at the discontinuity level and the 

modulus of elasticity. 

(iii) By using soft packing mediums for both the support and load 

rings while simultaneously ensuring that the support ring is 

positioned at the periphery of the circular plate, it is possible 

to achieve uniform load and support. Under this system of load—

ing, uniform atrains are obtained in the central section in ac—

cordance with the theory. With the calculated modulus of elas—

ticity being within 1.5t of that obtained for the slab tests, 

the testing technique is satisfactory as the experimental values 

of stress and strain are precise and accurate. 

Reinforced slab specimens  

By reinforcing a parallelogram shaped specimen to resist the ten—

sion force from the larger principal moment and by loading and 

supporting it at the corners as for the plain slab tests discuss—

ed above, principal biaxial moments of opposite sign and different 

magnitude are induced. The principal stresses and strains both 

before and after cracking are obtained from elastic analysis. 

Modulus of elasticity  

(i) The modulus of elasticity for concrete and mortar is apparent—

ly the same in uniaxial tension and uniaxial compression. 

(ii) In biaxial tension—compression, the modulus of elasticity 

for mortar is the same as in uniaxial states of stress. Although 

the modulus of elasticity values for concrete in biaxial tension— 
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compression tended to be larger than in uniaxial states of stress, 

this is not conclusive. 

Poisson's ratio  

(i) For mortar, Poisson's ratio is the same in uniaxial tension 

and uniaxial compression. 

(ii) In biaxial tension-compression, Poisson's ratio for both 

mortar and concrete increases to values of the order of twice 

as large as in uniaxial states of stress. 

Mix proportions and aao  

Jill factors which influence the short term ultimate strengths 

in uniaxial states of stress should have a similar influence on 

the short term ultimate strengths in biaxial tension and tension- 

compression states of stress. 

Failure of concrete  

(i) The mechanism of failure of concrete is considered to be dif-

ferent in uniaxial tension from that in uniaxial compression. 

In uniaxial tension, the failue is probably initiated for con-

cretes with smooth aggregate, by a direct tensile bond failure 

at the cement paste-aggregate interface. In uniaxial compress-

ions  however, the initiation of failure is more likely to be 

caused by a shearing bond failure at the interface. 

(ii) In biaxial tension and most tOnsion-compression states of 

stress, the failure of concrete is basically dependent on the 

principal tensile stress. 

(iii) In biaxial tension-compression states of stress whore the 
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compression to tension ratio is very large, there is an apparent 

transition in the mechanism of internal breakdown resulting in a 

sharp curvature in the principal stress plot. This transition 

is suggested cc being due to the bond failures at the cement 
paste-aggregate interface changing from a direct tensile failure 

as in uniaxial tension to a shearing type failure as in uniaxial 

compression. 

(iv) The criterion of failure for concrete in biaxial tension 

and tension-compression states of stress is not duo to a constant 
limiting extensicnaa strain. 

Failure of mortar 

(i) For biaxial tension and tension-compression states of stress, 

the principal stress plot produces a straight line for the surf-
ace of failure. 

(ii) For the above states of stress, the Coulomb internal friction 

theory satisfies the discontinuity level stresses. For the part,. 

icular mortar investigated, the intrinsic shear strength at the 

discontinuity level is 480 p.s.i. and the mortar is basically a 
brittle material by virtue of its dependence on the volumetric 

stress. 

Discontinuity level stresses and failure strengths 

The ratio between the discontinuity level and ultimate failing 

strengths for both mortar and concrete is very nearly constant 

for the full range of biaxial tension-compression states of stress, 

being about 65", for mortar and 55%. for concrete. 
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20.2 SUGGESTIONS FOR FUTURE RESEARCH 

Further research into the properties of concrete and mortar 

in biaxial and triaxial states of stress is necessary for the 

following reasons; 

(i) As the basic elasticity values, the modulus of elasticity 

and Poisson's ratio, vary under different combinations of prin-

cipal stress, it is necessary to determine these values so that 

the design engineer may be better equipped to predict the behav-

iour of different structures subjected to compels loading condi.-

tions. 

(ii) Also, a more fundamental investigation into establishing 

the reasons why the modulus of elasticity and Poisson's ratio 

are affected by tho loading system is required in order that the 

deformational behaviour for concretes, for which these values 

have not been measured, can be logically predicted. 

(iii) The investigation of the complete failure envelope will 

provide useful information for establishing the laws which govern 

the mechanism of failure under different states of stress. 

As has boon suggested in previous sections of this thesis, 

the onset of failure for concrete is usually governed by the 

manner in which the bond between the cement paste and aggregate 

begins to fracture. 

the strength of this 

and normal stress is 

ch in this direction 

A research project directed at establishing 

bond under the various combinations of shear 

thus considered necessary. Although resear- 
(125) 

has been conducted by Taylor and Broms 
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at Cornell University, whereby an aggregate slice was placed be-

tween two relatively large volumes of mortar with the orientation 

of the slice being at any one of several angles to the direction 

of loading, it is difficult to correlate the results of their 

tests with the :Ictual internal stresses in the concrete. It is 

more logical when considering the macroscopic structure of con-

crete to think in terms of layers of cement paste between ag-

gregate particles than in terms of layers of aggregate between 

volumes of cement paste. By employing the same general test 

method PS th-t used at Cornell, but using layers of cement paste 

between large aggregate particles, it should be possible to ob-

tain not only ultimate strengths, but also with the use of sur-

face strain gauges, shear and normal strains in both the aggre-

gate and cement paste phase. With this information, it should 

then be possible to estimate with reasonable accuracy, the mag-

nitude and type of internal stresses in the aggregates and the 

cement paste phase as well as at the interfaces and from this, 

establish conclusively, the manner in which failures in concrete 

initiate and propagatolunder the different combinations of 

principal stresses. 
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APPENDIX A 

STRENGTH RESULTS (p.s.i.) OF TEST SERIES' FOR DETERMINING 
THE INFLUENCE OF THE TESTING MACHINE CHARACTERISTICS ON 
THE STRENGTH AND MODE OF FAILURE OF 

COMPRESSION SPECIMENS 

(see Chapter 
	

9) 
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TEST SERIES 1 

3" 	RADIUS 

NO LUBRICANT 

RADIUS 

(FULL CONTACT) 

7" 	RADIUS 

4560 4910 4810 

4560 4790 4700 

4440 494o 4700 

4550 4480 4820 

4910 493o 5050  

4990 477o 494o 

5100 4900 4740 

4850 5200 5280 

4930 4710 474o 

488o 4840 4800 

485o 495o 488o 

49 00, 5090 5010 

AVERAGE 	4796 776 4872 

STAUFFER'S GREASE 

4710 
4655 

4200 
496o 

4770 
464o 
4930 
477o 
4920 

476o 
4625 
4715 

4620 
4710 
4610 

480o 477o 4470 

485o 513o 484o 

5150 
497o 
4790 
4750 
4940 

4925 
434o 
467o 
4825 
4990 

4690 
442o 
4470 
4590 
456o 

AVERAGE 	47377 4760 773 

ROCOL M.G. 

