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CHAPTER 9 \

BIAXTAL COMPRESSION -~ TENSION TEST SERIES

9.1. Introducticn

The desirability of being 2ble to extend the uniaxial
ccmpression and tension, and biaxial compression work intc states
of biaxial compression-tensicn was referrel to in séction Te7e
Clearly a more complete picture of the behavicur of mortar and
concrete under binxinl stress states would result together with .

a better idea of the failure criteri-n for concrete materials.

9.1.1, State of Stress

It was anticipated that, despite the successful development
of the combined stress testiny machine, a2 true bizxial compressi:in-
tensicn state of stress would be difficult tc achieve. The results
of the preving trials obtzined in section 4.5. confirm this,
Nevertheless, the proving trinls established a certain degree of
confidence in the technigque and it was ccnsidered that some test
results, althoug@ perhaps less reliable than théée for biaxial
compression, Qould provide additional information on the biaxial

stress behaviour of concretec.

9.7+.2s Strain and Crackings Measurements

The test series was mainly concerned with the stress
behaviour although strain measurements were token on some specimens
as specified in section 9.3. using 30 mm. electrical resistance

strain gouges.,

Ultrascnic pulse velocity measurements werc made on all

specimens to determine the discontinuity stress as shown in £ige9e3.7e
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9.1.3. Concrete Mixes

Two mortars, three normal agcresate concretes, ~nd one
lishtweight concrete mixes were selected and tested as being
representative of agpresate volume concentrations, type, and size,

taking into account the limited testins time availzble,

The mixes used in this test series were listed in

section 6.4, but are quoted ampin below,

MBC o MA
61B 61C
6AB 61LB

Eight tensi n specimens and three prisils were cast from

cach mix,

9,1.4k. Cleavaze Strains at Discontinuity

These strains were measured by the electrical resistance
stroin gauzes referred to above. However a much lenger rsauge
lenzth would have been prefered for these measurcments since
cracking might easily cccur ocutside the 30 mm. gauge length yet

within the uniformly stressed central zone of the specimen.

9.1+5. Rates of Loading

Sequence loading was used in this test series for the
reascns explained in scction 9.4. Hence the rates of loading
specified in section 7.1.5. were used, i.e. 700 PeSeis/min. for

compression and 110 p.s.i./min, for tension loads,

9.17.6. Arc and Conditions of Specimens at Test

All biaxial compressicon~tension specimens were tested at
28 days after castinz. They were testud in a saturated condition
which was maintained by the use of 2 curing compound Curing the

preparation and testing as described in section 6.9,



358

9.2. Machines and Eguipment Used

The testing machine used was the confined stress testing
machine with tension jacks mounted on the horizontal sub-frame as
shown in fig.2.7.6. The tension grips from the Ward uniaxial
tension machine werce used to srip the specimen and were supported

on a specially made set of rollers and tracks.

Much of the arran;ement set up in the machine can be scen
in fig.9.2.17, with a tensicn jack, are set of grips, part of a

proving trinl specimen, and the support frome clearly visible,

The test specimen used was the modified tension specimen
described in section 7.2. and arranged in the manner shown in
£i72.9.9.2. The grips held the specimen in the usual way as explained
in Chapter 7 f-r uniaxinal tensicn tests but were now pulled by a
jack at each end. Hence they had to be supported and the frame
supplying the support is shown in figs.9.2.3. and 9,2.4. A ball
race roller was fixed to the ends of the central spindle of the

grips and ran on a Dexion angle track.

The track and support frame were all macde from Dexion
angle which proved satisfactery for the small number of tests
performed; it was not considered worth mnking a more rigid or
sophisticated frame until the testing technique could be proved
to work. The track was levelled using the nut and bolt arrangement
shown in fi;.9.2.5, and the columns of the horizontal sub-frame were
used as the datum level, Finer adjustments were made using a
proving trial specimen in direct uninxial tension until the strain
pattern was uniform. The mrips were then considered to be level
and ready for testing; this levelling procedure was carried cut

each time the tension f2c¢ility was put into the testing machine.

L4 in, concrete cubes were used to apply the compression
stress from the vertical sub-frome acreoss the 3 in, thickness of
the spceeimen as shown in fi7,9.2.2. A pad, comprising two sheets

of acetate with a thin layer of a 2:71 mixture of tallow and black
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lead between them, was placed between each cube ond the test
specimen to reduce the frictiuvnal restraint effects of the cube

on the test specimen. These frictional restraint effects were
reduced somewhat Ly the lateral expansion of the cube but the
mamitude of this expansion was always less than the direct
tensile strain of the specimen and therefore the restraint effects
could never be entirely eliminated. A concentration of tensile
strain weuld tend bo build up on the test specimen at the edues of
the cube and cause o premature failure at that secti-n. However,
the friction reducing pads described above reduced this strain
concentraticn and many failures werce reported under the cubes as

noted in section 9.5.

Ancillary equipment consisted of the Solartron automatic
data log-er for recordins the surface strains and the ultrasonic

pulse velccity equiyment (sce Chapter 5).

9.3, Testing Arransencnt

The arronsement of the test specimen in the testing machine
has been shown in £fiss.9.211. and 9.2.2.

However, a variation in the loading arransement in the
vertical sub~frame wgs the replacement of the bottom loading
platen/sclid seatinz unit with a platen/spherical seatin; unit
(described in section 3.4,7.). This changse was mede to accommodate
any misalignment between the 4 in. c-nerete loading cube and the
underside of the test specimen whose inclinaticn, if any, to the
horizontal would be dictated by the tensicn grips in the h rizontal
sub-freme and not by the bottom loading platen as in the case of

biaxial compression tests.

Figure 9.3,1. shows the location of the electrical resistance
strain gauges within the 4" x 3 central zone and the location pulse
veloeity transducers which is similar to the arranmement adopted in

the uniaxial tension tests.
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Althoush not used in this test series, the small frame
for supporting the linear inductance transducer for measuring
the lateral strain (described in section 2.5.) will fit onto the
specimen as shown in fizz.9.3.2.

Note that only four specimens from each batch of eight
were fitted with the electrical resistance strain gauges but
the ultrasonic pulse velocity equipment was uscd in all the testss

A summary of the measurcements taoken is given below:i-,

1) Biaxial Compressicn-Tensicn (specimens T1-Th)

Lonzitudinal strain (principal tension direction)
2 x 30 mm. ERS6
Longitudinzl strain (principal compression direction)
2 x 30 mm, ERSG
Lateral strain -

Ultrasonic pulse velocity 21 in. path lensth.

2) Biaxial Compression-Tension (specimens T5-T8)

Lonzitudinal strain (principal tension direction) -
1) I 1%

Lonzitudinal strain (principal compression direction) -

Lateral strain -

Ultrasonic pulse velocity 21 in, path lensgth.
3) Uniaxial Compressicn (specimens P1-P3)

Ultrasonic pulse velocity _ 5% in. path length.

Of the strain measurcment specimens T1-Th, one was always
tested under uniaxial tensi n and the other three under varying
desrees of bilaxial comyrassian—teﬁsion spread out alecng the stress
envelope (see fisures 9.5,1-9.5.6.). Three of the remxining
specimens T5-T8 were then used to fili in the saps at selected
positi-ns whilst the last specimen was tested under uniaxial
compression to sive a comparison with the results of the control

prism specimens P1-P3,
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9.4, Test Procedure

The settin: up cf the test specimen in the machine and
its alignment with the axes of loadin: involved a number LI new

operations and these are described here in detail.

; The test specimen was firstly offered up to the tension
srips and a process of clamping and reclampineg took place until
the  specimen was correctly positioned within the gsrips. The
positicning was checked on the three puints 1laid down by Ward(7)
which are that the specimen touches the central spindle; that is
is square to the central spindle; and that it is in between the
two sripping platens an equal amount., Understandably, this proved
to be quite o difficult task as the aécess to the specimen and grips
was limited by the machine columns, However, o system of adjustment
developés in wiich each end was unclamped, adjusted, and re-clamped
until both ends of the test specimen were satisfactory judgsed by

the checks above,

A nominal tensile stress was then put cn the test specimen
of about 30 p.s.i. and the bottom platen with its L in, concrete
cube and tallow/black lead lubricant pad was jacked up to the
underside of the specimen. Cnre was taken to ensure that the
cube just stopped short c¢f the underside of the specimen by
chserving visually the lisht throusgh the gap between the two
surfaces., The danger was that if the cube touched the specimen
it misht fail or crack it in flexure whilst if it stopped toc far
away, the other teop londing cube would cause failure in the final

adjustment described below,

With the bottom cube in this position and the bottom jack
locked using the step valve, the top platen was jacked down and the
top 4 in. concrete cube and lubricant pad alisnel on the specimen,
As with the bottom cube, the top platen was lowered until it stopped

just short of the cube as explainel above,
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At this stage an alditional check was made on the positicn
of the centre of the test specimen relative to the axis of the
compression platens. Any misalimment was climinated by moving
the specimen 2longz its horizontal axis by turning the nuts on the
tension rods on the faces of the jacks. Both nuts were tightened

finzer tight after satisfactory “lisnment had been achieved.

The alignment of the concretce cubes with the centre of the
test specimen was asnin checked. Then the two verticnl jacks were
released and jacked onto the specimen from both sides simultaneously
and very slowly. 4s soon as the hydraulic pressure goupes indicated
that the compressicn load had come onto the specimen, the pressure
was very pradually increased until it equalled about 150 p.s.i.

The specimen now being under the influence of nominal compression
and. tension stresses was unter the complete control of the testing

machine.

Clearly, with this arranzement, an unequal effort by cne
jack would have a disastrcus effect on the specimen lcadin and
state of stres. The double counterweishtineg of the top loading
platen reduced the difference in effort of the two vertical jacks
te o minimum whilst the effects of any unscunl effort by the two
herizontal tension jacks would bhe reduced by the clamping action of
the compressicn cubes and thelr hydraulic link. No effects such ns
flexural failure mechanisms or the pulling of the specimen out cof

central ali-nment were noticed in any cf the tests,

At this staze the spupge leads were soldered on, if the
specimen had electrical resistance strain gnuzes, and the ultra-
sonic pulse velcecity transducers were fixed to the ends of the
specimen, Three lcading and unloading cycles at the rates of
loading specified below in both tensicn and compression to a stress
of 20% below the estimated ultimate load were then carried out to
check that all the ancillary equipment was functicning properly.

The specimen was thus locaded to failure,
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As ncted in sectin 4.5. more consistend results were
shtained if sequence loadin~ was used in which the ccmpressive
stress was cpplied first at 700 p.s.i./min. folloﬁed by the
tensi-.n stress at 110 p.s.i./min. as specified in sectiwun 8.1.5.

In section 4.4. it was recalled that both McHenry and Karni(124)

(44)

between the results of sequenticl and proportional loading could

and Bresler and Pister reported that no signifieant difference
be found cn the ultimate strensths obtained under biaxial
compression-~tension states of stress. The possibility of
significant variaticns in the discontinuity stress are thrrefore
even morce impoobable and so the sequence of loading adopted should
yield meaningful results. Sequence loading also made it much easier

to obtain different points on the cumpression~tension envelope.

The testing arranzement for the eisht compressicn~tension
specimens and three prisms was cutlined in section 9.3, in which
one compression~tension specimen was tested in uniaxial compression
as a link with the results of the three uniaxial prism test
results. With mest mixes, one of the T5~T8 specimens was also
tested under uniaxial tensi.n, to provide a check on the uvhiaxial
tension results obtained from one of the T1-T4 specimens. This
left a total of five specimens to define the slope of the
disccentinuity and ultimate stress envelopes between the uniaxial

a¥es,

9-5- Results

9.5.1. Tabulated Results

A tabulated summary of the experimental results is siven

in table 9.5.1.

9e5e2e Stress-Strain Characteristics

As sequence loading was used in preference to proportional

oading because of testing technique regquirements, the stress-strain
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characteristics recorded have little significance as they are in
part due to unioxial cbmpression and then to uniaxial tension
applied tn top of compressicn. As stated in section 9.1., the
object of the tests was t> cbtzin the ultimate nnd discontinuity
stresses primarily with some measurements of the cleavase strain
at discontimuity. However, in rmeneral, the shzpe of the curves

was similar to those cbhbtained in uniazxinl tension and compression.

9.5.3, Discontinuity and Ultimate Stress

The envelupes of Jdiscontinuity and ultimnte stress are shown
separately for each mix in fi~s.9.5.7. to 9.5.6. from which it con
be seen that several different shanes of envelope exist. The shapes
obtained are summarised in £i5.9.5.7. and 9.5.8. in which unit
diapgrans are shown for ultimate and discontinuity stresscs for which
both the uniaxial tension and compression stresses are plotted as

(44)

unity. The results of Bresler and Pister

c(124)

Kerni have been superimposed on the ultimate stress unit

and McHenry and

diagram (£fiz.9.5.7.) for comparison.

The characteristic <btzined from mix 61C, which had the
hirhest wvolume fraction of coarse agiregate, resembled the results
of Bresler and Pister whilst that from mixes 61B and 6AB with a
lower volume fraction was similar to the curves of McHenry and
Karni. The envelcped cbtained with the mortars MA and MBC were
quite unusual and will be discusscd in detzail in section 12.2.

The volume concentrations of coarse assresate have been marked on
the unit diagram and there appears to be a gradunl change of
behaviocur dependent on this parameter fr-m the convex envelope cf
the hish agzregate content concretes to the concave envelope of
the mortars.

