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ABSTRACT

This thesis examines the problems associated with
defining the deformation and failure of plain concrete under
simple and combined states of stress including the philesophies
of é;rength involved and the work done in this field of research,

A combined stress testing machine was designed and
built to yield the experimental data required for failure criteria
both in terms of stress and strain measurements and also mode of
'failu;e. The machine was a basically biaxial stress machine with
fgcilities for compression, tension and torsional stresses and
capabhle of extension to t;iaxial testing., It had a maximum
working load caﬁpcity of 200 ton compression or 30 ton tension and
applied static loads at constant rates of stress.

Detailed proving trials were carried out on the behaviour
of the testing machine and the states of stress actually achieved
in the test specimens prior to the main series of tests,

A range of thirteen mixes including mortars, normal
aggregate concretes, and lightweight concretes were tested under
biaxial compression and six mixes under compression-tension, The
iests were all short-term static loading tests on saturated specimens
at 28 days old, As a result biaxial ultimate and discontinuity
stress envelopes were obtained and, together with the results of
a complementary series of uniaxial tests, the elastic behaviour of
the mixes was examined, It was recognised that two basically
different classes of behaviour existed, In general, all the
moftér and lightweight aggregate concrete mixes were elastic in
behaviour below the discontinuity point with constant elastic
modulus whilst the normal aggregate concretes under biaxial
comp?ession exhibited a marked increase in elastic modulus,



This distinction was also observed in the biaxial
stress envelopes where the mortars and lightweight concretes
approximated to a modified Coulomb-Mohr theory of failure whilst
the normal-aggregate concretes gave a complex mechanism of
failure not explained by any classical failure theory, Failure
criteria were proposed and mechanisms of crack propagation

examined.
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CHAPTER 1

INTRODUCTION

Tele Introduction

This thesis describes a research project into the strensth
and deformation of plain concrete primarily under biaxial stress
states in an attempt to establish failure criteria for these states
of stress. The project is the latest in a series of research
projects into testing techniques and failure critecria for concrete
co-ordinated by Mr. K. Newman and executed by the Concrete Materials
Research Group at Imperial College under the overall supervision of

Professor A. L, L. Baker,

Commencing with the simple uniaxinl states of stress and the
development of suitable testing machines and experimental techniques,
the programme hzs been extended prozressively into more complex states
of stress, Additional studies have concentrated on failure theories

and the various models desisned to simulate concrete behaviour.

Work by Laéhance(1' 2, 3) showed the effect of the geometrical
proportions of uniaxizl compression test specimens on the results
obtained in short-term tests and established 2 prism test as a
standard laboratory test for uniaxial compressive strength. The
" state of stress in the centre third of the prism was shown to be
uniform compression and the effects on the stress pattern of various
packing materials placed between the loading plattens and specimen

woere demonstrated,

The Inttice Theory of concrete deformation and failure

%) 5, 6)

proposed by Professor Baker 25 investigated by Anson n
o general study into the hetercgeneous nature of concrete and, in

particular, two-phase approximations to it. $

An investigation into the uniaxial tensile strength of

concrete by Ward(7) followed in which a standard laboratory test
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to ohtain the direct tensile strength of concrete was developed.
In this project, the various indirect tension tests for concrete
were compared with the results from the new direct or uhiaxial test

and with the results of uniaxial coumpression tests on prisms.

In the Autumn of 1961, a comprehensive serics of tests was
carried out on slab and dise speecimens subjected to certain types
of flexural stress using testing techniques similar to those proposed
by Blakey and Beresford(g). However a recent investization by
Sigvaldason(g) has shown that the testing techniques did not induce
the stzte of stress assumed in the elastic analysis.

A detailed survey was then made by Robinson(10) into

 theories of failure in which he compared the theoretiecal predictions

of both stress characteristics and failure mode with the experimental
results of other workers. The effects of heterogeneities in concrete
were then considered and Anson's work on the Iattice Theory extended

intc biaxial states of stress, Crack detection techniques were

(1)

developed and the project was completed with some biaxial

compression tests on mortars and concretes,

- (9,12,13,14,15) .

'During‘the same period, Sigvaldason as
investigating testing machine characteristics and their effect on
the experimental results obtained. He also conducted a detailed study
on the slab and disc flexural tests referred to above and developed
new testihg techniques for these tests to obtain reliable states of

biaxial tension and compression-tension flexural stress.

The results of Robinson's work on failure theories and
Sigvaldason's on testing machine characteristics indicated that a
detailed investigation into biaxial compression and possibly other
biaxial stress states misht yield valuable experimental data upon

which to build a failure criteria.

Accordingly the following terms of reference for the

project were drawn up by Mr., K, Newman:-
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Mdim to establish the criteria which determine the
conditions of equilibrium, cracking and failure of plain concrete
subjected to biaxial states of stress. An attempt will be made
to define the permissible workinz stresses that concrete can withstand

under all states of biaxial stress, in the form of an envelope."

"Examine all previous work on uniaxial and biaxial stress

states, with special reference to:i-

(1) the loading systems used to achieve the desired
stress state,
(2) +the results obtained and the definition of

failuret,™

"To design and construct a biaxial testing machine to
enable more refined tests in all states of biaxial stress to be

made, giving results over any part of the envelope.!

Following negotiaticns with these terms of reference as
a basis, the Civil Enzincering Research Association agreed to zive
the project financial support and a two year contract for this work

commenced on. the 16th September, 1965.

This introductory chapter deals with the examination of
previous work and the philosophical consideratiocns which led up

to the plan of the research project fihally adoptéd.

1e24 Factors affectins the Mechanical Behaviour of Concrete

(243,15,16) (1?7)

Newnman and Price have listed and described the
factors affecting the mechanical behaviour of concrete. However, it
is worth summarising those factors here tojether with definitions

and conventions péculiar to this particular rescarch project. They
will serve as an introduction to the review of past research
contained in the followiny section (1.3.) and avoid repetition

of definitions in the ensuing text.
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Definitions and Conventions

1) Principil stresses are those stressss acting on planes
of zeoro shear stress; simple stress occurs when only one principal
stress acts on the value under consideraticn whilst combined stress
cccurs when more than one principal stress acts upon the volume on

matually orthoganal planes.

2) The sign convention adopted for principal stresses

throushout is tension positive nndﬁfa">€?2‘>f;3.

3) A4s the metheds of applying stress uniformly to test
specimens are imperfect, shear stresses are often transferred to
the test specimen together with the appliced stress, especially in
the case of uniform tests (defined below). These shear stresses are
defined as primary when they are due to mnchine deflections and
sccendary when they are due to friction hetween the test specimen

and loading devices,

L) Types of stress are classified in three groups for

cenvenience as follows:i~

a) uniform tests - sometimes referred to as direct
stress tests - in which the stresses on 2 plane
orthoganal to the direction of principal stress
are uniform (18). This rescarch project is concerned
with tests of this kind,

b) flexural tests in which there is a stress gradient
on the plane orthoganal to the direction of the
principal stress. This type of test was investigated
by Sigvaldason(9) for the Concrete Materials Research
Group.

c) caléulated stress tests in which an clastic stress

analysis is necessary to obtain the stresses acting

upon the critical portion of the test specimen.
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This classification includes hollow cylinders

but excludes the flexurﬁl tests defined above.

This type of test is especially vulnerable to
serious error when the ultimate stress is calculated
using elastic analysis in a non-elastic specimen

cendition.

(16)

5) As has been suggestcd by both Newman and Shah

(19)

and Sturman different failure criteria will be required for
uniform and flexural states of stress. In this thesis the failure

criterion sought is that under unifcrm states of stress,

6) Concrete mix designation for the mixes used in this
research project is summarised in fig.6.4.1. but for mixes used
by other investigators the following conventicn and short~hand

description is used, e,z. (1:2.4:5.1:0.55/0.51:2").

1 -~ cement/coment ratio by weight

2.4 - sand ( 3/16")/Cement ratio by weight

5.1 - aggregate ( 3/16W/cement rotio by weisht
0.55 - water/cement ratio by weight

051 = wvolume fraction of coarse aggremsate
(often approximate)

" = maximum aggresnte size,

7) Mortar is defined as having o maximum azgregate size
of 3/16“ or less whilst conerete is defined as having 2 moximum

aggregate size greater than 3/16%,

8) Order ~f loading or 1bading sequencé in biaxizl tests

can be divided into -

a) ‘"sequence" loading in which one principzl stress is
applied until its final wvalue is reached and then
the cther stress is applied

'b) ‘‘proportiomate™ loading in which the two stresses are

applied together in a fixed proporticn to each other.
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Factors affectinz Behaviour

1) Volume fraction of sand and coarse aggregate in mix.
This affects the strains at discontinuity stress (defined by

Newman(ao)) as demonstrated by Kaplan(21).

2) Moximum aggresate size, as will be shown by the results
of this research, determines the biaxinl stress behaviour of the mix.
The mixes can be classified os mortars and concretes with pastes as a

third classification,
3) Specimen shape and size yield statistical effects (16.).

4) Specimen condition in terms of its temperature, humidity

and moisture content (16).

5) Rates and patterms of loading. i.e. static or dynamic

loading over short or long periods of time (16).

6) Modes of cracking - these determine both the failure
criteria for discontinuity stresses and also the inelastic

behaviour and ultimnte load above the disccontinuity stress.

7) Desree of particle interaction will affect the elastic
constants and failure eriteria (10).

8) Testins and mochine effects as investisated by

(9,12"15) i.2., longitudinal stiffness of machine frame,

Sigvaldason
lateral stiffness of mochine frame, spherical seating effects, etc,
The spherical seating effects include the degrees of freedonm of

movement of the test specimen at the lcaded faces,

Te3e Review of Past Research

The intention of this section of the the51s 1s to miake a
Brief review and assessmeft of the principal contributions to the
5tudy of the biaxial strength and deformition of donerete. The
contributors will be c¢n51dered in chronoloblcal order and attention
will be paid to the factors listed in section 1, 2. with phrtlcular
reference the londing system used, 1nvest1autions into the ﬁctual

state of stress achicved, and the test results obtained,
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An exhaustive examination of all previous work is vital
in any field of research prior to any planning or preparation for
a research programme. It will be seen in the course of this review
that much work hns been executed in apparent ignorance of earlier,
and in some cases, better, contributions,

1.3:1. TFoppl (1900)(22)

The earliest reported work on the biaxial strength of
concrete appears to be that carried >ut by Foppl in 1896 and

published in Munich in 1900(22). It was later reported by

(23)-

Mesnager

He designed an ingenious lever mechanism (figz.1.3.1.7.)
which he names a ''pressure cross' (literal translaticn®. This
device fitted into a uniaxial compression machine and applied
equal biaxial compression to the test specimen. The device,
however, appears to lack lateral stiffness and the deflection of
the frame in the longitudinal direction, shown in an exazgerated
form in fig.1.3.7.2., would alter the alignment of the principal
externally applied loads on the test specimen inducing primary shear

stresses within the specimen.

Cubes of mortar (7 em.) were tested with stearin and
tallow pads between the platens and the test specimen to eliminate
seccndary shear stresses. 4 small réduction in strength of about
10% was observed under equal biaxial compression as compzred with
the uniaxial compressive strength (fige1.3.1.3.). However, as
‘originally pointed ~ut by Ros and Eichinger(zu) and recently confirmed
by Robinson and Vile(as), the stearin and tallow'pads would tend to
squeeze cut under pressure and initiate a tensile splitting faiiure
. in the specimen,
With cubes tested without the stearin and tallow pads, an

increase in strength of 87% was obtained under equal biaxizl

conpression, Though scme of this increase can be attributed to the



FiG. 1.3.1.1

Fie. 1.3.1.2.

- |p
PRESSURE CROSS DESIGNED BY FOPPL(22).

UNSTRESSED

(bEFLECTIONS EXNGERATED)

DEFLECTI\ON OF PRESSURE CROSS DURING TEST.

18



-1y 19
e o

NB. v Al dinsmans
6. BQUALS THE UNIMRIAL
COMPRESSIVE STRENGTR,

T
|
|
|
|
|

& - 0-40 GREASED
_——— e —
(% (=
6
6,26, 6,:0, ’ 6}

1:87 UNGREASED . -

FIG.1.3.1,3  BIAKIAL COMPRESSION STRENGTH OF MORTAR (Fépm.(m)

63
-
S {-00

€32 6, = UIDROSTATIC PRESSURE

I

I

I

I

I
|
A\

1-29

FI6. 1.3.3.1  BIAXIAL COMPRESSION STRENGTH OF MARBLE (KARMAN(&o)a,BoKER(‘M))



20

absence of the tensile stress action of the stearin and tallow
pads, o substantial percentapge of the increase would be due to the
frictional restraint effect of the loading platens on the cube
producing secondary shear stresses. These secondary shear stresses
tend to produce a state of triaxial compression in the specimen and

(1-3,26).

hence have a reinforcing effect

1.3.2¢ Considere (1904-1907)(27-29)

(23)

The work of Considere was also reported by Mesnager

in 1923.

Considere conducted experiments on mortar and concrete
prisms containing helical binders and compared the results with
those obtained on 3 cm. diameter, 8 cm, long solid cylinders

subjected to axial compression and radial hydrostatic pressure.

'He obtained the formula s, = 156"+ 4.8 S, where s
was the ultimnte axial strength under a radinl pressure of & r and
.6' was the uniaxial compressive strongth (fiz.1.3.2.1.). This
empirical formula was claimed to be valid for both reinforced prisms
and plain cylinders under radinl hydrostatic pressure., Furthermore
the mathematical analysis of A. Pourcel was cited as corroborating

evidence,

Few details of the testinz technique were given and so it

is difficult tc criticise this work adequately.

1.3.3. Karmn(1912) G and Boker (1915) 7

The work of Karman and Boker has also been reported by

(32) (33).

Ros and Eichinger , and by Nadai

These two workers carried out mainly triaxial compressive
tests on cylindrical marble specimens in which an axial compressive
load was combined with radial hydrostatic pressure. It was observed

that the marble became almost ductile under triaxial compression and
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a similar behaviour wos noted in specimens of cement paste and

mortar. (See later in Chapter 10),

With marble under equal biaxial compression (achieved by
applying hydrostatic pressure only) an increase of strength was
observed of 29% compared with the uniaxial strength and it was
implied that alsimilar increasce misht be expected from cement

paste and mortar. (fiz.1.3.3.1.).

-1.3.4, Ros (1222)(3h)

This work, first published in 1925, has subsequently been
republished with amendments and additions in collaboration with
Eichinger in 1928(35) and again in 1949(32) as part of a general

investigation into failure criteria for all materials,

Some uniaxizl tests were carried cut on 12 x 12 x %6 om.
concrete and 4 x & x 16 cn, cement paste prisms. An interesting
study was made on the effect of specimen height’to lateral dimension
rotio and greased platens on the strength of prisms for uniaxial
compressiocn tests 2s a result of this a 3:1 ratio of heisht to _
width was adopted (£igel1.3.4.1.). Another result of these tests,
that has a bearing on the biaxinl strength work in this thesis, was
the increase in elastic modulus observed with increasing ccmpressive
strength (fig.1.3.4.2.).

Unfortunately, no biaxial strength tests as such were carried
out on cement paste or mortar, the apparatus used providing axial
compression and radial hydrostatic pressure on solid cylinders of 2 cm.

diameter, 5 cm., long of cement pastes and mortars.

The choice of test reflects the confidence placed in shear
stress failure theories in which the intermedinte principal stress was
of no significance. |

Howe&er, a most interesting result which parallels biaxial
compression results obtained in this research project, was the variation
of overall strain expressed as a comparative stress with the mean normad

stress as shown in fig.1.3.4.3.
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1.3.5. Richart, Brandtzaez and Brown (1928)(35)

Though primarily an investization into the triaxial strensth
of mortars and concretes, this research did include 2 test series

concerned with biaxial compressive strength only.

The tests were carried out on 329/32” dia, solid cylinders
22" long overall hut with 2 reduced effective length (about 10") in
which equal biaxial coumpression was applied by radial hydrostatic
pressure. Three mortars and five £V aggregate concretes were tested
and six specimens were case from each mix, uniaxial compression tests

being carried out on 4" dia. by 8% long cylinders.

4 deviation from elastic behaviour wons observed at stresses
ranging from 67% of ultimate load in lean mixes to 75% with rich
mixes. The ratic of equal biaxial strength to uniaiial strenzth
varied frem 0.91 to 1.25 with ane extreme case of 1.67 but the,
authors adequately criticised their own testing technique and
suggested that the true ratio was about 1.20 to 1.50 for the leaner
mixes and 1.10 to 1.35 for the rich mixes (sece fizs.1.3.5.1, and

table 1.305:1 .)-

In addition, a variation in strength wos found depending on

the direction of loading relative to the laws of compaction.

A cleavage mode of failure parallel to the compressive

stress direction was noted under bhiaxial compression.

A short reference was made to work by Millard at Illinois
(1912)(36) in which equal uniaxial and biaxial strengths were

obtained using greezed concrete cubes.

The three authors also carried out a comparative study on
plain and spirally reinforceld concrete under comuressive loads (37)

similar to the work of Considere,
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38-40)

1¢3.6. Wastlund (1937)(

The assumption in the German Code of Practice of Mohrts
theory for the failure of plain concrete was questioned by Wastlund
who set out to demonstrate the influence of the intermedinte

principal stress and examine the failure modes obtained,

Wastlund developed a binxial compression testing device in
which a cube was held at varying anzles in a uniaxizl compression
machine to vary the ratio of the two principal compression stresses
(fige1.3.6.1.). The mammer in which this was achieved can be seen
from fig.1.3.6.71. which shows the flat bearing faces on the two
"half-mcon' castings for different ratios of compressive loads.

A variation of this basic principal was suzzested for triaxial

compression.

Sheets of rubber were interposed between the platen and
specimen, the required thickness being determined by obtaining equal
lateral strain at the centre of the cube and at a point near the edge;

the purpose being to eliminate platen restraint effects.

(10)

As has been pointed oﬁt by Robinson this procedure

contains two fallacies,

1) Only onc measurement of lateral expansion near the edge of
the specimen was taken which does not guarantee a uniform expansion
of the whole sne01men as can readily be seen from the results obtained

(25)

by Robinson and Vile . (see section 2.5.).

2) At much higher loads the rubber will squeeze out precipitating

a tension failure and producing a strength lower than the true cne.

" However, as the rubber pads were common to all uniaxial and

bi= x1al tests, the relative vwlues may be of siwnifiéance.

The test spec1mens were 15 cm, cubes and the mix used was a
mortar (1 i2.0:=: 1/0 3/16") Four cubes, two for biaxial compression

and two for un1Qx1al compressisn, were taken from each mix and, with
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four results on each of four €;3A5é ratios and two on ancther, a
total of 36 cubes were tested. The resulting ultimate strength
envelope which clearly shows the influence of the intermediate
principal stress is rsiven in fig.1.3.6.2. Wastlund notes especially

the rapid increase of strength 2t low lateral loads.

An extensometer frome was used in these tests to measure
the lateral strains but, probably due to its being mounted on the
machine rather than the specimen, unreliable results were obtained.

(25)

A solution to this problem was found by Robinson and Vile and is
described in section 2.5. of this thesis in which the frame was

supported on the specimen.

A cleavage mode of failure in the third unstressed direction
was sheared and evidence of internal disintegration in the specimen
prior to ultimate load was noted. Wastlund suggested that the
commencement of this disintegration process was related to the

(1)

fatigue capacity of concrete and referred to work by Graf

1.3.7. Smith (1953

)(42)

In a very short series of tests, on unspecified mortar mix
was tested under bhiaxial compressién—tension stresses by pre-loxding
the centre section of a 3 x 4 x 16 in. beam with 2 lateral compressi
and then loading it to failure (fig.1.3.7.7.). A total of eishteen
beams were divided into six groups of three and the envelope of the
averaged results is shown in fiz.1.3.7.2. From the definitions of
section 1.2., this test is 2 combination of uniform and flexural
" stresses. In this sense it stands in a catezory of its own but is
includel in this review, along with scme calculated stress tests

described later, for completeness.

This testing technique is scomewhat crude in that the effect
of the lateral compression platens will tend to reinforce the beam
against flexural failure and will also interfere with the strain

Jdistribution due to flexure which in any case is not uniform (178).

28
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The ASTM modified cube was used as the basis for the
unioxial compressive strengti whereas the beam itself should have
yielded this ordinate. Failure appeared to be a tensile crack

normal to the principal tensile stress.

1.3.8., Reinius (1955)(43)

To yield data for use in the development of a model theory
for concrete, Reinius devised the biaxial compression machine shown
in fig.1¢3:8.1. in which an axially loaded 7 x 7 x 20 cm. prisms
received a lateral compression on two opposite faces from the
hydraulically filled rubber bags. The friction in thc axial
direction was reduced by a layer of porous wood-fibre board.
However, the rubber bags had a maximum cdpacity of 40-50 kg cm2

only and so the scope of the tests was limited,

Mortar prisms (1:3.75:-0.?3/0:3/16") were tested; each
point on the resulting curve in fiz.71.3.8.2. being the average of
12 prisms except for the point at which the lateral pressure is

0.15i5u which was the avarage of 15 prisms,.

The biaxial ultimate strength envelope is very limited in
extent (see fiz,1.3.8.2.) but does show the initially larze increase
of strength at low lateral loads observed by Wastlund, The scatter
of results obtained does seem rather larze for the number of specimens
tested and thus the experimental technique must be suspect, though
with the few details published, it is difficult to suggest what could
be at fault,

1.3.9. Bresler and Pister (1957)(44’h5)

Bresler and Pister, with the specific aim of establishing a
failure criterien for concrete, carried out a series of tests on
tubular concrete and mortar specimens measuring 9" 0.D., 6" I.D. and
30" long. Compression was applied axially in a uniaxial ccmpression
machine and shear applied by a torsion rig which acted through clamps

at each end of the cylinder as shown in the line diagram in fige1.3.9.7.



s

FIG. 1.3.8.l.

Fi6. 1.3.8.2.

ELEVATION |

E

s

O

e

SECTWON A-A

RVBRER BAG

BIAXIAL COMPRESSION MACHINE BY REINWUS (43),

BIAKIAL COMPRESSION STRENGTH (REWNVS (43)

31



’

32

b
>
~_

S~

FIG. 131, LINE DIAGRAM OF BIAXIAL COMPRESSION-TORSION TEST
| BY BRESLER AND PISTER (44,45).

_ 08
[} J
\e
| 0-\0 Y
B ) [ -
» -
vi
171
-4
-
[V, ]
2
| 0.08 ©
V.
z
u
P
o

-\

T ~Y T T —

L] LI L)
to o6¢ o8 O1 06 65 04 O3 02 oV O
COMPRESSION | STRESS (3 VG .

T L T

F16. 1.3.4.2 BIAKIAL COMPRESS\WON - TENSION STRENGTW (BRES\.EK AND PISTER (A-ﬁ)



33

In all 65 tubular specimens wers tested and the results
are shown in fig.1.3.9.2. Basically three 3" ag.regate concrete
mixes were used - their proportions being tied tc the code design
strengths of 3,000; 4,500; and 6,000 p.s.i. compression - and the
volume fraction of coarse azgregate varied from 40% to 45%. When
all the ultimote strength results are plotted in terms of &
(uniaxial compressiwe strength) as shown in fige1.3.9.2. little
difference was observed betwueen the results from different mixes.
All test spccimens were tested in the same saturated cenditicn as

they enjoyed in the curing tank.

Sequence loading, in which torsion was applied to a pre-
compressed cylinder, was used for most of the tests but in the last
series proporticnal loading was shown to zive the same ultimate

strengths,

This is, of course, a ecalculated stress methcd of test for
biaxial compressicn-tension and this state of stress is achieved
ocnly on the cutside surface of o thick-walled cylinder across which
a ccnsiderable stress gradient exists. Althourh the axial compression
ball races were calibrated and the effects of the torque bands '
carefully checked in a series of uniaxizl compression tests, no
direct check was made on the state of stress achieved in the test

specimen durinz an actual test.

However, there have been few investigations in the field of
the biaxial compression-tension strongth of concrete as this state
of stress is so difficult to achieve. The testing technique has been
carefully developed and the convex shape of the biaxial compression-
tension envelope agress with the predictions of plastic theories.
Furthermore the actual shape of the envelope reflects the two failure
modes observed of cleavage and crushing. Hence the results can be
resarded with some confidence thouzgh, as mentioned above, no state of
stress investigation was carried out on the test specimens and hence

the absolute reliability of the results cannot be established.
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Bresler and Pister proposed a failure criterion based on
stress invariants tc explain their results but the results of this
mathematical approach are strictly limited to the range of their own
tests; '

Unfortunately no strain measurements were mnde on the specimen;
the only observations beinz ultimate stremsth and crack pattern:

As pointed out in section 1:2i thq,appliCQtion of an elastic
analysis to a material in an ihélastic’state‘can lend to errors and
this criticism is applicnble to these tests:’

1.3.10. McHenry and Karni (1958)(124)

In their series of tests on thick-walled tubular specimens,
McHenry and Karni usel an intern:l hydrostatic pressure to produce
the tensile stresses in an axially compressed specimen in contrast
~to Bresler and Pister who applied torsion to the ends of the specimen.
The desired state of stress of direct biaxial compression-tension was

aéhieved on theb$uter surface of the specimen (fize1.3.7041.).

The cylinders measured 14" @,D., 10" I.D,, and 24" long
‘qnd 91 specimens werc tested in all. Three mixes of 2" aggregzate
concretes were tested having noninal cylinder compressive strength
of 3,000; 5,000 and 6,500 p.s.is at 28 days. The specimens were

listed in a fully saturated concditicn.

The order of ‘loadinz was tc apply the hydrostatic pressure
first and then maintain it a constant value whilst the axial
'compressiVe load was applied. A series of tests was carried sut
in which this order of loading was reversed but no sisnificant

differcnces in the ultimate load strensths obtained were observed.

Again no strain measurements were made: the ultimate

strength results are shown in fiz.1.3.10.2.
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The strength lcop is of a different shape tc that obtained
by Bresler and Pister(hs) for concretes with about the same range
of coarse aggregate volume concentraticns. It may be that the high
tensile strengths obtoined can be attributed to the stress gradient
" across the cylinder and the reinforcing effect of the friction on the

faces of the end platens.

A theory suggested by the authors is the relating of the
octahedral shear stress as a function of the octahedral normal sitress.

(10) in his review has commcnted on this theory and shown how

Robinson
larze variations in the tensile stress have very little effect on the
octahedral shear stress whilst it is very sensitive to changes in the
compressive stress. This theory will therefore zive a good plot for
the data in that little scatter will be observed and yet it suppresses
the tensile stress which is the vital quantity in this section of the
biaxial stress loop.

1.3.11. Glomb (1958)(46)

In apparent ignerance of both the machine and results of

(L0)

Wastlund ¢ Glomb developed an octagonal machine frame with pairs
of opposed jacks to test concrete cubes under equal biaxial

compression (fige1.3.11.1).

The - purpose of this research project was to determine the
bonus of strength, if any, that existed in concrcte under biaxial
compression with a view to obiaining economies in the design of

two~way spanning slabs.

Two sizes of concrete cubes, 10 cm, and 20 cm., were used
in the investigation and the ultimate strength results are shown
in figs.1.3.11.2. and 1,3.11.3. in which an average bonus of strensth
of 38,8% is claimed. The concrete mixes used were specified only by

strenzth and were within a range of uniaxial strengths: 200-600 kg/cmat

Lontidudinal and lateral strain readings were taken and this
appears to be the first investigation in which the increase cf elastic

modulus under biaxial compression was observed (figels3.11.44)e
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In all 223 specimens were used in the investization;
136 No., 20 cm., cubes, 42 No. 10 cm. cubes, and 45 No. 16 cm. dia.
cylinders. Paraffin wax was used in an effort to reduce platen
restraint and definite cleavaze failures were observed under uniaxial

and biaxial compressicn.

Unfortunately the testing machine and concrete mixes used
were inndequately described and therefore few useful comments can
be mrde on this contribution.

1.3.72. Tsuboi and Suenaeca (1960)(47)

Tsuboi and Suenaga cenducted 2 series of tests on concrete
under biaxial compressicn-tension and compression-torsion using
equipment and testing techniques remarkably similar to thuse used

. (12h) (44)

by McHenry aond Karni and Bresler and Pister

The stress results obtained were for ultimate strength only

and exhibited considerable scatter (sce fit.1.3.12.7. and T1e3.12.24)

~

Strain readings were taken from which stréss-str&in curves
and histories could be plotted. However, these results showed cnly
the expected behavicur of the material and no attempt was made to
obtain a failure critericn in terms of strain,

The checks macde on the state of stress in the specimen was
not really adequate thoush some of the strain readings appear to
indicate uniform loading. However, the considerable scatter of test

results tends to contradict this.

Too few details were given on the concrete mixes and the

curing procedure used tc allow comment,

Some very interestinz biaxial tensicn tests were. mentioned

but not unfcrtunately reported.



1-1 0 o4 084 01 046 0-S 04 QN
COMPRESSIVE STRESS 6':/6-
. <

FiG. 13420

02 Ot o

. O\
| ‘
=7
v
. . . L oo ¥
. ' ' ¢
L4 *° . .0 ¢ b . [ v
& n
T PR . . s, . . °. g
C . ¢ .% =
¢ o O o | 005
, . o
o ° 6
* . . z
L . g
L]
’ [ ]
A .A A ok hd [ ] o B
L h 4 2 i 3 1) L] nl N Al T T T
L1 0 04 0% 01 o006 &S o004 03 02 O O
COMPRESSINE  STRESS ry“
F16. 1.3.12.2., BIAXIAL COMPRESSION - TENSION STRENGTH FROM

‘. /CG

TENSILE STRESS

BIAXIAL COMPRESSION - TENSION STRENGTH FROM ,
COMPRESSION - TENS\ON TESTS (TSUBO\ AND SUENAGA (41)).

COMPRESSION - TORSION  TESTS (TSUBOL AND SUENAGA (4T)),



41

1e3.13. Bellamy (1961)(48)

4 method of biaxial compression testing was presented by
Bellamy in 1961 which consisted of applying external hydrostatic
pressure to an axinlly loaded hollow eylinder, Biaxial compressive
stresses were achieved on the inside surface of the cylinder, where
there was access for fitting g uges, ete. (fiz,1.3.13.1,.), though

triaxial stresses exist on the ocutside surface.