4690 4400 464o 
456o 4990 460o 

443o 452o 4090 

460o 463o 4490 

4520 5000 4510 

4610 478o 4600 

4590 485o 4400 

4910 5210 472o 

466o 4700 4630 

4340 4510 4390 

4280 4900 4720 

490o 4930 4550 

AVERAGE 	4587 4809 45o8 
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TEST SERIES 2 

3u RADIUS 	3" RADIUS 	5" RADIUS 	7u RADIUS 
SEATING 	SEATING 	LINE CONTACT 	SEATING 

WITH RHODINA 2 NO LUBRICANT 	RHODINA 2 GREASE RHODINA 2 GREASE 
GREASE 

4305 	476o 	488o 	4800 
4450 	4855 	5080 	4670 
4870 	4960 	484o 	4720 
4665 	4880 	5165 	4545 
4735 	4755 	472o 	4020 
4400 	4735 	4665 	4575 
473o 	4935 	4910 	4725 
4575 	495o 	517o 	457o 
465o 	482o 	5105 	4895 
4900 	4865 	4830 	483o 
483o 	5030 	4710 	475o 
4710 	5050 	4815 	5070 

AVERAGE 4652 

 

7757 	4672 

 

TEST SERIES 3 

DISPLACEMENT OF SEATING AXIS WITH REFERENCE TO SPECIMEN AXIS 
5u RADIUS FULL CONTACT SPHERICAL SEATING 

=1" TOWARDS 14- 

CAST FACE 

NO LUBRICANT ON SLATING INTERFACE 

0 -4" TOWARDS 
BOTTOM FACE 

	

4goo 	5000 	4660 

	

4680 	465o 	4570 

	

44go 	4480 	466o 

	

490o 	466o 	4790 

	

485o 	4900 	4940 

	

4550 	458o 	478o 

	

462o 	4930 	5290 

	

4800 	498o 	5000 

	

488o 	5170 	5070 

	

4400 	4690 	44go 

	

470o 	4650 	4750 

	

4650 	4390 	4720 

AVERAGE 	7O2 	777 7777 
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3270 
	

4220 
	

4120 
3400 
	

3960 
	

4540 
354o 
	

4250 
	

4450 
3750 
	

4580 
	

4110 
3430 
	

4480 
	

4-16o 
374o 
	

466o 
	

4350 
3800 
	

447o 
	

4110 
3520 
	

4390 
	

415o 
4230 
	

4330 
	

4420 
3530 
	

434o 
	

4240 
368o 
	

4420 
	

41Io 
3750 
	

4290 
	

3620 

AVERAGE STRENGTH 3620 757 

 

1+198 

4490 
4610 
4700 
4710 
5040 
5010 
5190 
4790 

4820 

TEST SERIES 3 (CONTD) 

GRAPHITE - TALLOW MIXTURE ON INTERFACE 
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TEST SERIES 4  

DISPLACEMENT OF SPHERICAL SEATING AXIS WITH REFERENCE TO 
SPECIMEN AXIS 

TOWARDS 
CAST FACE 

TOWARDS BOTTOM 
FACE 

0 8 • at t 2 

SERIES 4A:5" RADIUS FULL CONTACT SEATING 
No Lubricant on Seating Interface 

AVERAGE STRENGTH 

1/16" 4„ 

45oo 	3970 	345o 
464o 	4210 	3400 
444o 	45oo 	3390 
446o 	4190 	364o 
4700 	4490 	3080 
484o 	416o 	3890 

460077575 	7.775 

GRAPHITE TALLOW MIXTURE ON SEATIN 
3080 
3475 
348o 
3700 
3900 
3800 

AVERAGE STRENGTH 
	

3570 

INTERFACE 
4400 
473o 
448o 
4490 
4800 
486o 

4630 



505 
TEST SERIES 4 (CONTD)  

SERIES 4B 3" RADIUS SEATING  
No lubricant on Seating Surface 

3,1 	0 

4590 
4810 
486o 
4490 
494o 
476o 
4610 
4690 

AVERAGE STRENGTH 
	

4779 

ROCOL M.G. ON SEATING INTERFACE 
3550 	42go 
362o 	4110 
3420 	424o 
3590 	4620 
3390 	454o 
3480 	4110 

AVERAGE STRENGTH 	3508 
	

1+318 7555 4493 

4510 428o 
475o 4810 
446o 4100 
4400 427o 
4510 	478 0 
4570 4720 

1/16" 	in 191 4 

3340 

3370 
2910 
3100 
3610 
3710 

111 
2 

4” 
CUBES 

TEST SERIES 5 

6u 0 x 12" LONG 
CYLINDERS 

3330 
2905 

6" 
CUBES 

432o 
4270 

BOTH ENDS E.KbECTIVELY FIXED 
484o 
486o 1st ma 467o 4130 327o 
4410 420o 3425 

4990 4940 3730 
2nd MIX 	4610 4695 3615 

5350  5o45 .775 
4475 346,7o 

3rd MIX 	4410 3660 3210 
4530  3770 3145 
4520 3770  3060 
4500 3790  3190 

AVERAGE STRENGTH 	4723 4T57 3377 

1 END PINNED, 1 END FIXED 

3695 3090 1st MIX 	4610 
4700 4130 3195 



TEST SERIES 5 (coNTD)  
4" 	6" 	6" 0 x 12"LONG 

CUBES 	CUBES 	CYLINDERS 

1st MIX 	4360 	4000 	3300 
4580 	4030 	3200 

5120 	464o 	3620 
2nd MIX 	4720 	4635 	3580 

4920 	4610 	3570 

	

4620 	3800 

	

3660 	3150 

	

3675 	3085 

	

3660 	2880 

	

352o 	2995 

	

7373 	77 
BOTH ENDS EFFECTIVELY PINNED  

3890 
4130 

3rd MIX 
	

4250 
4130 

AVERAGE STRENGTH 
	

4-7'7 

1st MIX 

2nd MIX 

3rd MIX 

AVERAGE STRENGTH 

4380 	3760 	3200 
4560 	4400 	3400 
4250 	4105 	3195 
456o 	4075 	3400 

5010 	4570 	3920 
5150 	444o 	3390 
4760 	4465 	3815 
4950 	4380 	3930 

3950 	3700 	2970 
3850 	3520 	3285 
3980 	3830 	3170 
4030 	3650 	3240 
4453 	70-75 	57-6 

TEST SERIES 6 

BOTH ENDS L,kFECTIVELY FIXED  

1st MIX 	5085 	4090 	3960 
464o 	4390 	4225 
6150 	4525 	4000 
5410 	4090 	3850 

6195 	5745 	4925 
6145 	5195 	4420 
5775 	.5720 	4235 
6180 	5650 	4650 

5950 	5545 	4500 
3rd MIX 	5560 	5530 	4660 

6090 	5350 	456o 
6085 	574o 	4735 

AVERAGE STRENGTH 	5772 	5131 	9'7 

2nd MIX 



TEST SERIES 6 (coNTD) 
CUBES 	CUBES 	6dAIK'Di4 

BOTH ENDS ErFECTIVELY FIXED  

1st MIX 	5085 	4090 	3960 

	

4640 	4390 	4225 

	

6150 	4525 	4000 

	

5410 	4090 	3850 

	

6195 	5745 	4925 

	

6145 	5195 	442o 

	

5775 	572o 	4235 

	

6180 	5650 	4650 

	

5950 	5545 	45oo 
3rd MIX 	5560 	5530 	4660 

	

6090 	5350 	456o 

	

6085 	5740 	4735  
AVJRAGE STRENGTH 	5772 	5131 	4397 

1 END PINNED, 1 END FIXED 
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2nd MIX 

496o 	3855 	4075 
4590 	4095 	4060 
4900 	3935 	3675 
4795 	4160 	4015 

5110 	5110 	4150 
5895 	5545 	4600 
6400 	5770 	4400 
626o 	5300 	433o 

5390 	514o 	4600 
5500 	517o 	442o 
5510 	5485 	4460 
5665 	5573 	4810 
5414 	4928 757) 