The tensicn test specimen did not produce entirely satisfactory
results when tested in uniaxizl compressicn givins ultimate and

. s . . +
discontinuity stress values whicy were consistently 15 = 3% lower
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than those obtained from the prism tests. This result mzy have
been due to the pr bHlems of applying the compression stress in a
unifcrm manner as hichlighted in sectin 4.5, It may also have
]

been due to the greased poacking acting as o soft packing and

cousing premature failure,

9.5.4, Disccntinuity Strain

The cleavase strains at discentinuity were recorded on
those specimens containinsg strain gouses but the resulis as shown
in table 9,5,1, were rather scattered due probably to the short
strain gauze lenzth, The results hove been plotted in Chapter 11

with further discussion,

90505. F&ilurc I"Iodes

The failure mecdes for both mortars and cuncretes were
sinzle frocture cleavages orthos.nal te the direction of the
principal tensile stress with a transiticn to multi~fracture
cleavages associated with cumpression failures storting at about

85% of the uniaxial compression strensth,
The failure modes are discussad in full in Chapter 11
tozether with the results from the uniaxial and biaxial compression

test series,
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CHAPTER 10

TORSIONAL AND TRIAXIAL TESTS

10,1 Introduction ‘

With problems concerning the degree of reliability of the
biaxial compression-tension facility still to be solved, the
advisability of investigating other combined states of stress in
a research project of limited duration might well be questioned,
However, for a number of reasons, the opportunity to develop these
other facilities was taken,

Firstly, the design and development of these two facilities
of torsion and triaxial compression were a logical extension of the
overall development of the combined stress testing machine, Claims
were made in the design stage of the machine which need substantiation,
Furthermore, as was observed in the review of previous research in
section 1.3,, there are several ways in which some of the stress
combinations can be achieved and this was a unique opportunity to
compare different testing techniques designed to obtain the same
stress combinations in the same testing machine,

A number of problems are inherent in torsional and
triaxial tests and the actual significance of results depends to
some extent on the testing machine to be used, Hence information,
valuable both in the development of the facilities and in the
direction of future research into the mechanical properties of
concrete under complex states of stress, could be obtained from
these preliminary tests,

The torsional facility was chosen as the next priority
after the development of the compression and tension facilities
since its combination with compressive stresses enables an
alternative biaxial compression-tension testing technique to be
investigated,



.381

Triaxial compression tests were the other type of test to
be tried out, as the machine frame had been designed to allow for
a subsequent extension to triaxial testing at a later date, The
triaxial compression test has another attraction, however, in that
beyond a certain degree of triaiial compression, the cleavage type
of failure observed in biaxial states of stress almost certainly
changes to some other form of failure, Preliminary tests could
provide some qualitative information on this aspect of the problem.

As the purpose of these tests was mainly to develop the
testing facility in the machine and investigate the problems
associated with these types of test, only a few specimens were
tested with each facility and large testing programmes were not
planned,

10.2. Torsional Tests

10.2.1, Design of Facility

As shown in section 2,7,, torsional tests can be carried
out in the machine since torque can be applied to a cylindrical
specimen using two angled beams and the vertical compression jacks
as shown in fig,10.2.1.1. A stage of biaxial compression-torsion
can be produced by applying compression to the ends of the cylinder
and hence a complete biaxial compression-torsion facility was designed,
the general arrangement of which is given in fig.10,2,1.2,

10.2.1.1. Torsion Loading

A clamp (see fig,10.2.1.3.) was provided at each end of the
test specimen through which the torque was applied by the loads from
the angled beams, The inside faces of the clamps were serrated to
grip the outside surface of the cylinder and a stiff ruberoid material
was used between the two halves of the clamp to assist the tightening
of the clamp bolts, The positions of the ¥" ball bearings, through
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which the beam loads were transfered to the clamps, were arranged
such that the beam reactions were tangential to the outside surface
of the cylinder, The clamps were positioned about ﬂé"or slightly
less in from the ends of the cylindrical specimens so that the
compression platen, described below, could bear on the cylinder
ends without fouling the torsion clamps.

The angled beams were clamped to the standard 8" x 4" x 4"
spherical seatings on the vertical rams of the machine to give
flexibility in alignment and were made up from available 7" x 4"
B.S.J, At one end of each beam was a fixed socket for the ¥"
ball bearings through which the beam load was transfered to the
test specimen through the torsion clamps and at the other end was a
moveable socket of similar design as shown in fig.10.2.1.3. The
spherical seatings and the movesble ball socket between them enable
any required adjustment to be made when aligning the angled beams
on the test specimen. As with the other biaxial tests, the top
spherical seating and beam unit were doubly counterweighted to
ensure equal effort from the two opposed vertical jacks.

10.2,1.1. Compression Loading

End compression has to be applied through platens in such
a way that it does not hinder the rotation of the test cylinder
under the applied torsional stresses. Hence ball races were
incorporated in the compression facility and the complete unit is
illustrated in figs.10.2,1.4, and 10.2,1.5, A spherical seating
was also included at each end to allow ease of alignment during
setting up and was arranged so that its centre of curvature coincided
with the face of the loading platen. Note that this seating will also
lock under pressure as it has a small contact area and was not greased
for the tests, The tapered block under the concave half of the
spherical seating was to give a smooth transition of load from the
ram face of the jack to the larger spherical seating of the ball race.
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It should be noted also that the ring of balls has been
positioned so that a good transfer of stress to the hollow
cylinder is achieved through the very stiff loading platen.
The whole assembly shown in figs.10.2,1.4, and 10.2,1.5, was
linked together with a long central bolt and a tensioned spring.
A photograph of the complete machine arrangement is shown
in fig.10.2.1,.6, with a close-up view of the torsional specimen
in fig,10.2,1.7,

10.2.2. Specimen Shape and Manufacture

The dimensions of the testing machine and necessary
attachments limited the outside dimensions of the cylindrical
specimen to 6 in, diameter and 12 in, long and a hollow form of
cylinder was selected to investigate the problems involved in
casting this type of specimen,

Given the limiting overall dimensions of the cylinder
above, a wall thickness of 1 in, was selected so that aggregate
sizes up to % could be used in the test mixes, However, the
end clamps will induce local secondary stresses and therefore the
specimen required reinforcing at the ends so that the critical
section of fraction should be beyond the influence of the clamps.
Hence the specimen dimensions given in fig.10.2.2,2, were specified
so that the central third of the specimen is of uniform cross-section
whilst the wall thickness increases gradually in the end thirds to
reinforce it against stress concentrations caused by the clamping
action,

The virtue of maintaining a uniform profile on the outside
of the cylindrical specimen is that standard cylinder moulds can be
used but the shape of the inside former leads to a number of
problems., These were solved by casting wax internal formers
-using a wooden mould as shown in fig.10.2,2,1, and described in
Appendix F. The formers were positioned within the cylinder mould
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and were removed by melting the wax after the concrete had
hardened. Unfortunately this process meant that the concrete
was also heated up a little, thus interfering with the constant
curing conditions and preventing the use of fully saturated

specimens in testing,

Alternative solutions to the problem of the inside
former were investigated and are described in Appendix F.

10.2.3. Testing Arrangement

The testing arrangement can be seen in figs,10.2.1.2. and
10.2,1.6, and the principles of the loading system have been
described above. On only one specimen were strain gauges used
in these preliminary tests and that was the proving trial specimen
described in section 4.6, The other two specimens tested were to
practise the setting-up procedure described‘below\and to
investigate the practical problems of this type of test,

An attempt was made to use the ultrasonic pulse velocity
method of crack detection but difficulty was experienced in trying
to get a good signal due probably to the problems of making a good

contact on the curved surface of the specimen for the transducers,

10.2.4. Test Procedure

The test procedure for the proving trial specimen has
already been described in section 4,6, The setting up procedure
is described here in detail as the angled beams are incapable of
holding the specimen in a state of stable equilibrium until they

are both in place,

To set the test specimen up for this stress facility, the end
clamps were fixed onto the specimen square to each other and the
specimen was placed in the machine. The specimen was supported on

a shaped timber cradle on the loading platen of the bottom jack and
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raised until it was co-axial with the circular compression platens
of the horizontal jacks, A nominal compression of about 100 p,s.i.
(based on the smallest cross-sectional area) was applied to the
specimen by the horizontal jacks and the bottom jack withdrawn,

The specimen was rotated between the ball race8 until the end clamps
were correctly aligned to receive the angled becams, Then the two
beams were jacked onto the specimen clamps slowly following the
procedure described in section 9.4, for applying compression to

the tension specimen., A nominal torsion was applied and then, starting
from these small nominal compression and torsion stresses, the
specimen was loaded to failure, 1In the two specimens tested
compression was applied first followed by torsion but the testing
technique is such that sequence or proportional loading can be

used,

Note that if torsion only is to be applied to the test
specimen the above procedure is still followed but the compression
stress is removed once the nominal torsion has been applied and the

specimen is stable in this position.

10,2.5. Results

The results of the strain measurements made on the proving
trial specimen (A) have been given in section 4,6, but the ultimate
stress and crack patterns are described here, The ultimate stresses
recorded for the three specimens tested are given in the table below;
all three specimens were mortar mixes MBC but tested within the range
26-35 days old,

Age ultimate ultimate
Specimen No, dags Mix compressive stress tensile stress
y p.S.i. p.s.i.
A 28 MBC 725 210
B 35 MBC 1,820 170

C 26 MBC 4,350 40
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The failure crack pattern for specimens A and B,
comprised two cleavage cracks on a spiral around the cylindrical
test specimen and visible only on the middle third of the cylinder
dying out into the thickened ends. The cracks observed with .
specimen C were more in the nature of a multi-cleavage compression
failure with the major cracks about parallel to the axis of the
specimen. Again these cracks occurred mainly in the middle third
of the specimen.

As only three specimens were tested no conclusions can be
drawn regarding a comparison of these test results and those obtained

under direct biaxial compression-tension,

10.2.6, Conclusion

The biaxial compression-torsion testing technique as
developed here should produce satisfactory results. The strain
platens obtained in section 4.6. and the crack patterns described
above indicate that the central uniform section of the test
specimen has a uniform state of stress on the outer surface.
However, the problems with any testing technique containing a
strain gradient through the loading of the specimen, such as the
shear stress applied to this hollow cylinder, remain.

The method of manufacturing the hollow cylindrical
specimen was satisfactory as far as obtaining the desired dimensions
were concerned but it was slow and tedious. A better technique

would be required for a large test series.

The machine behaviour was satisfactory in that no
machine effects were observed in the results and it may be
concluded that the testing machine is capable of conducting

this type of test,
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10,3, Triaxial Compression Tests

In order to check the feasibility of such a testing
technique, prior to permanent modifications to the machiné,; the
triaxial compression facility was achieved by the introduction
of a third independent frame as described below.

10.3.1. Design of Facility

The test specimen chosen was the 4 in. cube so that
reasonable pressure could be exerted in the third direction by
the independent frame without exceeding the limit of the 200 ton
capacity sub-frames of the testing machine, Tfough intrinsically
the best specimen shape for general triaxial testing, the cube
suffers the disadvantage of being particularly susceptable to the
effects of platen restraint as discussed in section 1,3.18,
Attempts and suggestions to overcome this problem have already been
made in this thesis with greased packings in section 2,5. and
--hydraylic platens in section 2.4, However, this test series was
. purely a preliminary trial to see if the technique was possible
~ without tdo much attention being paid to the state of stress on
the test gpecimen at this stage.

The cubical specimen was loaded by the two sub-frames of
the combined stress testing machine through/4" machined mild steel
cubes as shown in fig.10.3.2.1, The steel cubes had a § fillet
all round on the loading face reducing the actual loading area to
3%" to avoid contact between platens with the large strains expected,

The independent frame shown in fig,10.3.1.1, was designed to
accommodate one of the 30 ton push-pull hollow ram Simplex jacks
used in the tension facility of the testing machine. It loaded the
test specimen through loading plates of identical shape and size to
the chamfered loading cubes used in the testing machine, The frame
was suspended between the columns of the testing machine and its
weight supported on the horizontal sub-frame,
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The effect of using a freely suspended frame, as opposed
to the other two sub-frames which are fixed in position, is to give
the test specimen an additional degree of freedom for its failure
mechanism compared with the rigid permanent extension proposed for

the machine,

10,3.2, Testing Arrangement

As the 4" cube test specimen is loaded on all six faces,
the cast face of the cube had to be ground down to give a smooth
bearing surface for the loading platen on a lapping plate.