The cylinder dimensions were 6" 0.D., 2.,96" I.D., 12" long
and the sole mix used was a mortar (1:2.46:-:0.55/-:3/16"). Only
eight specimens were tested under binxinl compression and after
curing for seven days, these were allcwed to dry out at average

laboratory temperature and humidity for 200 days.

The rate of loading was 2,3000 p.s.i./min. which is very
high and the order of loading in all cases was to apply the confining
hydraulic pressure first and then the =xial load. No checks were

made on the effect of order of loading.

The ¢ylinders failed by a shear cone forming at one or both
ends of the specimen and causing longitudinal splitting. The ultimate

strength results are shown in fiz.1.3.13.2.

¢
Strain measurements were token only on the movement of the
axial compression piston 2nd thesc were with a dinl gauge. No

useful results emerced.

No checks were carried out on the state of stress and the
tests are subject to several major criticisms. The cylinders are
thick walled with a sharp stress gradient across them, As Robinson(10)-
has pointed out, even with a 2 in. wall thickness on a %40 in, diameter,
a strain difference of 10% will exist between the inside and outside

walls,

1]

Failure under biaxial compressive stresses initiated on the
inside surface of the cylinder but no satisfactory method of

determining the stress at which this occurred was developed,
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The ultimate load under bisxial compression was taken as the load
at which the whole specimen collapsed. This point was probzbly the
result of triaxial stress and this is reflccted in the very high

strensth results he obtained.

Furthermore, the failure crack patterns obtained indicate
considerable platen restraint from the axinl ccmpressizn facility.

The shear cases observed may be indiecative of this.

Finally it cannot be overlooked that Bellamy compares his

(40)

results not with previous biaxial compression work by Wastlund ’
(43), and Glomb(46) ¢of which he appears tc be ignorant, but
(49) and Richart,

Brandtzaeg and Brown(BS). In view of the tendencies towards triaxial

Reinius
with the triaxial conmpression work of Balmer

compression in his testing technique, this may in fact be a better

conparison,

1.3.14. Weizler and Becker (1961)(50'51)

Recognising the lack of information on concrete strength
under biaxial stress and its obvious usefulness in structural design,

(ko)

Weigler and Becker refined the testing a.paratus used by Wastlund
by introducing rollers and ball joints to eliminate the primary
shear forces of the orisinal design and adopting a slab instead of
the cube as a test specimen (fiz.1.3.1%4.1.). The adoption of the
slab reduces the platen restraint effects which are the cause of the
secondary shear oﬁ the test specimen; the proportions of the slab

(oh)

were selected using the Ros and Eichinger method of assessing
‘the variation of compressive strength with specimen shape. The test

specimen size selected was 10 x 10 x 2.5 cm.

Cement paste and mortar specimens were tested having a
maximum aggregate size of 7 mm. (0.276 in.) and the ultimate strength
results are shown in fiz.1.3.14,2. General cleavage crack patterns
were obtained especially with the ccment pastes in which the planes

of cleévage were parallel to the third unstressed direction. All the
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specimens were tested in a2 partially dry state in that, after they
had been cured in water, they were stored in an air conditicned room

(19°-20°C; 50%-60% relative humidity) for betwesn two and six weeks.

Strain measurements were taken in all three dimensions but
these and other techniques~employed in the project have been

(10)

criticised by Robinson and ocre examined below.

In addition to the compression strenasth trinls referred to
above, proving trials on the state of stress in the specimen were
carried out using a thin sheet of araldite in place of the test
specimen, This, of course, is no indication of the state of stress
in an actual specimen. In view of the compressicn strenzth trials,
the ultimate strenzth characteristics are probobly satisfactery.
However, the biaxial compression device is unable to apply uniaxial
compression and hence there may be discrepancies between these two

sets of data.

The strain readings are probably unreliable as the gauges
spread into the zcones of non-uniform stress. Certainly the
Poisson ratio variations must be suspect as Weizler and Becker show
significant changes in Poisson's ratio where all sther workers (5,7,10)
have found it to be effectively constant prior to discontinuity
defined in section 1.5. Furthermore the use of mechanical dial

gauges to measure such small strains cannot be entirely satisfactory.

From the machine disgram fig.1.3.14.1. it is clear that for
different ratics of load, the arms of the profiled block will be
spanning Jdifferent distances from the centre of load application and
hence their deflection under lond will vory. This will in turn alter
the alignment on the specimen of the loading platens and may vary the
state of stress tc give strength curves which are duc more to this
machine éffect rather than to the intrinsic structural properties of

cuncrete,
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143415 Nishizawa (1961)(52)

The first direct biaxial compression-tension tests on
concrete were carried out by Nishizawa using the test set-up shown
in fige1.3.15.1, - No friction reducing packings were used between
the compression platens and the test specimen, and no proving ftrials

on the state of stress achieved were reported.

The main problem with this type of test is the strain
¢necentrations which occur at the edges of the compression platens
due to the frictional restraint exerted by the platens on the test
specimen. There is also the problem of alignment of compression zand
tension facility for which no provision appears to have becn made in

these tests,.

Two concrete mixes (designated A and B) were used in these

tests but the mix proporticns were not stated.

No strain readings were taken; the only results belng the

ultimate strength values given in fig.1.%.15.2.

An atlempt was made to obtain a failure criterion in
mathematical terms via the octahedral shear and normal stresses but
the testing technique used is so open to criticism that the results
are unreliablef Indeed the degrece of scatter obtained is in excess

of normal experimental error,

1,13.6, Campbell-illen (1962)(93)
‘ (48)

Campbell~Allen, who supervised Bellamy's work in biaxial
~compression described in section 1.3.13, then used the same apparatus
and specimen size to extend the work into biaxial compression~tension
by applying internal hydrostafic pressure to the hollow cylinder

(fige1.3.16.1.).

A further modification was the use of a %" agzregate conerete,
in place cf the morfar mix previcusly used, of proportions
1:1.24:1.56:0.40/0.44:4", the coarse agsregate being a crushed basalt.
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A1l the previous criticisms of this methold of test are
pertinent with the additional problem of radial stress due to
differential pressures being applied to the inside and cutside of
the cylinler. This renders the material to o complex state of triaxial -
stress (C-C-T) reaching critical proporticns on the inside face of the
cylinder,

A cleavage rrechanism of failure was observed in these tests,
with the cleavage occurrinz in radial planes parallel to the axis of
the applied compression, and the ultimnte strensth results are shown

in fig.1.3.16.2.

Stress invariants are offerred as a possible approach to

failure criteriae.

1.3.17. Reeves (1962)¢122)

A limited series of tests on ten thin walled plain concrete
hollow cylinders subjected to torsion and end compression was
ccnducted by Reeves as an adjunct to work on prestressed concrete
beams under combined bending and torsion. Only one concrete mix was
used (1:1.5:2,5:0.4/0.42:3") and, as the test specimens wore
manufactured by a spinning process, the mix tended to segregate

with the larger asgregate particles on the cutside face.

The testing machine used was very flexible in that the
compression stresses were applied using a central prestressing
tendon but surface strain readings showed that uniform states of
strain were being achieved. This appears to be the first work in

which the state of strain was adequately checked.

Sequence loading was used with the compressive stress being
applied first but no stress rates were given.

4 line diagram of the testing machine is shown in fig.

12341741, and the ultimate strength results in fizel.3.17.2,
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1.3.18. Sundara Raja Iyensar, et ol. (1963)<54)

This contribution is included in this review as it involves
an interesting attempt usinz simple direct and indirect tests to
interpolate the ultimate strength behaviour of concrete in a biaxial

compression-tension stress field.

The tests finally adopted for this exercise were the uniaxial
compression test cn a 6 in. cube, the splitting test on a Lt in. dia.,
8 in. lonz sclid cylindrical specimen, and a torsional test on a
4 in. dia., 16 in. lonz solid cylindrical specimen. Using the results
of these three tests and assuminz a ratio of 1:3, tensile to compressive
stress in the splitting test, threc points were plotted on a graph
" relatnug octahedral shear stress to octahedral normal stress as shown
in £iz.1.3.18.1. A straight line was drawn through the three points
with the justification that McHenry and Karni(124), and Bresler and
Pister(145) had obtained a straizht line relaticnship from their

tests which is not entirely valid (sce references 45 and 124).

S8ix mixes of unspecified aggresate size wers used ranging
in richness from 1:1.,2:2:0.42 to 1:3:5:0.60 and and in compression

strength from 6850 p.s.i. to 2200 p.s.i. at 28 days.

Using the straight line graph of fige1.3.1., the six curves
shown in £ig.1.3.18.2. were derived mathematically by selecting ar
random values of Oéfc and érOAgc from fig.1.3.18.1. and knowing the
value of & (the uniaxial ccmpressive strength), the two equations
for the octahedral shenr stress’1’o and normal stressﬁ(D could be

solved for the two unknowns*Gé andd?z.

However, it is clear that the assumptis-ns made regarding the
state of struss in the simple compression, indirect tension, and
torsicnal tests performed are not exact and the straight line
characteristic between cctahodral shear and normal stress is open
to questicn. Hence, no great reliance should be placed on these

results but the approach to the‘problem is interestinzge.
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1.3.19. Robinson (1964)(10)

The work by Robinson on the biaxial compressicn of concretes
and mortars formed a section of his work in the Concrete Materials

Research Group at Imperial College.

From his fundamental work on c.ncrete failure he was
especially'interested in the effects of the intermediate principal

stress and the strain behaviour of the specimen up to failure,

He designed a biaxial compression machine from two existing
single ram compressicn machines by suspending the smaller machine
between the cclumns of the larger machine and counterweighting it so
that alignment on the test specimen could be maintained. The load
was applied to the specimen through steel platens (£ig.1.3.19.7.).

From 2 series of preliminary tests cn platen restraint effects
by Robinson and Vile(25), he chose a test specimen size of 10" x 10% x 4
and then carried out extensive proving trials on the state of stress
in the specimen and showed that, from measurements of surface strain
on a mortar specimen, a central zcne of about 4 in, square was in a

uniform state of strain,

i serics of binxial compression tests was then carried out
on three mortars and three 2" aggregate concretes (see table 143+419.74)
and the ultimate and discontinuity strensth envelopes are shown in
. figse1.3+19.2. and 3, The limitations of machine czpacity prevented
ccmplete strength envelopes beimi cbtained, All specimens were tested

fully saturated after 28 days curing in water,

Detailed strain measurements were made but the lateral strain
measuring device apparently did not operate satisfactorily and hence

the results of this device are not quoted here,

Robinson noted that the Poisson's ratio remained effectively
constant up to the 'elastic' or discontinuity limit but that the elastic
modulus tended to increase. However, much of this increase he attributed

to loss of load due to the restraint effects of the side platens and
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hence this result was a little inconclusive thoﬁgh the associzted
particle interaction effect was acknowledged. This conclusion was

reacked without apparently being aware of Glomb's work (L46).

He concluded that a limiting tensile strain and the volumetric
stress were significant in the failure of concrete but did not propose

any failure criterion.

1.3.20. Sundara-Raja Iyengar, et at (1965)(55)

This work was similar to Robinson's in that two single ram '
frames were used tc apply the comprehensive loads tc the test
specimen through steel platens. HoWever, the testing machine did
not appear to be of such a high standard of precision and no proving

trials were reported to discover the state of stress achieved,

These workers appeared to be ignorant of the work by Fo;pl(aa),

Glomb(46) (512 on cubical and prismatic
specimens. The test specimens were 4 in, and 6 in. cubes and no
attempt was mzxde to reducc friction at the platen/specimen interface.

As a result, a complex state of triaxial compression was obtained in

(56)

and Weigler and Becker

the specimen as pointed outvby Vile and Sigvaldason

Twenty three concrete mixes and four mortar mixes were tested
under unstated conditions of saturation and the numbers of specimens

from each mix was unknuwn.

The results obtained are shown in fiz.1.3.20.7. and a
correlation with the results of Bellamy was claimed, It should be
noted that Bellamy's results discussed in section 1.3.13 were probably
the result of an undefined state of triaxial compressiocn., As ncted
above these results are alsoc due to a complex biaxial compressive

stress state and hence it is probable that the correlation of results
obtained is coineidental.

The fact that these workers dismissed Wastlund's contribution
(40) is unfortunate as his results yere obtained using what is probably

a better testing technique,
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Again the octahedral shear and normal stresses were used
in an attempt to produce a failure theory and eguations governing
these variables were produced. However, in view of the testing

techniques used, little reliance can be placed in the results.

A more detailed discussicn on this work has been contributed

(56)

by Vile and Sigvaldason

1.3.21. Hilsdorf (1965) 77

The first detailed analysis of biaxial stress testing
machines has recently been completed by Hilsdorf. Not all the
contributors in this review were included by Hilsdorf but his

general conclusions reached are of importance,

He claims that the solid steel platen method of loading a
specimen should never be used as a reliable test method because of
load shedding into the side platens (fig.1.3.21¢1.). This effect
is claimed to spread right across the test specimen and hence the
actual stress at failure would be less than that calculated by
dividing the externally applied load'by the loaded area, This effect
is discussed in detail in section 4.4.6. following on the writer's
speciment state of stress proving trials and this conclusion of

Hilsdorfts is disputed.

To support this contention, he has develcped 2 compression
platen in which, to eliminzate platen restraint, he has clamped a set
of thin plates with low stiffness along the long side of the slab
specimen but with high stiffness across the slab (fize1¢3.21.2.)
With this device he reports an increase in biaxial compression strength
of only 1.12 compared with 1,37 obtained on the same concrete using

uniubricated solid platens.

However, this steel brush device will probably have the same
effect as the soft packings investigated by Robinson and Vile(as) in
that their inadeguate stiffness will cause tension stresses and

precipitate failure below the true compressive strength in uniaxial
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compression. The mode of failure in biaxial compressicn has yet

to be disclcsed by Hilsdorf.

1.3.22. Conclusions

From this review it is clear that certain factors common to
any experimental work <f this kind must receive special attention

because of the complexities of combined stress testing (see section 1.2.)e

In all the work reviewed, the attainment of a uniform state of
stress of known principal directicns and magnitude has been a major
problem, The geometric problems with hollow cylinders regarding the
ratio of wall thickness to dinmeter are basic and unalterable,
together with the problems'associated with>the use of an elastic
analysis in an inelastic circumstonce. Therefore, it would seem that
the direction application of loads will rive the best possibilities
for development. Ye tthe problems of removing platen restrainf and
the difficulties of applying tensile stresses this way have proved
vto beuvery difficult tb overcome and the failure to solve them has
invalidated, to a large extent, many of the results achieved to date.

(10)

a small zone of uniform stress but of unknown masnitude, Clearly, as

(57)

"y the sclution of this problem is of major

Robinsons work shows signs of hope though even this only yielded
recogniscd by Hilsdorf

importance in any experimental work under combined states of stress.

"The method of testing alsc effects the mode of failure
observed in the test specimens. In this context not only is the
state of stress in the test specimen impcertant but also the whole

(12)

machine/specimen interaction . From the modes'of failure reported
by the researchers, some have been due to a splitting action caused
by a soft packing material between the loading platen and the
specimen whilst others have shown clearly the effects of platen

restraint or machine instability.
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The interpretations of the results especially of strength
have not been satisfactory as in most cases they are based on
ultimate strensths only, with nc record of discontinuity (see
section 1.5,) stresses and are often coloured by the failure thecry
favoured by the researcher. Robinssn(1o) has shown that the
approaches adopted to date doe not take necount of the hetercgeneous
nature of c.ncrete and, until some attempt is made to take this

into account, few valuable interpretations will result.

Concrete mix selecticn and test specimen conditions are
of sec ndary importance nos prcblems but clearly, if dry cor partially
dry test specimens are to be used, then warping and general

shrinkoge effects will provide extra difficulties.

1.4 - Review of Failure Theories

A detailed review of failure theories will not be attempted
in this scction as this has alrea'y been d-ne in numerous publications.
Reviews of failure theories and comparisons with experimental results
have alrcady been made for concretes and wmortars by Ros and

Eichinger(Ba), Cowan(58), Swamy(sg)!inson(5) and Robinson(qo);
the latter contribution beins the most extensive to date and especially

recommended for further study.

For the purposes of this thesis, it is thought tc be
sufficient to list the basic theories in table 1.4.1. and include
a special bibliography with the references listed under the main
classes of theory. A useful general reference for classical failure

(60,61,62) (79)

theories can be found in the work of Morin , Jaeger

(88,89)

and Westergaard

The theories themselves can be classified in general terms
under the headings of classical, concrete, and models. This is a
very approximate divisi-n as all theories uce elements of the

classical theories in their composition. By classical theories
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is meant those thecries proposed direct from hypothesis of stress,
strain and energy in an ideal homogenecus isotropic material whereas
the concrete theories are these especially developed for concrete to
take intc account its hetercieneous anisotropic nature to some
dezree. The model thecries are those structural simulations of
concrete behavicur which have been preposcd as alternatives to

the above theories,

The assumpticn of homcjenecus nature in the majority of the
theories is o serious drawback tc their application to cincrete, a
material which is clearly heterogeneous at all levels (concrete,
mortar, and paste)., To the naked eye. The interaction between
the phases in concrete is a complicated matter in which the varying
stiffnesses and shrinkaze properties all play dominant and complex
roles. Those theories and models proposed specifically for concrete
try in their variocus ways to simulate this interaction but with only

limited success.

Probably the most seriocus failiny of all reviews of failure
theories and especially when comparing theory with experimental
results has been the neglect of the reviewers to make adequate
distinction between mortar and concrete; or, to be more specific,
to specify particle size and making separate comparisons depending
on the maximum particle size. This crror is surprising on several

counts -

a) At the macroscopic level, mortar is effectively
homogeneous (though heterogeneous relative to paste) whereas

concrete -is not,.

b) In any composite material subject to drying shrinkage,
the non-shrinkihg elements are bound to play a leadins role in
determinz deformation and failure characteristics depending on

their size,

The same illusion of a single theory tc cover all ‘concrete!
behaviour seems to penetrate much of the experimental work where the

term concrete is often used tc refer to mortar.



This research will show later how hasic this seneral

error may be.

From the review of past rlsearch on concrete, it is clear
that the intermediate principal stress has an influence on the
behaviour of c:ncrete under hiaxial compressive stresses. In
comparing the thecries discussed above with experiment it is vital
thet this influence be kn.wn sc that 2 suitable theory may be
selected from existing theories or a naw theory proposed, Therefore
biaxial compression tests as noted by Robins;n(1o> are of unique

value in the search for a failure criterion for concrete.

1.5, Philosophy of Strength

A point of contention which occurs in both revicwing
previcus work and examining the failure theories proposed is the
parameter of strensth and what exactly it means. For such a basic

rarameter to be questioned reguires that fallure must be defined,

The ultimate strenzth of a test specimen ss measured in a
short-term static load test, by custom, has become to be regarded
by engineers as the Mstrength of concrete’. However, it is known
that the value obtained from this type of test is time dependent
(17,93~101) and thereforc by no means the final quantitative result,
Nevertheless the test has the virtue of involving only very simple
testiﬁg techniques and machines. Furthermore there can be no doubt
about the value of the load at which the ultimate lecad is reached;

it being simply the maximum lond recorded by the testing machine.

However, cver the last ten yesars, interest in the lccal
 structural breakdown in concrete has increased significantly. Local
ultimate streniths are exceeded 1lony before the overall ultimate
strenzth is reachel and the lonz~term strength of concrete is known

to be substantially less than the short term (96,100-102). The

66
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differing elastic moduli of the concrete constituents and their
shrinkage characteristics inevitably produce local strain concentra-
tions both prior to loading and unler lead (8,10,103-114). Recent
work in this ficld has been particularly concerned with the loecal
tensile and shear bond stronths between the agiresate particles

and surrounding mortar or paste (115-118).

411 these cobservations have built up a picture of gradunl
structural breakdown consisting of several stages from which it is
apparent that concrete has "failed" for some purposes prior to
attaining its short-term ultimate strensth. The problem this poses
is which strensth or strensths do we need to know at the phenomenological
level to safeguard cursclves in design. The answer lies in the degree
of structural deterioraticn that we arc prepared to accopt having
regard to such factors as long-term performance, Jdurability,

permeability, stiffness, etec.

In the restricted field of mechanical strength properties
as applied to engineering, the most vital factor is probably
deterioration of the load carrying capacity and the effect of this

deterioraticn on the long-term ultimate strength.

One obvious point of interest cemeres from the stresse-strain
curves of concrete an’ this is the load stapge at which thce behaviour

of the material ceases tc be Melastic® as indicated by a change in

(104,109)

shape of the stress-strain curve. Work by Jones P
(112,

(21)’ Hsu(11o,111,117) (10,11)

Kaplan s Robinson and others

has shown that at this stagze, termed "discontinuity™ by Newman(113),
the slow extension of what are mainly aggrezate/paste band cracks is
replaced by the relatively rapid extension. of cracks through the
surrounding matrix. The volumetric changes in the material and also
2 change in the ultrasonic pulse velocity throush the concrete also
indicate a2 basic change in the nature of the material and recently |
Robinson(ﬂ) was able to show that 2ll these definitions zave
effectively the same point. He cincluded that this point was sc vital
that it mizht well replace the ultimate strensth as a measure of the

quality of ccnerete.
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The significance of this point of liscontinuity has been
further emphasised by results obtained durin< this research project
in which the rate of strain increase was measured on concrete prisms
subjected to constant loads. The rate of increasc was found to
increase only very xrzduslly with lond below the point of
discentinuity but to increase very rapidly above it (fi;.?.5.7.1.).
This result indicates a positive link betwoen the point of discontinuity

107
and the long-term strensth as has been sujzested by Rusch( 01).

Hence it may be concluded that this discontinuity stress is
more significant than the ultimnte stress, particularly as it appears
tc be time independent, and therefcre should be meosured in all tests
of conecrete strength, To date, the only rescarcher t- have measured
this strensth under combined states of stress is Robinson under

biaxial compressiosn.

Many other factors effect the strensth of concrete (see
section 1.2.). The type of loading, i.c. dynamic, static etc., 2nd
the previcus strain history are subjects cn which little work has been

done and for which there will be no time in this rescarch project.

Statistical consicderations cnter in at two levels, The most
well known is the common problem of o represcentative number of
specimens t+ obtain a statistically significant result(1n9’120).

The less well known which is especiclly critical for a heterozsneous
material is the zone over which the critical failure stress field is
spread., That is to say, will the initial fracture occur somewhere
within a specified vclume, surface, along a ceriticzl line, cor at a

peak point; and what arc the dimensi-ns of thuse critical zones.

For complex loadins systems the problem of freedom cf crack propc ~.tion

once the initial fracture has occurred also arises,

These statistical factors are further qualified if the alisznment
of potentially critical flaws arc significant. The importance of this
factor depends on the directions in which the specimen is allowed to

f2il and whether the number cr oricntation of these directions vary
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This factor has been rec-snised

accerding to that state of stress.
(121) (122) | o botn

by Neville(107), and Lichtenbers nd Weibull

proposed statistically based failure theories. Use is nxle of
this statistical phencmenon in Chapter 12 in proposing o failure

theory for mortar,

Furthermore, the testins machine/specimen reacticns are
important =nd, in any test, the dezrees of freedwm allowed te the
loadeld faces ¢f the test specimen must be closcly specified as

discussed in sectizn 1.2.

A11 these consideraticons introduce parameters which affect
the strength of concrete to some degree. It will be shown later in
the thesis which of these factors ire beiny varied in the various

test serices.

1.6. Philosophy of This Project

The state of affairs in the ficld of failure criterimn for
cenerete, 28 has been secn obove, is unsatisfoctory and stems from
the complex structure of the material. It is clear that these
complexities cannot be irmored and yet attempts to take them dinto
account have s> far foiled to yicl? satisfactory predictions of
behavicur, It therefore secms unlikely that any immediate brenk-
throush can be achiceve! on the thesretical side until much more is

known about the structure of the material.

From the discussion of previcus experimental work it was

clear that most contributions were subject t: criticism on major

points of testing technique and from this review, a nced for more
reliable experimental werk at o phenomenological level in the first
instance arose. However, the exccution of phenomenological tests

alcne is insufficient especially if these are conducted from purely

on overall stress point of view since strain may be the more convenient
criterion of failure. Furthermore, many structural characteristics of

conerete might be marked by a purely phenomenclogical approach,
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Hence the genepral aim of this project will be
phenomenolozical tests on concrete unier simple and combined
stresses with 2 definite structural dias. With this in mind, the
project will concentrate on such parameters as volume fraction and
size of ccarsevaggregatw chich arc important from the structural
peint cof view as they define the inter-particle structurce., These
tests will have the Jdual purpnse of yielding o more complete picture
of the mechanical behavicur of concrete with o view to suggesting a
failure criterion and of indicating the types ¢f morc funiamental

tests that mizht be profitsble in studying the structure of c.ncrete,

An additional function cf the tests would he to provide data
for zapplication te desisn preblems invelving conerete under combined
stresses. The resultin: lesizn curves sheuld be useful ¢ven in the

absconce of a mathematical form of failure criterion,

It should be pointed out that these objects are consistent

with the terms of reference stated in sectisn 1.1,

107, Testinz Facilitics Available

A survey of tcsting facilities available in January 1964

at the time when this project wis finally planned showed the following:-

1.7+7. Uniaxial Compression

1) %00 ton. Amsler. - Excellent machine but not due for

delivery until M=oy 1965; hence of no cuomsequence to this project.,

2) 200 ton. Robinson, - Designed by Lachance(1) and
being adapted by Robinson(qo) for biaxial compression by replacing
two 100 ton rams with a sinsle 200 ton ram. This machine had proved

suitable for compression tests.

3) 150 ton. Demicn. - An 0ld machinc with lozd stiffness

characteristics (9). Not to be relie? upon for precisicn worki
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1e7e2. Uniaxinl Tension

1) 30 ton Ward. = Developed at Imperial Collesze by Ward(7)

and operating satisfactorily - sub=-standard c.ntrol valves.

1473+ Flexural Stress

1) S  ton beam machine. -~ Developed at Imperial Colleze
and described by Ward(7). Tends to be very flexibie frame and
control valves arc POOT .

2) Slab and Disc mnchine. - Developed at Imperial College
by Sigvaldasan(g). Gecod features include stiffness, control valves,

and load cell.

1.7 4., Uniform Biaxial Stress

(10)

1)  200/100 ton Robinscn . - Still in developmont sta se.

Limited load capacity and conly one facility of biaxisl compressinn.

14745, Selection of Machines

As a result of the survey, the 200 ton Robinson compression
machine was adopted for uniaxial compressi.n tests, the 30 ton
Ward tension machine for uninxial tension tests, and the Slab and

Disc machine with attachments for the flexural beam test.

Robinson's biaxizl compression machine was intended for only
the cne stress facility and the load capacity cf 100 ton. in the
horizontal direction was insufficicnt for most concretes. Hence a
new and more versatile machine was necessary as anticipated in the

terms of reference (section 1e%.).
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1.8 Outline of Rescarch Project

The philoscphy of this research project has already been
established and sc, having resard to the laboratory equipment

available, a series of 1o jical steps followed.

Firstly, the design and development of a new combined
stress testins mochine was essential in view of the limifations
of existing equipment. The need for this had been forseen in the
terms of reference for this project (1.1,). Such a machine would
be intended primarily for biaxizl compression testing but several
other facilities would be desirable especially biaxial compressicn-
tension. The experience and ideas of previsus workers in this
field was to be drawn on as well as capitalising on much recent
work on testing machine design.by the Concrete Materials Research
Group (1-3,7,9,10). This secticn of the work is dealt with in
Chapters 2-k,

Secondly, havin: successfully developed this testing mochine,
a comprchensive series of tests would be apanned to study the
mechanical deformation and failure characteristics of a represcntative
ranze of mortars and cuincrctes (cube strensth of %,000-1,500 pes.ie
of CP.114 and CP,115) under biaxinl compression with a few tested
under biaxial compression-tension if this second facility cculd be
developed in time, This work is described in Chapters 6, 8 and 9
whilst a uniaxial scries of tests to act as an adjunct to this work
is described in Chapter 7.

In view of the problems associated with the philosophy of

(123)

strenzth (1.4,), the USPV technique as recommendcd by Reiding ,
and as used by Robinson(10) was adopted. This equipment plus all the
strain measurement equipment and asscociated techniques are dealt with

in Chapter 5.

From the results cf these tests an attempt was to be made to
establish failure criteria or at least failure mechanism for concretes

and mortars and this process is covered in Chapters 11 and 12.
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Aditional work included preliminary trials on the biaxial
compressisn-~torsion and triaxial compression facilities and these
are described in Chapter 10. Chapter 13 c¢sncludes the thesis and

Chapter 14 suzgests some future research projects.

An outline programme of the research werk as actually

carried out on this project is shown in figz.1.8.1.

1.9. Summary

Commenciné with the given problem of failure criteria for
‘cenecrete and the terms of reference for this research project, a
review of past research (scetion 1.3.) brought the basic problems
Anto focus. The complex behaviour of mortars and concretes, and the

difficulties with various testing techniques were emphasised.

A brief examination of failure theories (section 1.k.)
revealed the short comings of their basic assumptions when compared
with the structure of concrete and explained the ga; that exists

between thecretical predicticns and experimental results,

The philosophy of concrete strength (secticn 1.5.) revealed
another aspect of the overall yroeblem of specifying failure criteria

for concrete,

A philosophy for this research project was then developed
(secticn 1.6,) frem the foresoing and, from a brief review of
available testing facilities (section 1.7.), an outline for the

research project was established (section 1.8.)4
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CHAPTER 2

SELECTION OF TYPE AND GENERAL ARRANGEMENT
OF COMBINED STRESS TESTING MACHINE

2ol Introduction

The first task to be tackled is the design and development
of a new combined stress testing mnchine as forseen in the terms
of reference (section 1.1) and confirmed in the outline of the research
project (seétion 1.7). This chapter deals with all the factors that

led up to the choice of type and general arrangement finally selected.

During this research project several visits werc made to other
research establishments to discuss various ideas on machine design and
to inspect existing machines. A preliminary to any discussion on
possible machine types is a thorough survey of cxisting machines and

the results of this survey are recorded in the next scction (2.2).