5010 
4990 
4810 
4735 

1st MIX 

2nd MIX 

3rd MIX 

BOTH ENDS EFFECTIVELY PINNED 

1st MIX 

3715 
4o4o 
3795 
415o 

4055 
4365 
4260 
4loo 

2nd MIX 

5585 
556o 
5520 
5510 

5420 
5490 
5400 
5420 

482o 
4510 
4560 
4505 

3rd MIX 

4990 
5645 
5205 
5725 
T277 

5235 
4875 
5080 
5200 

4690 
4575 
423o 
426o  
4411 AVERAGE STRENGTH 

  



4705 
4555 
4810 
4900 
4465 
4825 
4620 
4755 
4530 
!+785 
4960 
466o 
4714 

4375 
4185 
447o 
4380 
4410 
4300 
426o 
4355 
4295 
4000 
4295 
4400 
4310 

TEST SERIES 7 

AVERAGE STRENGTH 

50 TON 
AVERY COMPRESSION 

MACHINE 

4510 
4950 
4760 
4390 
4690  
466o 

500 TON 
AVERY COMPRESSION 

MACHINE 

444o 
475o 
4590 
4835 
4410  
4605 

598 

TEST SERIES 8  

TOTAL VIBRATION 
OF 90 SECONDS 

NO LUBRICATION ON SEATING INTERFACE 
5000 
5090 
5115 
5040 
5270 
5030 
4990 
5005 
497o 
488o 
5o8o 
5150 

AVERAGE STRENGTH 	5052 

AMSLER GREASE ON SEATING INTERFACE  
5100 
4720 
4780 
4605 
484o 
4760 
5000 
4860 
482o 
454o 
4890 
4775 

AVERAGE STRENGTH 	480 

TOTAL VIBRATION 
OF 10 SECONDS 

1st MIX  

TEST SERIES 9 
3" RADIUS 5" RADIUS 	7" RADIUS 

SEATING 	SEATING 
(FULL CONTACT) 

4990 	5725 
5465 	495o 

  

4750 
463_5 



TEST SERIES 9 (CONTD)  
599 

3" RADIUS 	5u RADIUS 	7u RADIUS 
SEATING 	SEATING 	SETING 

(FULL CONTACT) 

464o 	5310 	5355 
4770 	5085 	5385 
4830 	5745 	5070 
5040 	5200 	5090 
4774 	5299 	5259 

658o 	650o 	6660 
647o 	690o 	6605 
6510 	6690 	690o 
622o 	6535 	688o 
6255 	6910 	6930 
6310 	6790 	6580 
767 	771 	757 

782o 	7770 
8370 	8290 
8050 	8100 
788o 	7760 
7910 	7890 
8170 	767o 
8030 	8loo 
8300 	7680 
8loo 	7910 
8340 	7990 
8040 	818o 
7.67 	7747 

1st MIX 

AVERAGE STRENGTH 

2nd MIX 

AVERAGE STRENGTH 

3rd MIX 



APPENDIX 	B 

LO'LD "AND STR'dN D,T% FOR SLAB, DISC 
BI -1,11 ',ND DIRECT TENSION AND COIAPRESSION 

SPECIIENS. 
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MORTAR BEAM 

APPLIED I 
LOAD 

( LBS.) 1 

Initial Position 

(4" x 3" x 40") 

0 
90 
180 
270 
360 
450 
54o 
63o 
720 

STRAIN (x10 	) 
GAUGE NUMBERS 
4 	' 5 6 7 

0 0 0 0 0 0 0 0 
2.0 12.6 12.9 2.4 2.0 11.8 11.3 2.4 
4.8 27.4 29.2 5.0 3.9 25.9 25.5 4.8 
7.6 42.0 43.7 7.2 6.7 40.0 39.8 7.8 
10.3 57.3 60.1 10.0 8.7 54.5 54.9 10.3 
12.9 72.8 75.8 12.6 11.8 68.8 69.7 13.1 
15.0 87.6 91.5 15.o 13.3 83.5 84.1 15.5 
17.9 103.5 107.4 17.4 15.7 98.7 100.2 18.1 
20.2 118.5 123.9 20.0 18.5 113.4 115.8 20.7 

Final Position 

0 0 	0 0 0 	1 	0 0 0 0 

90 2.0 	12.8 12.5 2.0 1.7 12.8 12.8 2.7 
180 4.6 27.8 28.5 4.9 3.6 27.5 27.2 5.6 
270 7.6 42.6 44.0 7.2 6.6 41.0 52.3 7.6 
36o 9.1 57.6 61.0 10.1 8.8 56.o 56.7 10.8 
45o 11.8 72.7 76.6 12.8 10.8 70.1 71.1 13.1 
54o 14.5 87.6 92.3 14.8 12.8 84.2 85.5 16.0 
63o 17.0 103.1 108.4 17.4 14.7 97.9 99.5 18.4 
720 
810 

19.9 
20.6 

118.6 
134.7 

125.2 
141.3 

19.4 
22.6 

17.4 
20.6 

112.3 
126.8 

114.3 
127.8 

21.3 
22.4 

899 
944 

23.6 
24.6 

152.5 
161.1 

161.0 
173.0 

23.6 
24.6 

22.6 
22.6 

140.3 
148.2 

142.4 
150.2 

26.5 
27.5 

988 26.5 170.0 184.7 26.5 24.6 157.1 159.2 27.5 
1033 27.5 180.9 196.4 28.5 26.5 164.0 167.0 29.5 
1077 
1121 

29.5 
30.4 

190.8 
201.3 

209.2 
224.0 

29.4 
30.4 

27.5 
28.5 

172.8 
130.7 

176.0 
185.8 

30.5 
32.4 

1165 31.4 210.2 250.5 34.3 28.5 188.7 199.5 33.4 

Note: All strains corresponding to 720 lbs. or less are the average 
of three readings. Above 720 lbs. the strains are obtained from 
one reading. 
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UNIXIAL TENSION SPECIMENS (MORTAR) 

AVERAGE 
STRESS 
(p.s.i.) 

• STRAIN (x10-6) 
SPECIMEN No. 1 	I} 	Specimen No.2 

GAUGE NUMBER 
1 2 	3 4 1 2 3 1 4 

0 0 0 	0 0 00 0 0 

45 11 2 14 1 14 3 10 2 
117 22 3 	, 28 5 29 9 20 4 
171 31 8 45 8 43 9 31 9 
233 41 6 63 13 56 13 45 11 
296 48 8 84 16 72 14 57 13 
356 52 9 108 22 85 17 68 16 
387 53 9 124 23 
418 52 11 142 25 102 20 82 17 
449 51 9 165 27  
480 46 9 194 31 120 22 94 21 
495 125 2' 97 21 
510 130 23 101 21 
526 140 26 104 22 

UNIAXIAL COMPRESSION SPECIMENS (MORTAR) 