The test specimen, once aligned in the testing machine and
with the independent frame clamped on, was completely surrounded by
steel loading platens, As a result, no surface strain measurements
were possible and the use of linear inductance transducers would
have required the development of a special support frame, An
attempt was made to use the ultrasonic pulse velocity equipment in
the manner shown in fig. 10.3.2,2. but a clear cut signal could not
be obtained, This interference with the pulse signal may have been
due to the four surfaces of contact involved in the direct path
between the transducers slowing the pulse to a lower total velocity
than the longer route along the columns of the independent frame,

10.3.3. Test Procedure

To ensure that the test specimen was centrally positioned
in the combined stress testing machine, the cube was first aligned
between the four steel cubes following a similar procedure to that
used in the biaxial compression tests, The test specimen was
supported on the base cube and loading platen and jacked up to the
concrete level. The top cube was then placed on top and the top
platen jacked down to apply a nominal compression to the specimen to
hold it in place. The side cubes and platens were then jacked into
position and the bottom jack released, Care had to be taken with
aligning the steel cubes on the test specimen because the chamfer on

the loading face of the cubes made alignment difficult,
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Once this alignment was satisfactorily completed, the
independent frame was threaded between the columns of the machine
and aligned on the test specimen, A pre-extension of the jack in
the independent frame of at least 1" was required to offset the
expansion of the test specimen in the third direction on failing,

A predetermined load was firstly applied by the
independent frame in the eﬁvtiirection; the other two stresses
(65 andcsé) having been set to about 200 p,s.i. to clamp the
test specimen and loading cubes in place, The two principal
stressesS, and 64 Were then increased uniformly at a loading
rate of 350 p.s.i/min, each until the specimen failed, Failure in
these tests was indicated by a very gradual reduction in the load
supported by the specimen accompanied by excessive distortion of

the specimen,

10.3.4. Results

Only a few specimens were tested as the object of the
tests was to discover the problems associated with this type of
triaxial compression testing., In all six 4" mortar (MBC) cubes and
one 4" concrete (61B) cube were tested as follows:-

Uniaxial compression 1 mortar cube

Biaxial compression 1 mortar cube

Triaxial compression 4 mortar cubes
{1 concrete cube

The ultimate strength results of the mortar cubes, all of
which were tested at 28-36 days in a saturated condition, are
plotted in fig,10,3.4.1, together with the strains measured on the
specimens after teéting to failure, Two of the mortar cubes tested
under triaxial compression gave unsatisfactory results because of errors
in the testing technique used; the main mistake was failure to
provide enough‘pre-extension of the jack of the independent frame to
ensure sufficient room for expansion of the test specimen in the
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third direction (61 direction). A measure of the actual state
of stress induced in a 4" cube under biaxial compression is
indicated by the increase of strength over the uniaxial strength
of 86% whereas the increase for true biaxial compression is only
of the order of 15% (see section 8,5.). This increase was on a
cube coated in curing compound and compares with 220% for dry
cubes reported by Sundara Raja Iyengar et al(SS)described in
section 1.3,20.

The failure mode for the uniaxial and biaxial compression
specimens was the normal cleavage type as reported in this thesis,
Under triaxial compression the failure was almost plastic in nature
with no significant major cracking although a fine mesh pattern of
shear cracking was visible on the surface; the material maintaining
a high degree of continuity with very large strains up to 0.13 being
reported, This plastic-shear mode of failure was very similar to
that obtained by both Boker and von Karman in triaxial tests on

mortar (reported in section 1,3,).

In the case of the concrete specimen tested the failure
was still basically plastic but the pressure of aggregate particles
in the mortar matrix were probably responsible for the lower strain
(0.05), more rapid fall in the load supported after ultimate load,
and the tendency for the mortar to crack and lose its continuity,
Sketches of the failed specimens in fig.10.3.4.2, also show the thin
plate at each end of the specimen which was separated from the main
body of the cube due to the method of loading through chamfered
platens,

10.3.5, Conclusions

The problems of triaxial compression testing of this
type were very apparent from these tests and the main difficulties

are summarised below:~
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1) The alignment of the loading cubes and platens on
the test specimen was difficult because of the chamfer on the
loading surfaces. This problem would certainly be easier with
a permanent triaxial facility for the testing machine as much of
the misalignment would be avoided by the initial alignment of the

permanent sub-frames.

2) Platen restraint showed itself in the biaxial
compression strength obtained, Moreover the effect of the
chamfers on the platens which forced off a thin slice of the
specimen on the two faces of minor compression stress is most
undesirable, Even with the best friction relieving materials,
the chamfer required to avoid platen clashing will still distort

the stress distribution in the test specimen,

3) Difficult access to the test specimen rules out the
use of surféce strain gauges and probably the only practibal
method of measuring the three principal strains would be by
measuring the relative movements of the steel loading platens using

the linear inductance transducers,

4) The problem of the conflicting requirements of a
uniform pressure distribution over the whole surface of the cube
and the need to avoid clashing of the loading platens (achieved
in this case by chamfered edges as explained above) will be a very
difficult problem to solve., This difficulty may in itself rule out
the solid loading platen method of loading in favour of some form
of hydraulic loading,

5) The definitions of ultimate and discontindity stress
which were satisfactory under biaxial states of stress can no longer
be employed under triaxial states of stress, Whilst a suitable
definition of ultimate stress would be the maximum stress sustained
by the specimen, the identification of the discontinuity stress
poses a number of difficulties. The selection of a method of

defining the discontinuity point under triaxial states of stress



405

depends on the philosophy of this parameter. It has in general

terms been regarded in this thesis as the stress limit of elastic

or quasi-eélastic behaviour and under biaxial states of stress has
been indicated by the onset of rapid crack propagation, It is
suggested that the 'elastic limit' philosophy should be the criterion
for the determination of the discontinuity point in which case some
experimental means of defining this point must be found, In view of
the plastic behaviour observed in the test specimens the measurement
of ultrasonic pulse velocity may be unsuitable for detecting this
point and either strain readings or some new technique will have to
be used. One possible, though tedious, technique would be to examine
the test specimen at various load stages to see whether there was any
significant change in its uniaxial elastic parameters especially
Poisson's ratio as a measure of internal structural deterioration.

It is obvious that this problem needs much further

research,
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CHAPTER 11

PRINCIPAL RESULTS OF RESEARCH

11,1 Introduction

Results from the various test series have been
discussed separately in the relevant chapters, The intention
in this chapter is to discuss the behaviour of mortars and
concretes under all the states of stress for which experiments
have been conducted in this research project in order to try
to establish coherent explanations of the overall results,
Such grouping of results is advantageous in the search for a
reliable failure criterion and it is proposed to deal with

the results under the following section headings:-

11,2 Stress-Strain Relationships

11.3 Stress Characteristics

11,4 Strain Characteristics

11.5 Failure Modes

11.6 Long-term Strength.
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11,2 Stress~Strain Relationships

In Chapter 8, the stress-strain curves obtained for a
mortar, a normal aggregate concrete, and a lightweight concrete
under uniaxial and equal biaxial compression were compared. It
was found that the elastic theory equations applied to the uniaxial
results could accurately predict the biaxial behaviour of the
mortars and lightweight concrete but were in error in predicting
the biaxial behaviour of normal aggregate concretes, It was then
shown that, whilst the value of Poisson's ratio was effectively
constant below the discontinuity point for all three mixes, the
elastic modulus remained constant for only the mortar and light-
weight concrete; the elastic modulus for normal aggregate concrete
showing a substantial increase with increasing degree of biaxial
compression, The error in applying the elastic theory equations to
normal aggregate concrete and the variation of its elastic modulus
were shown to be directly related and the phenomenon was ascribed

to particle interaction of the coarse aggregate,

Previously in Chapter 7 it had been shown that the
elastic modulus of all mortars and concretes was effectively
equal under uniaxial compression and tension states of stress,
Therefore it would appear that the elastic theory equations are
valid within practical limits under uniaxial and biaxial states
of stress except under biaxial compression where a variation of

elastic modulus must be included for normal aggregate concretes,

The stress-strain curves obtained under uniaxial tension
have been added to the curves used in Chapter 8 of uniaxial and
equal biaxial compression and are shown in figs.11,2,1.-~11.2.3,
In addition the variation of Poisson's ratio with tensile stress

for the same three representative mixes is shown in fig.11.2.4,

As the elastic moduli under uniaxial tension and compression
are equal the uniaxial tension and compression curves follow the same

line. It was also noted in Chapter 7 that Poisson's ratio is
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approximately equal under these two states of stress but considerable
scatter was recorded in the results due probably to the small lateral
strains recorded under uniaxial tension, However, the similar slope
of the stress-lateral strain curves shown in figs. 11,2,1, - 11.2.3,
must be due to very similar values of Poisson's ratio.

In Chapter 8 the effect of the mean normal stress on the
bulk modulus K and shear rigidity modulus G was examined, On the
assumption that the elastic theory applies, these elastic parameters
are given by:~

= b
T 3(1 - 2v)

E

6=3a +W)

K

It can be seen that the value of the bulk modulus K will
increase in the same manner as the elastic modulus if Poisson's ratio
remains reasonably constant, Moreover, if the small increase of
Poisson's ratio with stress noted with normal aggregate concretes is
taken into account, the increase of the bulk modulus with degree of
biaxial compression becomes even more marked.

The value of the rigidity modulus G will also increase in
the same manner as the elastic modulus for constant Peisson's ratio,
However, in the case of the rigidity modulus as opposed to that of the
bulk modulus, a small increase in Poisson’s ratio with increasing
stress would reduce the increase in the rigidity modulus due te the
increase in elastic modulus with mean normal stress, The variation
of the rigidity modulus with mean normal stress has been plotted in
fig, 11.2.5. for all three representative mixes, As the elastic
modulus and Poisson's ratio are effectively constant for the mortar
and light-weight concrete, the value of the rigidity modulus is also
constant, However, the effect of particle interaction in normal
aggregate concretes still manifest itself by a variation in the
rigidity modulus though to a slightly less pronounced degree than in

the elastic and bulk modulus values,
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It would seem, therefore, that the phenomenon of variable
elastic, rigidity and bulk moduli in normal aggregate concretes
must be taken into consideration as a complementary function if the

elasticity theory quotations are to be used,

11,3, Stress Characteristics

The stress envelopes, under biaxial states of stress, of
the discontinuity and ultimate stresses have so far been considered
in one section of the stress field at a time: the biaxial compression
envelope was considered in Chapter 8 and biaxial compression-tension
in Chapter 9, In this section the six complete discontinuity and
ultimate stress envelopes obtained are considered and have been
plotted in figs, 11.3.1. - 11,3.6,

Despite the several shapes of envelope already pointed out
in Chapters 8 and 9, there is a remarkable degree of continuity of
curve between the two sections of biaxial compression and compression-
tension. This is all the more noteworthy since these two halves of
the envelope were obtained from very different testing techniques.
The difference noted in Chapter 9 between the uniaxial compression
strength of the biaxial compression-tension specimen and the prism
strength has been allowed for by a pro-rata adjustment of the
compression component of the biaxial compression-tension strength
results, This adjustment has no significant effect on the shape of
the envelopes and in any case never exceeded 15%, No adjustment of
the biaxial compression results was necessary as the uniaxial strength
of the biaxial compression specimen was always within 5% of the prism
strength,

By plotting the complete envelopes on equal compression and
tension scales, the significance of the biaxial compression-tension
envelope diminished considerably and the variations experienced in
that zone are reduced to their true proportions. In addition, the
biaxial tension zone is shown to be relatively unimportant except to

complete the picture of biaxial stress behaviour,
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Some considerable thought has been put into these results
and their validity in view of the platen restraint problems
especially in sections 4,4.6, and 8.6.1. on the biaxial compression
envelopes. It is not proposed to repeat these arguments here
but simply refer to these two sections and the fact that the mortar
results are very similar to those obtained for cast iron which is
a material with a very similar structure,

As has been pointed out in Chapter 8, many of the factors
which affect the uniaxial strength properties and elastic parameters.
such as aggregate stiffness, texture, shape, and water-cement ratio,
appear to have no significant effect on the shape of the stress
envelopes obtained, An examination of the envelopes shown in figs,
11.3.1. - 11.3.6, shows that three basic shapes of envelope exist
and that these are determined by the volume fraction of normal aggregate
(including and abovezzymaximum size) in the mix, Whilst the mortars
(MA and MBC) exhibit a square shaped envelope in the biaxial compression
zone and a concave envelope in the biaxial compression-tension zone,
a normal aggregate concrete with a nominal volume fraction Vf of 0,50
(61C) exhibits a continuously convex envelope in both sections,

The intermediate mixes (61B and 6AB) have a slightly less promsunced
convex envelope under biaxial compression and show an intermediate
behaviour under bjaxial compression-tension with a doubly curved
envelope., The remaining mix which was a lightweight concrete (6LB)
behaved exactly the same as the mortars except that under biaxial
compression-tension there was a slight tendency to copy the intermediate
mix (61B and 6AB) behaviour, These three basic envelopes are
summarised in the unit diagrams in fig, 11.3.7.

These stress characteristics can be examined from the
alternative viewpoint of a two-phase model of concrete in which the
coarse aggregate particles are regarded as the included phase in the
mortar which is the matrix plane. With this model in view, the

stress envelopes of a parent mortar (MBC) and two concretes from
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the same mortar (6AB and 6LB) have been plotted in fig,11.3.8. As
the discontinuity and ultimate stress envelopes are of the same
shape, the ultimate stress envelopes have been plotted only, for
clarity. The concrete mix 6AB contains }" crushed grénite
aggregate and is therefore representative of a model of hard particles
(fob 0.30) in a scft matrix whilst the lightweight aggregate concrete
6LB contains ¥" Leca aggregate and is therefore representative of
soft particles (Vfﬁh 0.30) in a hard matrix. The effect of inserting
stiff aggregate particles into mortar can be seen to change the whole
stress envelope and probably the failure mechanism as well,

Mohr's circle construction has been used as an alternative
method of presenting the stress results and these are shown in
figs. 8.5.2,16-19 and are referred to in Chapter 12 when discussing

a failure criterion for mortar.

11.4, Strain Characteristics

The only major strain characteristic not so far discussed
in this chapter is the cleavage strain at discontinuity. It was
recognised in Chapters 7, 8 and 9 that the failures under all states
of biaxial stress were cleavage in nature with the fracture plane
being at right angles to the principal tensile strain, From this
it was concluded that the cleavage strain at discontinuity might be
a possible criterion of\failure.