The general requirements of a combined stress testing machine
‘have been listed in section 2,3 to form o basis for the machine

selection and as guides at the detail design stage.

The most likely possiblc types of machine are then cxamined
(section 2,4) and the problem of selection of type is finally
resolved by the platen restraint trinls conducted by Robinson

and Vile(25) and reported in section 2.5,

Finally, having established the type of machine to be used,
the general arrangement of the machine is selected (section 2.6) and
certain outstanding features of its arrangement are discussed

(section 2.72-

2ol Review of Previous Designs

In this revicew, only wniform stress and some calculated stress
machines or loading devices are considered (see section 1.2 for

definitions). Flexural and semi-flexural machines such as those
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(45)

used by Smith(ha) and Bresler and Pister are not considered
as the research in this project is restricted to uniform states

of stress only.

(12h4, 47, 48)

The three machines , included in section 2.2.2.,
in which stress gradients exist in the test specimen illustrate the
problems associated with combining hydraulic and mechanical types

of loading (defined below).

For convenience, the machines have been divided up into the
following arbitary classifications and are described and criticised

under these headings:-

2.2+1. Pure Hydraulic Loading

2.2.2, Hydraulic/Mechanical Loading

2.2.3. Pure Mechanical-uniaxial machine devices
2.2.4, Pure Mechznical - two separate frames

2+.2e5¢ Pure Mechanical ~ single frame

First, it is necessary to explain thesg two terms
hydraulic and "mdchanicali as used in this context, ‘''Hydraulic"
means that the load is applied to the surface of the test specimen
by means of hydrauliec pressure with or without an intervening
membrane; 'mechanical' means that the load is apﬁlied to the
surface of the test specimen through rigid metal plates, clamps,
or other semi-rigid devices. Hence the hydraulic/mechanical
loading systems described in section 2.2.2, cover those machines
in which one stress is applied hydraulically whilst the other is

applied mechanically.

Triaxial machines or loading systems have been largely
ignored in this review except where biaxial stresses can be
obtained (usually by hydraulic pressure) as the research of this
project is mainly concerned with biaxial states of stress and especially
with biaxial compression. A total of twenty-five district biaxial

stress testing machines are reviewed.
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2,2,1. Pure Hydraulic Loading

The most common type of purely hydraulic testing machine

for the abplication of biaxial stress are the triaxial cells used
(2%, 32), (35),
3 ?

(126)

by Rosad Eichinger Richart, Brandtzaeg and Brown
Balmer(49); Ackroyd

stress oondition is attained by the radial hydrostatic pressure

and others. The biaxial compressive

on a cylindrical specimen. This drrangement, though free from

platen restraint effects, suffers the disadvantage thats 3 =:s'2

and hence limits experimental work to equal biaxial compression stresses
only (fig.2.2.1.7,) Lateral strain measurements are also a problem

with this type of apparatus and few cells contain viewing panels.

Recent work has been carried out at Cambridge University
in which hydraulic pressure was applied to faces of a cube
separately by holding a '"hydraulic platen'' against each face
to be loaded (fig.2.2.1.2.). The cube was selected as intrinsically
the best specimen shape for extension to triaxial compression tests

at a later date.

The steel platen was recessed around its edge to provide
lateral restraint for a rubber seal of circular section. Two
such platens together with their seals were clamped to opposite
faces of the cube and hydraulic fluid wa.s pumped into the cavity
between the cube face and the platen. In this way pressure, up to
the limits of containment possible with the rubber seal, could be
applied to the cube face, free of platen restraint effects,
Figure 2,2.7.3, shows how the basic idea might be extended to

triaxial compression,

Unfortunately, the scheme suffers from two major disadvantages.
The limitations of the rubber seal have so far kept the workable
pressures of the arrangement well below those necessary to cause
failure of even a very wezk concrete. Secondly, if this first
problem could be overcome, there would still remain the problem

of the load distribution on the face of the cube shown in fig.2.2.7.4.
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The resulting test would be some intermediate condition between
a direct compression test and an indirect tension splitting test.,
Certainly'no great reliance could be placed on the strength results

obtained,’

It is undérstood that the ﬁniversity of Cambridge project has

now been temporarily suspended.

An alterhafi#e idea for a pure hydraulic testinz machine
was designed prOr to this visit by the author and is described in
section 2.4. It is an attempt to overcome the load distribution
problem caused by the necessity of incorporating rubber seals to

contain the lateral hydraulic pressure.

2.2.2. Hydraulic/Mechanical Loading

Four examples of this type of machine have already been

noted in the review in Chapter 1 of previous experimental works

The three machines used by MeHenry and Karmi'2¥),

(47) (48)

y and Bellamy and Campbéll-AllencsB)

Tsubol and Swenage
utilised hollow cylinders in which internal hydraulic pressure
caused a hoop tension whilst external hydraulic pressure caused

a hoop compression. The other stress was in all cases compression
and was applied mechanically with an initial platen along the axis

of the specimen (see section 1.2),

This type of test produces the required critical biaxial
stress only on one surface and, as has been poihted out préviously,
it is very difficult to determine when exactly this type of specimen
fails, The state of stress varies across the wall thickness and
under biaxial compreSsion and uniaxial-tension platen restraint tends
to reinforce the specimen so that unduly high strengths result. In

addition, strain measurements are difficult.
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ReiniuscuB), however, combined these two types of loading
by clamping hydraulically operated pressure bags to two opposite
faces of a prismatic compression specimen (section 1.2.9). This

(22, 57)

scheme was similar to one suggested by Foppl

The pressure bags were made of rubber and Reinius
reported that they tended to bulge out under prcssures in excess
of 40-50 kg/cma. (about 600 p.,s.i.). Hence the capacity of the
machine was severely limited but the technique did have the big
advantage that strain measurements could be taken in all three

dimensions.,

4 point of detail that might cause trouble with this type
of machine is where the two types of loading meet at the corners,
If the rubber membrane were curtailed too far from the corner,
failure of the test specimen might be precipitated by a uniaxial

failure at the extreme ends of the specimen.

2e2e3e Pure Mechanical-uniaxial machine devices

Only three such machines have been discovered in the
literature and these have already been reviewed in Chapter 1,

A11 of them are intended for biaxial compression only.

Foppl's device(aa) (section 1.,2.1.) was 2 most ingenious
attempt at the time of development. However, its limitations
démpared with contemporary standards tend to climinate its possible
usefullness. As has becn observed, the device is only capable of
applying equal biaxial coumpressive stresses @53 = ¢52) and exerts
both primary shear due to linkage deflections and secondary shear
due to platen restraint with a cubical specimen (sece sectioni1.2. for

definitions).

Wastlund's original device(ao) and the more elaborate
modification of it developed by Weigler and Beckercso’ 51) are

certainly improvements in principal. The ratio of the principal



82

and intermediate compression stresses can be varied over certain
fixed loading ratios and slab rather than cubical specimens can

be used. Full access is also provided for strain measurement,

The only drawback with this type of loading device is
the stiffness required in the ratio arm (which is thought to be
insufficient in the case of Weigler and Becker) and the limitations
of clear space available in the avcrage uniaxial compression machine,

For cxample, the clear space neceded to test a 10" x 10 x &t slab

would be about five feet using a:rig- similar to this.

2+2,4, Pure Mechanical - two separate frames
(127, 128, PC, 10, 55)

Five machines that may be included in

this category consist of suspending a secondary test frame
horizontally through a primary vertical machine usually with the

aid of a counterweight system to enable the secondary frame to follow
the movements of the test specimen dictated by the vertical machine
(fig,2.2.441.). All of these machines were intended for biaxial

compression only,

(127) developed a machine of this type for testing

(128)

metals whilst that designed by Hobbs was used for biaxial

86)

compression tests on coal and by Hawkes( on rocks generally.

(55) (10)

and Robinson were

Bridgman

The other two by Sundara Rajn Iyengar

used for tests on mortars and concretes,

An alternative arrangement for biaxial compression was used

(129)

by Chipman, Lynch and Peterson on mortar models of pressure
vessel loading faces in which the two frames were arranged
horiz ntally on rollers thus eliminating the specimen alignment

problem referred to above,

These arrangements have the advantage that only one jack is

required in cach testing frame and easy access is available to the
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specimen for strain measurcments and visual observations. The
only major problems are alignment on the specimen in one direction,
lack of lateral stiffness of the horizontally suépehded test frame;
and the one common to all mechanical loading devices of platen

restraint;

Only Robinson(1o) has so far published results on proving
trials on the state of stress but he was able to achieve a small

zone of uniform strain in the centre of his specimen.

The only mechanical machine for biaxial compression-tension
found in the literature was that by Nishingawa(sz) already described
in scction 1.2,15: Again only one ram was used in each of the two
V testing frames but the test set up is subject to criticism as the
necessary conditions of alignment on the specimen are not satisfied;
the horizontal tension frame being mounted on the vertical frame and
not suspended on counterweights. The misalignment obtained from this

set up is illustrated in fige2.2.4.2.

Iack of published details on the machines used by Hobbs(128)

and Suncdara Rajn Iyengar(Bs) rnake it impossible to comment on their

alignment efficiency,

242,5, Pure Mechanical - single frame

 The machines contained in this classification are similar
in action to those described in the last section except thnt;a
sinéle reactibh frame'embrdges the whole machine. As a fésult,
to maintain‘symmetry anf often, alignment on the specimen as well,
pairs of opposed jacks are used in each principal stress direction

in place of the usual single jack.

Indeed only one two~jack machine was found in this
classification and that was designed ot Swansen University(PC)
for research into the behaviour of rocks under biaxial compression.,

A line diagram of the machine is shown in fig.2.2.5.1. and the

84
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deflection problems likely to be encountered with this arrangement

are illustrated in fig.2.2.5.2.

As the specimen is compressed shear forces will develop
along the length of the fixed platens unless thesc are mounted
on rollers. If they are so mounted, as is believed to be the case,
then the centreline of the compressive thrust and possibly also the
platen supported by the jack are eccentric to the specimen and will

therefore induce secondary stresses.

The other machines by Glomb(46) (section 1.2.11);
1.5..5.5.(%9, 500i2{"", c.5.1.R. (Council for Scientific

)(PC); and Hilsdorf(57) are

and Industrial Research, South Afirca
all four ram machines with symmetrical reaction frames. Those by Swain
and C.S.I.R. are mainly concerned with rock testing whilst the others
have all been specifically developed for concrete work. Gomb's

machine has already been discusseds.

Hi].sdorf"s(?7> proposed biaxial compression machine is
similar to that designed by Glomb(46) in that four jacks in
opposed pairs are located within a stiff symmetrical octagonal
frame (2.2.5.3.). Alignment on the specimen, as with the other
machines, depends on the syzmetry of the system, & similar
arrangement has been adopted by I.3.M.E,S. for a 200 ton capacity
biaxial frome which is often used in a 2,000 ton'compression
machine for triaxial tests. Specimen size may be up‘to 30 cm, cube.
(fig2.2.5.44).
(131)

Swain s in work on the effects on strength of various
slope tunnels through rock, devel&ped the machine shown in fig.
2.2.5.5, The virtue of the design is that the size of specimen that
the machine can test is varied by adding more jacks. In addition,
each jack has its own platen and, with a number of independent
platens along each loaded face of the test specimen, the platen
restraint offects will be reduced. However, the machine has two

serious drawbacks. Firstly, even with the most careful matching
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the jacks will not all have the same identical friction character-
istics and hence the pressure alonz the face of a specimen will not
be uniform, Secondly the frame is completely enclosed with the
exception of a small viewing hole in the middle which makes it

unacceptable for concrete tests were ease of access is essential,

Another attempt to overcome platen restraint effects has
been made by C.S.I.R.(PC)

machine for tests on rock specimens., Semi-circular prisms are placed.

in the design of their bioxial compression

above each other in pairs of increasing size as shown in figz.2.2.5.6.
so that cight such prisms are in contact with the loaded surface of the
test specimen yet only one is loaded by the compression jacks. The

whole machine frame is shown as a line diagram in fig.2.2¢5.7.

Although this arrangement appears to be a good compromise
betwsen mechanical louding with its platen restraint effects and
completely hydraulic loading, it may suffer from a sericus fauit. '
As shown in fig.2.2.5.6. prior to any deformation of the test
specimen the system will give a uniform lead with much less
restraint e¢ffects than would ke experienced with a single solid
loading platen. However, once the specimen deforms, as it must
inevitably to carry any load, the system of loading prisms is
immediately no longer capable of applying a uniformly distributed
load as illustrated in fig.2.2.5.8. (for a case of expansion).
Indeed it is probably that the secondary effects on the stress
distribution in the test specimen will be greater from the non-
uniform loading that this arrangement gives than from the

alternative platen restraint effects,

As with Hilsdorf's brush platen discussced in section
142.21 oy the mechanical solutions to the platen restraint problem
proposed so far appear to yield worse results than the detrimental

¢ffects they are designed to overcome.

A point to notice about all the machines in this section is

that they are capable of a biaxial compression facility only.
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2.2.6. Reférence. list

For convenience, a list of nll the machines reviewed during

this work under their arbitary classification and with the relevant

bibliographical references in the margin, is given here.

2.2.1. Pure Hydraulic Loading =~

1. Ros 2nd Eichinger v (24, 32)
2e Richart, Brandtza‘.eg and Brown (35)

3. Balmer (49)

L, Ackroyd , (126)
Se Cambridge hydroulic platen _ PC

2.2.2. Hydraulic/Mechanical Loading

6. McHenry and Karni (124)
7e Tsuboi and Suenaga (47)
8. Bellamy/Campbell Allen (48,'53)
9.  Reinius (43)
242.3. Pure Mechanical - uniaxial machine

devices
10.  Foppl (22)
11.: Wastlund , (40)
-12,  Weigler and Becker (50, 51)
2.2.4. Pure Mechanical = 4wo scparate frames
13,  Bridgman (127)
14, Hobbs (128)
15; Hawkes PC
16.  Robinson (10)
17. Sundora Rajn Iyengor (55)
18,  Chipman, Lynch and Peterson (129)
19.  Nishigawa (52)
2;255; Pufe7Mé6hanical - single frame
éOé Swansea Universify PC
21, Glomb (46)
22,  Hilsdorf (57)
23.  I.S.M.E.S. ~ (130)
2k,  Swain (131)

25.  C.5.I.R: PC
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243 General Requirements of a Combined Stress Testing Machine

Before going on to consider the possiblc types of testing
machines or devices that might be adapted for this research project,
it is as well to considcr the general requirements of a testing

machine of this kind,

Any concrete testing machine shoulld be robust in operation
because of the large forces involved on a represcntative sample, (It
is sugzested that to be represcntative of concrete, a sample should
be not less than a volume of minimum side five times the maximum
~aggregate size), and also beczuse of its apparent brittle nature
observed especially under uniaxial and biaxial stress states when
explosive failures are a constant hazard. Robustness is also
desirable in the operation of placing specimens in the machine,

The number of operations involved in setting up should be kept to
2 minimum and excessive work on specimen preparation should be
avoided., Imbedded bars and plates(sa) are not desirable in a test

(57) used by some workers for applying

specimen nor brush platens
tension in which the brush has to be stuck to each individual test
specimen, A good example of a robust testing machine, which applies
a state of stress normally bedevilled by specimen preparation, is
the uniaxial tension testing machine designed and developed by

M. Ward<7).

A cardinnl consideration, which has earned special attention

throughout the review of existing machines, is the achievement of

uniform and desires states of stress of known magnitude (scction 1.2).

This is probably the most difficult single problem to be solved by
workers in the field of combined stress properties of concrete.

Cléarly much more thought must be put into this problem before any
more testing is done as the lack of assurance on the uniformity of

stress state has tended to invalidate much of thz work so far.
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If o combined stress testing mochine is to be developed,
then as many facilities should be incorpcrated as possine. Howcver,
it is perhaps Significant that all the machines reviewed above are.
capable of only one, or at the most two, hiaxial combinations of
stress. The most desirable facilities are thosc of tension compression,
and torsion but, of thesc, some combinations are very difficult to

achicve such as direct biaxial tension or torsion.

Accuratc measurement of stress and strain in the three
principal directions is essential, and; with concrete; the ability
to observe and have access to the surfaCefof the speCimeniduring
tests is highly desirable. Ultra-sonic pulse velocity and laﬁéral
strain measuring equipment usually needs plenty of room around the
test specimen and an adequate view of the specimen also ennbles

photo-elastic measurements to be made.

Adjustment for text specimen size and shape is also a useful
asset and automatic self-alipgnment of the machine on the specimen
whilst under load is essential. This latter point was discussed at

some length in the precceding review (section 2.2.)4

The independent variation of stress (61# 62#'63) (see
section 1.2 for definition) is a basic requirement of this research
and the ease of operation to achieve these conditions is an important

consideration,

With a mechanical machine as defined in section 2.2., the
longitudinal and lateral stiffnesses of the mochine frame is
important and this will have a bearing on the general arrangements
considered. By longitudinal stiffness is means the stiffness in the
direction of applied load whilst lateral stiffness is the stiffness
at right angles to the applied load, Provision for extension to other
stress facilities ot a later date should also be seriously considered
so that the maximum use can be made of this machine after the

termination of this contract,
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'lﬂstly, ease of maintenznce, a point often forgotten
in machine design sheuld be considered throushout especially
on o contract of this kind in which all the testing time
available is precious and a breakdown could have serious

consequences on the progress of the whole project,

244 Possible Machine Types

The two dominant considerations here are the achievement
of pure states of stress and versatility in stress combinations

(E%iisa

:#<53) with emphasis on biaxial compression,

The basic choice of machine type lies between purely
hydraulic or mechanical, or a combination of the two. Therefore
the advantages and disadvantages of load application by hydraulic

or mechanical means should first be considered.

Hydraulic loading ensures good stress transfer with no
secondary stresses induced under conditions of plane stress. No
alignment problems arise and the hydraulic loading cell is usually
very compact such that it will readily fit into a standard compression
machine for triaxial tests. Howevef, the tension facility gives
problems which are net really solved satisfactorily by applying
internal hydraulic pressure to a hollow cylinder as explained in

section 1.2,

Torsion facilities are virtually impossible with this type
of loading and the problems of access to the test specimen usually

mean that there are no strain measurements and no visual aids.

The mechanical loading systems, on the other load, enable a
variety of stresses to be appliecd and strain measurement problems
are usually much easier. Stresses can be varied independently and

triaxial facilities are relatively simple.

However, the transfer of stress is usually poor with

significant sccondary stresses induced (section 1.2.) ané the
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stress condition is close to but not exactly plane strain,
Specimen olignment problems are critical and o special frame
is required. Finally, machines of this kind usually take up a

lot of space,

» From the above considerations, two basic ideas developed
and were investigated as possibilities for this project. The first
was a hydraulic loadinz system that could be used either purely
hydraulically or in combination with mechanical loading along one
axis only; the other wos an improved scheme for a four Jack

mechenical machine.

The hydraulic device is shown in fig.2.4.1. and consists of

shaped seals held firmly against the cormer of a cube or prism
test specimen., Four hydraulic cells are produced around the specimen
linked hydraulically in opposite pairs enabling the two principal
compression stresses 653 and.esa to be varied independently of
each other., The detail of the rubber seal is shown in fig.2.4.2.
in which the dimensions are chosen such that y»2x and x> Z.
The dimension Z needs to be as small as is practical to prevent a
differential pressure forcing the'seal arn through the gap between
the cell casc and the test specimen whilst x also needs to be small
so that the hydraulic pressure may act right up to the corner giving
a uniform pressure distribution on the specimen. Dimension ¥ should

be large to resist the blow-out of the seal mentioned above.

This system could be used around a cube to apply triaxial
compression or an axial compression or tension could be applied

mechanically to a rectangular prism shaped specimen.

Development time on an idea of this kind could lLie
considerable which is a decided disadvantage in a research

contract of limited duration,

The alternative mechanical scheme was developed with a

regard for machine stability amd stiffness, Hence two sinilar
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sub-frames comprising two end plates and four columns each were

selected; longitudinal stiffness beinz the paramount criteria.

These frames were to contain opposcd pairs of jacks to give
a symmetrical arrangement abouf the specimen centreline and the loads
were to be applied through rigid platens or clamps. Alignment on the
specimen was to be maintained by an all embracing frame shown

diagrammatically in fig.2.4.3.

Apart from the other advantages of this type of machine
already listed above, the machine would be incorporating many well
tried techniques and could capitalise on the recent work done by
(9, 12“15)

Sigvaldason on testing machines. Hence the develapment

time would be less than for the hydraulic machine suggested abovy.

However, the problem of platen restraint effects has yet to

be solved and this will be tackled in the next section.

2.5 Platen Restraint Trials (ref.25)

Although it is doubtful whether the platen restraint
effects can cver be eliminated from the whole of a test specimen,
any reduction of such effects is helpful. The most that can be
expected with even contemporary '"frictionless'’ materials is that
platen restraint effects can be reduced a sufficient amount to
yield a central volume of the test specimen in a pure state of

stress,

Fortunately, at the time of these preliminary design studies,

(10)

development of his machine and it was agreed to conduct a joint

Robinson was also proposing to carry out similar tests in the
series of tests. It must, however, be acknowledged that the
general concept of the experimental technique used in the tests
and much of the analysis of results was largely attributed to

-Robinson.
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Many of the attempts madé to reduce platen effects hove
been noted in the review of previous work. However, apart from
A. Foppl and C. Bach(132), and Ros and Eichinger(24), little work
was done on this subject until the investigation by Lachance(1-2)
referred to in the Introduction (section 1?1). However, this latter
work was more concerncd with specimenrdimensions and muéh more detailed
results using 2 wider range of packings were required for this
investigation. Twelve different pﬁckipg materials were used and, by
varying the coating application in the case of Febcure super, a total

of 16 different packing conditions werc investigated.

Three additional trials were carried out an an aluminium

specimen,

24547, Experimental Procedure

Mortar prisms 4% x L' x 12" were cast, five from each batch,
the mix being (:20:-0.42/-:5/16") and kept in a saturated condition
up to the testing time at 28 days old (See section 6.6 for standard

casting and curing procedure).

The packing conditions were then taken in groups of five
with a plain coating all over in Febcure super being used as the
reference condition, Three batches were used for each group of
five so that the results of each packing condition was to be seen -

on three different mortar specimens.,

Using a Sogenique linear displacement transducer mounted
on a modified Lamb's optical extensometer frame; lateral strain
measurements could be taken over the length of the prism and in
the steel platen as well. A photograph of the frame is given in
fige2.5.1.2. The transducer had been calibrated against a Sogenique
standard and was guaranteed accurate to 1 micro-inch, In service it
proved repeatable to :035% or two micro-inches for one set-up and from
one set up to the next to i1,9%3 Drift amounted to 3 or L mirco-inches

and, as all the measurements were taken over a four inch gauge length,
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the results are quoted to the nearest microstrain., The positions

of the measurements are shown in fiz.2.5.1.1.

Tt was convenient to measure the lateral strain of the prism
for a change in compressive load of -~1930 p.s.i. as this co-incides
with convenient load gauge readinzgs and was only 29% of the ultimate
lond of the mortar thus guaranteeing elastic behaviour of the test

specimen.

Typical results are plotted in fig.2.5.7.3 and a tabular
sunmary of all the results is given in table 2.5.1.17. The full details
(25)

of the tests have been published by Robinson and Vile

2+5¢2. Conclusions

The surprising result of thest tests is that Febcure super
(manufactured by Feb. Ltd., of Manchester) applied to the damp
concrete is the best packing material despite the fact that it is
primarily intended as a curing compound. Although all the tests
reported above were only up to 29% of the ultimate load, examination
of failed specimens showed that the febcure had retained its surface
on the mortar and indeed exhibited a polished surface. It will be
shown later in this thesis with tests on biaxial compression specimens
that it does in fact retain its friction releasing properties right

up to the ultimate load.

A possible explanation of this behaviour is that the curing
compound penstrates the concrete or mortar specimen when it is applied
wet but subsequently hardens into a visco-elastic layer thick enough
to prevent the steel actually coming into contact Qith the concrete.
Indeed a sufface tension skin effect seems to develop at the surface

of the coating in contact with the steel and this becomes highly polished,

Further tests showed that for the maximum effect, the first
coating of curing compound should be applied immediately on surface-

drying the concrete with a towel. A second coat should be applied as
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soon as the first one has dried (giving a total thickness of
about 0.0012") and the specimen tested about 24 hours later.

As the effect on the strain patterns rcecorded on the
v x 4t x 12" prism was only 2% at 1.0 to 1.2" from the platen
a 10" x 10% x 4" slab on a pro-rata basis would probably contain
a fringe of interference equal to or greater than 2% for up to

1.9" from the loading platen face.

2.6, Selection of General Arrangement

On the basis of the concluéions of the platen restraint
trials (section 2.5) it was decided to proceed with the design of
the mechanical machine outlined in section 2.4 as it appeared that
the platen restraint effects could be kept within acceptable bounds,
The design proposed was in principle only and it is now necessary to

consider the general arrangement in more detail,

2:6.17. Alternative Pre-stressed Concrete Frame

In section 2.4, the plate and column sub-frame was chosen
as this provides the greatest longitudinal stiffness for the quantity
of steel used whilst still having adequate lateral rigidity. However,
6ne other possibility exists and that is the use of an all-embracing
1prestre$sed concrete frame containing four jacks as illustrated in

fige2.6,1.1,

This alternntive suggestion, though cheaper than steel, was
found to contain a number of disadvantages mainly from the ease of
alignment and ease of modification point of view. Although all the
facilities to be used on the machine were to be carefully pre-planned
(Chapter 3), it was felt that not all the eventualities could be
foreseen with sufficient accuracy to allow complete confidence in
this design. Moisture movement could couse misalignment of the Jjacks
and creep effects might also be troubles??gg) It was therefore shelved

though use has been mode by the Russians of pre-stressed concrete

in machine design,.
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26,2, Horizontal Arrangement

A horizontal arrangement of the two sub-frames as shown
in fige2,6.2.1. is very good for automatic alignment on the test
specimen. This would be simply a more elzborate forfi of the
apparatus used by Chipman, Lynch and Peférson(129) (section 2.2.4.).

) However, the arrangement is not readily adaptable to
triaxial testing and would tend to occupy a lot of floor space.
In addition only one side of the specimen would be visible and
there would be the problem of gravity pulling the specimen out
from between the platens,

2,63 Diagonal Jrrangement

From an all-round framing aspect, the diagonal arrangement
is good and the test specimen is easily visible from both sides
(flg.2-6¢3 .1t>'

Self-alignment on the test specimen would cause difficulties
however and the deformation of the frame as a whole during testing

would be unsatisfactory (£ige2.6.3.2.). Furthermore the fitting of
tension jacks to either side of the bottom plates would be difficult,

2.6.4, Vertical Arrangement

The vertical arrangement shown in fig.2.6.4.1, has the
adiantage that the specimen is visible from both sides and readily
aligned in the machine. However, alignment of the machine on the
specimen during testing is o serious problem and requires a special
frame to compensate for the deformation of the vertical sub-frame.

Stability of the machine frome as a whole must also be
carefully considered particularly in the directions marked x and
Y in fig.a.é '4020

From the above considerations, the vertical general arrange-
‘ment with steel end plate and column sub-frames and an alignment

frame wos adopted,
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247 Features of the General Arrangement

Certain features of the general arrangement required
clarification before the detailed design study could be started

and these are described beléw.

The main problem with the vertical arrangement chosen is,
as stated in section 2.6.4, the automatic alignment of the machine
- on the specimen during testing. The basis of the problem is that
the vertical sub-frame will deform relative to its base plate as.
the test specimen is loaded; for example, if the specimen is a
compression test piece, then the verticdl framé will extend upwards.
The problem then is how to keep the horizontal machine aligned on the

centre of the test spccimen.

The solution adopted was to use two symetrical portals to
support the horizontal frame as shown in fig.2.7.1. The action of
these portals would be to raise the horizontal frame half the
distance moved by the top plate of the vertical sub-frame. As this,
by the symetry of the arrangement, is also the distance moved
upwards by the specimen, the alignment of the horizontal frame on

the specimen is maintained (£ig.2.7.2.).

As a result of the action of these side portals, it is
necesséry to mount the Horizontal frame on rollers to allow the
portal free movement and to prevent a reaction transfer between the
horizontal frame and the portal (£fig.2.7.3.). During testing the
horizonfal frame does not move as it is acting on the test specimén

but stops are provided on the side portals in case of emergency.

, To reduce frame distortion, the‘jacks in the horizontal
frame are clamped to the end plates and cantilever from them z2s

shown in fig,2,7.1.

The columns. are threaded between each other as shown in
fige247,5. with a preference for a symetrical arrangement in the

horizoﬁtal sub-frame to accommodate torsional equipment. Indeed
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the horizontal frame is intended to accommodote tension and
torsional facilities o8 well as compression. A line diagram of
the several possible stress combinations available in the machine
is given in fig.2.7.6. and a line diagram of the future extension

to triaxial testing is shown in fiz.2.7.7.

As previously noted, the horizontal sub-frame in the
vertical arrangement is best suited to housing the tension jaéks
and hence the temsion facility. This being so, the vertical sub-
frame must provide the torsion facility so that the tension-torsion

combination can be provided.

The torsion facility is achieved by using two beams set at
opposite angles across the cylindrical specimen as shown in fig.
2.7.6. As these two beams are jacked towards each other, the
resulting reactions at their ends on the cylinder apply twisting
moments of opposite direction at each end thereby subjecting the

cylinder to torsion.

End compression or tension is applied to the torsional

specimen viz ball races.

The compression is applied to the tension specimen by

concrete cubes as shown,

The facilities actually developed, viz. biaxial compression,
compression-tension, and compression-torsion are described in detail

in Chapters 8, 9 and 10 respectively.

Levelling and alignment screws were provided in the side
portals for setting up the horizontal frame during construction
(fige2.7.8.). These ensured that the horizontal frame moved

squarely through the side portals.

501id loading platens were selected in preference to such
arrangements a8 the segments used byvC.S.I.R.(PC) and the brushes
recommended by Hilsdorf”"? as the platen restraint trials had showed

that the restraint effects could be rostricted without causing the
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secondary cffects that it hos been shown develop with the more
elanborate platens described above. This subject is discussed in
more cdetail in section 4.4.6 in which Hilsdorf's specific objections
to the solid platen are dealt with. However, the design of the
machine is such that platens of this kind could be used if desired

at a later date.