0 0 0 0 0 0 
1230 306 60 252 245 288 
1600 386 8o 322 331 376 
1960 468 go 392 391 442 
2290 56o 106 48o 485 544 
265o 630 12 550 551 618 
3010 732 142 650 643 718 
3360 806 156 720 717 8o8 
3725 908 182 82o 823 928 
4090 1000 204 914 903 1018 
4455 1100 226 1018 1005 1136 
4820 1194 244 1116 1111 1256 
5190 1310 276 1236 1223 1384 
555o 1402 308 1338 1325 
5910 1522 338 1460 1439 1628 
6275 1612 384 1564 1557 1758 
663o 1780 45o 1744 1721, 1946 
6985 1904 520 1888 1863 2104 
735o 2074 626 2090 2113 2376 
76400 2240 762 2290 2301 2580 
7840 2352 856 2436 2445 2730 
798o 2432 942 2546 2587 2882 
8120 2558 1114 2758 2727 3036 
8250 2670 1292 2986 2963 3296 
8390 2788 1548 3248 
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CONCRETE BEAM (4" x 	x 4010) 

APPLIED 
LOAD 

STRAIN (x10 6) 
GAUGE NUMBER 

(LBS) 1 3 

Initial Position 

0 0 
1 

0 
10 

0 
9 

0 
2 

0 
1 

0 
13 

0 0 
1 

90 2 20 20 5 2 22 22 2 
180 31 31 6 5 33 33 4 
270 4 44 43 5 5 46 4 
360 
45o 7 54 54 10 7 53 57 6 

7 
540 11 66 64 12 11 - 68 
63o 11 77 74 13 11 73 82 10 

Final Position 

0 0 0 0 0 o o 0 0 
90 1 10 8 0 2 8 9 2 
180 1 22 17 0 4 20 21 4 
27o 4 33 34 3 4 30 31 6 
36o 5 46 43 3 7 4o 44 7 
45o 8 58 56 6 9 52 55 9 
54o 9 7o 68 - lo 61 68 11 
6 30 11 82 8o - 12 72 79 12 
675 11 86 87 10 12 78 84 lo 
72o 10 97 95 9 12 84 90 15 
765 15 106 105 lo 16 91 104 19 
810 13 114 116 9 14 96 106 15 
865 20 123 135 17 104 117 16 
goo 18 133 151 10 18 114 130 18 

Note: All strains corresponding to 630 lbs. or less are the average of 
five readings. Above 630 lbs., the strains are obtained from one 
reading. 
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UNIXIAL TENSION SPECIMENS (Concrete) 

AVERAGE 
STRESS 
p.s.i. 

STRAIN (x10-6)  
r 	SPECIMEN NO. 1 

1 	
SPECIMEN NO. 2 

GAUGE NUMBER 

1 2 3 , 4 1 	I 	2 3 4 

0 0 0 0 0 o 	o 0 0 
45 7 1 9 2 14 -2 10 -1 
60 11 1 11 2 20 0 14 -1 
76 21 -1 13 , 2 14 0 14 7 
91 25 1 21 2 24 	0 20 -1 
107 27 1 23 2 24 	0 20 7 
123 23 3 23 2 26 	2 26 7 
139 31 1 27 2 30 	2 3o 7 
155 31 3 27 4 32 	4 32 7 
171 39 3 33 2 36 	4 36 7 
187 41 3 35 2 44 	i 	lo 4o 7 
202 41 5 39 i 6 48 	0 46 7 
218 51 3 43 2 44 	i 	4 46 11 
233 59 5 45 i  6 48 	4 5o 11 
247 57 3 49 4 56 	2 56 9 
265 59 5 53 6 58 	4 58 9 
28o 59 7 57 i lo 6o 	4 6o 11 
296 67 5 61 6 58 	8 65 15 
311 71 5 63 6 68 	i 	2 70 14 
326 73 3 69 i  10 70 	4 74 13 
341 77 5 71 8 68 	10 76 15 
356 77 11 73 12 70 	10 8o 17 
371 83 11 79 10 76 	1 	8 84 17 
387 91 7 87 12 84 	8 92 15 
402 91 11 91 1 12 8o 	lo 94 17 
418 103 11 97 10 88 	12 98 17 
433 111 11 101 12 90 	12 104 19 
449 113 13 107 12 94 	14 110 19 
464 117 11 113 12 100 	14 118 21 

1 



UNIAXIAL COMPRESSION SPECIMENS (Concrete)  

AVERAGE 
STRESS 
p.s.i. 

___ 	--- 
STRAIN (x10 6) 

SPECIMEN NC. 1  SPECIMEN NO. 2 I 

GAUGE NUMBERS 

1 2 3 4 1 3 
r"-- 

o 0 0 0 0 0 0 
1230 232 12 214 4o 291 197 
1600 308 22 286 50 379 251 
1960 372 42 352 66 469 309 
2290 432 62 416 8o 569 371 
2650 500 72 484 go 647 421 
3010 57o 78 554 106 739 481 
3360 64o 82 626 116 831 549 
3725 710 92 706 136 949 621 
4090 780 102 776 150 1041 679 
4455 872 122 864 17o 1167 750 
4820 958 142 946 200 1289 831 
5190 1030 172 1024 220 1407 909 
5550 1118 210 1112 240 1521 97? 
5910 1212 - 1216 280 1689 1061 
6275 1310 352 1316 318 1839 1141 
6630 1460 472 1474 366 2107 - 
6985 1632 732 1664 450 2501 1409 
714o 1898 1688 1946 676 2991 1501 
7140 3331 1791 

MORTAR SLAB (1 x 1) 

APPLIED 
	 STRAIN (x10 -6)  

LOAD 
(LBS.) 

GAUGE NUMBER 

1 2 5 6 7 	9 10 11 

0 0 0 0 0 0 	0 0 0 
45o 22 15 4o 19 24 22 22 21 
675 27 21 58 27 34 32 30 30 
899 38 31 70 39 44 42 42 4o 
1077 47 41 76 45 54 52 5o 48 
1342 66 61 86 59 7o 68 66 64 
1600 75 73 102 67 82 78 78 74 
1784 90 87 108 77 94 88 90 84 
1938 100 97 116 87 102 98 98 94 
2135 102 105 130 95 110 106 106 102 
2314 112 115 138 103 120 116 114 110 
2493 126 127 146 113 130 128 126 122 
2671 132 137 154 117 138 134 132 128 
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(CONT) 
1 	2 	5 	6 	7 	9 	10 	11 
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2847 	146 151 164 
3023 	156 165 172 
3199 	170 177 178 
3376 	130 191 188 
3553 	186 201 198 
3729 	198 217 208 
3902 	216 235 216 
4075 	230 247 226 
4248 	242 257 238 
4425 	258 271 246 
4514 	270 277 248  

131 150 
141 162 
147 172 
157 182 
163 190 
173 202 
185 214 
190 224 
201 234 
213 246 
221 254 

146 146 142 
156 152 150 
168 164 160 
178 172 170 
186 182 178 
196 196 188 
208 210 198 
220 220 212 
228 232 220 
238 242 232 
246 250 242 

GAUGE NUMBERS  
12 13 14 15 16 17 18 

0 
21 
34 
46 
54 
64 
8o 
84 
94 
106 
116 
118 
134 
14o 
148 
158 
166 
18o 
190 
198 
210 
226 
234 
238 

0 
23 
35 
49 
57 
71 
87 
93 
103 
117 
127 
133 
147 
153 
165 
175 
185 
199 
211 
223 
233 
245 
257 
263 

0 
21 
29 
39 
47 
61 
71 
83 
91 
97 
107 
119 
125 
135 
145 
157 
167 
175 
187 
199 
211 
221 
233 
245 

0 
18 
32 
42 
50 
62 
74 
78 
88 
102 
108 
112 
1a4 
132 
140 
148 
158 
170 
18o 
188 
196 
210 
218 
220 

0 
24 
34 
44 
54 
68 
8o 
90 
100 
108 
116 
128 
136 
148 
16o 
168 
180 
190 
204 
218 
234 
276 
378 
500 

0 
25 
32 
46 
52 
70 
82 
94 
102 
110 
120 
132 
142 
152 
162 
176 
186 
196 
208 
226 
248 
278 
356 
528 

0 
450 
675 
899 
1077 
1342 
1608 
1784 
1938 
2135 
2314 
2493 
2671 
2847 
3023 
3199 
3376 
3553 
3729 
3902 
4075 
4248 
4425 
4514  

0 
22 
30 
38  
48 
62 
74 
82 
90 
98  
104 
116 
122 
132 
138 
148 
158 
168 
178 
188 
198 
208 
220 
228 



607 MORTAR SLAB (1.58:1)  

APPLIED 
LOAD 
cras.) 