The cleavage strains at the discontinuity point, as defined
by the ultrasonic pulse velocity are plotted in fig. 11.4.1. against
mean normal stress for all tests ranging from uniaxial tension to
equal biaxial compression for a representative sample of mortars
and concretes, In all cases it was noted that the cleavage strain
increased with mean normal stress with the greatest increases being
observed in the mortars, It might be suggested that this difference

between the mortar and concrete cleavage strains was due to an error
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in determining the discontinuity point for one of them, However,
it can be seen both in fig, 8.5.1.6, and fig, 11,2.4, that the
discontinuity point for both mortars and concretes as defined by
the ultrasonic pulse velocity coincides with a marked increase in
the Poisson's ratio which can only be due to the onset of major
crécking. Hence the increase in cleavage strains at discontinuity
must be fundamental because the mortars have lower elastic moduli
and higher Poisson's ratio than the concretes, The increased
distortional capacity of concrete under increasing mean normal
stress is very significant when related to the plastic flow
experienced under triaxial compression with very large strains
reported in Chapter 10. The results appear to be rather scattered
but this is due to the fact that the cleavage strain is very
sensitive to the actual selection of the discontinuity stress,

This point is not as easily defined as the ultimate stress as it
depends upon the interpretation of the ultrasonic pulse velocity
measurements and the interpolation required between load stages,

(1 . .
[184) in tests on composite prestressed

Evans and Kong
concrete beams have observed strains at discontinuity (their term
is microcracking), as defined by strain measurement, was within the
range 70-107 x 10"6 for concretes ranging from 1:1%:3:0,55 to
1:2:4:0,65. This discontinuity point was observed to occur at
between 48% and 90% of the ultimate load. These results compare

closely with the results of this research project,

11,5 Failure Modes

The crack patterns observed in all the tests have been
collected together in this section so that they may be seen as a
complete pattern of behaviour and not as fragmentary evidence,
Indeed the results observed do form a definite picture and an
idealised summary of the crack patterns is given in fig. 11.5.1.
for the states of uniaxial and biaxial stress covered by this

research project,
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There is a constant danger of over~simplification in
describing the complex behaviour of concrete in order to make the
topic more manageable which could lead to erroneocus conclusions
because significant characteristics were ignored for the sake of
simplicity, However, with this qualification in mind, it is
suggested that the crack behaviour observed may be divided into
three main categories,

Under uniaxial tension, and biaxial compression-tension
states of stress until the compression component of stress
exceeded approximately 85% of the uniaxial compression strength,
failure took the form of a single cleavage failure at right
angles to the axis of the principal tensile stress, This
behaviour was common to both mortars and concretes and in both
cases the fracture was very clean with very little loose material
being expelled from the fracture surface. In states of direct
uniaxial tension there was often no such debris as tiny pieces
of aggregate or mortar to be seen at all and only a very small
quantity of fine dust, '

The second division of behaviour may be defined as that
under uniaxial compression in which failure occurred by cleavage
splitting parallel to the direction of the principal compression
stress causing a bursting action in the lateral direction.
Considerable loose material was found on the fracture surfaces
and the specimen tended to split into columns,

Lastly, under biaxial compression, the mode of failure
observed for all degrees of biaxial compression was a cleavage
splitting parallel to the plane of the principal compression
stresses causing a bursting action in the third unstressed direction.
This type of failure also contained a lot of loose material on
the fracture planes, In this division of behaviour there did
appear to be a distinct difference between mortars and concretes
in that whilst the concretes contained many planes of cleavage
strictly parallel to the plane of the principal compressive
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stresses, the mortars only contained two or three such fracture
planes and these were often at an angle of up to 40° to the plane
of cleavage over sections of their surface (fig. 11,5.2.). These
‘mortar fractures also contained a lot of fine dust in contrast

to their very clean fractures under tensile states of stress,

Figure 11,5.3. shows diagrammatically the location of
the photographs of crack patterns shown in figs, 11.5,4, - 11,5,9.
around the biaxial stress envelope, This photographic evidence
is a graphical confirmation of the generalisations made above
regarding failure modes. Only under biaxial compression states
of stress was any distinct difference observed between mortars
and concretes; the behaviour of lightweight concrete being very
similar to that of mortar under all states of stress,

The mechanism of crack formation and propagation could
be observed by the ultrasonic pulse velocity measurements and
often cracking sounds could also be heard some time before
ultimate failure occurred, In the case of uniaxial and biaxial
compression states of stress cracks could also be seen on the
surfaces of the test specimens prior to failure, However, the
final fracture of the specimen took place very rapidly under all
states of stress due probably to the sudden releast of energy
stored in the hydraulic system as discussed in section 3,3,

| From loose material collected from uniaxial and biaxial
compression fracture surfaces of normal aggregate concretes, it
was noticed that many of the aggregate particles had small volumes
of mortar stuck onto some parts of their surface whilst the remainder
of the surface was completely clean of any mortar so indicating a
clean break with the mortar matrix, These particles could be picked
off the heavily fissured fracture surfaces and the orientation of the
aggregate particles to the direction of the principal stresses was
noted, A large number of these particles (about one hundred)
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FIG. 11.5.2. SKETCH OF CRACK PATTERNS IN MORTAR BIAXIAL COMPRESSION SPELIMEN.



FIG. 1.5.3,

LOCATION OF PHOTOGRAPHS OF CRACK PATTERNS
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were collected from the various mixes tested under biaxial
compression and some significant trends were observed,

The particles collected from uniaxial compression tests
had small cone-like pieces of mortar sticking to them. These
cones of mortar were often to be.found at opposite ends of an
aggregate particle with the common axis of the cones parallel
to the axis of the applied compression (a similar observation

has been reported by Sigvaldason(q)

). The remainder of the
stone was very clean, often polished, with no particles of
mortar clinging to it and only traces of cement paste visible
inside cavities in the surface of the stone,

Under biaxial compression these same pieces of mortar
were seen to stick to the aggregate particles but they now tended
to form complete rings or haloes around the stone with the plane
of the halo lying in the plane of the principal compressive
stresses. ~ For states of biaxial compression in which the
intermediate stress was very low, there haloes were less
continuous being more in the shape of a short crescent,

An idealised picture of these mortar shapes sticking
to aggregate particles is given in fig,11.5,10. and some photographs
of actual aggregate particlés collected are shown in figs., 11,5,11
and 11.5,12,

Another general trend with these mortar shapes was the
different dimensions of the mortar cones occurring with different
aggregate surface textures, The coarse aggregate textures gave
a large cone whilst the smooth rounded aggregate exhibited very
small cones or none at all, The contrast between the cones found
on rounded, irregular, and angular aggregate is illustrated in
fig, 11.5.13.

It was observed that very few aggregate particles were
split in the fracture process in uniaxial and biaxial compression
tests, They amounted to 10% of the aggregate particles on the
fracture surface at most.
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The failure modes observed in the biaxial compression-
torsion tests were both of the single cleavage and the multi-
cleavage types similar to those observed under biaxial compression-
tension, However, under triaxial compression, the material
maintained a high degree of continuity unlike the uniaxial and
biaxial fialures and the failure was non-explosive, Tensile
strains in the direction of the minor compressive stress of 0,13
were recorded with the mortar MBC and the material showed no
outward signs of cracking, Even with the concrete 61B a strain
of 0.05 was recorded but some cracks were evident, probably caused
by the mortar in its plastic state having to 'flow' round the

stiff aggregate particle,

11.6, Long-Term Strength

The principal results of this test series on uniaxial
compression prisms were that failures were obtained on long-term
tests at stresses below the short-term test ultimate strength and
that the rate of longitudinal strain increase was dependent upon
the discontinuity stress. The rate of longitudinal strain increase
was found to be of a very small magnitude (seldom greater than
3 x 10_6 per minute) until the discontinuity stress was exceeded
whereupon a very rapid increase in this strain rate under constant
stress resulted., This behaviour once again emphasises the
fundamental significance of the point of discontinuity as defined
by the ultrasonic pulse velocity measurements and suggests a
positive link between the discontinuity stress and long-term
strength of concrete, However, a very considerable test series
with good load maintaining equipment would be necessary to establish
this link,

The failure modes observed in the long-term tests were
the same as those obtained in short-term tests with the same debris
resulting, However, the failure was less explosive and the crack .

formation was less noisy.
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11.7, Conclusion

From the many experimental observations reported and
discussed in this chapter the following more general conclusions
may be drawn:-~

1) The stress-strain characteristics of mortars and
lightweight concrete under uniaxial tension and compression and
biaxial compression obey the elastic theory equations within
practical limits. The stress-strain characteristics of normal
aggregate concretes under uniaxial tension and compression obey
the elastic theory equations within practical limits but the
behaviour under biaxial compression does not obey the elastic
theory,

2) Below the discontinuity stress mortars and light-
weight concrete maintained equal and constant values of elastic
modulus, Poisson’s ratio and hence bulk modulus and rigidity
modulus under uniaxial tension, uniaxial compression, and
biaxial compression states of stress. Normal aggregate concretes
gave equal values of elastic modulus and Poisson's ratio under
uniaxial tension and compression states of stress but under
biaxial compression considerahle increases in elastic modulus
with degree of biaxial compression together with small increases
in Poisson's ratio were noted. The values of bulk modulus and
rigidity modulus also increased with the degree of biaxial
compression. The effect of the small increase in Poisson's ratio
was to increase further the value of the bulk modulus but to
reduce the increase in rigidity modulus.

3) The biaxial stress envelopes which covered the
whole biaxial stress characteristic with the exception of biaxial
tension combinations showed similar shapes of discontinuity and
ultimate stress envelopes for a given mix, Three basic shapes
of envelope emerged in which mortars and lightweight concretes

gave a square shaped envelope under biaxial compression and a
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concave envelope under biaxial compression~tension. Normal
aggregate concretes with a volume fraction of about 0,50 gave

a rounded convex envelope in both segments whilst mormal aggregate
concretes with volume fractions of about 0,30 gave a convex
envelope under biaxial compression and an intermediate doubly
curved envelope under biaxial compression~tension, The shapes

of the envelopes obtained appeared to be influenced only by the
limiting aggregate size of %ﬁb" volume fraction, and normal or
lightweight aggregate, The shapes were uninfluenced by aggregate
size above %@1 aggregate/cement or water/cement ratios, aggregate
stiffness, or aggregate surface texture,

4) The cleavage strain at the discontinuity point as
defined by the ultrasonic pulse velocity measurements was observed
to increase with the mean normal strcss, The cleavage strain
was also seen to decrease with increasing volume fraction of
coarse aggregate,

5) Under triaxial compression both mortars and concretes
were observed to undergo very large strains of up to 0,13, whilst
maintaining a high degree of overall continuity, amounting to
plastic distortion, The influence of the coarse aggregate was
to obstruct this plastic deformation and cause the mortar matrix

to crack.
6) Cleavage type failures were observed under all states

of biaxial stress investigated, with single cleavage fractures under
uniaxial tension and most of the biaxial compression-tension zone
and multi-cleavage fractures under uniaxial and biaxial compression
‘and the remainder of the biaxial compression-tension zone, - All the
cleavage planes were parallel to the principal compressive stress
(or at right-angles to the principal tensile stress) and small yet
significant differences were observed between the compressive
failures of mortars and concretes, Studies were also made of the
mortar remaining on aggregate particles loosened by the fracture
process, The failures observed under biaxial compression-tension
tests on solid specimens and biaxial compression-tension tests on

hollow cylinders were similar,
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CHAPTER 12

PROPOSED THEORIES FOR THE DEFORMATIONAL BEHAVIOUR AND FAILURE

OF MORTARS AND CONCRETES,

12,1, Introduction

Any theory for the deformation and failure of mortars and
concrete must 8atify the following observed phenomena if it is to be
acceptable as a possible criterion of mechanical behaviour:-

1, Stress-strain relationships.

2. Stress characteristics,

3. Strain characteristics

4, Fracture modes.

These four groups of observed phenomena have been described
in Chapter 11 from the results of experimental work in this research
project,

Considering the stress characteristics alone, it can be seen
that two distinct classes of behaviour exist under biaxial compression
as noted in section 11,7, The mortars and lightweight aggregate
concrete yield a square shaped stress characteristic whilst the
normal aggregate concretes yield a more’rounded envelope of strength
(see figs. 8.5.1.1 to 8.5,1.13). However, to reduce this discussion
of deformational behaviour and failure criteria to a convenient
fundamental basis, lightweight concrete will be considered as a
separate material from mortar. Therefore three distinct “"materials"
will be recognised in the discussion and treated separately as
follows:-

12.2 Deformation and failure of mortar,

12.3 Deformation and failure of normal concrete,

12.4 Deformation and failure of lightweight concrete.

It is convenient to consider the deformational behaviour
and failure criteria for mortar first as it constitutes one phase of
concrete when it is considered as a two-phase material. Of the two

classes of concretes, the lightweight concrete is dealt with lastly
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as it exhibits qualities found in both mortars and concretes. Hence
a logical sequence of discussion and hypothesis should result,

The terms of reference for this project (section 1.1)
defined its aimé as ultimately to establish the failure criteria for
concrete and to define the permissible working stresses that concrete
can withstand under all states of biaxial stress in the form of an
venvelépe, It was recognised that an exact mathematical expression
for the failure criteria proposed might not be possible in which '
case‘thq results could be expressed graphically or in the form of
theoretibally based empirical equations.

Typical mortar and lightweight concrete, and normal concrete
stress envelopes are shown in fig., 12.1,1., together with some of the
more simple failure criteria for comparison. From this comparison
it would appear that the experimental results do not lend themselves
to definition by any simple criterion of stress or strain, However,
in the ensuing sections of this chapter, attempts will be made to
establish at least the mechanisms present in the deformation and
failure of the three classes of "material™ listed above and hypo-
-thetical failure criteria will be proposed.