2.8 Summary

The previous machine designs reviewed illustrated a wide
range of testing technigues but machines of very limited stress

combination facilities.

& consideration of the requirements of 2 combined stress
testing machine to suit this project cnd the types available led
to the problem of platen restraint., A scries of tests on this
problem showed that it was a mainageable difficulty and as a result,

a versatile mechanical testing mochine was chosen,

The general arrangement of this machine was exomined in some
detail to cnsure that the best solution resulted prior to the

detailed design now to be described in Chapter 3.
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CHAPTER 3

DESIGN AND CONSTRUCTION OF THE
COMBINED STRESS TESTING MACHINE

2.7 Intyoduction

‘Having selccted the type and pgeneral arrangement of the
testing machine to be deweloped, it is now necessary to consider
the detailed design requircments in the light of the performince
required and the construction problems involved. The problems and
limitations of machininz the various sections of the machine must

alse be taken into account.

In this chapter the performance rcquirements from the
research point of view are considered first (section 3.2.) and
then the design considerntions are listed (scction 3.3.). The
bosis of the detailed desimn of the mnchine is then stated
(secction 3.4,) and a record made of the monufacturer's modifications

to the original design (scction 3.5.).

The design of the hydraulic contrel system and the control
panel are trented scparately (scction 3.6.) 2nd finally the

construction and alisnment of the mnchine is described (section 3.7.).
-

3424 Performince Reguircements

The performance requircements were dictated by the needs of

the research project and may be summarised as follows:i-

3.2e1e Basec of Operation

This roquircment wns not simply for the convenience of the
operater but was a genuine necessity in view of the large quantity
of measurements that might have to be taken during a short-term list.
The case with which the michine could be operated will be reflected in
the results obtained an? is therefore a factor worth careful

consideration, -
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Ease of operation, besides giving the operator more time
to fulfil his various functions also has o beneficial psychologicnl

effeet on nll enzaged in the testing.

3,2,2, FEase of Facility LIxchange

If the versatility of the mnchine is to be fully
exploited, then it must be possible to exchanze one testing
facility for another without requiring a major reconstruction

of the maéhine.

For this reason, it was convenient that the horizontal
sub~frame was selected to house the alfernative tension and
torsional facilities, as, by careful arrcngement of dimensions,
-fork 1lift trolleys which are standard laboratory eguipment could
be used to 1ift jacks and other ancillary apparatus in and out of

position,.

This point was also borne in mind in the desisn of the

jock supports and hydraulic pressurc lines and fittings.

3.243, Independent Control on Jacks

As stated earlier, the proposed method of test involved using
pairs of opposed jacks linked hydraulieally to maintain o symmetrical
loading arransement centered on the specimen to ensure machine

alignment.

However, for the purposes of initicl alignment of the
specimen in the machine, the hydraulic system must be capable of

giving forward or reverse motion to zny jack independent of the others.

3.2.4, Machine Copacity

Biaxial conipression tests on concrcte with up to 7,500 p.s.i.
uniaxisl compaession strensth was the criterion used in determining the

machine capacity in aldition to the face that a rupresentative volume
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of a 2" aggregate concrete should be in o uniform and known state

of stress,

At this stage of machine development, Robinson had already
reduced the sizc of his biaxinl compression specimen from
12" x 12" x b to 10" x 10" x 4" and, althoush he had not conducted
any tests, thc results of the platen restraint trinls (sce section
2.5.1.) were cncouraging. These indicated that, within the elastic
range, the central 67 x 6" x 4" volume of a 107 x 10" x 4 slab

would be in 2 uniform state of stress.

Hence, on the basis of a 10" x 10" x 4" slab binxial
compression specimen and assuming 2 50% increcse on the uniaxial
strength under biaxinl stress in the extreme case of concrete(146),
a jock with a capacity of 200 ton. was adopted. The Simplex jacks
adopted (see section 3.4.1¢) were graded in U.S. tons (i.e., 1 ton =
2,000 1b.) and hence the 200 ton jacks installed exerted a pressurc
of 10,000 p.s,i. on the 10" x 10" x L4 specimens at working oil
pressures (7,500 p.s.i.) and up to a maximum of 13,000 p.s.i. on
overload. For tension tests a 30 ton jack was considered adequate
for any specimen size up to 127 x 12" x 40 likelj to be tested in

tension.

3e4245. Machine Stiffness
(134=136)

(9) (137,138)

Barnard and others

y Sigvaldason
pointed out the need for a stiff testing mrchine to avoid
explosive failures nnd to investigate the stress-strain curve

beyond the ultimate load.

The problem of attaining adequate stiffness can often be
considered in two parts, i.e. stiffness of machine frame and
stiffness of hydraulic system: the sum  of the two stiffnesses

being the overall stiffness of the mnchine. -
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(135)

The machine designed by Barnard overcane the
problens of stiffness and controlled strain rates (to within
7%) but was cf only 25 ton capacity and reguired a'piston of
11V diameter to maintain the controlled strain rate focility,
For the 200 ton capacity machine envisnged for this research,
repetition of Barnard's desisn but on a pro-rata scale required
four pistons of 33" diamecter which rendered th. desizn unwieldy

and expensive,

These arguments and the need for flexibility in the uses
of the machine and in its design generally led to the selection
of a conventional hydraulic system of standard jacks and controls,
However, the machine frame was designed as a stiff froame which was
desirapble in itselfy remardless of the overall stiffness, as

©)

explained by Sigvaldason

As mentioned later in this thesis, the problem of hydraulic

stiffness can be solved (see section 4.7.).

343, Desimm Considerations

It was noted in the Introduction to Chanter 1 of this

thesis that work hod been done at Imperizl College by Sigvaldason

(9)

on testing machine design and later, that it was hoped te capitalise

on this work in the design of the combined stress testing mcchine,

This section considers the principnl results of this research

and related them to the zeturl machine under consideration.

Z¢3e1s Lonsitudinal Stiffness

Although the lonzitudinal stiffness of the testing machine
hos no apparent effect on the ultimate strongth results obtained
(12, 139), it is desirable to have a 'hard” machine to prevent
explosive failures, which increase wear on the nnchine components,
and to study the post-ultimate stress-strain curves as stated in

section 34254
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Hydraulic stiffness remains a problem but the criteria
for the overall machinc stiffness is that it should cxceed that of

the specimen uncder test.

. . . 6 .
In this design an elostic modulus of 6 x 10 p.s.i. was
assumed for conerete and the machine frame was designed to have

a longitudinal stiffness grester than this.

34%.2, Lateral Stiffness

This was not 2 great problem because, as stated below, all
the specimens werce tusted with their loaded faces effoctively locked.

Hence instability problems did not arise.

However, an effort was made in the dosign detailing to

make the subframes as rigid as possible and Sigvaldason's recomrended

(12)

. . L .
ninimua of 10 x 10 1b., in. was exceeded,

Be3¢3s Spherical Seatings

The design of the spherical seatinzs was important because
these determine the loading conditions on the specimen, i.c. platens

effectively fixed or pinned.

Newman and Sigvaldason(qs) have stated that: ¥A loading
method where both ends are pinned is the most suitable for rescarch
investigations into the intrinsic wenkness of o2 material for it is
under this system only that the failure mode will exhibit the true
characteristic weakness of the materialll,

However, this idenl must be judzed against the problems of
achieving it in practic: and the desirability of its successful
achievement in view of the short-comings of the materizl under test

and the application of the results obtained.
The problems of achievinz this loading state in practice are

particularly difficult with concrete, as slizht segregation of the

aggregnte would result in a complex state of stress in the specimen
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with shears and bending noments at the ends of the specimeq}éuper—
imposed on the ncrmal leading system. Premature failure would

occur in critical sections of the test specimen and the results
obtained would be erroneous. Slight misalignment of fhegéest
specimen of even the most homogenecous of materials woula'produce the
same effect and in both cascs the testing machine operators would be
in danger of test specimens being ejected from the machine due to

the eccentricity of loading.

Spherical seating rotation under load is possible under
pressures in excess of 24,000 p.s.i. on the seating surfaces, as has

(9)

been shown by Sigvaldoson™”’, given suitable lubrication.

From the above considerations, however desircble the condition
of effectively pinned ends may be, it is clear that this is not the
best condition to adept at first when a new testing technique is

being established.,

There remains the question of the desirability of achieving
this loading condition in view of material short-comings and the

application of the test results obtained.

As noted above, this loading condition is quite unacceptable
for materials of varying stiffness due to segregation and other
causes. Hence it must be ruled out for most concrete mixes on this
count alcne and therefore for all mortar and concrete testing if

a standardised testing technique is to be established.

This conclusion is supported by o consideration of the
application of the test results obtained to actual structureé.
In the majority of structural applications of concrete, the material
is subjected to coiditions of plane strain dnd the critical section of
the structural member is restrained by the surrounding concrete. With
effectively locked loading platens, the same condition of strain is
 achieved in that the platens apply plane strain and the central
uniformly strained zone, which is the critical failure zcne, is free

to move being restraihed only by the surrounding concrete.
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As a result of these considération, partially lapped
spherical scntings were specificed and used in the testing machine
unlubricated except for a light mineral oil to prevent corrosion.
However, should a comparison betwsen fixed and pinned loading
conditions be requircd, it is recommend.d that to achieve pinned
ends the spherical seatings be coated with a 1:2 black lead and

97,

tallow lubricant

3.3.4s Construction Material

Prestressed concrete has already been rejected as a
suitable materinl for the machine frome (section 2.6.1.) and the
use of aluminium alloys was not justified as weight was not a

prcblen,

Mild steel was chosen for all frome components because of
its high elastic modulus, low cogt, and ease with which it can be
worked. The loading platens were also of mild steel but surface

hardened,

3.k, Detailed Design of Machine

The design calculations for the mochine components is
included in the appendix and a general arrangement drowing of
the machine is given in fig,3.4%.1. Detail drawings of the various
components are given in fig.3.4.2.=3,4.5, and a photograph of the

completed machine in 3,4.6,

This section explains the thought bechind the design
calculations and the actual interpretation of the considerations

and requirements of the previous two sections (3.2. and 3.3.).

Bt Selection of dJacks

The selection of suitable hydraulic jacks was the first

consideration as their size would cutomatically determine all the
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leading dimensions of the machine frame. A major concern was the
operation of jacks on their side as woull be necessary in the
horizontal sub~frame and the effect that this would have on their

friction and ram aligmment characteristics.

After an extensive investigation of several designs of
commercially available jacks, the design by Simplex was chosen as
the most suitable in view of its close menufacturing tolerances
and double éeaIS'at cach end of the ram (fig.3.4.7.). In addition
PIFE seals Qere available at an additional cost and these were
specif%:i.) The Portland Coment Assoclation Research Laboratories

1

report that these seals gnve greatly improved friction

characteristics coupared with the conventional rubber scals,

Two minor disadvantages had toc be tolerated and these were
the small ram dinmeter (an advantage commercially but a disadvantage
in research) and the high operating pressures. (7,500 p.s.i. for

200 ton compression jack and 9,200 p.s.i. for 30 ton tension jack).

However these two disadvantanmes were successfully overcome
(sections 3.4,7. and 3,6.) and the subsequent calibrations of the
horizontal and vertical sub-frames justified the selection of these

jacks (section 4.3.).

34,2, Longitudinal Stiffness

The selection of the jacks and the eight inch depth
required for the spherical seating and platen in a biaxial
compression test (secticn 3.4.7.) ;avé an effective column length
of 31" allowing for a maximum specimen size of 12",

This column length tosether with the end plate span between
colunns (governed by access between columns and jack size) was used
to determine suitable member sizes to fulfil the conditions of

stiffness laid down in section 3.3.1.
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The column length selected was checked to verify that the

(7)

machine frame could accommodatc Ward's tension calipers and also

[

the torsion equipment equipment designed for this mochine (refer

section 2.7.).

3.4.3. Iateral Stiffness

To give adequate stiffness to the machine frame as a whole,
the vertical coiumns were designed to be a sliding fit down the
whole depth‘of the base plate and stepped nuts (fig.3.4.3.1.) were
used in the top plate} Thus the potential lateral rizidity of the
columns was utilised by using semi-rizid column/plate coﬁnections

(fig.3c4.3.2.) .

~ Stiffness of the horizontal frome was achieved by using
stepped nuts at both end plates and by the support miven by the

side portals,

3.4,4, Side Portals

Thege were required to maintain the aliznment of the
horizontal frame and at the same time give it adequate lateral

support.

Theréfore rectangular hollow sections were selected because
of their flexural and torsional rigidity and ease of welding into frames.
The wall thickness was specified ot a minimum of ol where levelling
screws and roller supports wére provided, ‘The four legzed portal
shown in fiz.3.4.3.3. also has adequate stability and torsional
resistance to avéid distortion durinz testing.

5.4.5’ Portal Pinned Joint -

In theory the joint betwecen the portals ond the vertical
frome can be rigid or pinned but a pinned joint was selected as

this eliminated any stresses due to lack of fit during construction,
J & .
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This, in turn, enabled sreater tolerances to be allowed
9 ? )

and helped tc reduce the cost of the machine structure,
The pins were specified as o forced fit to avoid backlash
in the alignment mechanism, and the side portals and pins were

delivered as 2 single unit,

34446, Rollors and Levelling Screws

Nylon encased steel roller pads by Ina Needle Bearing Litd.

‘were used to support the horizontal frame, two being used at each end.

The screws used for supporting the rcller pads and blocks,
and for levelling the horizontal frame end plates within the portal
were sinilor, They consisted of a 2" ball bearing placed in the end

of a 1" & bolt with nuts and lock nuts as shown in fig.3.4.6.1.

The resulting arrangement was very stiff and provided a firm
guide for the relative movements of the horizontal frame and the

side portals.

3.4.7, Platen and Spherical Seating Design

As the ram diamcter of the compression jacks to be used was
6 in. and the standard size selected for biaxinl compression specimens
was 10 x 10 x 4 in., the combined unit of spherical seoting and
loading platen was required to cantilever 2 in, from each side of

the céntre—line.

As the machine was principally a rigid frame, the clearances
required between the end of the platen and the test specimen was 1/16"
compared with g used in Robinson's machine(qo). Begides improving
the distributién of load on the specimen it also enabled the specimen
to be more accurately aligned in the mochine. The platen widths were

4 in., which served as a further 2id to specimen alignment as shown in

fig.3.4.7-1 .
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The dimensions shown in fig.3.4.5. were obtained from
calculations based on the beam as an elastic foundation concept
and were considered to provide adequate stiffness for the loading
platen. The results of strain surveys reported in section L.k,

confirm this conclusion,

Photographs of the combined unit illustrating its cconstruction
arc shown in fig.3.4.7,2. and the disposition of the platen/seating
units in the machine is given in fig.3.4.7.3. The counterweights for
the top ram and platen arc such that they exert an upwards force on
the system cquivalent to that due to gravity on the lowas Jack.

An interesting combined platen and spherical seating has
been designed by C;rter(qha) providing continuous rotation of the
spherical seating under load, BEssentially it consists of o loading

platen suspended in an oil bath,

3.5, Manufacturers Modifications

No major modification to the original detailed design drawings
was asked for by the manufacturers of the machine frame., However, the
usc of a truncated thread cn the bottom threaded ends of the vertical
sub-frame columns was recommended to assist the sliding fit of these

columns in the base plate and this recommendation was adopted.

3.6, Hydraulic System and Control Panel

To allow infinite versatility in operation as required by
the research project, two identical systems were developad - one
for cach sub-frame -~ but were housed in the same panel for ease of

operational control,

The control system wns similar to the elementary one of
centrol by bleed-off or bypass valve used in all the research machines
at Imperial Colleze (Concrete Department) but with the addition of a
spool valve to operate the hydraulic return system ond stop valves to
isolate individual jacks. A line diagram of one complete system is

shown in fig.3.6.1.
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The control system on the horizontal sub-frame was required
to operate up to 9,200 p.s.i. for the 30 ton tension jacks whilst that
on the vertical sub-frame was only required up to 7,500 p.s.i. However,
to allow complete interchangeability of equipment, 2 common working
pressure of 10,000 p.s.i. was seleeted for 2ll pipes, valves, pumps

and moters, and fittin=s,
9 25!

411 the components are listed in the toble in fig,3.6.2. 2nd
the operational instructions are given in fig.3.6.3. Safety pressure
release valves were incorporated in the system 2s a whole but no relief
valves were incorporated with the Budenbers pressure gauges. This would

be a useful safety addition for o later date,

A photograph of the control panel with its two identieal sets
of controls is shown in fig.3.6.4. and it will be observed that the
Cawkell USPV. equipment has been housed in the centre of the panel
immedintely in frent of the operator. The exwct fupction of each
control is given in fig.3.6.5. and 2 rear view of the panel is

shown in fig.3.6.6.

347 Construction and Alirnment of Machine

The construction of the machine was complicated by the Inck
of lifting facilities in the Concrete Mnterial Research Loboratory.
No overhead cranes cor lifting beam supports were available and hence

a scaffold gantry was designed by the author (fig.3.7.1.).

Essentially it consisted of two free~standing towers linked
by twoc braced ties a2nd supporting a single 1lifting beam centrally.
Two chain blocks (20 cwt., and 10 cwt) were used and these, together
with the Sherpa fork-1ift trolley, were the only lifting appliances -
used. The brickwork for the basce of the machine plinth and the wire

housers used are also visible in the photograph.

The ercction sequence is ziven in figs.3.7.2. and 3.7.3,. but
is not described in detail here as it is only of intcrest from the

design point of view or to anyone wishing to dismantle the machine,
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1. Machine frame components as shown on drg. no. 2 (see Appendix C),
J.N. Electronic Supplies Ltd,

2. Hydraulic jacks manufactured by Simplex, U.S.A.

4 No. R200 6S Re-mo-trol Heavy Duty 2-way Ram
200 ton capacity with “Teflon"™ seals.

2 No. R315 2-way Hollow ram
30 ton capacity with "Teflon™ seals.

2 No. Four-way spool valve (1704) part no. 500-2781-6
with sub-plate, part no. 500-6120-8,

The Equipment and Engineering Co. Ltd.

3. Hydraulic pressure gauges,
2 No, O - 10,000 psi
2 No. 0 ~ 4,000 psi
2 No, 0 - 1,000 psi
Budenberg Gauge Co. Ltd,

4. Needle control/stop valves .
6 No. type no. 104/1 suitable for 10,000 psi hydraulic.
I.V. Pressure Controllers Ltd,

5. Pump/motor units,

2 No, Beacham type RTU1/SWO0 bedplate unit for a
pressure of 10,000 psi coupled to 1 H.P. electric
motor for a 440/3/50 supply.

2 No. Adjustable pressure relief valves type S.V.1,
o - 10,000 psi.

Oswalds and Ridgway Ltd,

6, Stop valves, pipes, fittings.
All guaranteed or tested to withstand 10,000 psi.
British Ermeto Co. Ltd,

fig, 3.6.2, List of major equipment and suppliers
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OPERATION INSTRUCTIONS

1, Before starting pump motors:
check that spool valve control lever is in neutral,

2, Before putting spool valve control into pressure or return:
check that stop valves to relevant jack are open;
check that low pressure gauge stop valve is closed
if pressure range of gauge is likely to be exceeded;
watch ram movement - if ram stops of its own accord
put spool valve control lever into neutral immediately
and investigate;
check that bypass valve is at least partially open if
loading platens are in contact with a test specimen,

3. Control of pressure:
set main control valve to half open position and control
pressure and pressure rate with bypass valve,

4, On failure of specimen:
put spool valve control lever to neutral position

immediately.

5. After using machine:
retract all rams to end of travel;
switch off electric motors;
isolate electric motors from mains supply.

fig, 3.6.3. Operational instructions and checks system.
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The progress photosraphs showa in figs.3.7.4. and 3¢745,

indicate the sequence of assembly.

Purpose made levelling screwe were used for the baseplate

and these are shown in fig.3.7.6.

Alignment of the jadks wés cﬁwried out in the following sequence:-

1) Top jack of vertical frame clamped centrally on

; top platen and used as datum.

2) Bottom jack plumbed inte position from top ‘Jack.

3) Side Jacks clamped to end plotes. '

4) Aluminium 10 x 10 x 4 reference specimen held coentrally
between top and bottom jacks in vertical frame.

5) Horizontal frame levelled and aligned with adjusting
.screws so that with sentings locked, the platens
aligned with the aluminium specimen.

6) Proving trials described in section 4.2, were then

carried out to check the alignment.

3080 Su mrz
This chapter has described the desipgn and assembly of the
machine resulting from the general arrangement selected nnd the

performance and machine design requirements resnrded as significont.

The selection of all the major components has been detailed

as well as the reasons for their sclection,

Much information has been included which is mainly of interest
to potential operators so that the record in this chapter might not

| only be complete but alsc serve 2s a bricfing monual for future workers,

Lastly a brief description of the construction and alignment

of the machine was given,
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CHAPTER &4

MACHINE AND APECIMEN DPROVING TRIALS

4.1, Introduction

AlthoughAthese proving trinls are referred to as “machine?
and "specimen” trinls meaning trials on machine frame behaviour and
on specimen state of stress, it is clear thnt both will have a
decided effect on the results ultimtely achieved, Such trials
are essentinl in order to estoblish the degree of reliability
that can be placed in the subsequent experimental work. It should
be remembered that = major criticism of most previous work was

that such trinls had not been reported (section 1:34).

Proving trials act as & check on the dosizgn assumptions of
the variocus compromises inevitable in any new development work, They
are the test to which a1l such designs’must be submitted and
indicate the dezree of success achieved, Furthermore the information
sothered, good or had, is of considerable use in subsequent research
projects of a similar nature.

The ultimate intention is to establish beyond all reasonable
doubt, the stress and stroin patterns actually achieved in the test

specimen and their territorial limits,

It is necessary to define clearly the ains of each trial.

For convenience the trials hove becen grouped as follows:=-

L,2, Machine Trials
1, Alignment of sub-frames
2; Self-alignment mechanism of whole machine frame.
4,3. Hachine Colibration
| 1o Compression facilities
2; Tension facility

3; Torsion facility
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L4, Bioxial Compression Specimen
1.. Surface strain by stroin gruse
2. Surface strain by photo-elastic techaique
3. Lnteral strain
L, Coefficient of varintion of Test Results
5. Order of loading
4,5,  Blaxiznl Compression-Tension Specimen
1.. Direct Tonsion Facility
2.. Combined Compression-Tension Facility
4,6. Binxial Compression-Torsion Specimen

1. Surface stroin

4,7. Hydraulic Control System.

L2, Machine Trizls

These trials were concerned exclusively with the mutun
geonetrical aliznment of the sub-frames and jacks, and with the
subsequent self-operating alignment-maintaining action of the side

portals,

L,2.1. Alignment of Sub-fromes

The actual alignment procedure has been described in section
3.7. In this trial the physicnl aliznment of the biaxial conpression
loading platens on a precisely made ~luminium 107 x 10" x 4i' slab was
checked and then the strain voariation between faces recorled. In
this letter trinl any significent eccentricity of loading would be

reflected in the stroin readings obtained.

By using a depth micrometer ~nd measuring the alipnment of
the aluminium slnb and the platen sides on both faces of the slab
and in all four corners on ench face it wns possible to adjust the
jocks until the worst reading wns within 0,002 in. The results
obtained with the vertical frame 2lignment arc given in fig.h.2.1.7.
in which positive siznifies that the member in question is proud of
its adjacent menmber, °
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In the strain trial, the aluminium slaob was 272in used
and ¢lectrical resistance strain snuses were positicned as shown

in fig.4.2.1.2. on both faces of the slab,

With the sauges aligned vcrticall& as in fiz.bh.2,1.2., the
vertical machine compressed the slab between 133 p.s.i. and 1330 p.s.i.
which values happened tc be convenlent gauze readings; The exercising
was done twice to check repentability of strain rending and then
repeated for tw subsequent set-ups. Hence both the strain repeatabil-
ity and compariscn between faces was cbserved both for one set-up ~nd
between set-ups. The same proccdure was ropeated for ancther three
set~-ups with the hcriz-ntal compression at 533 p.s.i.; again a

convenient pressure gauge reading,

The whole procedure was then repeated in its entirety with
the aluminium specimen turaned throuch 90O and the pressure from the
vertical machine maintained constent whilst the pressure from the
horizont~l machine was varied uéing the some pressure increments as
before. Thus = check was mrde on strain distributicns in both
directions as well as the comparison between faces and between

different sct-ups. The results are condensed in fig.h.2,1.2.

These results show that no significant variations in strain

distribution were obtained due to misalignment effects.

u

4,2,2, Self-ali:nment of Machine Frame

The achicvement of a self aligning mechanism in the machine
frame was a mnjor cuonsideraticn in the machine desizn. These trials
were carricd out t: discover whether the desipgn objcctive had in

fact been achieved.

An indepenilent scaffcld datum frame was cantilevered off the
machine baseplate (fig.h4.2,2.2.) and spanned acrsss the whsle machine

frame so that Jdial giuges (sensitive to 0,0001) mizht be placed at the

strateric points marked in figl.bk.2.2.1.

Gauzes C and D measured the tctal vertical extensicon of the
vertical sub-frame whilst H and K measures its sideway. The vertical

movement of the horizontal sub-frame wos recorded by gouzes Ay, By, E
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and F and the lateral movement of th: side portals by G and J.

A fault developed in the scaffold frame in that it swayed
relative to the machine in the direction of K; the frnet that the
machine did not sway was confirmed by an indepenient frame constructed
later and mounted on the l-boratory floor. The fault could not be
specifically located, though the very small base on which the
scaffold frame was based lent itself to such movements. Therefore
all the rendings hﬁve been corrected to nllow for this movement;
fortunately it does not conceal the ;eneral relative movements taking

place in the whole frame.

The results in fig.4.2.2.71. show that, after corrcction, the
machine sidesway is less thon 0.0005 in. and that the self-aliznment

mechoanism works satisfactorily.

Note that the accuracy of the dinl gouges is of the order of
0.0002 in., and-therefore it con be concluded that the machine frame

behaved as designed and the self-alignment mechanism works correctly.
The surface strain trials described in scction 4,4.1. failed

to detect any overall shear forces acting on the specimen thus

confirming the satisfactory machine nlignment predicted by the results

of this trial.

L3, Machine Calibration

The calibration of the various jacks and loading devices
has been included under the zeneral title of proving trinls as the
results of such calibrations are also useful indications of the

behaviour of the machine over its entire range.

Of especial interest is the repeatability of the pressure
gauge readings and, in the case of this particulnr‘mnchine, the
comparison between the horizontal and vertical compression facilities.
It will be recalled that the efficiency of the horizontal jacks was

o point of special concern during the design staze.
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The calibration trials fall convenicntly under the three
headings of coupression, tension and torsion facilities 2s the
reference equipment used ond the calibration procedures differed

in each case,

4,72.1. Compression Facilities

The compression facilitics were calibfated with a National
Physical Laboratory designed loxd cell fitted with a mechanical
dial goauge and measuring about 103" overall thus corresponding
roughly to the size of the bizxial compression specimen. The load
cell was owned by the Cement and Concrete Associntion who kindly
undertook to calibrate the machine on two occasioﬁs during the
period of this research contract (14th November 1964 and 25th June
1965). Mr. D. Cole, who also supervised the calibration, deserves
specinl thonks for his interest in this problem. The load cell had
been calibrated previously against dead-weizht at the National

Physical Laboratory at Teddington,

The calibration procedure which was identiczl in the cose of
both sub-frames was to exercise the load cell initially six times
and then, after removing the load, for five minutes, reapply it up
to the maximum copncity of the cell (in this case 175 ton) and then
unload agnin. This loading was repeated twice giving three readings
in all at 2ll load stages chosen, the lond beinz completely removed

between each unloading and subsequent loading.

The results of the two calibrations are tabulated in
figeh 34741, and plotted in fiz.h.3.1.2.

The close agrecment betwecen the calibration of the vertical
and horizontal sub-frames is quite remarkable and spenks well of the
jacks used as does the agreement between the two separate

calibration trizls,
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CALIBRATION OF BIAKIAL COMPRESSION FACILITY,
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s

ALL RESULTS ARE MEAN OF THREE READINGS
MAXIHUM VARIATION O-\% BETWEEN READINGS IN ONE CALBRATION,

FIG. 4.3.1.1. RESULTS OF CALIRRATION OF BIAXAL COMPRESSION FACILATY,
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4,3,2, Tension Facility

The only available proving device for the tension facility
in the horizontal machine was o 10 ton proving ring No,197; the

property of the Enzineering Structures Department at Imperinl College.,

This required a 19" zap between pin centrelines =and hence one
of the temsion calipers had to be removed from the machine for the

calibration and replaced by the 59 link shown in fig.4.3.2.7,.

The arrangement worked satisfactorily and after exercising
six times, the load was ruh up to 10 tons and down again taking
convenient intermediate renadings. This procedure was repeated twice
to give three sets of readings and the results are recorded in

table 4.3.2.2., and plotted in fig.l.3.243.

Again a very linear load/pressure chnracteristic was obtoined

due to 2 large extent to the jacks selected for the tosk.

4.3,3, Torsion Facility

No basic jack calibration was required in this case as the
existing compression jacks were to be used in their usual position
for binxial compression but with specizl equipment fitted (see fig.

1002¢7024)

However, the actual torque applied to the cylindrical
specimen would be the equivalent effect from the vertical sub-frame

jacks less the ball-race friction (sece fig.10.2.%.1.).

Hence a series of tests were conducted in which for various
longitudinal compression stresses on the cylinder, the force and
hence torque needed to just turn the specimen was recorded using

1 cwt. spring balance,

The results are given in figele3.34%.
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FIG. 4.3.2.0. DIAGRAMMATIC ARRANGEMENT OF TENSION .FAC\L\TY CALIBRATION
IN HORIZONTAL MACRINE,
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L L4, Biaxial Compression Specimcn

These trinls on the state of stress achieved in the biaxizl
compression specimen were particularly detailed as the binxial compress-
ion tests were to be the main series in this research project. Further-
more the feasibility of obtaining o uniform state of stress i such o
test had been questioned by some investigators(57) who considered
that the influence of the platen restraint would sprend right into

the centre of the specimen,

In these trianls, mortar specimens were used for investigntions
into strain distribution because of their homogeneous nature whereas the
more hetercogzencous concrete mixes were used to determine the maximum
coefficient of vorintion and the effect of order of loading. However
two concrete specimens were used in a study of surfacce strain distribu-
tion to give a comparison with the mortar and the results arc described

in section 4.4.1.