STRAIN (x10 6 

GAUGE NUMBER  
1 	2 3 

o o o o o o 
225 13 	16 , 	9 24 lo 
36o 22 	25 14 	34 14 
540 33 	37 20 	49 21 
720 43 	48 28 65 28 899 54 60 35 8o 35 1077 66 70 41 97 42 
1253 78 84 49 115 48 
1342 83 88 51 124 52 1430 88 95 56 132 56 
1519 94 101 59 14o 6o 
1608 101 107 62 147 63 
1696 107 112 64 155 66 1784 ill 119 69 162 69 
1872 118 126 72 170 72 1961 
2048 

125 
131 

132 
138 

76 
8o 

179 
185 

77 
81 2135 138 145 83 195 84 

2224 143 153 86 204 87 
2313 151 159 90 212 92 2402 
2492 

157 
163 

166 
173 

94 
99 

223 
233 

95 
00 J, 2582 171 	181 191 244 103 

2671 178 	187 106 253 106 
2846 193 	204 112 273 114 
3023 209 	220 120 297 122 3199 226 	236 127 32o 130 
3378 247 	264 136 350 139 

6 	7 8 9 10 
0 0 	i 	0 0 0 0 225 12 	I 	13 10 	10 14 360 21 	24 14 	14 23 540 
72o 

32 	36 
43 	48 

20 	20 
27 	27 

35 
45 

899 
1077 

53 	59 
65 	72 

34 	33 
39 	4o 

57 
$8 1253 75 	83 47 	46 8o 1342 81 	88 5o 	5o 85 1430 86 95 54 	53 91 1519 

L6o8 
L696 
L784 
L872 

92 
98 
103 
109 
113 

101 
108 
113 
119 
125 

58 	57 
60 	61 
63 	, 	63 
66 	' 	67 
71 	7o 

97 
103 
108 
114 
120 



GoB 

(CONT) 6 7 8 	I 	9 	10 

1961 120 132 74 	73 	125 
2048 125 138 78 	78 131 
2135 131 144 8o 	8o 137 
2224 137 151 85 	84 143 
2313 143 157 87 87 150 
2402 148 163 92 91 156 
2492 155 170 95 94 161 
2582 161 178 99 98 169 
2671 167 184 102 102 175 
2846 180 197 110 109 187 
; )23 194 211 116 115 203 
3199 207 228 125 123 216 
3378 224 245 135 133 232 

MORTAR SLAB (2:1)  

APPLIED 
LOAD 
(LBS.) 

STRAIN (x10-6) 
GAUGE NUMBER 

1 2 4 6 7 8 9 10 

0 0 0 0 0 0 0 0 0 
225 24 3o 9 27 3o 7 10 3o 

45o 36 42 13 38 43 12 13 40 

675 56 58 19 58 63 18 21 6o 

899 8o 78 25 8o 85 22 27 8o 
1077 86 88 33 94 97 28 35 94 
1253 lo4 lo4 39 110 115 36 43 110 
1430 120 124 43 126 135 4o 45 126 

1519 126 128 45 136 145 44 49 134 
1608 130 140 51 140 151 48 53 140 
1696 144 154 51 154 165 48 55 150 
1784 150 162 57 16o 171 54 61 158 
1828 154 164 59 166 177 56 63 164 

1872 164 168 59 174 185 54 63 168 
1916 164 176 61 178 189 58 65 172 
1961 172 182 59 184 197 56 63 178 
2005 176 188 63 188 201 58 65 180 
2048 176 188 67 190 205 64 - 136 

2092 18o 196 69 198 219 64 71 190 

2135 190 204 69 204 227 64 71 198 

2224 194 212 71 216 241 68 77 208 

2313 208 224 75 228 265 74 81 218 

2402 216 236 79 24o 289 76 83 228 

2447 222 244 79 248 305 76 83 234 

2402 226 248 75 25o 321 74 79 236 
2358 224 	246 73 246 315 7o 75 232 
2313 220 	238 / 	73 236 305 



609 

(CONT) 
	

GAUGE NUMBER 

11 12 13 14 15 16 17 18 
0 0 0 0 0 0 0 0 0 
225 28 11 24 25 21 22 21 21 
450 38 16 34 36 31 3o 31 3o 
675 58  26 5o 5o 49 1+6 1+7 46 
899 78 3o 66 66 61 6o 63 6o 
1077 92 36 8o 82 79 76 79 74 
1253 108 44 94 98 95 88 91 88 
1430 126 5o 106 110 107 100 103 98 
1519 134 54 112 116 111 106 111 102 
1608 140 58  122 126 121 114 119 112 
1696 154 6o 126 13o 129 120 125 118 
1784 160 66 136 142 137 128 133 124 
1828 164 68 14o 146 139 132 139 128 
1872 172 66 140 146 139 132 139 13o 
1916 174 72 146 154 147 140 145 136 
1961 178 7o 146 156 147 14o 145 136 
2005 184 72 150 158 149 144 151 138 
2048 188 76 156 164 157 148 155 146 
2092 192 78 162 168 163 152 161 148 
2135 202 76 160 170 163 156 161 150 
2224 208 84 172 180 175 164 171 158 
2313 222 86 180 190 183 172 179 166 
2402 234 94 188 	198 191 180 189 174 
2447 242 90 192 	202 197 186 193 178 
2402 238 88 188 	198 189 182 189 172 
2358 234 86 186 	196 189 178 185 168 

CONCRETE SLAB (1.58:1) 

APPLIED 
LOAD 

(LDS) 

, STRAIN (x10 6 ) 

GAUGE NUMBER 
1 2 3 	1 4 5 

0 0 0 0 0 0 
180 1 3 lo 9 6 
36o 10 12 17 15 16 
540 20 21 22 20 26 
720 29 31 27 25 35 
599 39 41 34 30 45 
1077 48 5o 4o 35 56 
1165 53 55 43 38 59 
1253 58 61 46 4o 65 
1342 64 65 49 43 70  
143o 68 71 52 47 74 
1519 73 75 55 49 79 
1608 77 81 6o 52 85 
1696 82 90 62 55 go 



( CONT ) 

1 2 3 4 5 

1784 88 96 67 57 96 
1872 93 101 69 6o 101 
1961 loo 107 73 62 107 
2048 105 111 76 65 115 
2135 111 117 79 68 123 
2224 116 322 83 71 128 
2313 122 127 86 74 134 
2402 133 128 90 77 140 
2492 140 131 94 79 3.48 
2671 153 139 98  83 163 
2758 153 145 99 86 172 
2810 149 149 99 88 176 