12.2, Deformation and Failure of Mortar
IETE.I. Elastic Behaviour.
The elastic range is limited by the discontinuity stress

as determined by ultra-sonic pulse velocity measurements previously

described (section 5.4).
Within this elastic range, mortar behaves remarkably like

an ideal homogeneous elastic material under short-term loading.

Both the results of this investigation (see figs., 7.5.2.1-3) and the
findings of Ward (7) show some degree of non-linear elasticity below
the discontinuity stress which is distinct from any creep effects.
However the tangent elastic modulus and the average elastic modulus
and Poissons ratio are equal under uniaxial tension and compression,
Furthermore, the elastic modulus is effectively constant under varying

degrees of biaxial compression.
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Though drying shrinkage together with entrapped air and
water produce flaws in mortar, they are very small and evenly
distributed throughout the mass,

Hence, for most practical purposes, mortar may be regarded
as an effectively homogeneous and elastic material below the
discontinuity stress for short-term static loading.

12,2.2, Criterion of Failure
It can be seen from fig., 12.1.1. that the stress envelopes

for mortar, both for ultimate and discontinuity stress, do not appear

to fit any of the major classical failure theories, nor do they fit
any of the other theories proposed for concrete (see Chapter 1),
However, the shape of the curves does have a certain likeness to
that predicted by the Coulomb-Mohr internal friction theory and the
results of Mohr circle plots given in figs. 5.2.16-17 are quite
encouraging,

a) Application of Coulomb Mohr Theory

Therefore, it is worth comparing these results with those

obtained from cast iron which like mortar is a cemented granular
material containing small flaws and air pockets.

The Coulomb-Mohr internal friction theory has been suggested
as the failure criterion for cast iron and therefore the comparison
is particularly apt. Experimental results obtained by Coffin (185)
on gréy cast iron and Cornet and Grani (186) on inoculated iron are
shown in fig. 12.2,1, together with those for a typical mortar, It
can be seen that there are several similarities in the biaxial stress
envelopes.

Burton Paul (72), in examining the application of the
Coulomb-Mohr theory to intrinsically brittle materials (defined by
the author as those materials which fail by cleavage in both tension
and torsion tests with very little plastic flow prior to failure),
suggested a modification in the form of a three-parameter theory,

The shortcomings of the Coulomb-Mohr theory are that it
predicts that failure in tension or torsion occurs on a slip plane
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inclined to the axis of the principal tensile stress and maintains
that the ratio of tensile to compressive strength is a fixed quantity
for all strength grades of the material., For both mortar and cast
iron these two claims are incorrect. Simple cleavage fractures are
observed under tension or torsion stregs with the fracture plane
orthogenal to the axis of the principal tensile stress for both
cast iron and mortar. Furthermore the ratio of tensile to compressive
strength is not a constant for either material (see fig, 12.2.2.),

b) Modifications to Coulomb-Mohr Theory by Paul

Defining the Coulomb-Mohr theory as a two-parameter theory

because its two experimentally determined constants are the cohesion
strength and the angle of friction, Burton Paul introduced a third
parameter of limiting tensile stress, Thus his modified theory
states that a brittle material will fracture on either that plane
where the virtual shear stress reaches a critical value Sg, or on
that plane where the maximum tensile stress reaches a critical value
St, whichever occurs first, |

The introduction of a limiting tensile stress into the
Coulomb-Mohr theory is not new, RoS (32) and Cowan (69) have both
proposed similar modifications to the basic theory but the tension
limit or cut-offs suggested by both workers were restricted to the
triaxial tension zone in such a manner that they had no .effect on the
biaxial stress characteristic and only very limited effect on the
triaxial characteristic (see fig. 12.2.3.). On the other hand, the
tension cut-off proposed by Burton Paul affects all biaxial and many
triaxial stress envelopes, A pictorial comparison of the limiting
tensile stress criteria or tension cut-offs proposed by Cowan and
Burton Paul is given in fig, 12.2.3. with the biaxial stress
envelopes marked.

In applying this modified three-parameter version of the
Coulomb-Mohr theory to the cast-iron experimental results quoted
above, Burton Faul was able to report a better correlation than that
obtained with the unmodified theory plus the fact that there was a

better explanation of the failure modes (fig. 12.2.4.).
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He then proceeded to advance a hypothesis which would
explain the appearance of concavities on the biaxial compression-tension
envelope given certain conditions. The hypothesis was based on the
argument that whilst it is easy td see that compression stress tends
to strengthen the material because of the friction coefficient p,
it is difficult to see how a frictional mechanism can weaken a
material when the normal stress on the plane of fracture is tensile.
The hypothesis was therefore developed on the modified Coulomb-Mohr
theory described above but with the new condition that the friction
coefficient n was zero under normal tensile stress,

The resulting stress envelope obtained from this hypothesis
is shown in fig. 12,2.5., Although experimental scatter makes it
difficult to decide which of the two modified theories (i.e, three
parameter or no friction under tension plus three parameter) proposed
by Burton Paul is more suited to cast iron, the resemblance between
the shape of this second stress envelope from the "no friction under
tension” hypothesis and the experimental results obtained from mortars
is worthy of note.

Both modifications of the Coulomb-Mohr theory by Burton Paul
require only the results of uniaxial compression and tension tests to
establish the three parameters required (cohesion strength, friction
coefficient, and limiting tensile stress) to define the biaxial and
triaxial stress envelopes.' However,'it should be noted that the
concavities predicted in the second modification are contrary to the
convex envelopes required by plastic theory for ductile materials
(187).

As the second modification appears to give a much better
correlation with the stress envelopes obtained from mortars and
also allows for a cleavage mechanism of failure over the biaxial
cbmpression—tension sector of the stress envelope, it is suggested
here that this modification of the Coulomb-Mohr theory be adopted
for mortar. It is worth noting that Sigvaldason (9) has suggested

the use of the unmodified Coulomb-Mohr theory for mortars tested
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under biaxial compression-tension flexural states of stress but he
had insufficient experimental data to observe the concavities or

the limiting tensile stress phenomenon described above.

c) Suggested Further Modification to Coul omb-Mohr

Theory for Mortars

A phenomenon common to both cast iron and mortar is a
reducation in strength under both uniaxial compression and equal
biaxial tension compared with the strength predicted by the
modified theory. It is suggested that this can be explained by
considering the alignment of the critical flaws in the material
and a further refinement to the theory would be to include a
modification to account for this,

It has been shown that the mechanism of failure of
mortars under biaxial stresses as applied by the testing techniques
employed in this project is generally one of cleavage orthogonal
to the direction of the principal tensile stress, This being so,
it is clear that whilst only one such principal or preferred
direction of crack propagation (one degree of freedom) exists under
all states of biaxial stress, two exceptions are uniaxial compression
and equal biaxial tension in which two principal directions of crack
propagation (two degrees of freedom) exist, In these two latter
states of stress there are an infinite number of possible directions
of cleavage at right angles to the axis of the principal compression
stress, Hence there is a greater chance of a suitably aligned
critical -flaw occurring in these states of stress having two degrees
-of freedom and therefore failure can be expected at a lower stress
than those with only one degree of freedom,

The Coulomb-Mohr theory as interpreted by Paul is
basically for failure under only one degree of freedom in crack
propagation and therefore the failure stresses obtained in uniaxial
compression and equal biaxial tension are regarded as a reduction

on the stresses predicted by the theory,
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Both the results of Coffin on gray cast iron and Comet
and Grassie on inoculated iron show this effect as the results of
this research project (fig, 12,2,1). Furthermore work by Smith
and Brown (188) on the shear strength of mortar has also revealed
a significant reduction in the strength of mortar under uniaxial
compression compared with that predicted by the Coulomb-Mohr
theory (fig., 12,2.7).

Exactly how this new concept of strength reduction due
to degrees of crack propagation can be incorporated into the
mathematics of the modified Coulomb-Mohr theory now proposed will
depend on the relative significance of the phenomenon for the
various brittle materials, The effect seems to be more pronounced
in mortar than in cast iron, since the relative reductions in
strength are less for the latter material, This may be due to the
relative flaw to particle size ratio or it may be related to the
difference in cohesion strength, However, the effect of flaw
alignment seems to be established but the manner of its incorpor-
ation into the failure criterion may be best achieved by coefficients
based on experimental results,

A comparison of the actual results obtained for mortar
in this research contract and the biaxial stress envelope predicted
by the modified Coulomb-Mohr theory is given in fig, 12,2,6. The
strength reduction coefficients referred to above for dealing with
the statistical effects of the critical flaw alignment are

indicated on this figure,

d) Use of Proposed Theory to predict Strains at

Discontinuity

A major result of the strain measurements made on mortar
specimens below the discontinuity point was the realisation that
the elastic modulus and Poijsgon's ratio were effectively constant
under all the biaxial states of stress investigated, One
consequence of this result is that the cleavage strain at dis-

continuity can be calculated from the biaxial discontinuity stress



' - 2000
25% RepucTioN :
- IN UNIAXIAL COMPRESSION
~ 2000 -0 -4000 ~2000 ] 2000
‘ — i - * —
63 g ,/’ A
- f
~ - = EXPERMENTAL ENVELOTE (mec-uunmas) | -2000

.= TMEORETICAL ENVELOPE - - 62 L.

FIG. 12.2.6.  COMPARISON ON EXPERIMENTAL STRESS ENVELORE
AND MODIFIED COULOM®-MOHR THEORY.



K000 - T T ~T \ —T T

| M (-3
AGK: 21 DAYS

6000

4000

2000

o)
3
MIX -3
6080}
AGE:1\OAYS
4
Y 4000
P
)
[
z 2000
=2
2
Z 0
<
L]
z Mix (-3
6000
AGE :2.80N( S
4000
2000

A )

i L 1 1
o 2000 A000 6000 8000 10000 12,000 \4000 1,600
NORMAL COMERESSIVE STRESS ?si. .

FIG. {1.2.T. TYP\CAL REDUCTIONS IN UNIARIAL STRENGTHW OF MORTAR
OBTAINED 8Y SMITA AND BROWN (188),



459

envelope, This exercise has been performed in fig. 12,2.8 in which
the envelope selected was the one ﬁsed in fig. 12.2.6. for comparison
with the actual results obtained. This envelope complete with .its
tension cut-offs and statistical flaw strength reductions was used

to calculate the cleavage strain at discontinuity, Then the
resulting curve was compared with the actual results obtained from
mortar mix MBC which was used in fig. 12.2.6 to establish the
theoretical biaxial stress envelope. The correlation obtained

in this comparison is very encouraging.

e) Mode of Failure of Mortars
Although by adopting the modifications to the Coulomb-Mohr

theory recommended by Burton Paul, it has been possible to explain
cleavage failures in the biaxial compression-tension zone, the
theory even in its modified form still predicts a shear failure in
the biaxial compression zone, = Now at a phenomenological level,
the biaxial compression failures observed with mortars in this
research project were generally although not always of the regular
cleavage type, Although the cleavage fractures appeared to be
almost orthogonal to the direction of the principal tensile stress
(in this case, zero stress), they were very irregular and often
inclined by as much as 40° to the orthogpnal plane over areas in
excess of 4 sq. in,

However, because of the apparent cleavage failure of
mortars under biaxial compression and the shear failure predicted
by the theory, the Coulomb-Mohr theory has often been rejected as
a valid failure criterion for mortar (10).

It is important, nevertheless, not to lose sight of the
effects of the loading system used to obtain these test results.
In chapters 2 and 3 the design of the combined stress testing
machine was described and particular note was made of the fact that
the loading platens locked into position once load was applied
giving an effectively fixed end condition on the loaded faces of

the test specimen,
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This method of loading with fixed ended conditions may
have an overriding effect on the direction of the crack propagation
once the discontinuity point has been passed and the cracks start
to propagate rapidly., Indeed it is possible that at the
discontinuity point, the cracks start initially as shear cracks as
predicted by the theory but, after reaching a certain critical
length or velocity, are dominated by thersystem of loading which
would encourage cleavage failures,

This explanation could account for both the remarkable
agreement between the experimental and theoretical biaxial
compression stress envelopes and the irregular shape of the
'cleavage' fractures observed under biaxial compression, The
existence of an initial shear or sliding mechanism of failure would
also account for the relatively large quantities of fine dust given
off from the biaxial compression failures of mortar compared with
the clean cleavage fractures observed under biaxial compression-

tension,

f) Summary
In conclusion, the failure criterion proposed for mortar

is the Coulomb-Mohr internal friction theory modified as suggested
by Burton Paul by the addition of a maximum tensile stress

criterion and the elimination of the 'friction' component of
strength in the biaxial compression-tension zone, It is further
modified by a consideration of the degrees of freedom of crack
propagation governed by the state of stress which causes a reduction
of strength under uniaxial compression and equal biaxial tension,
The resulting theory predicts the variation of 'cleavage' strain

at discontinuity with mean normal stress, The fracture modes
predicted by the theory are illustrated in fig, 12.2.9. and are

compatible with the experimental observations reported in Chapter 11.
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12,3, Deformation and Failure of Normal Concrete

12.3.1. Introduction
It is clear from the biaxial stress envelopes that normal

aggregate concrete cannot be considered in the same manner as that
adopted for mortar in the previous section, The influence of the
particles of coarse aggregate must account for the differences in
the biaxial stress envelopes and hence this two phase nature of
concrete must be incorporated into the discussion from the start,
In conceiving a two phase model to simulate concrete
behaviour a number of simplifying assumptions have to be made in
order to produce a structure which is manageable from the mathematical
aspect without losing sight of the basic mechanisms involved. It
is important, however, that the basic assumptions are not forgotten
when extending the analysis of the model.
An attempt is made in the following section to define
the general levels of complexity present in the assumptions on
which simplified models of concrete are based with a view to
differentiating between the various contributions in this field
and to show how this present work is an extension of this process

to a new level,

12,3.2, Elastic Behaviour

The simplest and most usual two-phase model of concrete

is one in which the aggregate, represented by uniform spheres is
dispersed in a regular pattern through a homogeneous, -isotropic
cement paste or mortar matrix,

Before considering the elastic behaviour of concrete,
the levels of complexity in the treatment of such two-phase models
of concrete will be defined and amplified. The levels selcted
in this discussion are as follows:-

STAGE 1, Plane sections remain plane - continuity at

phase boundaries.