L. h,1, Surface Strain by Stroin Gauge

Surfzce strnin measuremsnts, though not the complete solution,
are a very useful incdication of the uniformity of o stress field. Any
variations of stress within a continucus or even semi-continuous body
will be reflcected on the surfnce and thuse varistions can therefore be

picked up by surface strain measurements.

However, to ensure thot all other eventualities have been
dealt with, lateral strain measurements are uscd latér to confirm

the findings of this section.

Three mortar specimens, illustrated in fig.h.b.1.14, were
used within their "elastic! ranse (defincd by the discontinuity stress)
to investigate the surface strain distribution obtained for various
combinations of load. The layout of the electrical resistance strain
gauges was different in the casc of 211 three specimens and o tabular
sumnary of the positions used and the stress combinntions investigated

is ziven in table L.h4.1.2.
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Although three different specimens from the same mix "MBCH
were uscd the results were remarkably similar indicating the same
minimum zones of uniform strain for each stress combinaticn. Hence
two typical rosults are given in fig,4.b4.1,3. te illustrate how the

stroin dropped off ocutside thesce zones.

The zones of uniform strain were dofined on those arens
within which the whols length of 2 strain gouge yiclded a strain
reading within 5% of the strain recorded at the centrc of the
specimen. The strain readings from sgnuges oxtending outside this

zone were rejected and hence the zonal limits tend to be conservative.

The results of all three specimens are suamariscd in the

minimum zonal limits given in fig.b.b.1.b,

The two concrete specinmens with strain gauge layouts given
in figJlh.4.1.1., were used initially for measurcments of thc variation
of elastic modulus with mean normal stress (Chopter 8) but the strain
gauge positions were chosen such that the variation of strain up to

failure on a #" aggregate concrete might be investigated,

The zonal limits of fig l.4.1.4. were confirmed for concrete
below the discontinuity point as defined by the ultrasonic pulse
velocity and figs.4,4.1.5, and 4.4,1,6. show some typical strain

distributions obtained at varying percentases of ultimate load.

L.4,2, Surface Strain by Photo-clastic Technique

The short-combings of finite length strain gouges to define
zones »f uniform strain were appzrent in the preceeding scection

where the device of minimum zones had to be used.

Although it is doubtful whether relinble quantitative measure-
rents could be obtained with the equipment used in this test because
of the small strains to be measured, it was hoped thnt the qualitotive
pictures obtained would give 2 reliable definition of uniform strain
gzone limits - probably slightly larger than the winimum zones of

fig b1k,
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The apparatus usecd was the trial kit supplicd by
Messrs. Horstman of Bifh, Somersct and consisted of 2 10% x 10%
sheet of birefringent mrterial stuck onto 2 mortar specimen with
a special rcflccting cement., Light was beamed onto the sheet
through the polariscr of the precision hand viewer and the

isochromatics werc obscrved through the analyser. (140).

A range of different biaxial comgressioﬁ'stresses

. (0-2667 pes.i. in 667 p.s.i. increments) were investigated which
were below the discontinuity stress and the zones of uniform
isochromatic measured.’ Uﬁfortun:tely the specizl photographic

technique which‘had to be devéloPed to toke pictures of the
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actual patterns obtained was not developed in time for photographs

to be included in this thesis, However, thce measurcments referre
to above of uniform isochromatic zone are shown in fiz.hk.4.2.1.
From both the electrical resistance strain gnuges and the

photo-elastic measurements it would appear that a central volume

d

of

the test specimen measuring 67 x 6" x 4 is always under 2 uniform

state of stroin. Iateral strain measurcements were included as an
additional check as surface stroin messurencents are somotines
insensitive to varictions in lateral strain especinlly if the zon

indicoted os uniform by surface strain measurcnents is smoll,

L4,3, Lateral Strain

The lincar displacement transducers and their supporting
frome described in section 5.3. of the thesis were used in this

trial .

The froame had becn espécially designed so that the
transducers could secan the major portion of the tost specimen
across a dinpgonnl and 2 mortar specimen was used with slass pads
for the displacement transducers in the position shown in fig.

[‘{'14-3010

C
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At cach point on the traverse, the specimen wos first
exercised over a range of 533 p.s.i. with differcnt constant
lateral pressures as shown in fig.4.4.3.2, The stresscs chosen
were convenient readings on the pressure guge.

The results of 2 local exercise have been plotted in fig,
b,4.3,3, and the cumulative strains are plotted in fig.h.b,3.k.

From the results, it will be seen that an effectively
uniform laternl expansion wos achieved over the whole of the
6" x 6" x W yniform strain zone thus confirming the results of

the surface strain trinls.

b i, Coefficient of Varintion of Test Results

A problem with the binxinl compression serics of tests is
that, as the specimen size is large and mony parameters require
investigation te meke the results meaningful, only 2 limited number
of specimens can be cut from ecach mix to cstablish stress and strain
relationships. Although a scries of points 2s 2 curve have 2
statistical significance 2 single point by itself hns no significance

at all unless the wvariability of the results is known.

Hence six concrcte specimens (mix 61B) werc cut and tested
to destruction to establish 2 coefficient of variation for both

discontinuity and ultimate stresses ond for surface strain measurements,

The experimental technique used was identical to that described
in detail in Chapter 8.

A tabular summary of the stress results obtained and the
coefficients of varintion for both stress and strain measurements
is given in fig,b4.b4.4.1. and the stress results are plotted in fig.

b b2,
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bot.5. Order of Loading

The purpose of this trinl was to discover whether the
discontinuity or ultimate stress values obtained were dependent

on the order in which the specimens were looded,

Four concrete specimens (61B mix) were cast and the four
"routes' or loading sequences A B C and D were arranged such that
the phencmenon was investigated on the mid-range of the stress
characteristic GS% = 0.5 é%) and three results were obtained
at each of one point on the discontinuity and ultimate load curves
(fig.4ski5,1.), The slope in the D route was to avoid passing

outside the discontinuity envelope under uniaxial stress at point x.

Strain readings were also taken in accordance with the

standard testung procedure described in Chapter 8.

The stress and strain values obtained from these tests
are given in fig.4.4.5.2. and the stress results are plotted in

fig.L}OADSOBO

The results confirm the claims of Sundara Rajn Iyengar
ot 210 that the ultimite stress values obtained in biaxial
compression tests are independent of the order of loading and it
is interesting to note that a similar claim was made by McHenry and
Karni¢ "2 and Bresler and Pister("™) for states of biaxial

compression-tension,

Although the resulting co-incidence of results was to be
expected at the discontinuity stress as the material behaves
telastically! up to this point, the ultimate load result is
sﬁrprising and, as other workers have obtained the same result,
suggests that crack history is not as critical as has been supposed;

at least under these states of stress.

Other results obtained later in the main series of biaxial
compression tests only confirm this result and the smoothness of the

stress curves obtained with a mixture of sequence and proportional
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loading is additional evidence - both on the independence of
the rosults in order of loading and the freedom from machine

effects achieved with this machine.

44,6, State of Stress on Central Volume

In the review of previous research in section 1.3., the
work of Hilsaorf®7) was mentioned (section 1.3.21) in which it
was claimed that the use of solid loading plafens such 25 have
been used in this machine meant that the stress on the uniformly
strained central volume was slways unknown and in any case less

than the average applied stress,

The results of the proving trials described above dispute
this claim, The fact that such a largze proportion of the total
volume is subjected to a uniform pattern of surface and lateral
strain means that the central set of stress trajectories could not
be deflected by‘the effect of the side platens otherwise a strain
difference would exist right across the central zone, This
argumeﬁt is illustrated in fig.4,4.6.7. in which in one instance
the trajectories are deflected and in the other they are not: in
both cases the influences needed to cause this state to arise and

the resulting surface strain patterns are shown diagrommmtically.

It is concluded that the stress on the central uniformly
strained volume must be equal tc the average ocpnlied strain if the
strain patterns on the specimen ~re as demonstrated in the proving

trials described above.

4,5, Biaxial Compression-Tension Specimen

B e ee———

Direcct tension tests for concrete have always been very
difficult to achieve and hence difficulties in developing 2
satisfactory direct-stress biaxial coupression-tension test are

to be expected.
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(7) and the

The use of tension grims developed by Ward
attendant'modifications required meant that a first priority was
to check the state of stress under uni=axial tznsion, This was a
particularly necessary moasure as the tension grips were used
horizontally in the combined stress testing machine whereas they
were used vertically in Ward's tension machine, The cube cffects
in the compression facility were to be investigated next and
lastly, the combined stroin effects of the two facilities working

together were to be mensured.

4,5,17. Dircct.Tension Facility

Three standard tension specimens were cast in mortar (MBC)
and had stroin gauges fixed to them in the positions Shown in

fig.1+05c’| .1 -

Then tensile stresses were applied to the specimens up to
alues just below the discontinuity stress and the stroin distributions

recerded.

Some typical results are given in fig.k.5.1.2. and o summary

of the maximum strain voriations are given in fig.k.5.1.3.

It will be observed from the results that the strain
distribution is slightly affected by the subsequent sct-ups and
that it is not as good as that obtained by Ward in his proving
trials on the same grips used in a vertical mochine. However, the
strain distribution is very close to pure tension (£ 3%) which should
be satisfactory, The author was able to obtoin uniaxial tension
ultimate stress results with an average coefficient of variation
of 6.8% with this arrangcment whereas the average coefficient of
variation that he obtained on Ward's machine was 7.7%. This may
bave been due to operator tecnique differences between the two
machines anl the fact that the combined stress testing machine was
ruch stiffer and had better hydraulic pressure confrols. However,
these considerations indicate that the uniaxial tension facility in

the testing machine operated satisfactorily in the horizontal position.
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4,5,2. Combined Compression-Tension Facility

In these tests only one specimen was usced with the gauge

layouts shown in fig.4.5.1.7.

Tensile stresses were varied for given compressive stresses
resulting in the distributions shown in fig.4.5.2.17. Note that both
the bast and the worst distributions have been recorded to show the
results that can be achieved with this technique and at the same time,

the undesirable concentrations that can arise,

The net result of these tests is that the facility can give
very good results but that very carcful setting up of the two
compression cubes is essential and that the same degree of reliance
cahnot be placed in the results obtained as can be with results of
biaxial compression tests. The results obtained were more consistent
if the compression stress was applied before the tension stress.
Furthermore considerable care is required in the initial alignment
of the tension jacks so that the tension rods are able to move

freely through the brass bushes in the central hole in the ram.

L6, Biaxial Compression-Torsion Specimen

The biaxial compression~torsion specimen and the test set-

up in the testing machine are described in detail in Chapter 10.

The purpose of this test w,s to investigate the distribution
of surface strain on the outside of the test specimen as a measure
of the effect of the thickened ends of the specimen and to see
whether the centrai third of the specimen was in o uniform state

of strain.

A simple mortar (MBC mix) specimen was used for these tests
in which for a series of constant axial compréssive stresses, the
magnitude of the torsion stress was varied to sfudy the resultant

incremental change in surface strain.
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The location of the electrical resistance strain gauges
and the details of the loading sequence are given in fig,4.6.1.7.
whilst the resulting sirain distributions are shown in fig.4.6.1.2.

This, and several other, test specimens were loaded to
failure so that the failure crack-patterns misht be studied as a
further item of evidence on the stress-strain distributions achieved
using this testing technique. A change of failure mode from clearage
under pure torsion to splitting with increasing compressive stress
was noted. The failure in all cascs appeared to initiate at the
centre secction and seemed quite unaffected by the clamped ends of
the test specimen (fizl.6.1.3.).

These results indicate that this testing facility operated
sntisfactorily but some thorough trials are recommended prior to
any test series in which measures should be made of the surface
strain distribution in more detoil and the lateral (or radial)

strain distribution if possible,

4,7 Hydraulic Central System

This faculty of the machine does not lend itself to the
formal type of proving trial describecd in the section above but
is more in the nature of an operators report of service over a

period of time - in this case nine months.

The serviceability of all components was good except for the
Ermeto stop valves which either leak or, when the gland is tightened
down, are very stiff in operation, It is recommended that these be

replaced by stop valves manufactured by I.V, Pressure Ltd.

A lesser criticism is the operation of the needle valves at
high oil pressures, say above 4,000 p.s.i. where it is difficult to
control the pressure to within 20 p.s.i.'though the action is smooth
and steady. The indications are that the needle is adequate for the
job but some gearing down on the spindle, say about 5:1 would be
advantageous, Alternatively, as only two bypass valves are involved,

a more elaborate control valve could provide a better answer,
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The storage of elastic strain enerny in the hydraulic system
above acceptable loads resulting in explosive test specimen failures
was recognised as o problem in the design study in section 3.2,5.
and the incorporation of a hydraulic ccmpensator (138) would be a

great asset,

However, within the limits of the project requirements, all
controls were satisfactory and very reliable. No tests were ever

delayed because of machine faults,

The procedure for bleeding air from the hydraulic system
needs some attention as with an elaborate hydraulic system there
are many chances for air to be drawn in with serious results.,
Unfortunately the jacks were not fitted with bleed valves and
therefore this can only be achieved by jacking the ram to either
extreme of its travel, One item, apart from all other high points
in the pipework, not to be overlooked are the pressure gauges
which can generally be bled from their joint with the pipework,

L.8, Summary
The operation of the machine frame and its subsequent
calibration verified the design assumptions and confirmed the

choice of the jacks used,

Trials on the strain distribution in the biaxial compression
specimen showed that o uniform strain pattern was achieved over a
substantial volue of the specimen which could be defined.

The results from trials on the biaxial compression-tension
facility were not quite so satisfactory and indicated a2 lower dezree

of confidence in the results subsequently obtained.

Similarly the single trial on the biaxial compression-torsion
specimen gave a good general picture but several more detailed tests
would be necessary before a mjor series of tests using this facility

could be planned with confidence,
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. Lastly the hydraulic control system was reported to be
highly reliable and satisfactory for the tests cenducted but
requiring several modificotions for other types of testing ns
listed in Chapter 13,

It is recommended that trials after the fashion of those
described for the machine and binxinl compression specimen in
sections 4,2 and 4.4. should be the standard procedure for any

future work on combined stress state testing.
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CHAPTER 5

ANCILLARY EQUIPMENT

51 Introduction

The strain and ultrasonic pulse velocity measuring equipment
used in the experimental work is discussedbbriefly, Although standard
equipment which has been described in detail elsewhere (7, 9, 10) was
used, the test methods and the modifications made in some cases were

peculiar to this project and deserve special mention.

The zones or surface areas of test specimens within which
representative measurements of strain and ultrasonic pulse velocity
an be made have been defined by the trinls described in Chapter k.
However, the problem of accommodating all the necessary devices

within these zones had to be solved and is also described.

Equipment reliability and mointenance will be included in the

discussion where they are of consequence to the experimental work,

The description of the equipment used hos been sub-divided

into the following groups for convenience:-

5.2 Measurement of Surface Strain
5.3 Measurement of Lateral Strain

S.b Ultrasonic Pulse Velocity Equipment,

5.2 Measurement of Surface Strain

The probieﬁ df fecording representative average strains of
a uniformly stressed volume of concrete is 2 major considerationm,
Mechanical gauges are often difficult to attach to a specimen (this
would be especially true of a biaxial compression specimen) and are
of limited sensitivity. On the other hand celectrical resistance strain
gauges have to be o suitable length with respect to agiregate size(143’144)
which usually makes for an expensive solution and the recorded differences

(145)

between on-surface and ine~surface measurements are a further

complicating factor,
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The limitations of existing equipment are also apparent.
Whilst the overall average strains are of interest to the engineer
as these give sufficient data for design purposes, the measurement
of local strains at points inside the concrete are ot present
impossible to any degree of reliable accuracy and yet it is these

very strains that determine the failure of the material.

This project was confined to the measurement of on-surface
average strains over a suitable gauge length using electrical
resistance strain gauges. Although more expensive than mechanical
gauges, the electrical resistance strain gauges were considered more
accurate (apart from certain optical methods) and were more versatile
in that they could be placed with ease in any position or direction.
Furthermore, a large number of thesc gauges could be read in a very
short time thus causing the minimum delay at load stages and hence

reducing creep effects and resulting in more definable stress values.

The gauge selected as a standard for the tests was a Tokyo Sokki
Kenkyojo 30 mm, effective length gouge designated by the manufacturers
as PL30 with a gauge factor in the range 2.10 to 2.12, depending on
the bafch, and a résistance of 120 i0;3 ohm, Cron—sensitivity wa.s

of the order of 0.2%.

A length of only 30 mm, might be considered rather short
for a " aggregate concrete but the results of the proving trial
reported in section 4.4,1. and illustrated in figs.4.4.1.5 and
b,%,1,6. show that this gauge length was representative of the average
surface strain of a 2" aggregate concrete, The maximum variation
within the central uniformly strained zone being 6n1y t-6% which
compared favourably with a variation of : 3% reported in the

same section for a /16" aggregate mortar,
The reliability of the readings is increased by the
placing of a gauge on each side of the specimen to give an

effective gauge length of 60 mm. (Z=2F in.).
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Furthermore, it is useful to compare the accuraciecs
claimed by other workers for the accurccy of the electrical
resistance strain gauge readings related to the ratio of the
effective gruge length to the maximum asgregate size. In this
case the gauge length sclected of effectively 60 mm. gives a
gauge length to aggregate size ratio of about 3.15 for 2" agzregate

(183)

which is the largest size used. Peattie claimed a 5% error

from a ratio of 2.0 using 4'" agzregate whilst Grassam and Fisher(qsa)
claimed a 4% error from 2.65 using 2" aggregate. On the other hand
suggest an error of about 5% with a ratio of

(143)
(144)

3.15 whilst Cooke and Sneddon suggest a 7% error for the same

Binns and Mygind

ratic,

Taking all these results together, a 5% error may be assumed

with some confidence for the strain gauge length chosen,

To stick strain gauges onto the surfuces of saturated
specimens, centre-line positions of the gauges were marked by
penecil on the sides of the specimens, After painting the specimens
with curing compound as described in section 6.9, the surface
laitonce was scraped from the areas which were to take gauges and
the surface allowed to dry out. As soon as the surface was dry
the gauge positions were re-marked and a thin layer of "PS adhesive!
supplied by the strain gauge manufacturers applied to the surface,
The gauge was then pressed into position on the adhesive, care being
taken to ensure that no air bubbles werc trapped under the gauge.
A thin sheet of acetate supplied with the grug was then placed
carefully over the gauge, a metal weight being used to hold the whole

firmly in position until the adhesive had set.

It was found by experience that a better bond was achieved
by usiﬁg 50% more hardener than recpmmended by the manufacturers.
Although the adhesive set more rapidly, the rcsults obtained during the
preliminary proving trials showed that the gauges rarely come unstuck

and much more consistent results were obtained., An additional improvcment



208

in the technigque was to place a rubber pad between the acetate

sheet and the metal weight,

Vaseline grease was smeared around the edges of the
adhesive on thosc areas not covered by the curing compound to
prevent further evaporation of water. It was noticed that about
50 minutes after the grease was applied, the specimen moisture

appeared to have returned to the surface.

For the uniaxial tests where only two gauges had to be
rexd, o Peekel transistorised strain indicator (type T200) was
used. However, for the specimen proving trials and the biaxial
tests, the large number of gauges to be read necessitated the use
of the automatic data logger manufactured by Solartron and
illustrated in fig.5.2.7. The data logger read two gauges per
second and was designed to drift less than 1 microstrain in 72 hours.
The total time required to read a set of gauges was two geconds
plus half the total number of gauges in seconds., The readings
obtained were printed out on = line printer and punched tapes;

both can be scen in the photograph.

With both the Peekel transistorised strain indicators
and the Solartron data logging system complete scts of dunmy
gauges were used to ensure temperature compensation. Hence the
accuracy of the strain readings using this equipment was to
within 1 microstrain or 1% of the reading whichever was the
greater, This should not be confused with the overall accuracy
of measuring the average strain which is dependent upon such
factors as the quality of the adhesion of the gauge to the
specimen, the electrical lead characteristics, the gouge length,
the accuracy of manufacture of the gauges and operator

efficiency.
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5.3. Measurement of Iateral Strains

As explained in section 2.5. which described the platen
restraint investigotion, the most convenient method for measuring
lateral stroins availoble in the Concrete Technology Department
was by the use of the linear dispigcement transducers manufactured
by Sogenique Ltd. of Newport Pagnell., This method of strnin measure-
ment has advantages over the electrical resistance strain gauges as a
method of strain measurement as it mecsures the total overall
deformation of the test specimen., However, similar to the problem
of representative gauge lengths, is the problem of the uniformity
of the lateral deformation and the question of how representative
is o measurement taken at one cross-scction only. The results of
the platen restraint trials (section 2.5.) in which lateral strain
measurements were taken at several cross-sections showed that a single
section reading was representative to I2% and this reliability was
subsequently confirmed on concrete specimens. The variations between

specimens of the same batch also confirmed this,

(10)

The support frame for the transducers developed by Robinson
for 4" cross-sections has already been described and is illustrated
in fige2.5.17.2. However, for bilaxial compression tests where the

specimen was much larger, a new support frame was called for,

Photographs of the frame designed are shown in figs.5.3.7.
and 5.3.2. The basic principal of the arrangement is that the stiff
Jdouble angle members and the end tie bars form a rigid datum frame
whilst the springs clamp the frame lightly to the test specimen. As
the specimen expands laterally, the springs are compressed but their
reaction on the datum frame does not change significantly. Hence the
linear displacement transducers which bear on glass pads stuck to the
concrete surface are held firmly in position relative to each other
and thus give a measure of the lateral expansion. One further advantage
of the springs is that they can accommodate changes in specimeh shape

in the plane of the specimen surface.
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With equipment os sensitive as this, the relatively easy
solutions of mounting the transducers on fromes supported from the
laboratory floor or on the machine itself are not advisable as the
readings would be affected by even minute local yibratiohs. Also
the test specimen would move p~st the transducers as the machine
deflected thus measuring the angle of inclination and roughness of

the glass pads as well as the specimen expansion:

It is important when settinz up the frame on a specimen to
ensure that the wing nuts on the end ties are firmly clamped against
their lock nut and that the springs bear on the specimen at symetricai
points on the diagonsl so that, as the specimen deforms, the frame

m2aintains the transducers centrally on the glass padi

An additional feature of this frame were the blocks in which
the transducers are placed; these can be moved to a variety of
positions along the double angled members and thus enable the survey

of lateral strain along a diagonal to be carried out (section h.h.3.).

Note that although the transducer holding blocks are a push
fit between the two angles of the frame, two bolts are used to clamp

them firmly into place.

This frame was calibrated using the reference aluminium
specimen against the electrical resistance strain gauges used in

the research project and described above in section 5.2,

Two gnuges were placed on the aluminium slab in the position
shown in fizi5+3.3s and the linear inductonce transducers were placed
centrally on the specimen. The specimen was then compressed
uniaxially and the two strain readings were taken and compared.

The results showed that after an initizl lag of about 12 micro-strain
(iZ), probably due to a difference between the expansion of the
aluminium specimeﬁ in the centre and ot the ends, the resulting
strains were identical, This was the average of six trial runs

and the calibration chart is given in figi5.3.:3s
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The Sogenique equipment has already been referred to in
section 2.5.1. but in that cose only one transducer was used, In
this application two transducers are used and the recording box
illustrated in fig.5.3.4, automatically records the average reading

A+B | . . .
~—— in micro-inches to the same accuracy as for a single transducer,

2
i,e. 1 micro-inch, Hence over a 4 inch. thickness of specimen the

reading is twice the value of the strain,

For all sets of readings on the recording box, the transducer
frames were adjusted until the reading was at about the centre of the
range which iz the most linear position on the Sogenique calibration
curve, ‘

This equipment was later replaced by a more elaborate

switch box and recorder capable of housing six transducers.

Solt Ultrasonic Pulse Velocity Equipment

The discussion on the philosophy of strength coﬁtained in
section 1.5 brought out the significance of the point of discontinuity
and it was noted that Robinsoncqo) had shown the relationship between
the various methods of determining this point. Of these several
methods, the measurement of variation in ultrasonic pulse velocity
appeared to be the most clearly defined method and hence wgs used

throughout this research project to determine the discontinuity point.

A standard Cawkell ultrasonic mnterials tester, typc UCT2
with varium titinate crystals was used in all the tests and has

(7)

been described by Ward « In addition, the reading techniques
(10)

developed by Robinson were used to determine the changes in

ultrasonic pulse velocity in all tests,

The significant improvements in technique developed in this
project were in the positioning of the transducers to obtain more
representative results by scanning across critical volumes
(figseSeltel, and 5.4.2.),
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For uniaxinl compression tests, the transducers were
placed at diametrically opposite third points to scan the centre
(24) (1)

third of the prism which Ros , Lachance and others have shown

to be in a uniform state of stress.

In uhiaxial tension the transducers were placed in
diagonally opposite corners and hence scamned the whole specimen.
As in the case of uniaxial compression tests, the pulsc travels
normal to the planes of crack propzgation and hence should detect
the discontinuity point. The fact that there was ddequate access
to the ends of the tension specimen in the testing technique
devaloped by Ward(7) for the ultrasonic pulse velocity transducers
was 2 new and hitherto unacclaimed advantage of this techrd que

over other tension tests., ™

For the flexural beam test, the transducers were aligned
with the centre of the beam soffit to detect flexural tension

cracking as shown in figs.5.4.1 and 5.4.2.

The scanning principle was repeated in the biaxial compression.
tests in which the centre 6% x 6" x 4" volume of uniform stress state
was scanned from diagonally opposite corners thus picking up most of

the initial cracking within that volume.

In all these tests, ceither the critical volume alone is
scanned or, if less critical volumes are included such as in the
flexural and direct fension tests, they are free from any possible
crack formation by virtue of the reduced stress level in these

volumes,

Prior to positioning the transducer on the specimen, the
surface laitance and curing compound were removed from the concrete,
and the face of the transduced coated with Vaseline to help provide

o uniform centact,

Difficulties were discovered later in applying this technique
to biaxial compression~torsion and triaxial compression tests and

these are described in Chapter 10,
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Besides its application as a method of detecting crack

(10h4, 109, 146)

the ultrasonic pulse velocity equipment

(147-151)

has been developed by Jones and others as a general non-

formation

destructive method of testing concrete. Tozether with the
determination of natural frequency of vibration (described by
Ward(7)) it can be used to calculate the dynamic clastic modulus
and Poissons ratioc of a given mix. Furthermore the results of
these two tests have been related to the damping coefficient by

Jones(qsa) and to the compression strength and Poissons ratio by

Kaplan(155—155).
5.5 Summary

The strain measuring and ultro-sonic pulse velocity
equipment described above was deemed to be adequate for this
research project and subsequent results confirmed its efficiency

and reliability.



CHAPTER 6

OUTLINE OF  EXPERIMENTAL WORK

6418 Introduction

e ]

After the design and proving of 2 suitable testing mochine
and ancillary equipment as described above, the second stage of
the research project as outlined in seection 1.7 was the planning
of a comprehensive serics of biaxinl compression and compression-

tension tests and the development of several other facilities.

This chapter outlines the planning of these tests including
the selection of suitable mixes and describes the materials and

standard labofatory procedures used throughout,

Many of the tochnigues used in testing the materials,
manufacture and preparation of specimens, and subsequent non-
destructive testing have been deliberately kept the same as those
developed by Ward(7) (10

results obtained, Where this has been done reference is nmade to

and Robinson in order to compare the

the relevant thesis,

6.2 Plan of Test Series

The general theme of the resecarch projecf was to work
towards a failure criterion for concrete under universal and
combined states of stress with particular emphasis on the behaviour
under biaxial compression. To this end the following test series

were designed,

6.2,17. Uniaxinl Test Series

Whilst much work has alrendy been carried ocut under
uniaxial states of stress there is still much to be learnt from
these basic tests. The intention in these tests was to attempt

to obtain Poissons ratio valves and discontinuity stress loads in

222
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uniaxial compression and tension in addition to measurements of
elastic modulus (both static and dynamic), ultimate stresses, and
the overall stress-strain characteristics. The three recent
advances in experimental technique to be applied were Word's
uniaxial tension device, the ultrasonic pulse velocity as used

by Robinson, and-the neasurement of lateral strain by linear
displacement inductance transducer, It was considered that, by
extending the rangé of measurements in uniaixicl tests nlong these
lines, more information'could be obtained on concrecte behzviour
under these simple states of stress than hitherto. PFurthermore, the
tests would match those carried out under binxinl compression and

act as control tests for the samz,

The uniaxial tests selected were uniaxial compressive using
i x L ox 12" prisms, uniaxial tension on a modified 4 x Lt x 207
beam as specified by Ward(7) and 2 standard flexural beam test on a

(156) ’

Liox L' x 20" beam . Three specimens were considered

(157, 158)

statistically significant for each test and so a
total of nine uniaxial specimens were cast from each mix mn king
a total of 180 specimens for the whole short-term testing series.

Work by Kaplan(21) had shown that the clearage strain at

the onsct of rapid crack propagation (or discontinuity, sce section
1.5) was dependent upon the volume fraction of coarse aggrezate in’
the mix. Althoush good correlation was achieved between these two
parameters, only twe coarse aggrezate types were used. The proposed
series of tests werc planned, therefore, to cover o wider range of
aggregate types and see whether the same degree of correlation could
be obtained. At the same time, these tests would act 2s o check on
the results of this and other recent investigations under uniaxial

stresses.

as may be scen from the programme of the research project
contained in scection 1.8, many of thesc tests were carried out

whilst the machine was under constructicn and hence cnabled
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experience to be gained in the use and limitations of the ancillary
equipment prior to the more rigorous testing procedures adopted

durins the biaxial comprCasion tests.
w2

The mixes selected for testing during this period were
chosen so thnt they complimented those mixes selected for biaxial

compression tests to aveid duplication (sec ssction 6.4.).

An additionzl uniaxial test series was concerncd with the
ultimate strength of concrete under lonz-term loadinz and how
this would relate to the short-term loadins results, Accordingly,
a number of 4 x 4% x 12V prisms werc loaded to various stress
levels in uniaxial compression and the load maintained for up to
two hours. The rate of strain increase was used as 2 neasure of

crecp effects plus structural deterioration.