GAUGE NUMBER 

6 7 8 9 10 

0 0 0 0 0 0 
18o 9 17 17 0 14 
36o 15 27 28 4 22 
540 20 36 37 10 32 
720 27 45 47 14 41 
899 32 55 57 19 5o 
1077 36 65 67 23 6o 
1165 39 7o 72 26 64 
1253 42 75 78 28 69 
1342 45 81 83 31 71+ 
11+30 49 86 89 33 78 
1519 52 91 94  36 84 
16o8 55 96 99 38 89 
1696 57 102 105 41 94 
1784 6o 107 111 43 99 
1872 63 112 115 45 104 
1961 66 118 122 48 109 
2048 7o 124 127 50 115 
2135 72 129 133 53 120 
2224 74 135 139 55 126 
2313 78 141 145 58 130 
2402 8o 147 152 61 137 
2492 83 153 157 64 141 
2671 87 166 168 69 152 
2758 89 173 175 72 159 
2810 88 178 176 72 	159 
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CONCRETE SLAB 	(2:1) 

APPLIED 
LOAD 

STRAIN (x10 6) 
GAUGE NUMBER 

1 2 3 4 5 

0 0 0 0 0 0 
243 17 21 4 4 18 
45o 3o 34 9 9 32 
54o 35 42 10 11 37 
720 47 52 14 15 49 
899 59 64 18 21 61 
1077 70 77 23 25 73 
1253 82 89 26 29 86 
1342 
1430 

89 
96 

95 
102 

29 
31 

32 
35 98

92  

1519 103 109 33 37 105 
1608 109 i 116 35 4o 108 
1696 116 124 37 42 116 
1784 124 135 40 44 122 
1872 132 144 41 46 130 
1961 141 154 45 48 139 
2135 156 173 5o 53 158 
2313 173 220 56 56 177 
2492 199 320 63 58  207 
2537 208 366 66 59 218 

GAUGE NUMBER 

6 7 8 9 10 

0 0 0 0 0 0 
243 4 12 11 8 12 
45o 10 24 23 12 25 
54o 11 30 28 16 3o 
720 15 39 38 19 39 
899 
1077 

20 
25 

51 
62 

1+9 
58 

24 
28 

49 
6o 

1253 29 73 69 32 71 
1342 31 79 74 34 76 
1430 34 86 So 36 82 
1519 
1608 

36 
4o 

92 
9? 

87 
91 

38 
/+1 

88 
91 

1696 41 103 97 43 97 
1784 43 109 102 46 103 
1872 
1961 

47 
5o 

116 
123 

109 
115 

47 
49 

109 
116 

2135 55 136 128 54 129 
2313 59 152 144 58  142 
2492 64 173 166 61 157 
2537 66 185 178 61 162 
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612 

CONCRETE SLAB (1:1) 

APPLIED 
LOAD 
(LBS.) 

STRAIN (x10 -6) 
GAUGE 	NUMBER 

1 2 3 4 5 6 7 — 8 	' 

0 0 0 0 0 0 0 0 0 
36o 13 13 11 16 13 10 12 12 
720 27 26 24 30 24 20 24 23 
1077 41 39 38 44 36 29 35 33 
1430 55 52 50 58 46 39 46 43 
1784 73 66 65 72 57 48 58  54 
1961 82 72 72 79 63 52 63 59 
2135 91 79 79 87 69 57 69 64 
2313 100 86 88 95 75 6o 75 7o 
2492 110 93 95 102 81 65 82 76 
2671 120 101 103 110 87 70 89 84 
2846 130 107 112 118 93 75 95 9o. 
3023 141 116 121 125 100 80 102 96 
3199 155 123 130 134 106 84 108 104 
3378 17o 13o 139 142 113 90 115 114'.. 
3551 184 137 148 151 120 95 122 117 
3729 201 146 157 159 127 101 130 124 
3902 223 155 167 170 134 111 136 132 

3989 233 159 172 174 137 



MORTAR DISC 
APPLIED 
LOAD 
(LBS) 

STRAIN (xio 	) 
GAUGE NUMBER 

1 2 3 4 5 
o 0 0 0 0 0 
36o 4 4 5 5 5 
720 9 8 9 9 12 
1077 14 13 14 12 15 
1430 19 18 17 17 20 
1784 25 22 21 17 25 
2135 28 28 24 24 26 
2492 33 31 28 27 33 
2846 39 38 3o 3o 35 
3199 44 44 34 34 40 
3551 51 5o 37 35 43 
3902 56 56 4o 38 47 
4248 61 60 44 4o 53 
4951 72 71 52 48 6o 
5312 75 77 54 5o 65 
5666 8o 83 61 52 7o 
5842 84 83 62 57 72 
615o 89 88 69 67 77 
6858 98 98 73 75 88 
7204 104 102 77 08 93 
7550  108 107 - 	81 82 97 
7900 114 113 85 86 102 
8251 119 119 87 89 106 
8626 124 125 91 92 111 
9002 132 132 96 94 116 
9377 139 14o 101 99 122 

9733 145 147 102 105 128 
11_03 151 153 110 108 133 
104 ?1 156 161 110 - 140 
10838 163 169 117 116 143 
11200 170 175 122 121 148 
11561 176 182 129 125 153 
11922 183 189 130 128 159 
12290 188 195 135 131 163 
12644 195 201 139 135 168 
12998 203 209 143 140 174 
13352 209 215 147 144 178 
13706 216 222 154 149 185 

L 

Note: For all readings above 5842 lbs., the following load should be added 
to the given load to obtain the actual load corresponding.  to each 
recorded strain. 

GAUGE NUMBER CORRECTION TO APPLIED LOAD (LBS) 
1 90 
2 110 
3 130 
4 150 
5 170 
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CONCRETE DISC 
APPLIED 
LOAD 
(LBS ) 

STRAIN (x10') 
GAUGE NUMBER 

1 2 3 4 5 6 
— . . 

0 0 0 0 0 0 0 
578 5 5 3 4 3 - 
1270 15 16 11 10 4 10 
1542 16 19 19 17 13 11 
1824 19 19 18 15 14 14 
2101 18 27 - 	20 16 15 
2378 25 25 25 20 21 25 
2654 27 24 26 19 22 20 
2931 28 29 26 32 25 30 
3208 32 31 31 28 28 28 
3485 34 3o 35 36 3o 32 
3762 35 34 37 35 35 34 
4038 41 4o 41 35 36 35 
4319 43 41 41 42 46 41 
4600 49 44 47 41 42 38 
4881 5o 51 52 43 45 41 
5162 5o 52 53 44 47 46 
5442 52+ 56 53 47 55 47 
5725 55 57 61 51 54 49 
6008 61 62 66 55 57 52 
6291 64 65 69 56 58 54 
6574 68 68 74 59 61 58 
6858 71 73 8o 64 66 61 
7137 75 76 71 68 68 63 
7415 77 79 84 68 7o 64 
7694 77 83 go 71 75 68 
7972 82 82 94 74 78 72 
8251 go 88 95 81 84 8o 
8551 - 89 98 82 83 92 
8852 94 96 108 86 90 84 
9152 100 103 120 92 96 85 
9453 106 107 124 94 97 90 
9753 110 108 133 102 102 94 
10,042 124 - 137 104 108 101 
10,332 132 115 137 108 111 103 
10,621 _ - 140 113 114 - 
10,911 137 117 156 117 118 110 
11,200 144 111 166 	114 135 116 
11,490 139 111 168 	127 131 122 
11,778 146 113 177 	136  137 126 
12,067 149 110 185 	138 144 136 
12,356 151 108 195 	144 152 144 
12,644 - 99 200 	156 167 154 
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Note: For all readings above 578 lbs., the following load should be added 
to the given load to obtain the actual load corresponding to each 
recorded strain. 