STAGE 2, Plape sections do not remain plane -

continuity at phase boundaries,
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STAGE 3, Plane sections do not remain plane - total
discontinuity at phase boundaries.,
STAGE 4, Plane sections do not remain plane ~ partial
discontinuity at phase boundaries,
These levels could alternatively be regarded as degrees
of effect, i.e, primary effect; secondary effect, tertiary effect,
etc, However, as their significance is not always in the same
relgtive order in discussion of a given phenomenon, this
classification by degree of complexity was considered more
satisfactory.
To reduce the problem of the two-phase model to
manageable proprtions, the two phases are treated as homogeneous
and isotropic, Though having different elastic moduli - normal
concrete by definition consists of hard particles in a soft matrix -
the two phases can be assumed to have very similar values of Poisson's

ratio,

12,3.2,1, Stage 1
This is the most simple way in which the two phase

material can be considered, Full continuity at the phase
boundaries and plane sections remaining plane lead to simple
expressions for strain and stress distributions, The integration
of stress on any plane orthogonal to the direction of loading must
be equal to the total applied load, This has also been interpreted
as the phases being subjected to uniform strain,

For such a material Hansen (189) has shown that the
overall elastic modulus of the material is given by the simple
expression: -

E = V1 El + V, E

2 72

1l

where E1 elastic modulus of matrix phase

E, = elastic modulus of included phase
Vy = volume fraction of matrix phase
V, = volume fraction of included phase,
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From the same assumptions regarding the two phase model
of concrete, Baker (4,6) derived his Lattice Theory, By
considering two adjacent planes in a stressed concrete member and
the stress distribution on those planes assuming plane sections
remained plane (see fig, 12.3.1.), he concluded that equilibrium
could only be maintained in the material by lateral tension ties
and that these must be provided by the mortar matrix, From this
it followed that failure would occur in most cases by progressive
failure of the local tension ties resulting in cleavage types of
failure under all states of stress with the possible exception of
triaxial compression.

The Lattice Theory provided an explanation for a number
of observed phenomena in concrete particularly the cleavage modes
of failure observed in uniaxial and biaxial states of stress (10),
the effects of platen restraint on the failure mode (4), and some
thermal effects in concrete (190),

The success of the Lattice Theory illustrates the progress
that can be made by simply considering concrete as a two phase
material even with the very restrictive assumptions of the plane
sections remaining plane and full continuity at the phase
boundaries, It should be noted that a form of lattice action
will still take place if these two conditions are waived provided
only that a state of uniform stress distribution is not achieved,

It is of interest to note that a similar diamond shaped
lattice model was used by Bleich (73) to explain the disintegration
of bodies of granular materials governed by the Coulomb rule under
dynamic loads, However, in place of the nodal ties used by Baker,
Bleich introduced friction at the nodal pin joints to maintain
equilibrium, This friction was composed of a constant value
to allow for the cohesion strength plus a constant coefficient
multiplied by the lattice member force to include the friction
component of strength, This model, though of little use under

static loads, can be used to explain observed behaviour under

dynamic loads,
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Other models proposed for concrete include that of
Reinius (43) described in section 1.4, and a cubic space model

by Roy and Sozen (87),

12,3.2.2, Stage 2 .
The first major complication is now introduced by iy

recognising that if the two phases are of difficult elastic moduli

then under load plane sections cannot remain plane, It is
possible to make this assertion and still maintain full continuity
at the phase boundaries by assuming adequate shear bond strength
at those boundaries (see fig, 12,3.2,),

However, the mechanism of shear has now been introduced
into the state of simple compressions and tensions of stage 1 and
it is no longer possible to consider the model in terms of a pin=-
jointed lattice structure, To maintain compatability of stress
and strain the members of the lattice must now be subjected to
total restraint at the structural joints,

This stage in the two-phase model of concrete has been
analysed mathematically by Dantu (192-194) and by Hashin (195),
Whilst Dantu was mainly concerned with deriving expressions for
the local normal and shear stresses at the phase boundaries, Hashin
obtained an expression for the overall elastic modulus of the model
which, by assuming equal Poisgon's ratios for the two phases and
the combined material (196), reduces to:~

£ - (1—V2) E1 + (1+V2) E2

(1+V2) Et

The elastic moduli predicted by this stage in the two

phase model are much closer to the observed values than those
predicted by stage 1 and represent a more realistic upper bound
than Stage 1 on the zone within which the actual values must lie,
Thus the release of the condition regarding plane sections can

be seen as a progressive step,
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12,3.2,3. Stage 3

The opposite extreme to stage 2 is to assume that
there is total discontinuity at the phase boundaries., This is
equivalent to a state of plane stress throughout the material;
at least the average stresses in the two phases would be the same
(fig. 12.3.3.)

Based on this assumption, the expression for the overall

elastic modulus is,

E = 1
i, h
Ey Eq

Whilst the assumptions of stage 2 gave an upper bound to
the elastic modulus values, stage 3 provides the corresponding
lower bound. Note that this is the only condition under which
‘there can be no lattice action,

Clearly the actual behaviour of concrete must lie between
these two which leads us on to stage 4 in order to build up a
realistic structural model for deformation and to be able to

understand the failure modes.

12.3.2.4., Stage 4
This stage is the next logical step in this process of

increasing refinement of the two-phase model but to the best of
the author's knowledge it has not yet been fully investigated,
The recognition that plane sections do not remain plane under load
is retained but now only partial discontinuity is allowed around
the phase boundaries,

These two assumptions lead to a complicated situation
in which both shear and tensile stresses can cause failure both
in the matrix phase and at the phase boundaries, In addition the
whole science of fracture mechanics can be invoked as the partial
discontinuities at the phase boundaries represent critical flaws
in the material, Finally particle interaction effects as
represented by the Lattice Theory are superimposed upon.the above

stress conditions.
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Therefore the build up of this situation from the
casting of fresh concrete to its behaviour in the hardened state
below the discontinuity stress will be described in detail,

When concrete is cast small pockets of air and water
collect on the aggrega;e-mortar.phase boundary, They are either
trapped there during the compaction of the concrete or some of
the air voids are due to the absorption of water by dry aggregate.
An examination of the aggregate-mortar phase boundaries both by
slicing prior to loading or after failure shows ample evidence
for the existence of these small pockets on the surface of the
aggregate, These pockets form local discontinuities in
isolated positions on the phase boundary (fig,12.3.4.),

The effect for example of applying a uniaxial
compressive load to the hardened concrete is to deform the soft
mortar matrix more than the stiff aggregate particles with the
result that tensile stresses exist on the phase boundaries at
right-angles to the applied load, The mathematical analysis
of Biezeno and Grammel of the stress distribution around a single
spherical inclusion used by both Weigler and Becker (50,51) and
Robinson (10) predicts these tensile stresses concentrated on
the phase boundary,

As the tensile load strength is very low, bond breakdown
occurs in these directions (fig, 12,3.4). However, the extent
of bond breakdown due to tensile stress is limited by the subsequent
stress redistribution and a point is reached beyond which the
discontinuity cannot be extended without the failure of the bond
by shear,

Work on the strength of the bond between aggregate and
cement by Alexander (197), Taylor and Broms (198) and others has
recognised the mechanisms of both tension and shear in bringing
about this partial breakdown of the bond between the two phases,
As the discontinuity point has been defined in this research
project as that point at which there is a significant change in
the ultrasonic pulse velocity through the material, it would appear
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that both tensile bond - and shear bond failures could occur below
the discontinuity stress,

Evidence for the existence of bond breakdown below the
discontinuity point can be seen in the difference between the
intial stress-strain curve of a virgin specimen up to a point just
below the discontinuity stress which tends to have a definite
curvature and subsequent loading curves which are much more linear.
(fig. 12.3,5) |

Over this section of the stress-strain curve, i.e. below
the discontinuity stress, the bond cracks have no significant
effect on the ultrasonic pulse velocity, Therefore it is concluded
that the shear bond cracks which occur after the tensile bond
cracks have formed can likewise have no effect on the ultrasonic
pulse velocity and therefore occur below the discontinuity level,

Furthermore it may be claimed that these cracks, although
causing a3 reduction in the elastic modulus compared with the
virgin state of the hardened concrete described above, are stable
once formed provided the discontinuity stress is not exceeded,
Evidence for this is provided by the results of the long-term
loading tests on prisms conducted during this research (see section
7.5) in which there was no increase in the longitudinal strain rate,
i,e, no crack propagation or extension, until the discontinuity
gfress, as defined by the ultrasonic pulse velocity, was exceeded.

Hence the material envisaged by the stage 4 assumption
of partial yet stable discontinuities around the phase boundaries
has been realised. Once the process of bond breakdown is complete,
the behaviour of the concrete is elastic in that its deformations
are repeatable (unless creep effects become significant) and crack
formations are stable provided the discontinuity stress is not
exceeded,

Several points are worth noting about this two phase
.model of concrete at this stage, '

Finally, although the case of uniaxial compression was

used to illustrate the formation of bond cracks due to load on
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the concrete, the same basic reasoning could be used for bond
breakdown under all uniaxial and biaxial states of stress and
even some triaxial states of stress given adequate overall tension
strain in one direction at least, However, the extent of the
bond breakdown will depend on the state of stress and will be less
under uniaxial tension and biaxial compression than under uniaxial
compression and biaxial tension as shown in fig, 12,3,6, This
fact has already been established in section 11,5 in the examination
of fracture modes and mortar deposits on aggregate particles,
Secondly the effective equality of the elastic modulus
under uniaxial tension and compression can be explained, Assuming
the mortar matrix and aggregate phase to be elastic and the bond
crack formations to be of approximately the same extent, the
strain distributions for given stresses in the two cases of
uniaxial tension and compression illustrated in fig, 12.3.7 are
identical and hence the measured elastic moduli will be equal,
However, it should be noted that the variation in particle inter-
action between the particles of coarse aggregate caused by other
states of stress will result in changes in the elastic modulus,
Biaxial compressive stresses on this model will result in increases
in the elastic modulus, due to the greater particle interaction
under this state of stress, whilst biaxial tensile stresses will
cause a corresponding decrease, Robinson (10) has likened this
action to a shortening of the compression arms of Baker's lattice
giving a stiffened thrust ring effect,
Lastly, the difference between the uniaxial compressive
and tensile strengths of concrete, although strictly the subject
of the next section, can be seen in the replacement of tensile
bond failures by shear (and hence higher strengths) under compressive
loads compared with the predominantly tensile nature of the failures
under tensile loads., This aspect is discussed in more detail

below,
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12,3.3, Criterion of Failure

In the model of concrete described above, the bond
breakdown process was assumed to be completed prior to the
discontinuity point being reached. It is therefore necessary to
examine the resulting stress and strain distributions on completion
of the bond breakdown in order to predict the next stage of crack
propagation which commences at the discontinuity point,

As has already been noted above, there appear to be two
conditions of stress to consider; the one with tensile stresses
predominating and the other with shear stresses taking over from
the tensile stresses (20). These two conditions are typified by
the uniaxial compressive and tensile tests, These two failure
mechanisms will now be considered and then their places in the

general biaxial stress states will be established,

a) Modes of Failure

Under uniaxial tension stress, the bond cracks behave
as flaws containing a concentration of tensile stress at the crack
tip and at right angles to the axis of the crack, This is the
weakest situation possible with the mortar matrix being parted as
the crack spreads under ideal stress conditions (fig. 12.3.8,).
The crack as it propagates may either pass through or round
aggregate particles depending on the energy requirements of either
route, The net result of this mechanism on a phenomenological
level is a single cleavage plane orthogonal to the axis of the
tensile load, A single critical plane is always observed as,
once a crack starts to propagate, the reduction in area of the.
specimen at that section causes higher stresses to develop on
that particular plane hence giving added encouragement to the
failure to remain on that plane,

The situation under uniaxial compression on .the other
hand is very different, The state of stress around a single
aggregate particle can be seen in fig, 12,3,9., in which the
softer mortar phase is tending to flow past the aggregate particle,
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The texture of the aggregate will retain a cone of the mortar phase
on the axis of the applied compression and thus the bond crack will
propagate along thefsides of this cone under a combination of
longitudinal shear and tension. The tension in fﬁis case would

be due to the lattice or interparticle action of thé coarse
aggregate particles and would cancel the small normal compre351on
actlng on the plane of the crack,

The crack can either link up with the bond cracks on
an adjacent aggregate particle (1), propagate through aniadjacent
aggregate particle (2) or, on reaching the peak of the cone, the
natural dilation of the mortar matrix plus the lattice action of
the coarse aggregate will force the crack to propagate in the
. direction of the axis of loading (3), The several possible
paths nevertheless combine to give an overall cleavage fracture
(fig, 12,3.10).