The uniaxial tests and the results obtained are described

in Chapter 7.

6.2.2, Biaxial Compression Test Series

This main series of tests followed immediately on the
completion of the machine and biaxial compression specimen

proving trials.

From the results of the uniaxinl test series, it bocame
clear that certain parameters not normally considered to be important
had 2 large effect cn the failure of concrete such as the volume
cencentrations of fine and coarse azzregnte. Hence, in the
selection of mixes for this test series, as many parameters as

possible were taken into account,

Due to the limited number of 10" x 10" x 4% specimen
moulds available only six biaxial compression specimens could be
cast from ench mix alonsg with the nine uniaxial control specimens
specified above, However, a low coefficient of variation was

obtained in the proving trials and by plotting limits of two standard
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deviations either side of each envelope using the results of the

proving trials, an indication of the statistical significnnce of

the curve would be obtained. Furthermore, the envelope as drawn

throush the six results would be a 'best fit' aand this would tend
w .

to enhance the relinbility of the envelope.
In these and cther combhined stress tests the type of
failure was of special interest and rccords were kept'of the

ohserved modes.

6.2.3. Biaxial Compression-Tension Test Series

These tests were subsidiary to the moin biaxial compression
test serics, The plan was to develop the tisting facility as far as
project time allcwed and then to tzke 2 number of the mixes chosen
for biaxial compression tests and extend the results into the

compression-tension sector of the general biaxial stress envelopg,

Eiat direcct tension specimens and three prisms were casts
the prisms acted as the control specimens for the mix and the eight
tension specimens being spread over the biaxial compression-tension

sector tc give o representative picture of hehaviour.

Azain a special effort was to be made to obtoin a complete

record of foilure nodes.

.

62,4, Torsional and Triaxial Test Series

These tests were included at the end of the testing programme
and were intended mare as a logical extension of the development of
the testing machine facilities rather than an investigation into the
properties of concrete under cther states of stress. Howewer, some

interesting qualitative results were obtained.

The tests were also designed to indicate possible future
venues of research that might prove profitable and could be pursued
using equipment already developed and available as a result of this

research projects
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6.3 Selection of Variable Parameters

Before listing the parameters whose variation was considered
to be of prime significance in the tests, the more important fixed

parameters were selected and are spscified below:-

1) Plain concrete or mortar specimens, no reinforcement.

2) All specimens tested fully saturated to aveid problems
of shrinkage and varying wmoisture content.

3) Short-term loadings (with one exception) to avoid
creep problems and to enable other paramters to be
investigated in the time awvailable.

4) TFor each state of stress only one condition of
degrees of frecdom of movement for the specimen
between the loading devices, ceg. 211 four faces
effectively fixed, etc,

5) Only one type of cement used.

6) All tests carried out at 28 days on specimens
cured under identical conditions (159-161),

7) Size of specimen for each state of stress was

fixed,

The variable parameters selectod for these tests were as

follows:-

1) Size of maximum particles of aggreaate. Three
sizes chosen, viz. 3/16"; 3ty 21,
2) Volume fraction of coarse azgregate. Two
extremes slected (30% and 50%) within range
at which full compaction can be achieved,
3) Type of coarse aggregnte. Four types selected
on a basis of agyregate texture and elastic‘modulus;
4) VWaterw-cement ratio. Three ratios selected (0,453
0.55; 0.65) within the range of normal mixes,



It will be noted that grent cemphasis wos placed on the
aggregate content of the mix which was influenced by previous
work on aggregate effects (162-166). However, the number of
possible combinntions (3 x 2 x4 x3 = 72) were too many and
the following scction describes the compromises macde to reduce

the combinntions to a practical number,

6.k, Selection of Mixes

The selection of suitable mixes was made having regard
to the variable parameters selected in scction 6.3. and the

philosophy of the research wnroject defined in scction 1.6,

In addition the criteria for the concrete mixes laid
down in the outline of the rescarch project in scction 1.8,
called for maximum aggregote sizes up to 2" and uniaxial
compressive strengths over the ranse 3,000-7,500 pes.i. These
latter include the ranze of design mixes used in both British

Standard Codes of practice CP.114: 1957 and CP.115: 1959,

As stated at the end of section 6.3., not all the
possible combinntions of parammeters could be investigated and
therefore a certain amount of compromise and curtailment was
necessary in the mix éelection. The main test serics was
biaxial compression and therefore the selection of mixes for
this series tock priority. The major compromise was achieved
by examining only sand and one coarse aggregate (2" irregular)
under all three water:cement ratios and then, for onc fixed

watericement ratio, examine the remaining aggregzates,

The scheme of mix selection is given in fig.6.4.1. in
which the mixcs selected for all the test series are shown,
In a second'diagram (fig.6.4.2.) the mixcs used for comparative
studies of the effect of one parameter are listed for the mixes
used in biaxial compression only. For example, the effect of

varying aggregate size whilst keeping the water/cement ratio,

227
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volume fraction of azgregate, and aggregate type comstant was
illustrated by the results from mixes MBC; 31B; and 61B and
from MBC; 31C; 61C.

For other tests and proving tricls, the two standard
mixes were MBC (typical mortar) and 61B (typical 2" aggregate
concrébe). The only exception was 31B which wos used in a
biaxial compression-torsion test where £ aggrezate was considered

too large for a 1 in. thick cylinder wall, -

Pastes were oxcluded from all test series as it was
considered that the techniques involved in the preparation of
the speeimens in this research project would have a profound
effect on the results likely to be obtained from testing pastes
(167). The techniques used involved partial drying of the specimen

which would have invalidated the results obtained.



" Messrs. T. W. Howard from their Thorney Mill Road pit
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65 Materials

This scction describes 2ll the moterials us:id in the
manufacture of the test specimens and the various tests carried

out on then.

6.5.1, Cement

Ordinary portlaﬁd cement, supplied by the Cement Marketing
Co. Ltd. was blended in the laboratory plant and supplies were
drawﬁ from this source for all tests. Tests carried out on the
cement in accordance with B.S.12: 1958 showed no significant
variation in quality over the period of the research project.
These tests showed that the cement was of average quality; the

results arc given in fig.6.5.71.1.

6.5.2. Fine Azpresate

An irregular Thames Valley river sand, supplied by

(168)
W

as
used throughout the test series. Its natural grading with the
limits derived from three sicve tests conducted in accordance
with BS.410: 1962(169) andeS.812: 1960(173)
fiz.6.5.2.1. and it conformed with the quality requircments of
BS.882; 195401707,

is given in

After delivery the sand was heated to 100°C in a rotary
drier for 5 minutes before being ploced in the storage hopperse.
To avoid segregation in the final storage hoppers the dried sand
was sieved into two sizes (3/16" to 25; 25 down) and stored
separately. It was then recombined at the time of mixing in the
ratio 30:70, fine to coarse, and sieve analyses on the two halves

gave the recommended gracdings shown in fig.6.5.2.2.

Saturated surface dry specific gravity and absorption tests
were carried out on the sand and, in the case of the absorption test,
(171-173)

the values obtained at 4 hours 2nd 24 hours were compzred

The results arc given in £iz.6.5.2.3.
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6+5.3, Coarse Agerepate

All coarse aggregates, with the exception of the light-
weigat Leca aggregate, were firstly dried by the process described
above for the fine azgrepate and sieved to provide the required
range of aggresate size. They were then stored in separate hoppers

in the Ilcoboratory batching plant and carefully labelled.

The resulting gradings taken as a spot check after sicving
are given in fig.6.5.3.1. The aggregates used and their suppliers

were as follows:-

1) £" Thames Valley Natural River Gravel - irregular shape.
Supplied by Messrs. T. W. Howard and Son Ltd., '
Larbourne Farm, Thumgy Mill Road, Iver Bucks.

(April 1964), |

2) 2" - as above. .

3) 2" Bridport Natural River Gravel - rounded shape.
Supplied by Normon Good Ltd. of Bridport, Dorsct.

(April 1964).

4) 2" Mountsorrel Crushed Granite - angular shape.
Supplied by Mountsorrel Granite Co. Ltd. from the
Mountsorrel pit, (April 1964).

5) 2" Leca lightweight aggregate. Supplied by
W, C. French Ltd., London. (&pril 1964).

Saturated surface dry specific gravity and absorption tests
were carried out on these aggregntes in the same monner as on the
sand. The results given in fig.6.5,3.2. together with the results
from the sand in fig.6.5.2.3. show that there is no significant
difference in the absorption values recorded over 4 and 24 hours.
Hence for the convenience of this research project, the pre-soaking
time for all aggregates prior to mixing was reduced from the Concrete
Material Research Group standard of 2k hours(7‘1o) to 4 hours. This
results tends to support Newman's suggestion(172) that the bulk of the

absorption of water by normal aggregates takes place in the first hour.
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Results of petrological onglysis on the aggregates are

(174

given in fig.6.5.3%.3. and mensurcments of particle texture

(175-179)

and shape are summarised in £iz.5.5.3.4.

6.5.4. Water

Mixing water was drawn from the laboratory water supply
systems and was within 5°F of the laboratory ambient temperaturc

at the time of mixing.

6.6. Mnnufacture of Specimens

The mixing, castinz and curing procedures for 28 day
tests on saturated specimens used in this project were those now
stondnrd in the Concrete Materizls Research Group and hove been

(7) (10)

described in detall by Ward and Robinscn « However there
were featurcs of thesc operations peculior to this research project

and these are described belowe

All aggregates, both fine and coarse, were pre-sozked in
water for a minimum of four hours prior to mixing (sec secction
6.5.3.) and it was convenient to batch all the materials at this
time. This procedure had the advoantaze that all the mterinls
used in the mix were at the ambient temperature of the laboratory

(68°F Z2F) at the time of mixingz,

Despite the coareful draining of the pre-socked ngsregate,
it was noiced that some smrll quantity of fines was lost from the
fine aggregate. Therefore a comparison was made between the sieve
annlysis of the sand taken before and after pre-sooking. The
results given in fig.6.6,.71. show that the loss of fines due to

draining off the excess pre-sonki g water was neszlizible.

The quantity of batch water was adjusted assuming a 1%
by weicht obsorption of water by the nisgregate. This was later
corrected by the results of the absorption tests and the actual

resulting mix propertions are given in fig.6.7.7.
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Sample No.519-%" Anqular crushed granite

This is a coarse~textured, crushed, crystalline igneous
rock, pinkish-white in colour with black 'spots’. The essential
constituents are quartz alkaline felspar (pink), biotite (blackish-
brown), muscovite, iron ores and apatite., The structure is
holocrystalline, the minerals reasonably fresh, All constituents of
this sample are derived from the same mother-rock which is an
alkaline BIOTITE GRANITE, and as such is classified in the Granite
group in B.S,812:1960, clause 10d., similarly in revised draft of
same D65/7547, July 1965,

Sample No.520-‘3’" Irreqular aggregate
=amp’ qd

This aggregate is composed essentially of angular to sub-
angular flint pebbles, some angular and flaky; well rounded vein-
quartz pebbles (10%); basalt etc,(4%). The petrological designation
is FLINT GRAVEL. (Note: B.S.812 recognises Flint group, into which
this aggregate enters,)

- Sample No.521-%" Irregular aggregate

This aggregate is composed of angular, subangular and -
rounded flints, vein-quartz and few quartzite pebbles, well rounded,
(6%), rounded dark grey basalt pebbles etc,,(12%). The petrological
classification is FLINT GRAVEL as above,

Sample No.522-¥" Rounded aggqregate

This sample represents a natural, well water-worn gravel
deposit, The component pebbles are for the most part rounded in
shape and are composed of flint, vein-quartz, quartzite, and basalt
(the latter about 6%). Probably the best designation petrologically
for this aggregate is QUARTZ0SE GRAVEL. This type of 'mixed rock’
deposit is not envisaged in B.5.812.

Sample No.523- Irregular Sand

This sample of sand effervesces moderately with dilute HC1,
but the reaction is not long sustained. The composition is
essentially silica sand (detrital quartz) in rounded to subangular
grains, angular flint particles, chert and miscellaneous igneous
rock particles (the latter relatively scarce) and clay. Acid treat-
ment leaches a certain amount of brown limonite from the sample,
Petrologically this is a SILICA SAND, containing a little lime
derived from shell fragments,

FIG. 6.5,3.3. PETROLOGICAL ANALYSIS OF AGGREGATES,
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The materials were mixed in 2 1 cu.ft. rotating drum
mixer for the uniaxial test series and in 2 2 cu.ft. rotating

pan mixer for the remainder of the experimental worke

Mixing procedure was to mix the agsregate and water
together for three minutes, and then add the cement and mix for
another three minutes. The mix wns thon tipped out onto damp
steel sheets nnd mixed a little by hand where necessary to over-
come segrezation, In the biaxinl coupression test series, two
batches of 1.5 cu.yd. each were required to cast the fifteen test
specimens and in this cose the two batches were mixed together on

the steel sheets,

Slump and compacting factor tests as described in section

6.7. wers then performed on the mix.
. - :

Steel moulds were used for all specimens. The bexm mould
L x 4 x 20" was o standard BS.1881: 1952(156) design whilst the
prism would was simply 2 bean mould with o stop-end at 12 in., made
to the same tolerance as the cube and beam moulds of BS.1881. The
desipgn of the uniaxial tension mould has been described by wgrd(7)
but modified for this research project (sce svetion 7.2.) and the
biaxinl compression slob mould by Robinson(qo). These moulds,
lightly greased, were ploced on the vibrating taoble and compacted
in twe layers to obtain o good degree of compaction ( 1% voids)

8y &

without excessive segregation,

As soon as the top surface of the specimen had set the
moulds were covered with dazp hessian and then a polythene sheect
to reduce evaporation. The moulds were stripped after 18-22 hours
and the specimens immersed in water in the temperature controlled
(68°F *207) curing tonks until the day before testing (sce section

6.9.).



6470 Tests on Fresh Concrete

British standard slumps and cempacting factor tests were
conducted on all biaxinl compression mixes in accordance with
BS.1881: 1952<156). The weizht of the fully compacted concrete
required in the compacting factor emlculation was assessed from
the mix propcrticns.

The results of these tests together wi%h the actunl mix
proportions used and the corrections applicd to allow for water
chsorption by the different apgresates are glven in Tige6a7+7

(7)

As Ward has pointed out, neither of these tests are
suitable for lightweight concrete mixes and so these tests were

not performed.

6.8, Tests on Hardened Concrete

Under this loading arc included non-destructive tests of
hardened concrete only. Destructive tests are described in

Chapters 7-10.
The non-destructive tests were of thres types:~

1) Density mensurement
2) TUltrasonic pulse velocity

3) Resonont frequency.

These three tests are used to determine the density of
the concrete and its dynamic elastic modulus and Poissons ratio.
Threec 4 x 4 x 20 standard beam specimens were used from each mix

(7)

and the test procedures adopted were those developed by Ward o

The results of these tests arc given in Chapter 8 along

with the results of the bizxial compressicn test series.

242
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6494 Preparation of Specimens for Testing

The procedurc established by the Concrete Materials

(10)

Research Grougp for preparinzg o specimen for testing hns been

followed throushout.

The test specimens were removed from the curing tank
about 24 hours before testinz, washed in tap water-to fowce them

from all loose laitance, and surface dried with a towel.

A single coat of Febevrc super curing compound (zbout
.0006 in. thick) was immediately painted over the whole specimen
except on any pre-marked arens where clectrical resistonce strain

gauges or glass pads were to be stuck.

This coat was allowed to dry for ab~ut three hours and then

a seconl coat was added giving a total thickness of about 0012 in.

(sec section 2.5.).
The areas free of curing compound werce scraped to remove
laitance and the electrical resistance strain gnuges and glass

pads stuck onto the surface as described in scetion 5.2.

The curing coupound and the strain sause adhesive then
) () 2

had about 16 hcurs to dry before testing.
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CHAPTER 7

UNIAXIAL TEST SERIES

Tl Introduction

The neced to lock more closely at the mechanieal behaviour
of nortars and concretes under uniaxizl states of stress has already
been referred to in secticn 1.8. as an adjunct to the work under
combined states of stress and a2s an opportunity to toke advantage
of the recent developments in measuring techniques described in

~section 6.2,

As mentioned in section 6.2.1., the uniaxinl tests described
in this chapter were carricd out as control tests on all the biaxial
compression test mixes 2s well s being carried out on those mixes
selected in section 6,4. for uniaxizl tests only. Therefore, in this
chapter, all the uniaxinl tests are taken together (both from the
uniaxinl test series and the biaxial test series) so that a complete

picture of all the results may be obtained,

7+1ele States of Stress

From lateral deformation profiles on specimens of various

(1-3)

shapes, Lachance verified that prisms or cylinders with a
height to width ratio of at least 2.5 provide a relisble uniaxial
compression test in which the midlle third of the specimen is in a
uniform state of compression. It is noteworthy that this same
conclusion was reached on the basis of ultimate strength values by

8(24) (132).

Ros and Eichinger in 192 and tentatively by Foppl and Bach

' In addition a reliable uniaxial tension test has been
developed and proved by Ward(7) in which coefficients of variation
of the same order as those usual in well controlled uniaxial
gcompression tests, i,e. 3-~4%, con be obtained. This test has the

additional advantages of having all the necessary equipment available
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in the Concrete Materials Resezrch Inboratory (sce section 1.7.)
and of beins a rémarkably robust testing method requirinz no more

specimen preparation than the more usual test methods,

By adopting this test method for uniaxial tension, it is also
possible to obtain a dircct comparison between the uniaxial compressive
and tonsile states of stress over similar values, as the uniformly
stressed volume in the 12" x 4" x 47 compression prism measures
Ln x L4t x 4V and the equivalent volume in the Ward tension specimen
is 41 x 3% x 47, (sce £ig.5.4.14).

The British Standard Flexural test' 20)

series as it wns the one standard refercnce test in which the state
- (178)
a

of stress had been carefully investigate

almost fundamental charaeter. The beam tests provided a link between

was included in the
and found to be of an

the direct and flexural states of stress and the beam specimens were
also required for density, dynamic elastic modulus and dynomic

Poisson's ratio measurcments as cxplained in Chapter 6,

However, the chindor splitting tensile test was omitted from
the test series as the actual state of stress achieved is rather
complex and a relationship between the results of this test and the
direct uniaxial tension test using Ward's apparatus had already been
established by Ward(7). Purthermore, at this stame, the laboratory
casting capacity was strained to its limit and so (nly the three

fundamental tests described above were carried out,

7.1:2¢ Strain and Cracking Measurcments

For these tests, the Sogenique linear displacement transducer
equipment described in section 5,3. was available. This had proved
reliable to within i%% or 2 microinches for measuring the lateral
strain of mortsr prisms in the Platen Restraoint trinls desceribed in
section 2,5, Preliminory tests on tension specimans showed that the
same order of sensitivity could be achieved in the measurement of

lateral strain in this test as well,
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(10)

espeeinlly his verification of the usc of the ultrasonic pulse

The results of Robinson's work on crack detection and
veloeity equipment in detecting the ocnset of mnjor cracking or
discomtinuity point wore known and avoailable. This technique

offered 2 more positive definition of the discontinuity point than
could be cbizined from the stress-strain curve. Hence the ultrasonic
pulse velocity technique was uscd in 211 three tests to mensure the
discontinuity point. Ocecasicnal checks using the stress-strain
curves simply verified its relinbility. The method of recording

the pulse velocity, the change in velocity, a2nd the locotion of the

transducers in the three tests hove 211 been detailed in section 5.4.

7«13+ Concrete Mixes

Apart from acting aos a useful adjunct to the main series of
biaxial compression tests in the secrch for a comprehensive failure
criterion, this experimentzl work was intended to extend the recent
' (21) (7).

contributions of Knplan and Ward in the uniaxial testing field.

As wns mentioned in planning the test seri.s (scction 6,2.),
aplan had shown 2 significant trend relating the cleavnge strain at
discontinuity with the volume fraction cf coarse azsresate in the mix,

However, his range of aggregates was restricted to a rounded gravel
and a crushed limestone which, although having difficult asggresate

textures, may have been of similar elastic modulus., In addition,
some of the mixes with a smll proportion of coarse aggrozate (i.e,
<30%) would have had o very high slump ond it is difficult to see
how these could have been properly compacted without serious

segregation,,

It was decided, therefore, to investigate this trend in
more detoil using a wider range of aggregate types but restricting
the coarse amrregate volume fractions to the two nominal figures of
0.30 and 0.50. Those coarse agzrerate volume fractions represent the

extreme ends of the range of worknble concretes since mixes with
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volume fractions less than 0;30 are neorpally subject to considerable
segregation whilst those greater than 0,50 are too coarsc and
unworkable for proper compaction, Lightweisht aggresate was also
included in the selection of agsremate types as it was thought that
the ratio of the elastic modulus of the agzregate to that of the

surrounding mortar matrix was important in the failure of conerete,

For statistically significant results to be obtained, the
number of specimens of each type cast from each mix was fixed at

three for all ﬁninxial tests.

7e1s4. Cleavaze Strains at Discontinuity

1

A point not made in Kaplan's report is the much larger
cleavage strain at discontinuity measured on unisxial compression
specimens than on unioxial tension specimens., 4As no direct measure-
ments of the lateral strain under uniaxinl conpressicn were made in
his tests, the value of Poisson's ratio determined by the ASTM method
(ASTM C215-60) had to be used. A comparison of his results from
uniaxial compression and tension tests is given in fiz.7.1.4k. from
which this phenomenon is clearly apparent. - In the test series to
be described, the cleavage strain in compression was obtained by
dircct measurement using the linear displacement transducer and

frame to give a2 check on the results of Kaplan,

Ward(7), in developing his tensicn testing machine, carried
out n series of tests in which he compared his uniaxial tension
results with those from several other simple loading tests including
unincxial compression. However, in his tension tests, Word relied
upon the staze at which the stress-strain curve became non=linear
to obtzin the discontinuity point because the stroin gnuges used
to mensure the lateral stroins in the uniaxial tension specimen
were accurate to 15 microstrain, In uniaxial tonsion, the lateral
straing at failure aore only of the order of 15 microstrain depending

on the mix,.
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Therufore, 31 further purpose of these tests was to check
Yard's tonsion results =nd provide more definite information cn the
discontinuity stress and the Lateral strain »chavicur., Several of
the agsregates used by Ward were incorporoted in this tost series

sc thrt 2 dircet comprrison could e mnde.

7.1.5, Ratces of Loodinzg

As these are 21l shert-term tests, the rates of loading

arc especially critical.

The British Standard 1881:1952(156) rocommends o comprehensive
rote of londing of 2,000 p.s.i./mine which is c;nsi&ered to he
disproportionately high when comprroeld with the 100 Pes.i./min.
recommended for the flexural becm test., Furthermore the strain

and puise velocity measuremcnts would become impossible to take

in the bioxinl compression.tests at this hish rote of loading,
Therefore, as recommended by Rcbinson(qo), the loading rate in
uniaxial coupression was reduced to 700 p.s.i./min.  Assuming

cqual clastic modulus under uninxial tension and compressicn (7)

and a Poisson's ratio of nbout 0.15, this gives n leading rate of
110 p.s.i./min. for the tensile tests if the ultimnte étrength is to

be reached after the snme time in comproession and tension.

The rates of lozding were fixed therefore ns follows:i-

Uninxial Compression 700 p.5.1i./min,
Uninxial Tension 110 p.s.i./min,
Flexure (Extrome Fibre) 110 P.s.i./min.

Thesc are identical to those used by Robinson, Ward's ‘
rote of londing for tensicn tests was 100 p.s.i./min. but this is
unlikely to lead tu significantly different results. Kaplan's
rotes of loading were also of 2 similar order being 1060 pes.i./min.
for unizxinl compression and 150 p.s.i./min. for tension ond

L

flexural tests which is also the ASTM standard rate,
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A supplementary series of uniaxinl compression tests
was also carried out to investizate the suzzested connection
between the discontinuity stress at which major crackinz occurs
and the long-term ultimate strenzth of concrete (21, 101, 102). A
number of prisms were lcaded at the short-term rate of leading to
load stages above and below the discontinuity stress and then the
load was maintained at a constant value. After this stage, the
rate of straifi increase with time ot constant load was recorded and
taken to be a2 measure of structural deterioration. These tests are

also described in this chapter.

7146+ Ace and Condition of Specimens at Test

All uniaxial test specimens from a particular mix were always

tested on the same day and this was at 27-29 days after casting,

The specimens werc all tested in a saoturated condition which
was maintained throughout the test by the use of 2 curing compound

as described in section 6.9.

7ele Testing Machines and Egquipment Used

Bguipment availabiliby and leboratory recrganisation meant
that two different machines had to be used at different times for

both the uniaxial compression and the flexural tests.

All uniaxial comprossion tests on mixes tested under
uniaxial states of stress cnly were tested in the 200 ton,
compressicn machine of Robinson described in section 1.7. For
uniaxinl compression tests on the binxial com:ression test series

mixes, the combined stress tousting machine was used,

With the flexural tests, Sigvaldason's flexural testing
machine (described in section 1.7.) was used throughout the uniaxial
test series and also on some of the biaxinl compression test series

specimens. The remaining mixes were tested in an earlier standard
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beam testing machine described by Word ond listed in scetion 1,7,
Wherens the Sigvaldason machine had adequate stobility and good
hylraulic control, the older mnhchine tended to rack and hnd poor
hyﬂraulic control with the result that it was dAifficult to mintain
a steody loading ratc. Therefore the flexural beom test results

ziven in tobles 7.5.1.1. 2nd 7.5.1.2. have been markel to indiente

which testin: machine was used.

A11 uniaxial tension tests were conducted using Ward's

uniaxinl tension testing machine listed in scetion 1.7.

One important modificntion was made to the uniaxinl tension
mculds used by Ward and Robinson after it was discovered that the
actual dimensions of the reduced scction did not agree with those
specified by Ward. It was decided to make new inserts with a flat
section to accommodate o 4 compressicn cube for the biaxial
compression~tension serics of tests nnd to wmeke the thicknoess of
the reluced section up to the round fizure of 3" - there boing no

advantase in the fractional fisure of 2.86 in. used previously.

The actual anl specified dimonsions of the Ward specimen
toguther with the modificd specimen dimensions are given in fig.

7e2eTe

Ultrascnic pulse velocity and Sogenigque linear inductance
transducer equipment uscd has beon described in Chapter 5. For
reading the electricnl resistonce strain gnuges uscd to measurc
the longitudinnl strains on 211 three types of specimen, a small
Peckel transistorised strnin measuring box type T200 was useds

For the long~term strens~th tests on uninxisl compression
specimens, the combined stress testing machine was used throughout,

The londing rntes and constant load timing were maintained
in 2ll the short-term and long-term tests using 2 stop watch
gradunted in tenths of a seccnd and 2ble to record the total time

up to 1 hour.



o NB: ALL DIMENSIONS ARE N INCHES.

2815 4.000
. ’ L.on0 & 005
5.150 J‘zas’m J 4-060 Jj-a.so ‘ S-‘!‘SO
. ko002 r#-obs L -00S ! i.008 - 5 .002
1) DIMENSIONS SPECIFIRD BY WARD (7).
2-%18 4.000
' ) : »
£-150 l_z.sm. l 7.-%15’J‘ m%w.l - %150
I T 1 T :
2) ACTUAL DIMENSIONS OF WARDS MOULD.
1.000. 4.000
- i .00s x.00%
5180 | l‘a.asol 4.000 5.150
L & .00S L.002
2) MODIFIED ™MOULD BY VILE.
Fie. T.2.1. DIMENGSIONS OF UNIAXIAL TENSION

SPECIMEN,



253

730 Testing Arringement

The ~rringement of the ultrasonic pulse velceity tronsducers
with particular refcrance.to their sennning acticn across the
eriticnl scetion ond normnl to the anticipnted cleavaze planes has
previcusly heen specificd in sccetion Silty ~nd wns strictly achered

tn in these tests.

The positions of the clectriecal resistance strain’ souges,
the pulse velocity transducers, and the lochtion of the linear
displocement transducer frame for 2ll thesce tests ore iilustrated
in fiz.7.3.1. The two active clectrical resistance strain gruges
were coupled with two identicenl Jummy mauges to provide o cerrection
for tempernturc ~nd connccted in serivs sco thnt the strains on the
two opposite facoes of the test specimen werc ~utonntically averagzed.
In the case of the flexural test only one active wnd dummy snuge

were used.

he strnin nnd pulse velocity measuremcnts

ct

4 suimary of

taken in each of the three tests is ziven below:-

1)  Uninoxial Comoression (short and lonz-term tusts)

Longitudinal strzin 2 x 30 . £.2.8.G,
Leternl strain ' L4 in. pune length - Scjenique
Ultrasonic pulse volocity 5% in. path lensth

2) Uninxial Tension

Longitudinal strain 2 x 30 mr, HE.R.SG,.

Iateral strain L in. gruge length - Sogenique
Ultrasonic pulse velocity 2% in. wmath length

'3) Flexure

Longitudinal strain 1 x 30 mm, E.R.5.G%

Lateral strmin -

Ultrasonic pulse veloeity 20 in. pnth lenzth
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7k, Test Procedures

7.4.1. Uniaxizl Compression Test

The test specimen was firstly set up in the testing machine
and then the measuring devices listed in section 7,3. were atiached
to it. The specimen was then londed and unloaded at the rate of
700 pes.i./min. to o maximum lond of about 30% of the estimated

ultimate load three times.

This procedure enabled = check to be made on the attachment
of the measuring devices to the specimen and on the functioning of
the ancillary equipment., 4 drift in the rendings of the ancillary

equipment served as 2an indication of something being wrong.

The loxding nnd unloading proczdure may also have had the
effect of extending local bond failures around the aggregate particles
and hence making the stress-strain curve up to this loxd stage more
linear. This effect is discussed in detail in Chapter 12. However,
this initial loading was kept below a level where it might have
exceeded the discontinuity stress to avold any artificial elevation
of the discontinuity point.