GAUGE NO. CORRECTION TO 
APPLIED LOAD (LBS) 

1 10 
2 20 
3 3o 
4 5o 
5 6o 
6 70 

REINFORC1 SLABS  

MORTAR (1.58:1) (REINFORCED) 

APPLIED 
LOAD 
(LBS) 

STRAIN (x10-6) 
 GAUGE NUMBER 
1 2 3 4 	I 5 6 7 	1 8 

0 0 0 0 0 0 0 0 0 
360 20 14 13 17 17 12 12 19 
720 37 26 26 35 34 23 23 35 
1077 53 4o 37 53 50 34 33 51 
1430 72 54 5o 7o 67 46 44 69 
1784 91 68 63 84 84 58 56 85 
2135 111 82 76 104 101 71 67 103 
2413 13o 95 89 121 119 83 8o 121 
2671 141 101 95 131 128 89 	' 85 130 
2846 150 109 102 141 138 96 92 14o 
3023 16o 117 109 15o 147 102 97 148 
3199 170 123 115 158 157 109 104 158 
3378 182 131 122 168 168 116 111 169 
3551 192 138 129 177 180 122 117 179 
3729 201 146 138 185 191 128 122 191 
3902 211 153 144 195 202 135 130 201 
4076 223 162 152 203 218 142 135 211 
4248 235 169 160 214 229 148 143 223 
4425 247 177 168 224 244 155 149 233 
4618 262 187 178 243 262 165 158 249 
4900 280 199 190 259 286 176 169 267 
5184 300 211 202 274 325 187 178 288 
5470 321 225 214 294 369 199 188 315 
5755 344 239 229 312 41( 210 200 35o 
6040 369 255 244 332 44o 224 212 382 
632o 393 269 257 349 475 235 224 414 
6595 415 284 272 367 511 246 236 462 
687o 44o 300 288 387 549 258 25o 556 
715o 464 315 303 406 582 27o 262 608 
743o 493 333 317 426 637 284 275 65o 
7705 516 349 332 445 686 295 287 692 
7845 , 529 358 341 457 
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616 

Note: Corrections to be applied to all loads above 4425 lbs. - See.. end 
of this appendix. 

MORTAR (2:1) (REINFORCED) 
APPLIED STRAIN (x10- ) 
LOAD GAUGE NUMBER 
(LBS) 

1 2 3 4 5 6 7 8 

0 0 0 0 0 0 0 0 0 
36o 30 11 7 27 5 14 16 17 
720 54 24 21 53 24 26 26 35 
1077 8o 36 33 78 44 36 36 55 
1430 105 5o 45 103 63 48 49 75 
1784 133 63 56 130 85 59 61 94 
1961 146 70 64 142 94 66 66 105 
2135 158 77 7o 155 105 71 73 117 
2313 172 85 77 168 118 76 78 129 
2492 187 92 83 182 132 83 83 141 
2671 200 99 89 196 146 88 89 154 
2846 213 105 94 208 158 93 95 166 
3023 227 112 101 222 173 99 101 181 
3199 242 119 107 236 188 106 106 195 

3378  258 126 115 250 207 112 113 213 

3551 273 133 121 265 228 118 120 234 
3729 288 141 127 279 251 124 126 257 
3902 305 147 134 296 269 129 132 281 
4076 321 154 14o 311 282 135 139 304 
4243 336 161 146 327 294 14o 146 326 
4425 353 169 153 342 301 145 15o 341 
4614 334 183 164 376 309 157 165 390 
4399 410 195 176 398 329 164 175 426 
5185 436 207 186 425 361 173 183 421 
5470 465 222 199 453 412 182 193 433 

5755 495 236 209 48o 46o 194 203 448 
6040 525 253 223 511 510 206 213 460 
6310 552 268 	234 538 550 214 219 474 

6595 583 284 	25o 569 601 226 230 500 
687o 611 301 	264 597 646 236 239 526 
7150 641 317 	277 627 690 247 248 561 
7430 672 335 	, 	292 658 738 256 261 600 
7705 705 355 	1 	307 689 802 267 271 631 

7985 74o 375 	322 723 878 277 282 676 
8120 757 387 	1 	331 740 912 283 287 697 

1 

Note: Corrections to be applied to all loads above 4425 lbs. - see end of 
Appendix. 



MORTAR SLAB 2,511) (REINFORCED) 

LOAD 
(LBS) 

APPLIED , STRAIN 	Lx10 	) 	
.... 

-6N 

GAUGE NUMBER 

1 	1  2 3 4 6 

0 0 0 0 0 0 0 
180 15 4 6 18 8 11 
36o 30 lo 13 31 12 21 
540 46 17 20 49 18 33 
72o 60 23 26 65 24 44 
699 76 29 31 8o 29 55 
1077 91 34 38 95 33 65 
1253 106 41 44 110 39 76 
1430 122 48 5o 126 43 87 
1608 137 54 57 142 48 97 
1784 153 59 63 157 54 106 
1961 169 66 7o 174 59 118 
2135 185 73 76 191 64 128 
2313 203 80 84 207 7o 140 
2492 218 86 90 223 75 152 
2671 235 92 97 242 81 168 
2846 254 98 102 259 86 182 
2934 263 100 107 268 89 189 
2934 266 102 107 272 90 192 
3023 272 105 110 277 91 197 
3199 289 no 	1 116 294 96 216 
3378 308 116 123 315 101 251 
3551 326 123 129 333 106 284 
3729 343 128 135 349 110 316 
3902 363 135 141 369 116 348 
4076 382 142 148 390 122 380 
4243 400 148 154 407 126 407 
4425 419 154 16o 	427 129 435 
4614 443 160 167 	454 139 476 
4900 47o 170 177 	481 145 515 
5185 501 181 188 	511 151 556 
5470 532 192 199 	543 157 601 
5755 568 205 211 	578 165 652 
6040 602 217 224 611 174 706 
6310 631 228 235 641 181 752 
6595 664 241 247 673 189 800 
6890 695 255 259 705 196 849 
7150 729 269 272 738 205 goo 
77+30 766 284 285 775 212 957 
7705 798 300  298 804 	219 loon 
7985 834 315 312 841 228 1052 
8255 869 333 326 875 237 1099 
855o 907 351 339 912 247 1151 
8710 1927 362 348 936 	252 1182 

Note: Corrections to be applied to all loads above 4425 lbs. - see end of 
Appendix. 
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CONCRETE SLAB 1.58:1 (REINFORCED) 