Numerous cleavage cracks propagate in this type of
failure as the formation of a crack in one section of the concrete
does not reduce the cross-sectional area resisting load and has
no significant effect on the distribution of stress in other
sections of the concrete, Hence a number of cracks can form
relatively independent of each other yjelding a multi-cleavage
fracture,

‘_ This type of fracture which splits the concrete into
A system of columns: of material has a much greater reserve of
strength compared with the single cleavage failure under tenfion
stresses and use is made of this in the ultimate load analysis
of reinforced conerete structures,

The dimensions of the cones of mortar observed under
uniaxial compression are determined by the aggregate texture with
vé:ys@gll cones or no. cones at all with smooth rounded aggregate
compared with large cones with rough textured aggregate, Newman (PC)
has compared these cones which result from a state of triaxial com-

pression with the "'shear" cones observed in: the cube crushing test,
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These two types of failure mechanism typified by the
observed behaviour under uniaxial tensile and compressive stress
explain the crack patterns described in section 11.5 and the cones
of mortar observed on coarse aggregate particles,

Much of the biaxial compression-tension zone of the
biaxial stress envelope exhibits the tension type of mechanism
whilst the remaining section close to the uniaxial compressive
strength, together with the entire biaxial compression envelope,
are subject to the shear type of mechanism, The transition
between the two mechanisms will occur when the tendency of the
applied tensile load to open up a single major flaw is balanced
by the ability of the compressive load to open up other flaws.

At the actual transition the balance will be between a single flaw
and two flaws,

An idealised biaxial stress envelope for concrete is
sketched in fig. 12,3.11 on which the limits of the two failure
types are marked, Although this is an idealised picture it is
based on the results obtained from actual concretes and described
in section 11,3,

Whilst the tension type of failure mechanism remains
essentially a single cleavage throughout the biaxial compression-
tension zone, the shear mechanism undergoes a transition through
the basically compression zones, Under biaxial compression-tension
stress, the shear mechanism results in cleavages orientated
orthogonally to the direction of the principal tension, In the
neighbourhood of the uniaxial compression state the cleavages have
a random orieptation and the cones of mortar on aggregate particles
are observed, However, once into biaxial compression, these cones
become haloes (fig,11.5.10) though the basic procedure of tensile
and shear bond failures followed by crack extension under shear
and tension through the mortar remains essentially the same as for
uniaxial compression, In this case the failures revert to muiti-
cleavage fractures with the phases of cleavage orthogonal to the

third unstressed principal axis (fig,12,3,12),
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Under biaxial compression-tension stress and within the
zone of tension type failures, the tensile stress at the crack tip
prior to discontinuity is assisted by the orthogonal compressive
stress, This assistance is not in proportion to the Poisson's
ratio but does have the effect of reducing the tensile strength
with increasing compression stress,

The bulge in the biaxial compression strength envelopes,
on the other hand, is probably due to a combination of several
factors. These include the increased particle interaction with
increasing biaxial compression resulting in greater stiffness and
the change in the shear areas through the mortar due to the variation
in the failure mechanism from that which produces cones of mortar
under uniaxial compression to that producing haloes under biaxial
compression, This latter factor would lead to an increase in the
lateral strain capacity at discontinuity under increasing degree
of biaxial compression as has in fact been observed in actual
tests (fig. 11.4.1-3).

b) Proposed Failure Criteria

There remains the problem of defining these failure
mechanisms in quantitative terms with the limited amount of
experimental work completed in this project, Although the research
described in this report is probably sufficient to justify the
general features of the failure mechanisms described above, it is
clear that more work will be required before a reliable failure
criterion based on these mechanisms can be established, However,
some possible failure criteria will now be considered wifh the
intention of establishing an intermediate criterion of failure.

Some researchers have considered modifying the distortional
energy theorem (also referred to as the octahedral shear stress
theory) because of its similarity to the shape of the biaxial
compression strength envelope, The envelope could be modified
in the biaxial compression-tension zone by an additional criterion

involving some modified form of limiting tensile stress or strain,
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This modification would probably take the form of a limiting stress
or strain related to the volumetric stress for mathematical
convenience,

An additional modification to the biaxial envelope
would be the introduction of a factor in the biaxial compression
zone to allow for inter-particle behaviour, As previously noted,
the interaction of the coarse aggregate particles has an overall
stiffening effect on the concrete increasing the elastic modulus
with increasing degree of biaxial compression. Newman (20) has
suggested that the elastic modulus will be a function of the mean
normal (or volumetric) stress and this would seem to be a
convenient relationship to use.

Hence a criterion of failure could be constructed on
the basis of the distortional energy theory but with the additional
criterion of a limiting tensile strain and the effect of inter-
particle behaviour under compressive states of stress; both of
these latter factors being functions of the volumetric stress
and determined from experiment, It is worth noting that Robinson
(10) concluded that limiting tensile strain and volumetric stress
were significant in the failure of concrete.

However, the significance of factors such as the
volumetric stress should not be over-emphasised as, in cases such
as that above for mortar in which an existing classical failure
theory has been modified to fit experimental data, it is really a
convenient mathematical parameter to which the empirical variables
such as tensile strain can be related,

Furthermore the basic distortional energy theory is
intended for homogeneous isotropic materials and predicts a
phenomenological shear failure on the octahedral plane, The
results of this research described in chapter 11 and the subsequent
discussions above have emphasised the need to take into account
the heterogeneous nature of concrete at least to the extent of
recognising it as a two phase material, Although the modification

to the theory suggested by incorporating a value of elastic modulus
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as a function of the volumetric stress under biaxial‘compresstdn
is a tacit recognition of this fact, it cannot of itself account
for all the aspects of the heterogeneity.

As regards the prediction of the mode of failure, the
point has been made by Robinson (10) that a satisfactory failure
criterion must predict the observed failure mode. Otherwise,
although it may be quantitatively correct for the data considered,
it may lead to dangerous applications if extended outside these
narrow limits, The same standard has been adopted at the
beginning of this chapter,

Now the results of this research and other work has
shown that under biaxial states of stress, failure at a phenomeno-
logical level is invariably one of either single or multiple
cleavage with varying orientation of the planes, Hence the
shear failure predicted by the theory is a major flaw as far as
its application to concrete is concerned,

Thus the use of this type of approach to concrete suffers
from two of its basic assumptions, viz, homogeneity and shear
failure at the phenomenological level, However, it may prove
a useful quantitative approach to the problem of failure criterion

prior to the establishment of a more satisfactory theorem,

c) Possible Empirical Failure Formula

An alternative approach to the problem is afforded by
the results obtained in this research project, This would be
based on the observed variation of the overall cleavage strain
at discontinuity with the mean normal stress,

Starting with the initial assumption that the strain
needed to separate two adjacent molecules of paste is directly
proportioned to the total strain energy applied to the system,
the relationships obtained can be extended to the phenomenological
level, By equating the sum of these intermolecular strains to
the overall phenomenological cleavage strain, a simple functional

relationship with the applied strain energy can be established



as follows:~

€, = f(uw
where £, = cleavage strain at discontinuity
u = total strain energy at discontinuity,

As a first approximation, this can be expresses as a

simple first-order linear function of the form,

€y= a +bu

where a, b = arbitary constants (to be determined from
experiment),

Now these two arbitary constants can be solved for the

two unique cases of uniaxial compression and tension thus:-

u=1 (&2 -2vVe,6, + 61‘}
2E (for biaxial states of stress)
where E = elastic modulus

W = Poisson's ratio

© €y =a+p e -Esiess) —_— )
. . 2E

For uniaxial states of stress, either 4§1 =0 or 6, = 0,

Hence for a uniaxial state of stress:-
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2E
Let ‘Eg = cleavage strain at discontinuity under uniaxial
compression
QEE = cleavage strain at discontinuity under umiaxial
tension
¢ = discontinuity stress under uniaxial compression
t = discontinuity stress under uniaxial tension
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Then {Eg = a + 922 and 453 = a + 9&2
2E 2E
C (€l -€1) = b (7 -tD
. L ] 2E
c T
hence b = 2E ( 6; - Eb ) (2)
( 02 - t2 )

and e‘: =a+ _(_:E 2B (6,° - €

hence a = €, - ? (€,° - &) (3)
2 2
(c™ - t%)

Having now established the means of determining the
numerical values of the arbitary constants a and b from the results
of uniaxial tension and compression tests, the next stage is to
convert the expression for cleavage strain at discontinuity into

discontinuity stress,
This involves the complication of the variation of elastic

modulus due to particle interaction and the following expression
relating the elastic modulus to the volumetric stress is suggested:-

E=E, J1+k €, +52+€3) 
’ 3
However, as the results obtained in the experimental work
were for biaxial states of stress only, it is considered more
appropriate to express the variation of elastic modulus in terms

of the degree of biaxial compression, i.e,:-

E=E, {1 +k(€1+52>}
L2/

(valid under biaxial compression only)

where E = elastic modulus under biaxial stress
Ec= elastic modulus under uniaxial compression

€&, principal biaxial stresses

k = empirical function,
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The empirical function k must be determined experimentally
and classified according to the volume concentration of coarse
aggregate and the aggregate texture, From the variation of
elastic modulus with degree of biaxial compression shown in fig,
11.2,11 it would appear that k is a non-linear function,

From the elastic equations:-

Ey= V(&

0 +o
E

1 9)

= 2w (61+62)
E, (2+k (5 16,))

—(4)

Therefore substituting for a and b from equations 2 and

3 in equation 1 and eliminating €yusing equation 4,-

2
Vi, +6,) =E {2+k(e +6, }{a +b(6 - 2ve s, t8,

!

USE ONLY UNDER
BIAXIAL COMPRESSION

Which is the equation for the biaxial discontinuity
stress envelope,
The equation has been plotted for mix 61C, using the results
of stress and strain measurements taken in uniaxial compression
and tension, in fig, 12.3.13 and the actual experimental envelope
of biaxial discontinuity stress superimposed, For this comparison

the function k wagassumed to be of the form,-

k = k1 ('61 + 6 9)

- 1 2
hence E = Ec f (61 +'e§2)

The comparison from a quantitative viewpoint is quite good
and it should be noted that this failure criterion predicts
failure by cleavage for all states of biaxial stress, However,
it must be admitted that the equation of the curve is complicated

and requires the results of uniaxial and some biaxial tests,
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One important aspect of the biaxial stress envelopes
which was noted in section 11.7 was the shape of the envelope for
normal aggregate concretes in the biaxial compression-tension zone,
The shape appeared to be dependant on the volume fraction of coarse
aggregate in the mix for, whilst concrete with a volume fraction
of about 0.50 yielded a distinct convex envelope, the concretes
with a volume fraction of about 0,30 yielded a doubly-curved
envelope which appeared to be a transition between the convex
concrete curve and the concave mortar curve, From this result
it must be concluded that, under tensile states of stress,
concretes with unusually low volume fractions of coarse aggregate

will exhibit the properties of mortar to a degree,

12.3.3, Comparison with Results
Throughout the above discussion the results of experimental

work have been referred to in justification for some of the
statements made, Hence this section is very much in the nature
of a conclusion,

As the key results from uniaxial tension and compression
tests plus the variation of elastic modulus with degree of biaxial
compression have already been incorporated in the semi-empirical
failure criterion proposed, only two comparisons between the
criterion and test results are possible,

The first comparison with the biaxial discontinuity
stress envelope has already been described above and shown in
fig, 12,3.13, The comparison was satisfactory,

The second comparison possible is that of the predicted
cleavage strain at discontinuity forecast by equation 1 given the
uniaxial discontinuity stresses and strains and the biaxial
discontinuity stress envelope. Again mix 61C has been used for
the comparative exercise and the predicted experimental results
are shown in fig, 12,3.14, As before, the comparison is very

encouraging,
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However, it is important that the basic necessary assump-
tions on which this criterion of failure has been based be
recognised and for this purpose the main assumptions are listed below:-

1) Local interparticle strains at all dimensional
levels are proportional to overall strain, E

2) Cleavage strain at discontinuity is a linear

function of the total applied strain energy,

3) Under biaxial compression the elastic modulus

is a second order function of the degree of
biaxial compression,

4) The elastic equations relating stress and strain

are valid at a phenomenological level,

A consideration of the assumptions listed above plus the
dependence of the equations defining the failure criterion on
experimental results emphasises the limitations of the criterion
proposed, However, it may provide a useful interim tool in
failure criteria for plain concrete applied to the interpretation
of research into structural uses of concrete,

It is to be hoped that the more fundamental work now
being pufsued into the shear bond strength and crack mechanics
of the problem plus work suggested by this research will yield
a more satisfactory theoretical basis for a failure criterion.