Providing all the equipment was functioning properly, the
specimen was loaded and unloaded twice at 2 rate of 700 pes.i./min.
to a maximum load of about 25% of the estimnted ultimate load. Durings
this second set of loading cycles, longitudinal and lateral strains
were measufed at zero load and maximum load to obtain representative
values of elastic modulus and Poisson's rdtio. If any drift in the
strain readings was noted during this test, the londing and unlonding
Cycles were repeated until consccutive readings agreed to within 2%
or 1 microstrain whichever was the greatest., On rare occnsions the
test had to be stozped ond the faulty item of equipment re-attached

to the specimen,
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Once these measurcments of the clastic constants were
complete, the specimen was londed to failurce at the specified
loading rate of 700 Pess i./min. taking measurcuents of longitudinal
and lateral strain, and wltrasonic pulse velocity ot convenient
pressure gouge readings. For a concercte or mortar with an ultinote
load of about 6,000 p.s.i., the number of load stages at which
these measurcments were tzken was twelve. Hence an ostimaté of
the number of lond stages usced for any other speecimen can be

obtained on o pro=-rata bosis.

Once the discontinuity stress had boen excecded s
indicated by a sharp decrense in the ultrosonic pulse velocity and
a marked increase in laternl stroin, the linear displacement
transducer frome was removed from the specimen to avoid possible
dmmzce te the tronsducer when the specimen failed. Marcover,
subsequent rendings of lateral stroin have 1ittle or no significance
since major cracking has occurred and thé materinl is no longer

continuous.

7.4.2., Uninxinl Tension Test

The proc-cdure for the uni~xinl tensicn test was in general
similar to thnt for the uniaxi~sl compression test in that, after
setting up the specimen in the testing machine in accordance with
the procedurce 12id down by Ward(7), the measuring devices were all
attached., The specimen was then loade? ond unlonde? three times at
the specificd londing rate of 110 p.s.i./min. (sce section 7.1.5.)
to o maximum load of about 30% of the estimnted ultimate load.

Extensive use was made of the tension strengths obtzined by Ward
in estimating the nltimate load for this purpose.

Then measurcments of the elastic modulus and Poisson's ratio
were made by loading and unloading the specimen twice at the rate of
110 pes.is/min. to 2 maximum loxd of nbhout 25% of the estimated

ultimote load,



257

Upon satisfnctory complction of this test, the specimen
was lorded te failure at o rate of 110 p.s.i./min and measurements
of lonzitulinnl and laternl strnin, 2nd ultrasonic pulse velocity
taken at convenient lend stages. For o concrete cor mertar with on
ultimate tensile strength of 500 p.s.i., the number of such load

stazes woull be sixteen,

7.4.3, Flexurnl Tost

The procedure for scttin--up the flexural beam test specimen
has already been described in detail by Word ond was in nccordance

with British Standar! B.S.1881,

This test was trented s a stondard bean test and no
preliminary londing and unloading cycles or elastic coefficient

measurements were made,

The beam was londed dircetly to foilurs at the specified
ratc of stress increasc at the extreme fibre of 110 p.s.i./uin.
(see scetion 7.1.5.). The tensilc strain along the axis of the
beam wos maasured at the mid-spnn using zon electrical resistance
stroin gauze and, for those tests conducted in Sigvaldoson's
flexural mochine, ultrasonic pulse velccity measurements were taken
as describcd in section 5.4. Thesc neasurcnents were token at
convenient lead stames; a beam with o flexural tensile strength
of 700 p.s.i. having fourtecn such load stazes,

o

7.4, Lon:-term Compression Test

In these¢ t.sts, the testing arransenent was identical to
that employed in the short=~term compression tusts but the londing
wrocedure was in many respects diffcerent.

The initial loading and unlonding =t 2 rate of 700 PeS.i./min,
was carried cut throe timss on each specimen teo 2 maximum lozd of 30%
of the known short-term ultimate load (the mix used wns 61B and had

alrexdy been tested in short-term tosts).



258

Bnch specimen whs then losded at the specificed rate of

200 p.s.i./min. to 2 scrics of different lond stages and at each
ood stase the load wns mrintninced constant for five minutes whilst

the rate of strain increzse in the longitudinal directicn was recorded.
A finnl lond stage would then o reached cither shove or beléw the
discontinuity peint 2t which the 1oad weull be mnintained for o
much lonzer periol of time, usuxlly cne hour, or until failure
cccurred,

In this way the rate of increase of lengitudinal stroin and
the time token to rench ultimnte loal at stress levels helow the
shert~term ultimate stfength_but abeov: the liscontinuity stress

were obtained.

7.5, Test Results

7.5.17. Tobulated Results

The summarised rosults of the short-term tests are given
in tables 7.5.7.1. =0l 7.5.1.2. and of the long-term tests in

tehles 7.5.7.3. and 7.5.7.4,

The metheds of annlysing the results are illustrated in
Lppendix D where typical concrete rnd mortat mixes are analysed
from the original experimental mensurements to show how the

summarised results ohove were chiainced.

r

The eomplete sct of cxperimental record sheets together
with the calculations of the nnalysis are contained within o box
file deposited with the Concrete Materials Research Group at
Tmperial College and aceess te these sheets con be obiained throush

Mr. K. Newman,

?7.5.2, Stross=Strain Choracteristics

A selection of representative stress-strain characteristics

iy R

for mortar, n rmal agoreznte conerete, and lishtweizht coricrete unler



ULTIMATE STRESS ‘u OISCONTINUIY S‘\ESS(S\ ELASTIC HODUWS:(O: POISSO NS RATIO DYSOOMTINUITY C.LEtVA‘E
Hix G G Gy v C, € G W | ¢ Cy G "v, c. Cr Cy WV c'. S\C'I:Am E,‘o .
MA [1250 7128 00 SA [BWd Sued Stes 00| v Wk, — = | e . = = = |70 17, 3¢t 212
MRC 14CB0 L6 4SO LESO[2M00 2180 20 2653] — 3RO BGL BAW|AEL —~ 188 3] - 186 Ve (14
HO |weoo a2t0d 36t0 smis{aBo0 -~ 2480 2625|318 AL - 30S{av - .2(0 -4t} W@E -~ \4c s
IR luaso T80 S028 LMIB (3500 3850 M0 313|508 ST S.A S.2af-e 48 % (T 137 136 w3y 21
318 | S3% 5000 L¥0O LISB (3450 3LSO 3180 IO S.06 LB Lb W8T [31 122 0% WS [ LG 2 123 136
3 [3830 3CWO 3300 3630|1800 1500 1500 (600 [5.22. S LML S-Ul [-\0h 100 .04S -l00 [ 38 3G 31 38
310 [31%0 3820 3820 3810 {1250 2780 2080 1830{LW0 KAT S LA AT ok 18 6 [ u3* ]av a1 97
GIA [5100 L8120 LS00 LAOT 2800 2130 2400 2AD [S.U3 S36 S.5¢ S.4S[-122 B 165 23| 87T < A 14
G18 [ 6L120 W30 L3O AT [2130 2130 AU30 2130 |60 8T 5.3 S.00[.ILt ISk 1SS 1SO| &K V1 18 T
61C [3850 100 4350 LOAL|21S0 2,30 2150 22L3[6.0k SIS €01 S| L 10 L [ S0 &8 W SO
G10 [ 4S00 L0 K$00 60O |30 3EO B0 3237[S.S3 G-l 586 S.83[-00 107 104 0S| 4L 48 @ q
GRA G120 Com0 €380 $33T|LI3D Sol0 W00 LLAB|S3 663 SA4L codfs 1T My .1 [130 138 130 %2
608 |4ho0 3100 LL2O h2WO[2180 20 1T B0 |WES — LA LTAALD - W36 w0 WA = g L,
che Juos 1A% = L1ag|2800 3w00 — 3100 {639 ¢33 160 654|080 0k  ~ 0a2] ¢t €2 - 62
GRD [2950 2480 7730 2M%T(1960 2050 1640 1820 [LT% SS3 ol S |20 45 oL R |3 a S8 &1
GA® | €350 (500 §LO0 GO |30 L10D LI6O 3A8T|S.33 503 e LAq [-1A2 16T 126 WA 20 1Mo 223 208
618 | 2650 2160 2100 2L\THISO 1180 1560 T [2.87 250 238 2.6 |1 286 A%y 220 1T6 21T 133 ¢S
o[ 1a0d" ased 2280 was2| - (120 WKeo K60 2.4 2.8 143 20V 41 a4 @ | - S0 IS¢ 1S3

K. DENOTES SUSPELT RESULT
- DENOTES NO READNG TAKEW,
TABG, T.S:1.1. UNIAKIAL TEST RESULTS . (eanr 1 &3 — UNIAXIAL COMPRESSION )

653G



| 'ULTIMATE STRESS psi | DISCONTINUITY STRESS(si | ELASTIC MODULYS xi0€ psi POISSONS RATIO DISCONTINUITY CLEAVAGE
M| -

- STERIN x16¢
T T T AW, | T Tr Ty AV, T, Ty Ts AV. T, To Ty AV, T, Ta Ty Av,
MAILWIS W32 SWB W83 F 31V 3W2 LO0 HT | S S08 —~  SAAS[-1LS 3e0* —~ 272 45 83 46 4l
Mec | 386 L2 AN 340 f2sv 223 282 252|400 L3b W06 L6 - 03 ik A T3 6L 40 1S
w ’uo._o 34l oo a1 183 233 310 2a1|saf 34s 36 3SL| - 1L w220t @y 45 W01 48
WA |30 32 3wy A 30 28 283 292 |50 ¢3S S0 S35[.0a 43 05 oA [ 1L 6 el 6%
e |~ 312 33 3T 123 213 223 213 (529 §.3% LSt S.05(-131 126 21% (6L | SO % SO S0
e | 302 325 31 333 [ lAn 293 223 213 {L3S L3S S.80 L83 - — - - |lnx s\ LS L
310 | 299 235" 307 3R {235 11> 266 295°(60S S.58 SsShL sl o0~ o1 L2 WL Sk
GA | 1L 314 352 368 |13 223 1S5\ 2SL (610 5297 KSL S30 |-\ -~ -4AS -(ad | s, 48 s2 S\

e [ 329 Koo 28\ 337 (23S a3 \T1 2072 [V Sk SN 6.0\ [-\aT Lol 1B i | Wl w3 L2

Gl | WO 33% T2 3 123 283 \Aal YV 16 S.R0 T.01 63\ |\ ‘b W 1S [N 53 24 L
ap | 36w 332 36T 3¢ [221 221 200 w68 - s EAsfaul - w3 | - 3% Lo
Al - w10 W3 3| - 333 23S 304 [6aS €2 sS40 cab | - e - o[- e ss e
ces 282 3o 3 [ - -7 -~ fpas s s M| - - - - - - - -
¢e [ LS W30 430 WO [3h4 Bl B BwL|Ra3 el L t2w| - - - - 181 el se  s%
¢ed |32 K26 312 37 329 33 33 328 (603 ST ST SR |41 4 M 2 [s|m @ <o <o
CAB [ 60 LIUT LEO0 L26 }233% 233 30 2272 (5.53 L.36 L-SL L-80 |.08, .50 - S0 | 6\ 6\ 10 Gl

6L | 31 133 233 242 [\Alk 1ALy QL \ab (2.3 2.4k 249 2L |12 168 43 1% | % 93 1o 40
LA 1s 23 232 233 |\30 180 130 130 {226 4L .81 203 |-16 A0 «\8 1S w0 120 (1o W3

A DENMOTES SUSTECT RESULT
— DENOTES NO READING TAKEW

TABIE. 1.S.1.2. UNIAMIAL TEST RESULTS (PM!.T ( o\; 3 — UMAARLIAL TENS\ON)



t
[N
i

UNMWARIAL TEST RESULTS

(PART 33 FLEXUBAL TENSION AND DNRAMIL CONSTAMTS)

i | VLTI sreass pis DSCONTINUITY STRESS psi. b\sgg::‘\‘v’am Suemnce ELASTIE “mwsg;‘“\“‘;‘“ws RAT10
. B B By AL B % By | B 8, 8 A | B B, By A B B By v
MA | ‘\ﬂlt' 3 %806 | 620 Q20 €10 620 | TTW WO 1D W9 1532 s €22 529212 2@ A 1M
fec | 535 608 6\L. SAS | 291 240 350 WM\ |3y 1S - Q) 80 | 3% W2 L8 L-38).230 (236 AL6 234
no | 6T 608 620 38| - - - - - - - = |12 4oL 406 L.07|-236 -230 -0 -23S
wn|100 618 - et f2an e - Al ey 0 - €1 |- - - | - - o -
UL | 6TC 6kl 6Ld CSS| - - - - |- - = = 1585 $35 S%% $.3,[|.200 .2074 200 .2
e [ 622 606 sS4y G0 | - - - - - 5 =~ - — |s.ss s.80 $40 5.18{-142 212 275 -0
wlsw - - s%|l - - - |- - - |l - - -1 - 4 -

"l |sas 618 TS 6u8 | -  Los LO® Lo3 | -~ 6% 18 13 |620 6.8 6.01 6.10 .23k .20k 225 .2
@8 [ S8l $32 S6T SS0 222 BNl 320 32061 6T 1Y &} - - - |- - -~
e |1 6Tt ¢SS GO | S\Z 4LST WET LS| T 65 1y L |67y 6 ¢S2 6.66 |-22% .22 .210 220
6b | 63 TOk - e - - - - - - - — fl6e.nT 69% 6. ¢-M|.230 3 20k 26
GAleaS LS -~ Gl fsel SI13 - s a3 e - | - - = = | - - - .
@8 6285 8 6NT 6| - -~ - = | - ~« - - |sg6 LS £.514 £.53[-210 2194 .200 .20
e fett 66 W e’ = - = - - - - - lees 665 6% 612142 18k 5 8L
6“ ‘ - T - - - ad - - - [ - -— - - — - i -— - — -—
o s I3e oy 1 | - - - - | = = = - 542 s 645 602 a5y us a2 o8
6B [SS1 SSA WAl B3 | - - - - - - - — 2.4 2.42 301 144|213 270 20 27\
QN |0 38 - 1.3&9.34 - 23T VI T, — ne| - - - - - —_ - —

X  DENOTES SusPECT READING. .
—~ DENOTES WO -READMG TAKEM :
; Y
CTAEE. .53,

198



LOAD

RATE OF LONGITUDINA
% 106

L STRNIN INCREMSE

CONSTANT TIME To

St = S, G €. TOTAL LONGITUDINAL
STACE pst. i Pu Py SWESS tst ol e, FAWUEE STRAIN xl0b
313 -9 - -
661 - oY -
1000 t.-0 - - ’
9 \6
(333 0.5 9.5 2.0 P, NOWE 2500 5333 6 0o
66 \.0 - -
1000 \.0 \-S 2.2
2133% S O - - -
2061 21 by S
' 0 \ : ~ \
3000 2.5 - - P L000 2667 LOOO 3% 400
333y % | s -
3661 5.2 - -
t000. ¢ 2 s AR
333 8.1 - -
3 3000 33
Y - "s _ % W33 L3 al 2001
$000 206-2 - FALED '
533 LSS 2%
{1y FALED FALED
60060

TASLE T.5.L.L. UNLAKIAL TEST RESULTS (LONG TERM TESTS)

c9¢



263

uniaxial compressive, tensile, ~nd flexur:l states of stress are
shown in fizs.7.5.2.7. to 7.5.2.9. The discontinuity stress ns
determines: from ultrasonic pulse veloclty no~sur.menta has been
plotted on these curves so that o compnrison with the shape of

the struss-strain curve c:n be made. From thesce curves it can be
seen that the detorminntion of the discentinuity Joint from the
shipe of thoe stress-strain curve coull be msslending unless couplad

with the mensurcments of loternl (tonsile) strain.

In many of the stress-strain characteristics, the curve is
remrrkably linear over the scction below the discontinuity stress.
This nny be duc in part to the initial loading and unloxiing cycles

of stress.

Under uninxinl tension stross, however, 2 nuibor of mixes
showed ~ marked curvature in their stross-strain characteristics
belew the discontinuity stress. This wos espeecinlly noticed in
tho case ¢f mortors and has been previcusly noted by Wa rw(7). This
omphasiscs cnce agrin the compariscn between thoe methods of defining
the discontinuity point. It would Lo very dificult in these cases
of curvature to dotermine the discontinuity stress from the stress-
strain curve wherens in all these cnsces the ultrosonic pulse velocity

mensurements gnve n well lefined point.

7.5.3. Discontinuity and Ultimate Stress

The varioticn of discontinuity and ultimate stresses with
the water-cement ond ageresmte-conent rntios of @ortqrs, the gV
irregular aggrosate concretes, and the 21 irreguler agsregate concretes
is shown in figs.?7.5.3.7. to 7.5.3.6. under uniaxizl compression and
tensicn. Scme of Ward's ultimnte strecs results have beca superimposed

for comparison. The varintions folicow the well established trends.

A dircet compariscn between the tensile ond compressive
&)

ultimnte and discontinuity StrCSSuS is made in fizg.7.5.3.7. Ag2in some

of Ward's ultimnte stress values have boeon plotted ns well, 4n
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approximate rotic. for temsile to compressive stress of 1:10

appears to be valid for both ultimote 2nd discentinuity stresses,

The percentaze »f ultimate load at which the discontinuity
point occurs and its dependence on the volume fraction of coarse

regate is shown in fiz.7.5.3.8. 4As the value fraction of coarse

aza
v 50
agaregate increnses the discontinuity point occurs at a lower

percentage of the ultimate load under both tensile and compressive

stresses,

75kt Discontinuity Strain

The importance of the maximum tensile straih at discontinuity
and its possible use as an alternative frilurecriterion to ultimnte
or discontinuity stress has olready been pointed out in secticn 1.6.

and elsewhere,

Plots of discontihuity stroins (i.e., the strains in the
cleavage direction at the point of discontinuity) against volune
fraction of coarse nzurezate similar to those of Kaplon discussed
in section 7.1.4. are shown in Tizs,7.5.4.1. toy7.5.4.3; in which
the variaticn from the gunéral trend con be secn, Ench point
plotted is the average of thfée, or cceasionally only two specimens
and it can be verified from the results ziven in tables 7.5.1.1.‘and
7.5.1.2. that the averaze standard devintion is 5.0 microstrain for
compression and 4.5, microstrain for tension, Kaplnn’é results are

also plotted for comparisbn.'

The lightweight aggfegﬂte coneretes gave discohtinuity
strain results similar to their parent mortar (MBC) irrespective
of the values fraction of coarse aggresate. This fact is of
especinl interest when compnréd later with the binxinl stress
characteristics of lightweight argregate concretes and mortars,

and is discussel in detnil in Chapter 12.



100

____ UNIAXIAL TENSION LIMITS

 UNIAXIAL COMPRESSION LIMITS

281

10 '
. —
Y _ .
0 ° — ry
— hr— x . [ :
[ ]
10 - § oo
s i 3
[ S ee— o X4
60._ — -5 —_— e ° -]
T — ¥ | T
—
so| — . s
—— .
Bl —_—
B T —
. 40
, I
]
01 o UNIAKIAL COMPRESSI\ON
o  UNIAKIAL TENSION
0L
ol
4 L e [ [} 1.3
0 0-\0 02 030 0-40 050
VOLUHE FRACTION OF COARSE AGGREGATE V.
FIG. 1.513.%,

DISCONTINUITY STRESS LEVEL AS A PERCENTAGE OF ULTIMATE
IN UNLAKIAL TENSION AND COMPRESSION, v



300 |

282

o  NORMAL CONCRETE of MORTAR

F16. 1.5.4.1.

’ [ LIGHT WEIGHT coNcreETE |
"9 ‘150 \
o
W # \ )
") N . o« “
Y B *
£ AN
=) : .
Z N
i T\ a
Z N
S N |
v o1s0) AN N ~ &
r=$
< \\ cL R ™~
Nt URVE
2 \,ET’MMED 8 e ~ ~
; 00} : \N'f“ﬂ.m(s o , ~
ot \ . \EE'FIG . .\
[7;] ) - .T'“4l) . .
o ~ ~3 \~ .
< N .
_l:: 50 L N~ ‘ .
0 ~ ~
\.
A ~
1 1 ' L3 1 i
o 0\ : 0% 03

0.4 0.5

VOLUME FRACTION OF COARSE AGGREGATE Vi,

CLEAVAGE STRAWN AT DASCONTINUITY (N UNIARAL COMPRESSION,



283

300, : -
i . o NORMAL CON_CQ.E'\'E OR MORTAR
LI\GHT UE\GRT CONCRRTE
150
N
e
P4
‘e
-
> WoL -
':, -
>
2
-
2
g .
VI \SOL
o
}-—
<
Z I\ '
a ~ A
¢ (00 N~ )
s ™~
\_ ~ A
w \\CERVS o8 ~~
2 \ i \r‘_]"tb “\ —
z ~ \3“’“” \3 \( -
wl ~~ - 5 T
2 5o . ~— . . .\EE-FG.T.‘A I) : |
U R . ~— . | T L,
|
. , \ : { . i | L
o o-1 C0a 0.3 0-4 05 |

VOLUME FRACTION OF COARSE AGGREGATE Vg

FIG.1.5.4.2. CLEAVAGE STRAIN AT DISCONTINUITY IN UNIAXIAL TENSION.



300

F\G.1.5.43.

B o NORMAL CONCRETE OR MORTAR
A LIGHTWEIGHT CONCRETE
NOTE: ONLY TROSE TESTS IN WWcH THE DISCONTINUNTY foINT
20|, WAS DETERMINED BY ULTRASONIL PULSE VELOC\TY
- HEASUREHENTS WAVE QEEN OLOTTED .
o
L3
a .
W
200
r L
— K )
> \
Z | ] \ A
2 >
2 owsol ~
o S N
- ® S~
™4 ~
~
2 —~—
- N~ [ ] — ——
g \ — —
s \00 | ~
) ~
Cw | ~
) ® NN —_
g ’ ~ : ® »
2 — 3
W ST —
J N . S— e
g sol
1 [ Y ‘l; 1 11
o 0-10 020 030 0- AQ 0.50

VOLUME FRACTION OF COARSE AGGREGATE Vi

CLEAVAGE STRAIN AT DISCONTINUITY (N FLEXURAL TENSION,



285

Cne possible interpretation of the results of the variation
of discontinuity clexvage strain with volume fraction of eoarse
azzresate has been put forward by Ward. He hypothesised that the
overall clenvage strain was directly propertiosnal t0 the volume

fraction of mortar in the concrete,

eD = vam.

where GED = cleavage strain at discontinuity
me velume fracticn of mortar
K = constant (volue depends on parent

mortar and state of stress),

Honee for a dven state of stress and a given parent mortar
(MBC), a plot of €:—D/me against the volume fraction of coarse
azgrezate should jive & constant value. Plots of the *constant!
K for the three states of streés investizated are ziven in

figc'?os'#ul*o

As an empirical rule for rouzh crlculations, this hypothesis
is probably = useful tool but there remains the possibility of

different mechanisms of failure in mortars and concretes,

Inostly 2 comparison of the clexvaze strains at discontinuity
for compression ond t.nsion (both direct ond flexural) stresses core
given in fiz.7,5.4.7. Frem the curves obtoincd it would appear that
the failure mechanisms involved underso 2 transition depending on the

volume fraction of coarse agsregate,

7.5.5., &lastic Constants

Remarkably close azrecment betweon the elastic modulus in
tension and compression was obtained as shown in fize.7.5.5.1.
confirming the findings of Todd(179) and Ward(7). This phenomencn
suggests that the dezree of cracking which tokes place on the
azzreg~te bond surfaces under uniaxinl tensile nnd compressive

stresses and below the discontinuity stress must be effectively
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the same, The fact that the same phenomencon is observed with
mortars implies that the mortar bohaves perfuctly elastically

in this respect. It must be emphasised that this correlation

was observed from specimens which had been preloaded as described
in section 7.4. and may not apply to specimens subjected to one

loading cycle only.

The Poisson's ratio results when ccmpared in the same woy
in fig.7.5.5.2., were very scattered but it is possible that with
measurements of lateral strain taoken at more than one cross-section
on the specimens the scatter could be reduced, The difficulties
of measuring the very small lateral strains in the uniaxial tension
test which are often of the order of 10 microstrain or less add to
the problem of reliable Poisson's ratio measurements in tension.

However, there appears to be a general trend towards equality.

The relationship between the static and dynamic elastic
modull shown in £fig.7.5.5.3. is o consistent one and compares well
. . (180) . (181) (7.
- with the results of Takabayashi s Simmons and Ward
The regression analysis equations for the straight line section of

the curve was as follows:-

E. = Ey-1.0x 106 PeSei, Simmons and Takabayashi
6 .

Es = ED - x 107 v.s.i. Ward
6 . .

Es = ED - 0.6 x 10° p.s.i. Vile

where E = static modulus of elasticity

5

Poisson's ratio measurements in compression were more reliable

i}

dynamic medulus of elasticity

because of the large strains measured and the varidtion of Poisson's

ratio with volume fraction of coarse ajggregnte shown a regular trend

(£ige7.545.4.). A similar curve was obtained by Anson(s).
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Iastly, the dynamic elastic modulus and dynomic Poisson's
ratio values are compared in fiz.7.5.5.5. and Ward's results have

been supérimposed. Both sets of dnta follow a similar trend.

7.5.6. Lonz-term Strain Characteristics

The results of all the long-termnn tests are summarised in

£fiz.7.5.7.1. in which the rate of longitudinal strain increase
" € .

at

The rate of strain increcse was calculated by dividing the

under uniaxial compression is plotted against applied stress.

total increase of strzin at a load staze by the five or ten minute
interval over which it was measured to give a rate of microstrain

per minute,

As can be seen from the results plotted, the rate of strain
increase is very smzll until the discontinuity stress is exceeded
when it increases very rapidly. The several tests where the load
was marintained constant for one hour or more showed that thesc rates
of lonzitudinal strain increase, measured above the discontinuity
point, are maintained up to faiiure or until the test is stopped,
Therefore, if there is a limit to the longitudinal strain that
concrete can sustain before failing, then these results would suggest
that at any stress level above the discontinuity stress this foilure

limit would be reached in finite time.
Hence the results, though by no means conclusive, do
suzgest a positive link between the discontinuity stress and the

long-term ultimate strength of concrete,
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CHAPTZR 8

BIAXIAL COMPRESSION TEST SERIES

8.1, Introduction

These tests were the main series in this research project
and were intended primarily to investizate the effect of the inter-
mediate principal stress 6;2 on the feiling stresses, stress-strain
characteristics, and elastic crnstants of mortar and concrete
(section 1.8.). The modes of failure arc also of interest in the

search for a realistic failure criteriocn.

With the newly designed and proven ccmbined stress testing
machine, together with the strain measuring tcchniques and ultrasonic
rulse velocity equipment described in Chapter 5, it was hoped that
much more reliable results would be achieved than hithertc and that

substantial progress could he made in this difficult field of research.

8.7.1. State of Stress

The 10" x 10" x W' biaxial compression specimen had already
been proved suitable for these tests; the proving trials have
already been described in secticn 4.4. These trizls were all
carried cut under short-term loading as this was the type of test
to be carrield out in this test series. It is possible that the central
zone of 6" x 6" x 4" (minimum), which was shown to be under a uniform
state of stress and strain under all stresses, mizht be even larger
under lons~term stress-as time would be allowed for fricticnal

restraint at the loading platens t: be released by slipping.

8.1.2. Strain and Cracking Measurements

Strains in the two principal stress directi uns were measured
on the surface of the unstressed face of the test specimen using

electrical resistance strain gauzes as described in section 5.2.
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Lateral strains werce measured using the Sozenique linear
displacement transcucers mountel on the special frame descrided in
section 5.3.

The ultrascnic pulse velocity equipment was a3ain used for
crack detection and, in particular, for determining the point of

discontinuity.

8.1.3. Cocncrete Mixes

Both uniaxial and biaxial test specimens were cast from the
same batch for a given mix as noted in section 6.2.2. However, the
testing of the uniaxial specimen has already been described and this
chapter deals with the bioxial compression specimens only. The mixes

selected have been specified in secticn 6.4,

8.1.4. Cleavare Strains at. Discontinuity

In these tests a complete record of the three dimensional
stress and strain bchavicur was made and particular nocte was made
of the cleavage stroin at discontinuity. Robinson's work(10) on
biaxial compression suggested that the cleavage strain micht vary
according to the statc ¢f stress thoush his strain rendin’s were
not used to investigate this phenomencn. These measurements were
rezarded as being complementary to the work under uniaxial states
of stress where the cleavage strain at discontinuity was clearly

dependent on the sﬁate of stress,

8.1.5. Rates of Ioading

The general rate .f loading for uniaxdial compression tests
in this research was specified 2s 700 p.s.i./min. in section 7.1.5.
For biaxial compressicn tests it was decided that the sum of the
rates of loaling of th:e twe principel stresses should be equal to
700 p.s.i./min divided in the ratic of the magnitudes of the two

stresses.
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This rate of loading sove adequate time for all measurements
to be taken and ensured that the cleavaszce strain in the unstrossed
directicn increased at approximately the same rate in all uniaxial
and biaxial compressicn tests. In other words, the rate of energy

input into 211 test specimens wes approximately constant.

8.1.6. Age and Condition of Specimens at Test

All biaxial compression specimens werc tested at 28 doys
after casting. The associated uniaxial xpecimens were tested at
either 27 cor 29 days whichever was the most convenient. This was
unavoidable as the total number of specimens from a given mix was
fifteen, of which the six biaxial and nine uniaxial specimens took

one full day cach to tests

The specimens were all tested in a saturated condition which
was maintained throughout the test by the use of o curingz compound

as described in section 6.9.

8.2. Testing Machines and Equipment Used

All tests were conducted in the combined stress testing

machine as planned.

The surface strain measurements taken by electrical
resistance strain gauges were reccrded using the Solartron automatic
data logger (section 5.2.) and the lateral strains were recorded

manually using the Sogenique strain measuring box,

The Cawkell ultrasonic pulse velocity apparatus was used
in the same manner as in the uniaxial tests, “ut for convenicnce was
mounted in the centre of the machine control panel as shown in

section 3.6.
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8.34 Testinz Arrangement

Core hod to be token in locating all the measuring devices
onto the surface of the specimen to ensure that all measurements

were taken within the central 6% x 6™ x 4% zone of uniform strain,.

The linear displacement transducer had to be placed centrally
to siuwplify the sSettin; up of the translucer support frame. This
dictated that the ultroscuic pulse velocity tronslucers should be
placed along the opposite diagonal and arranzed as described in

section 5,4: sc that they scanne? the central wvolume of the specimen.