APPLIED STRAIN (x10
6 

LOAD GAUGE NUMBER 
(LBS) 1  4 5 6 8 

0 0 0 0 0 
0 

0 o o 

360 15 13 12 15 15 9 8 16 

720 31 24 22 31 30 18 17 30 

1077 47 35 33 46 42 27 25 42 

1430 63 46 44 61 56 36 33 55 

1784 8o 57 55 78 7o 45 41 68 

1961 88 61 60 87 76 5o 46 75 

2135 97 67 66 95 84 55 51 82 

2313 104 73 71 lo4 91 6o 55 88 

2492 113 78 78 113 100 64 60 96 

2671 121 84 83 120 107 69 64 103 

2846 13o 90 90 129 115 74 68 111 

3023 139 96 95 137 123 79 72 118 

3199 148 102 102 147 128 85 77 127 

3378  156 lob 100- 157 13$1 W. 82 135 

3551 167 114 1/4 167 148 96 87 143 

3900 
4246 

186 
208 

129 
14o 

12 
1!40 

187 
208 

174 
209 

108 
120 

96 
107 

159 
174 

460o 230 153 154 231 236 132 118 184 

4954 254 165 lfg 255 263 147 129 198 

5305 
5660 

279 
306 

18o 
195 

1S1 
198 

281 
308 

284 
308 

163 
179 

14o 
151 

213 
269 

6010 332 209 216 333 339 193 161 313 

6365 361 220 236 362 370 210 173 337 

6455 369 223 ?39 371 378 1 214 178 342 

618 



8 

0 
3 
14 
22 
29 
38 
43 
54 
62 
68 
75 
83 
91 
99 
111 
122 
130 
136 
149 
159 
172 
179 
194 
215 
233 
258 
270 
291 
313 
332 
356 
376 
407 1  
4301 
44o 1 
483 i 
496 
521 I 
55o 
570 
594 
618 
646 

CONCRETE SLAB (2:1) (REINFORCED) 

;APPLIED 
;LOAD 
,(LBS) 

STRAIN (x10 6) 
GAUGE NUMBER 

1 	2 3 • 5 	6 7 

0 	0 
1)_,80 	8 	1 

0 
2 

0 
10 

0 
12 

0 
4 

0 
11 

36o 	18 	8 17 12 11 11 
54o 	27 	15 13 33 23 15 14 
72o 	35 	20 17 # 	38 32 18 17 
899 	45 	23 22 48 35 23 23 
1077 	55 	29 25 55 47 26 27 1 1253 	63 	33 3o 65 54 31 28 
143o 	73 	37 33 75 62 36 31 
1608 	86 	41 38 83 69 4o 35 
1784 	93 	45 

1 	1961 	102 	5o 
46 
47 

94 
104 

77 
86 

45 
49 

3
3 

 

2135 	111 	54 	i 52 114 94 53 44 
2313 	121 6o 	I 55 124 103 58 47 

! 	2492 	130 69 	1 57 133 109 62 51 
2671 	143 69 65 142 120 64 59 
2846 	149 74 68 153 128 71 6o 
3023 	160 8o 72 162 134 74 68 
3199 	169 85 77 # 	173 146 81 68 
3378 	180 89 81 184 154 85 74 
3551 	191 95 	# 86 196 	165 90 77 
3729 	201 96 86 204 	176 96 82 
3902 	216 102 91 1 	216 186 loo 84 
4076 	222 109 100 228 195 104 89 
4248 	239 116 106 241 203 111 94 

! 4425 	248 	122 111 254 209 114 98 
4603 	266 128 112 265 220 117 107 
4780 	272 138 120 275 229 122 106 
4957 	285 143 126 288 247 122 110 
5135 297 147 131 303 265 132 118 
5312 309 154 	J 137 315 282 139 121 
5442 312 16o 143 318 295 138 126 

i 5725 331 168 151 339 316 150 131 
6008 35o 179 161 363 343 16o 139 

i 6291 
6574 

373 
387 

190 
216 	; 

168 
175 

382 
i 	402 424

373  17o 
183 

145 
147 

16858 405 184 421 463 187 168 
I 7136 435 229 199 445 5:6 197 166 
7415 457 248 210 47o 	556 207 175 
7693 476 264 221 488 	594 215 187 
7972 
8251 

499 
52o 

284 
304 

233 
246 

514 	639 
z 	534 	676 

226 
236 

195 
203 

18529 542 323 261 556 	712 	244 213 

Note: Correcitions to oe applied to all loads above 5312 lbs. - see end of 
Appendix 
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CONCRETE SLAB (2.5:1) (REINFORCED) 

APPLIED) 
LOAD 
(LBS) 

, 	6. STRATN kx10 	) 
GAUGE NUMBER 

1 2 3 4 	i 5 6 7 8 

0 0 0 0 0 o • 0 0 0 
90 4 -1 2 5 4 1 2 4 
18o 10 4 4 8 9 3 4 7 
36o 19 3 10 16 15 8 6 16 
54o 33 12 12 20 21 11 11 22 
899 50 19 19 44 35 19 18 37 
1077 61 22 23 51 43 22 22 45 
1254 69 25 28 59 53 24 28 53 
1430 82 32 33 68 54 27 27 61 
1607 87 35 33 77 63 33 32 69 
1784 95 41 4o 85 72 34 36 76 
1961 104 42 45 91 74 35 42 83 
2135 116 51 49 100 87 4o 45 94 
2313 124 56 53 109 95 44 52 103 
2492 134 59 57 117 102 46 53 1109 
2671 143 65 59 124 log 47 52 119 

' 	2846 161 72 63 133 116 52 59 127 
3023 164 74 66 143 123 57 62 143 
3199 175 77 72 154 135 61 61 152 
3378 187 82 75 162 144 65 7o 159 
3551 198 86 79 171 145 69 82 173 
3729 210 90 84 181 167 71 79 188 
3902 225 92 89 195 183 78 84 205 
4076 237 99 92 201 195 79 89 227 
4248 246 105 97 213 211 85 89 251 
4336 252 110 101 219 225 90 95 257 
4336 255 109 - 217 236 85 96 268 
4425 - 116 - 238 241 86 91 266 
4600 273 114 104 235 258 90 109 298 
4777 288 120 111 244 276 94 108 32o 
4865 294 123 111 248 291 90 110 332 
5091 300 127 118 258 318 98 114 363 
5442 326 137 126 281 354 106 122 402 
5796 351 147 134 305 396 114 128 441 
6150 376 156 142 326 438 121 135 478 
65o4 402 166 152 348 477 130 141 515 
6858 428 178 163 37o 509 138 147 556 
7204 453 193 173 392 536 146 155 594 
7550 483 208 180 416 567 156 	. 163 637 
7900 514 222 199 443 co4 167 172 682 
8251 537 250 206 464 637 177 181, 716 
8626 564 258 213 485 1 	671 184 191 I 771 
9002 598 291 231 i 	518 I 	701 196 201 ' 823 
9377 623 313 239 1 	543 729 . 207 209 867 
9753 657 342 256 , 	569 746 215 219 918 
10,114 688 37o 271 595 767 226 229 i 972 
10,476 717 389 284 	623 791 • 135 

i 
242 1 1018 
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(CONT) 
	 6 1 

Note: Correction to be applied to all loads above 4865 lbs. - see 
following table. 

CORRECTIONS TO BE ADDED TO GIVEN LOAD FOR REINFORCED SLABS TO 
OBTAIN THE ACTUAL LOAD CORRESPONDING TO EACH RECORDED STRAIN  

GAUGE 
NC. 

CORRECTION (LBS.) 
DIAGONAL RATIO OF REINF. SLAB 

MORT-LR 1.58:1, 2.5:1 CONCRETE 2:1, 2.5:1 

1 40 0 
2 50 lo 
3 60 20 
4 70 30 
5 80 4o 
6 go 50 
7 loo 60 
8 110 70 

4 
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