Fortunately these arraniemonts left sufficient rovom for two
electrical resistance strain jauges for vertical and horizontal strain

measurements and so the final arrantement was o5 shown in fig.8.3.1.

A summary of the strain and pulse velocity measurements taken

in these tests is given below:-

1) Specimens 31, .83, 56

Longitudinol Strain in directicn 3 2 x 30 mm. E,R.S5.6.
Lonzitudinal Strain in directiom 2 2 x 30 mm. E.R.S.6,
Iateral Strain in direction 1 L in. gauge lensth-
Sozenique
Ultrasonic pulse veloecity | 8 in. path length.

2) Specimens 82, Sk, 35

Longitudinal Strain in direction 3 -

Lonzitudinal Strain in Qirection 2 -

Lateral Strain in direction 1 Lk in, zauge length -
' Sogenique
Ultrasonic pulse velocity 8 ins path length.

The directions 1, 2, and 3 are deficed in fig.8.3.1. and the

specimen numbers $1-S6 are explained in fig:8il.5.1.
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8.4, Test Procedure

8.4,1., Alienment of Specimen

The procedure for the alimnment of the specimen is described
in detail in this secticn because much time was saved by aloptine a

methodical approach,

With the two horizuntal sub-frame platens about 47 away
from their final positicn when bearinz on the test specimen, the
spécimen was placed on the bottom platen and carefully alisned on
all four faces. The hottum platen and specimen were then jacked
upwards until the bottom of the specimen was 1/16“ lower than the

underside of the horizontal platens as shown in fizJ8.4,141,

As described in section 3.4, the platen/spherical seating
unit was fixed to the ram of the jack by a centrally lccated davel
so that the whole unit conld be rotated about the central axis.
Consequently a final aljustment of the orientation of the specimen
and bottom platen in the hsriz-ntal plane had to be made by checking
the alignment of the frint anl back vertical faces of the specimen

with the sides of the horizontal platens as shown in fiz.8.4.1.2,

The bottom platen was then hell in this position by closing
the stop~-valyve on the pressure line to the bottem jack whilst the
top jack was released and brousht down to bear on the top of the
sp:cimen with 2 pressurc of about 200-300 p.s.i. This held the
specimen and the top and hottom platens firmly in their alizned

positions,

The two horiz.ntal platens were then jicked out to bear on
the sides of the specimen. Both jacks werc operated tozether and
allowed to bear on the specimen with a nominal pressurc of about
200-300 pes.i. During this operation care was taken to ensure that
the horizontal platens were rctated to line up with the sides of the

sSpecinen..
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FIG.8 4.1.1.  VERTICAL ALIGRMENT OF TEST SPECIMEN.

FIG. 34.1.2. ROTATION OF TEST SPECIMEN FOR WORIZONTAL ALIGNMENT,
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As soon as the horizontal platens were bearing on the
specimen, the bottom jack could be released by opening the stop
valve. The specimen was then said to be "floating'' in the
machine meaning that it was under pressure from and held in

position .nly by the hydraulic jacks.

A final check was made on the aligsnment of the patens on
the specimen and if any platen was out of position it was corrected

whilst the other jacks were locked in position using the stop valves.

With a 1little practice, this operaticn normally took only
ten minutes; most of the time spent being due to the rather slow

motion of the jacks.

8.4.2. Attackinz the Measuring Devices

Although the electrical resistance strain gauges were already
stuck onto the surface of the specimen, they still had to be
connected to the data lcgser. The soldering of the leads was normally
the first operation after alizninz the specimen. The fabric of the
gauge and the gauge connecting wires are very delicate and so the
leads were taped to the specimen after scldering to aveild their

beins pulled off accidentally.

The Sogenique linear displacement transducer frame was then
clamped onto the specimen. The procedure was to first clamp the
frame without the transducers and their housing blocks. This was
dene by removing the two tie bolts at cne end of the frame, threading
the remainini U shaped frame diagonally across the specimen, and then
replacing the two tie bolts thus compressing the springs and clamping
the frame to the specimen., The transcucers and their housing blocks
were then holted into the.frame so that they bore centrally on the
glass pads aﬁd were at right anzles tc the face of the specimen. The
Sogenique strain measuring box readinz was adjusted to its mid-range
of readings, as this is the most accurate section, by tightening up

the frame tie bolts.
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Iastly, the tw: wltrasonic pulse velocity transducors were
fixed tc the faces of the slab usinrt a rubber thong on eaéh;
wrapped around the columns of the horiz-ntal sub-frame (figiBik.2:1.
and 8.4,2.2.): Because tf the relative dimenéi:ns, the thongs had to
be packed out from the columns using small wooden blocks go that a
small pressure was exerted on the transducer to hold it firmly in
place (fiz.8.4.2:3.).

The arec of the specimen on which the transducer bore had
firstly been scrapeld clean of curing compound and then Vaseline
grease applied to the surface of the transducer to onsure a gcod

surface contacte

Care had tc be taken to ensure that the rubber thonz did not
foul the linear displaccment transducer frame and this was achieved
by anzling the thon: as seen in f£ig.8.4.2.1.

8.4.3. Exercising the Specimen

A procedure for initinl exercising of the specimen prior to
testing was adopted similar to that used in the uniaxial test series
and described in section 7.k.

' Having attached all the measuring devices, the specimen was
lcaded and unloaded three times ai the specified loading rﬁte of
700 p.s.i./min: total (sce secticn 8.1.5,) to a maximum load of
about 30% of its estimated ultimate uniaxial compressive strensth
in both directions simultaneoﬁsly. As with the uniaxial specimens,
this probably had the effect of iromning out the curvature of the
stross-strain curve below the discontinuity point. This is peculiar
to the first loading only and not really a true reflection of the
subsequent behaviour of the material,

This exercising sequence alsc provided an opportinity to
check the wotkings of the Sozenique and ultrasonic pulse volocity
equipment, since any faults in attaching the equipment to the specimen
would be reflectel in the realings taken on each roturn to the same

stréss level,
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TEST
SPECIMEN
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FI6.2 .4.2.3. USE OF RUBRER THONGS AND TIMBER BLOCKS
TO FASTEN USPV TRANSDUCER TO FACE
OF TEST SPECIMEN,
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The data logmer readings werc then set to approximately
zero for the initial load stasge and the Sosenique readingzgs observed
for drift. If all rendings were satisfactory, the following

procedures were then adopted for lsading the specimen,

8.4.4, Elastic Measurements

As mentioned in seetion 8.3., electrical resistance strain
zouges were attached only to the three specimens numbered S1, S3 and
56 from each mix bateh of six and on these three specimens were made

21l the eslastic measurcments,

These measurements were intended to obtzin . repeatable
values of strain behaviour, especially elastic modulus and Poisson's '
ratio, within the "elastic! range of the specimen i.e., at stresses
below the point of discontinuity. In particular, the influence of
the intermedinte principal stress 652 on the uniaxial elastic

paraneters obtnined under &, 2lcne was to be investigated.

3
The proceilure was to increasc hoth principal stresses _
together to stress levels of 267, 667, 1333 p.s.i. (and for strong
mixes tc 2000 p.s.i.) which were equivalent te convenient sauge
readings. Then the intermediate principal stress E?a (usunlly the
horizontal sub-frame) was maintained c¢ nstant 2t the chosen stress
level whilst the major principal stress was increased and decreased
to loadinz stazes either side of this mean. The lcading stagés
usually zave a loading range of 533 p.s.i. which was agnin a
convenient value from the point of view of realing the hydraulic
pressure Jouzes. At b:th load stages, measurements of all three
principal strains were made from which the elastic moduli and
Pcisson's ratio vnlues could be ealeulatesd for varyineg desrees of
biaxial ccmpression. The maximum load stage never exceeded 25% of
the estimated ultimate lecad. If any drift in the strain readings
was noted, these loading and unlaading cycles were repeated until

two consecutiwe cycles gave repeatable results.
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‘Unfortunately due tc cceasional failure or non-availability
of equipment, the complete programme of elzstic measurcments could
noct be carried sut. However, all the results obtained are given in
secticn 8.5.

The specimen numbering is significont as it indicates the
subsequent looding to failure of the specimen as shown in the
diagram in fig.8.4.5.7.

A schedule of the elastic measurements prosramme giving the

stress combinatisns to be used is given in fig.8.h4.b4.1.

8.4.5, Loading to Failure

The loadinzr procedure both for specimens used for elastic
measurements and those loaded to ultimate failure was basiceally

the same.

In all cases the load was increased in increments of
267 p.s.i. on the major principal stress with an initial load
staze alsc at 267 p.s.i. The figure of 267 p.s.i. wos chosen as
it corresponded to the ccenvenient pressure zruge reading of 200
and hence made the process of proportisnal loaling shown in
fi5.8.4.5,1. much easier for the operator. The loading sequence is
specified in £i3.8.4.5.7. and with one excepticn (specimen S5)

was always proportional loading.,

By proportic-nal loading is meant the steady increase of the
mapnitude of both principal loads in 2 fixed proportion to each other.
Sequence loading refers to a loading sequence in which onc load is '
applicd until it reaches its final value and is then held constant
at this value whilst the other load is increased to its final value,
However, as was demcnstrated in section 4.4., no significant difference
could be detected between the results of proporticnal and sequence
loading., Hence in some of the carlier tests the conditioms of strict
proportional loading specified above were relaxed until experience had

heen gained with the testing machine.
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The rate of londing specified in secticn 8.145. was
that the sum of the two prineipnl stresses should be at o rate
of 700 pisii./min, For example, with specimen S1 the two
principal stresses*C?a and €, would each be applied at a rate

3
of 350 p.S.is/min.

This means that if the elastic mndulus and Poisson's ratio
remain constant under biaxinl states of stress, the maximum tensile
or lateral strain incresses atthe same rate for all specimens. It
was later found from these tests that the elastic modulus tends to
increase with the degree of biaxial compression as the volume fraction
of coarse azggrezate was increased whereas the Poisson's ratic remains
effectively constant up to the discontinuity stress., Hence for
concrete mixes, the actual rate of increase of the maximum tensile

strain tended to be lower than that for mortars,

Measurements of all three prineipal strains and the ultra-
sonic pulse velocity were taken at each load staze which involved
a pause in the loading of about six seconds. The linear displacement
transducers and their housinss were removed three lcad stages after
the discontinuity point had been reached as indicated by the ultra-
sonic pulse velocity readings. This precaution was necessary
because scme of the failures were explosive and might have domaged

the transducers.

After the specimen had failed, the bottom platen was
locked in position to save time in the aliznment sequence for the
next test whilst the other threc platens were withdrawn about 3.
This allowed the linear displacement transducer frame aud then the

test specimen to be removed from the machine.

The foiled specimen was examined for failure crack patterns
and the results of these examinations are described in detail in
section 11,5,

The loading platen faces were then cleaned with acctone=-

soaked soap in preparation for the next test,
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8.4,6. Special Series on Elastic Modulus

Once it was recognised from the elastic measurcments
deseribed above that coneretes exhibited an increase in elastic modulus
under binxial compression, it was decided to investigate this
variation in more detail by initinting a separnte serics of tests
on an intermedinte ccnerete (mix 61B). This mix was chosen as it
as 2 neminal 30% volume fractisn of coarse ag-regate and i1s therefcore

intermedinte between the m-rtars and the 50% volume fracticn concretes.,

Two test specimens were case and the opportunity of checking
the stress state in a crnerete specimen was token to provide a
cmparison with the standard mortar provinz trial specimens. This
was achieved by using 13 eleetrical resistance strain gauses on

ench face «f the test specimens with the lay.ut given in fiz.h.k.1.1,

The 1lo:2dins sequence was Jifferent for the two spocimens
and is iven in detail in table 8.4.6.1. However, the general
sequence of loading was such that the elastic modulus coulld be
caleulated for a series of load stages starting at zero load and
increasing in 267 p.s.i. intervals up to failure., A1l 26 zouges
were read at each load stage so that a picture of the strain
distributi n could be obtained. This ncceessitated a reducticn in
the loading rate from the specified rate of 700 p.s.i./min. to
abeut 500 p.s.i./min. to allcw this large number of readings to
be taken. However, it is unlikely that the results were

significantly affected by the change in loading rate.

The results from the strain distribution point of view
ave already been described in section 4.4.1., and the results cf

the elastic modulus varinti-n are given in section 8.5,

8.5. Results

The summarised results of the test series are ziven in
tables 8.5.1. to 8.5,3. whilst the graphical presentation <f these

results ond their signifieance are discussed below.
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8,5.1, Stress~8train Characteristics

The general shape of the stress-strain-curves obtained for
mortars and ccncretes under biaxial compressizn were very similar
tc those obtained under unicxial compressi.n. Three typical curves
for a mortar (MBC), a n-rmal assresate concrete (61D), and a light-
weizht aggregate concrete (6LB) are shown in figs.8.5.1.1. to
8.5.1.3. with a corresponding uniaxial curve superimpcsed for

comparisons

The stress-strain curves for equal bioxial compression were
selected for comparison with the uniaxial cumpression curves from the
same mix batch as this enables the two extreme caseus tu be considered;
other degrees of biaxial e.mpressicn afferding intcrmediate casess
Even though the test specimens had all been exercised in accordance
with the procedure laid down in secti ns 7.4 and 8.4, some curvature

in the stress-strain curve is evident below the discontinuity point.

Biaxial compression stress-strain curves will inevitably be
steeper than the uniaxial curves because of the reduction in
longitudinal strain due to the effect of the other principal stress.
In the curves presented, one principal stress has been plotted against
the longitudinal strain in its direction and against half the lateral
strain as the other half £ this strain is due to the other

principal stress.

A comparison betwcen the behaviour of mecrtars and conerctes
below the discontinuity point with that of an ideally elastic
material has already been made by noting the curvature in the stress-
' strain curve below the discontinuity point indicating a varintin in
elastic modulus with stress level. A further cocmparison has been made
on the curves presented by endeavouring to predict the biaxial stress-
strain behavicur from the uniaxinl stress-strain behavicur using the

basie elastic theory equati.ns.
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Under unioxinl compressiont=-

&
o _é-
653 =

whilst under biaxinl compressiont-

&z V&
553 = E T E

Now if the case of equal biaxial compression plotted in
the stress-strain curves presented in fi75.8.5.7.7. to 8.5.1.3.

is considered:-

€ »)22
63=62 3 = (1 - ).:_E;_

This latter equality lessens the problem presented by the
elastic modulus varyins with stress level., Hence by moaking .the
above conversicn of the uniaxial strain readings, the biaxial
stress-strain curve up to the discontinuity point on the uniaxial
curve may be predictel, Note that in the curves actually plotted,
Poisson's ratic was sssumed constant and this assumptisn is

discussel belcw,

The results cf this comparison of behaviour are very
interesting. In the cases of mortar and lishtweisht agoresate
conerete the predictizn of bizxial hehovicur is very closc te the
actual measured behavicur being never more thzn 2% in error for the
mortar or 4% for the lishtweisht ¢ ncrete. However, with the nermal
aszresate conerete, the crror is subatantial beins about 15% for
both longitudinal and lateral strains and indicating an increase

in elastic mcdu.us under biaxinl compressicn (see fizs.8.5.1.1.-3.).

These curves are tyvical for the results obtained with
mortars and concretes. The normal agsresate concrete mix chisen
in these graphs was 61D as it has a nominal volume fractivn of
conrse agsresate of 0,50 and therefore would be expected to sive

the greatest deviation from elastic behaviour if such deviatio
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existed. The other nirmal azsresate ¢ neretes show similar
trends thoush of 2 maznitude which appears to be relative to

their volume fraction of coarse aszreiate. This behaviour is

best illustrated in_fi5.8.5.1.4. in which the variation of elastic
modulus with mean n.rmal stress is shown for o parent m-rtar (MBC),
two normal agsrezate concretes (61B with 0,30 and 61C with 0.50
nominal volume fraction of coarse agzwregatc), an’ onc lishbweisht
aggregate concrete (ALB with 0,30 nominal value fraction of coorge

ogorezate) .

In this gragh, the variations noted in the normal stress-strain
curves discussed above are again evident. Whilst the clastic modulus
for mortar and lightweizht concrete shew wriaticns of less than 5%
under varyiﬁg degrees of biaxial compression, the concretes cxhibit
variations of up to 40% dependins on the volume fraction of coarse

agziresate dn the mix,

This behaviour of nrrmal agoresate concrete supshsts that
scme form o f particle interacticn is responsible for the variati.n
of elastic modulus with stress level and may be coupled with a

mechanism of internal crack closure under confining pressure.

Note that the parameter of mean normal stress was used
in fiz.8.5.1.4. and is defined s, -

| 6?1-+6524v€%
& = 3

m

The use of this parameter is cunvenient because it is a
basic quantity in elasticity beinz rilated to the first invariant
of the stress tenscr by the equation Iy = B%m.ﬁlthough it wmay
be misleading when biaxial compressi.n behaviour is under coisideration,
as it implies triaxial or velumetric stress, the alternative parameter
of degree of biaxial cowmpressi n defined as:-
S, +€§5

t?ﬁ = 2

is rarely used and the simple relntionship between these two parameters

is:
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S = ‘3-6. when S = 0
a 2 m 1

Therefore a change of porameters simply means a change of scale and
has no effect on the shape of the resultinz curves., Hence the

poarameter of mean normal stress is used throughcout.

The results of the more detailed investisntion into the
variation of elastic modulus with depree of binxial ecompression
described in section 8.4,6, is shown in £iz.8.5.1.5. and simply

confirms the findings of the main test series given in fiz.8.5.1.4.

An assumption ma2le in using the elastic theocry equations
to predict the piaxial stress-strain curv:s obeve was that Poisson's
ratio remnined effectively constant under all states of stress
below the discontinuity point. The validity of this assumption
can be assessed from the variation of Poisson's ratic with the
major principal compressive stress ¢;3 for the three represgntative
mixes used in the stress-strain curves under unizxial and biaxial
compression given in £i7,8.5.1.6.; Poisson's ratio being

calculated from the three dimensional equaticns of elasticity.

Althcugh for most practical purposes the value of the
Poisson's ratio below the discontinuity point is constant and almest
equal under biaxial and uniaxial compressicn there is a small yet
gradual increase in its value up tc the discontinuity points This
increase, which at its maximum is 2f the crder of 10%; may be due to
the opening up of small cracks anl fissurcs around aggresate particles,
It is noteworthy thot this effect is more pronounced with the
concrete mixes than with the mortars. However, it is clear from
the reclative orders of magnitude that the trends rezarding the
variation of elastic mclulus noted above cannot be invalidated by
those relatively small variations in Poisson'é ratio. Note that
the Poisson's rati. values are bascd on the total longitudinal
and lateral strains measureld from zero load up to the stress level

considered,



6 i ®
\S SECTION CORRESPONDS
S T0 F\G. 8.5.\A
3 ’
[
-
e
»
[EY ]
b4 4
i |
=4 4
a
Q
xr
J
[
b 3
|
1
2L
\ ' 1 1
o 000 '
! MEAN NORMAL STRESS 6'&00?5{. 3000
FIG. 8.5.1.% OVERALL VARIATION OF ELASTIC MODULYS IN CONCRETE

&



9°VS'Y ‘0

*

"NOISSIYAWOD TIVINWVAR QNN -ING NI 0LV SNOSSI04 30 NOWVIBVA

POISSONS RATIO

0.30

128

MORTAR MIX MBC
. ool
. UNWAKIAL
o = ‘o 3 UNIAKIAL Ng:“"
BIRKIAL Sy
o0}
030
NORUAL AGOGREGMATE CONCRETE 6ID

0-20]

- Q © O Sov

S . . UNUARMAL.

> L J ]
0.0 UM\ RRAAL l Sev
oW -
UNIAX AL

—— a — 'y e

o010l BIAK\AL . 3 LIGHT WEVCHT - AGGREGATE
um*mm. CONCRETE 6LB
BAAKINL '
Sev
Q-0 3 1 L :
o 1000 2000 %000 4000

PRINCIPAL. COMIRESSIVE STRESS

Sy psi



328

In conclusion it mny bhe said that mortars and lightweizht
concretes obey the elastic thecry for 2ll practical purposes, the
greatest deviaticn being a slisht curvature of the struss-strain
curve below the discontinuity point. Normal azgregate ecncretes
on the cther hund exhibit an increnoc in elastic modulus with mean
normal stress of up to 40%. Poisson's ratio is effectively constant

Lelow the discontinuity point but rises rapidly above it.

8.5.2., Discontinuity and Ultimate Stress

The discontinuity and ultimate stresses recorde® under
biaxial compressicn have been plotted in the form of envelcopes.
They have been projected symetrically either side of the eggual
stress axis in view of the isotrcpic naturce of carefully ccmpacted
concrete and each mix tested has been shown scparately in. figs.

8.5.247. a0 8.5.2.13.

The first feature of the envelopes tc note is the cmergence
of twe apparently different shapes of cnvelope. On the cne hand,
the normal agsregate ¢oneretes produce a rounded envelope whilst
on the cther, the mortars and the lishtweizght aggresate concrete
produce a more square shaped envelope. Some evidence of similar
trends is present in the results of Rebinson(1o) which hove been
replotted in figs.1.3.19.2. and 1.3.79.3. though the results were
by no means conclusive and one mortar curvé (Mix 3) contradicted

the other two.

The second simnificant feature is the similarity between
the discontinuity stress envelope 2nd its correspondingz ultimate
strength envelope resardless of whether the envelopes are of the
rounded or sguare shaped variety. This feature sugggsfs, though
by no mecns establishes, that the basic mechanism of failure for
any one mortar cr concrete is similar under all states of biaxial

crmpressicn,
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Iestly the similarity of the curves obtained is shown
in the unit diasrams of £i3s.8.5.2.1% and 8.5.2.15, ir which the
ultimate and discontinuity stresses are plotted for the tws
varieties of envelope on unit diagrams with the ultimote uniaxial
compressive strength as unity. The similarity of the mortar and
lightweizht ccncrete envelcpes is remarkable and even the wide
ronge of normal aggregate concretes used follow a fairly narrow
band.,

The discontinuity stress results both in the unit diagrams
and in the individual mix diazrams described above showed more
variation or scatter about their envelope curve than the ultimate
stress results. This is the opposite of what cne would expect as
the ultimate stresses are time dependent whereas it is thought that
the discontinuity stresses are not. The explanation of this result
is probably due to the care with which the ultimate stress is
determined - it beins simply the moximum load reccorded ~ whereas
the discontinuity stress has tc be assessed from a curve as shown

in Appendix D,

Unexpected scatter was cobtained with the rounded azgregzate
coneretes (ARB and 6RC) on hoth ultimate and discontinuity stress
envelopes which was not characteristic of the remainder of the
experimental work. This may be a feature of the azgregate toxture
and could be explained by the reasonings put forward in Chapter 12,
or it may Le that the aszsgresate was very variable or was not washed
and sieved properly. It is difficult tc put the results deown to
any one reason but the resulting envelopes are a zuide to the

behaviour of these two mixes.

Good correlation was achicved, however, between the stresses
and strains obtained from the uniaxial compressicn tests on prisms
and the uniaxial compression test on one slab from each mix. From
table 8.5.1, it can be seen that the average prism strength and

uniaxial slab strength never differed by more than 12%,
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One cther surprising featurc of the results which is
bfousht cut in the unit stress diagram for concrete shown in
fig.8.5}2.15 is that agzregate volume fracticn, asggregate sizes
of beth £ and 2", agzresate texture, aggregate stiffness, and
water-cement ratic appeir to have little effect on the shape of
the stress envelopes. As was pointed cut in Chapter 7, all these
factors have an influence on the uni~wxial strength of concrete but
it scems that they play no additicnal significant role in the
biaxial strenzth of concrete. Indeed the main parameter for
bizaxinl strength behavicur appears to be a maxinum aggresate

size limit of /16",

An alternative presentation of the stress results is given
in figs.8.5.2.16. to 8.5.2.19. in which the M:hr's circle
constructicn has been used and the envelopes drawn for stresses
at- discontinuity anl ultimate. The strdight line envelopes
exhibited by the mortars (in cuntrast with the curved envelopes

of the concretes) suzgest scme form of shear or internal friction

failure theory.

Note that all the results in this chaptor have been combined
with the results of the biaxial compress-on-tensicn tests in
Chapter 11 for comments on the overall biaxial behaviour of ¢ ncretes

and mortars.

8.5.3, Discontinuity Strain

One of the main suggestians arising froem the uninoxial test
series coupled with the results of previous work was that the
cleavage strain at discontinuity might prove a more renlistic basis
for a criterion of failure for concrete than the more usual approach
via the stresses. It was demonstrated that within reasonable bounds,
the cleavage strain at discontinuity was dependent upon the volume
froction of coarse azgrezate and the state of stress but effectively

independent of ag-regate texture, size, stiffness or the water-cement
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ratic. The sand-cement ratis was cionstant in these tests and so

its effect =n the cleavase strain cannot be calculated,

Fr.m the stress-strain characteristics it appears that
both concretes and mortars are capable of undersoing considerably
more distortion prior to failure under binxial compressicn than
under uniaxial compressim and this is especially true of the strain
in the cleavage direction. In fiz.8.5.3.1. the cleavage strain at
discentinuity hos boeen plotted for the uniaxial ant biaxial
com ressicn tests aganinst the mean normal stress. The trend is
clear with the strain capacity in the unstressed direction
increasins with the mean normzl stress; the softer mortars
exhibiting larger strains than the stiffer concretes. For the
sake of clarity only four typical mixes have been shown though
an inspectisn of the results given in tables 8.5.7. to 8.5.3.

show that the trend is general.

8.5.4, Volumetric Strain, Shear and Bulk Modulus

Much has been said about the variatisns of the elastic
modulus and Poissen's ratioc in sectizn 8,5.1, above but it must
be realised that these are uni-direction effects in 2 basically
three-dimensi nal strain pattern. As complete three dimensi.nal
strain measurcments were made in this research, the other elastic

parameters should be considered.

The variation of volumetric strain with the major
principal compressive stress is shown in f£i7.8.5.4,1. for =
uniaxial and equal bhiaxial compression test on a typical concrete
(61D). The discontinuity points, as found from ultrasonic pulse
velocity measurements, have been marked for ccmparison. The two
curves have no distinguishing features beins similar in shape but

with a greater volumetric strain unier uniaxial compression.

The two elastic parameters most ¢ mmen in three dimensicnal

elasticity are the shear riidity modulus G and the bulk modulus K.
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These two parameters are constant for an ideally c¢lastic material
and are related tc the linear elostic modulus E and Poisson's ratic
by the followinjy equaticns:-

B

G = 57T ™) K = 507759

-

Now if Poisson's ratio is effectively constant over the
elastic range ccnsidered below the discontinuity point, then:-
G o K oL K
Hence the shear rizidity and bulk mcdulus will be constant
values for all stress states in mortars and lizhtweight concretes
but will increase with mean normal stress in normal aggresate
¢ neretes. Therefore, for ncrmel ag-re:ate concretes, all the

elastic constants vary with the mean normal stress,

Note that the small variations in the values of Poisson's
ratic reported in secticn 8.5.1. will not affect this result

simnificantly.

This result is discussed further in Chapter 11.

8.5.5« Failure Modes

A general cleavage mode of failure was observed in all
uniaxial and biaxial compressive tests with more numersus and well
aligned crocks in concretes than in mortars, The cleavage planes
of the mortars tended to bhe slizhtly oblique to the general direction

of cleavage which was always in the third unstressed direction.

All photographs and observations of crack patterns have
bheen retained for discussion in Chapter 11 where the failure modes

under all biaxizl states of stress can be discussed tojether.
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8.6, Conclusions

8.6.1., State of Stress in Biaxial Compressicn Specimen

Arsuments were put forwnrd in secticn 4.4,6. for the
state of uniform strain in the central 6% x 6% x 4" volume cf
the specimen and the ccnclusion that the stress ncting cn this
volume was the same as the average applied stress sbtained by
dividing the total load applied by the cross-secti~nal area of
the specimen. These arzuments were based -n the results of the
extensive proving trials carried out on the state of stress
induced in the biaxial compression specimen and it was concluded
that this data alone was sufficient to confirm tha above
arguments. It is of intercst tc refer back to this original
discussicn, and its rejection of Hilsdorf's c:ntention (57) that
the stress on the central zone is not the average applied stress,
in the light of the experimental results obtained in this test

series,

A1l the results quoted so far have ossumed that the
analysis of secticn 4,4,6. was valid and that the stress acting
on the central uniformly strained volume of the biaxinl compression
specimen is the average applied stress. If this assumption is wrong
and the zctual stress in the central volume is less than the applied
stress, then mortar cannot obey the elnstic theory within the limits
laid dewn in section 8.5.1. This conclusion must follow because
the elastic modulus of murtar would have to reduce under increasing
dezree of biaxial compressiosn. No known brittle material exhibits
this phenomenon and therefore it must be resarded as a very remote
possibility; the mechanism for such behaviour would contradict
the known characteristics of mortar such as its brittle failure

mode,
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Furthermore the bizxizl stress envelope obtained would
hardly exhibit such & rezular shape if the stresses calculated
were in error. Its co-incidence with certain classical failure
theories for the failure of homosenecus materinals is further
evidence for its accuracy. As discussed later in Chapter 11, the
initial curvature of the envelope is probably due to a statistical
effect concerned with the alignment of critical flows and both this
curvaturas and th. subsequent squarc slcpe of the biaxial compression
stress envelope are alsc cbtained with cast iron (Chapter 12) which

is a remarkably similar material.

In conclusion it is contend:d that these results support
the claim of section 4,4.6. that thc stress on the unifsrmly
strained central volume of the biaxizl compression specimen is

equal to the average applied stress.

8.6,2., Behavicur related to Elastic Thecry

Tt was noted that the stress~strain curve for bosth mortar
“and copcrete was slightly non-linear below the discontinuity point.
Given this deviation, however, it was fcund that mortars and 1ight-
weizht aggregate cchcretes oheyed the equations of the elastic
theory whilst normal aggregate concretes exhibited an increase of
elastic modulus with mean normal stress. Hence, whilst Poisscn's
ratic remcined effectively constant for all mixes under biaxial
compression, the elastic modulus remained constant for meortars and
licghtweight concretes whereas it increased with degree of bilaxial

compressicn for ncrmal agiresate concretess,
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