12,3.4. A Possible Theoretical Approach
During the course of this research project an attempt

was made to analyse the model of behaviour and failure of normal

aggregate concrete given in this section 12.3 in a more fundamental
manner by considering the crack mechanics at each stage of crack
formation and the resulting distribution of stress and strain
around an aggregate particle. Unfortunately this work has not
been completed as the full mathematical analyses required are not
yet available in a usable form, However, it was thought worth-

while to outline the theoretical approach believed to offer the
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best chances of succecs and list the relevant mathematical references
for future use, This exercise, though incomplete as far as
predicting a suitable failure criterion is concerned, does indicate
how several approaches to the problem of concrete failure criteria
might be interrelated,

The problem of the mechanism of crack propagation around
aggregate particles has hitherto been the most difficult phenomenon
to state in mathematical terms, Work by Sherman (191) in 1959
considered the problem of crack propagation at the junction of two
dissimilar elastic materials.but he assumed that there were no
cavities or flaws on the bond surface. Erdogan (199) investigated
the effect on the stress distribution by introducing cracks in 1963
and in a very recent paper (200) has shown that it is possible to
apply the Griffith-Irwin theories to the problem, In this
contribution two materials with different elastic moduli and
Poisson's ratio were considered and some attempt was made to
include residual stresses, This latter consideration is
particularly valuable if the éffects of shrinkage are to be taken
into account, Furthermore the crack propagation along the bond
surface was investigated under several applied states of stress
including tension orthogonal to the bond surface and shear along
the bond surface, It would seem that a most useful link could
be forged here between these mechanics of crack propagation and
“the work of Alexander et al (197, 198) on tensile and shear bond
strengths,

On completion of the bond cracks, the cracks start to
spread through the mortar matrix under the action of shear and
tensile stresses though the tensile stresses may be replaced by
compressive stresses in some instances, This is basically the
propagation of a crack under shear forces in a homogeneous material.
Whilst much work has been done on the propagation of cracks under
tensile stresses and some of the results have been applied to

concrete on a phenomenological level (82-84) very little work
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has been published on the shear propagation of cracks, However,
the problem is simpler than for cracking in normal fracture and
under transverse shear and useful work has been done by McClintock
and Sukhatme (201), Borenblatt and Cherepanor (202), and Field
and Baker (203). The problem of friction on the crack propagation
if the tensile stress is replaced by a compression stress has been
investigated by McClintock (204) in work on rocks under pressure.
It would seem that on the basis of the above work on
crack propagation, plus stress distribution investigations on
idealised inclusion problems such as those conducted by Edwards
(205), Stephen and Pirtz (206), and Willis (207), a better
theoretically based failure criterion could be developed.
Additional refinements could include the propagation of a crack
through rather than round an aggregate particle and the effect of
particle interaction in stiffening and possibly reinforcing the
material against crack propagation by the closure of cracks

- under compressive stresses referred to above,

ot
[3%]
[

Deformation and Failure of Lightweight Concrete

!

12,4.1 1Introduction

The case has been made in section 12.3 for the use of a
two phase model for concrete and so the same basic model will be
used in the discussions contained in this section,

The lightweight aggregates commercially available to
date are all much weaker than the mortars into which they are
incorporated and also have a lower elastic modulus being manufactured
for the most part from foamed slag or expanded clay or shale,
Therefore lightweight concretes can be said to be the complement
of normal aggregate concretes being effectively soft particles
in a hard matrix as opposed to the latter case of hard particles
in a soft matrix, This concept of relative particle and matrix
stiffness is basic to the following discussion and the two-phase

model will be invoked throughout,
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12.4.2. Elastic Behaviour
Analogous to the definitions of stages of complexity

in the assumptions made for the two phase model of normal concrete
described in section 12,3, it is possible to obtain two extreme
stages with lightweight concrete between which the actual behaviour
of the material will lie, The two stages may be summarised as
follows:-
STAGE 1 Plane sections remain plane -
continuity at phase boundaries

STAGE 2 Plane sections do not remain plane -
continuity at phase boundaries,
As the lightweight aggregate is weaker than the bond
strength between itself and the mortar matrix, the condition of
partial or full discentinuity at the phase boundary does not

arise,

12.4.2.1. Stage 1
As explained in section 12.3.2.1, this stage is

equivalent to a state of uniform strain throughout the material
which yields the following simple formula for the overall elastic
modulus:~

E = V1 El + V2

where E1 = elastic modulus of matrix phase

E2

E2 = elastic medulus of included phase
V1 = volume fraction of matrix phase
V2 = volume fraction of included phase.

Clearly, as the elastic modulus of the mortar matrix is
considerably greater than the elastic modulus of the included
lightweight aggregate particles, the bulk of the load is carried
by the mortar and the eventual failure is due to failure of the
mortar matrix, Likewise, there can be no particle interaction
effects,
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12,4,2,2, Stage 2
This stage is the same as stage 2 in section 12,3,2.1

in that full continuity is maintained at the phase boundaries but
the condition that plane sections remain plané is relaxed,

If equal Poisson's ratios are assumed for both phases
and the combined material, the expression for the overall elastic

modulus is as follows, -

(1 + V2) E1 + (1 - V2) Eqy

This formula shows the dominating effect of the mortar
elastic modulus on the overall elastic modulus as was the case in
stage 1 above, As with stage 1, there can be no effective particle
interaction because of the relative stiffness of the aggregate
and mortar phéses,

The stress-strain characteristic followed the same
pattern as that of the mortarsand concretes with a linear 'elastic'

portion followed by an inelastic curve.

12.4.3. Criterion of Failure

Under uniaxial compression and tension, the cleavage
strain at discontinuity was virtually the same as the cleavage
strain of the parent mortar, 1rre3pect1ve of the volume fraction
of coarse lightweight aggregate particles present (figs, 7.5.4,1- 3).

This same adherence to the behaviour of the mortar matrix
was observed under biaxial compression in which the biaxial stress
envelope was identical in shape to that of the parent mortar.

Indeed for the one lightweight aggregate mix tested (mix 6LB),

the following strength relationship was found to apply approximately
(i.e. within T 10%) for the whole biaxial strength envelope with

the exception of biaxial tension which was not investigated

(fig, 12.4.1),

Strength of Lightweight Concrete Volume fraction
’ of Mortar in
Lightweight
Concrete

Strength of Parent Mortar
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This relationship was valid for both ultimate strength
and discohtifuity $tresses being accurate to within Y 6% for the
latter,

Hence the modified Coulomb-Mohr theory described in
section 12,2 is recommended as the failure criterion for light-
weight concretes as well as mortars. Hanson's work (208) on
triaxial tests on lightweight concrete gave results similar to

those predicted by the Mohr theory.



502

CHAPTER 13

CONCLUSIONS

13.1. Introduction

The purpose of this chapier is to conclude the account of
the research project given in this thesis and to examine and
summarise in general terms its results and consequences, Not only
are the experiment results considered but also the development and
performance of the combined stress testing machine, the testing
techniques developed, and the ancillary equipment used.

Mechanical behaviour and failure criteria have been the
principal object of the research and these are commented upon
together with the basic philosophies adopted for the project.

The conclusions are grouped under the following five
general headings corresponding to a chapter or group of chapters
in the thesis as noted below:-

13,2 Combined Stress Testing Machine CHP, 2 & 3

13.3 Ancillary equipment chHp, 5
13.4 Testing techniques cHpP, 3 & 6-10
13.5 Results of research CHE, 7-10 & 11
13,6 Failure criteria . CHP, 12

13.2. Combined Stress Testing Machine

The development of the combined stress testing machine
was considered successful in that the limited objectives of providing
a variety of stress combinations in the one machine for tests under
constant stress rate was achieved, The rigidity of the machine as
designed was satisfactory giving remarkably low coefficients of
variation in the test results obtained and the automatic machine

alignment mechanism on the test specimen worked well,
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The facilities of biaxial compression, biaxial compression-
tension and biaxial compression-torsion were developed with varying
degrees of reliability though all of them were an advance on previous
work, Preliminary tests to investigate the difficulties involved
in extension to triaxial compression testing were carried out,

Two major modifications to the machine were considered as
promising to increase its usefulness as a research tool, These
were the hydraulic compensator and the load maintaining controls,

Some comment was made on the problems of stiffness,
especially longitudial stiffness, in the machine sub-frames and how
this was radically reduced by the elasticity of the hydraulic system
giving undesirable explosive failures, A hydraulic compensating
system, much as that designed by Hinde (138), would cure this trouble
and enable the descending porticn of the stress-strain curve to be
investigated under combined stresses, This would represent a
significant advance on existing testing facilities,

The other modification concerns the control of the rate
of testing and the fact that the control is on stress rate and not
on strain rate, Aé pointed out 2arlier, constant Stress rate is
adequate for testing up to the ultimate load but, to ohtain definable
results beyond the ultimate load, a constant strain rate device
(such as that designed by Broch (209) at Birmingham) would be
advantageous,

A primary requirement, vet one which is seldom realised
in practice, for a testing machine is the elimination of operator
technique or influence on the results,

Taylor (210), as an adjunct to work on prestressed anchor
blocks, carried out a series of biaxial compression tests on his
concrete mix, The results are shown in fig, 13.2.1 and show the
consistency of the results obtainable by an operator unused to the
machine using the testing machine independent of outside supervision,

Taylor was also able to use the combined stress facilities
of the machine for tests on anchor blocks which were completely '

unforeseen at the design stage..
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13, 3. Ancillary Equipment

Fortunately, first-class strain measuring equipment was
available for this research project.

The Peekel boxes and the Solartron data logger were
reliable and time-saving tools and the performance of the Sogenque
linear displacement transducers was excellent. Indeed, in most
situations, the accuracy and sensitivity of the ancillary equipment
were greater than the stress control and measuring gauges'realiy

warranted,
In the case of the linear displacement transducers, the

prbblem was to find a support or datum frame of sufficient rigidity
and reliability to hold such an accurate measuring device, The
frame used in the biaxial compression tests gave a satisfactory
calibration but the same principle could be used whilst making a
more versatile frame oapable of making measurements at any point
on the surface of the specimen,

The ultra-sonic pulse velocity equipment worked
ﬁsatisfactorily and appeared to be quite capable of detecting the
discontinuity point under all states of biaxial stress, It was
not,however, able to give a good signal where non-plane or extra
surfaces of contact were involved such as in the torsional and
triaxial tests (CHP,10) nor was it entirely free from external

electrical interference,

13.4. Testing Techniques

The techniques used in the uniaxial test series were only
slightly modified from their earlier inception and were found to
yield satisfactory results, The techniques for the biaxial
compression tests were a logical development of the uniaxial
compression test techniques and also gave good results,

The practice of exercising the specimen prior to elastic
measurements and final load to failure was justified on the grounds

that the results of the initial loading are unique whereas the
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behaviour after several pre-loadings is general and continues there-
after, This was explained as being due to the formation of stable
bond cracks,

Biaxial compression-tension tests yielded a number of'
problems associated with the state of stress obtained and the order
of loading, This technique, though basically sound, needs further
development and special attention should be paid to the design of
a more elaborate support frame for the tension clamps and to the
alignment problems with the concrete cubes used to apply compression.

The few tests conducted in torsion indicated that very
little further development would be required on this facility to
produce reliable results, the only problem associated with this
test being in the casting of the test specimens with an inside
former, This facility needs a little more development.

Triaxial compression testing was found to have many
difficulties, not least of which was the problem of platen clashing.

This testing facility and technique will prove very difficult to

establish,
13,5 Results of Research

The results of this research have alreédy been summarised
in section 11,7 but are repeated here for completeness,

1) The stress-strain characteristics of mortars and
lightweight concrete under uniaxial tension and compression and
biaxial compression obey the elastic theory equations within
practical limits, The stress-strain characteristics of normal
aggregate concretes under uniaxial tension and compression obey
the elastic theory equations within practical limits but the
behaviour under biaxial compression does not obey the elastic
theory, "

2) Below the discontinuity stress mortars and light-~
weight concrete maintained equal and constant values of elastic

modulus, Poisson's ratio and hence bulk modulus and rigidity
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modulus under uniaxial tension, uniaxial compression, and
biaxial compression states of stress, Normal aggregate concretes
gave equal values of elastic modulus and Poisson's ratio under
uniaxial tension and compression states of stress but under
biaxial compression considerable increases in elastic modulus
with degree of biaxial compression together with small increases
in Poisson's ratio were noted, The values of bulk modulus and
rigidity modulus also increased with the degree of biaxial
compression, The effect of the small increase in Poisson's
ratio was to increase further the value of the bulk modulus but
to reduce the increase in rigidity modulus.

3) The biaxial stress envelopes which covered the
whole biaxial stress characteristic with the exception of biaxial
tension combinations showed similar shapes of discontinuity and
ultimate stress envelopes for a given mix., Three basic shapes
of envelope emerged in which mortars and lightweight concretes
gave a square shaped envelope under biaxial compression and a
concave envelope under biaxial compression-~tension, Normal
aggregate concretes with a volume fraction of about 0,50 gave
a rounded convex envelope in both segments whilst normal
aggregate concretes with volume fractions of about 0.30 gave a
convex envelope under biaxial compression and an intermediate
doubly curved envelope under biaxial compression-tension, The
shapes of the envelopes obtained appeared to be influenced only
by the limiting aggregate size of %66".volume fraction, and normal
or lightweight aggregate, The shapes were uninfluenced by
aggregate size above %6", aggregate/cement or water/cement ratios,
aggregate stiffness, or aggregate surface texture,

4) The cleavage strain at the discontinuity point as
defined by the ultrasonic pulse velocity measurement was observed
to increase with the mean normal stress, The cleavage strain
was also seen to decrease with increasing volume fraction of

coarse aggregate,
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5) Under triaxial compression both mortars and concretes
were observed to undergo very large strains of up to 0,13, whilst
maintaining a high degree of overall continuity, amounting to
plastic distortion, The influence of the coarse aggregate was to
obstruct this plastic deformation and cause the mortar matrix to
crack,

6) Cleavage type failures were observed under all states
of biaxial stress investigated, with single cleavage fracture under
uniaxial tension and most of the biaxial compression-tension zone
and multi-cleavage fractures under uniaxial and biaxial compression
and the remainder of the biaxial compression-tension zone, All
the cleavage planes were parallel to the principal compressive
stress or at right-angles to the principal tensile stress and small
yet significant differences were observed between the compressive
failures of mortars and concretes, Studies were also made of the
mortar remaining on aggregate particles loosened by the fracture
process, The failures observed under biaxial compression-tension
tests on solid specimens and biaxial compression-tension tests on

hollow cylinders were similar,

13,6, ailure Criterion

From the results of the research reported in Chapters
7 - 11 and a consideration of concrete as approximating to a two-
phase material, it was decided to examine the deformation and failure
of concrete materials under the sub-divisions of mortar, normal
aggregate concrete, and lightweight aggregate concrete, '

' It was recognised that for most engineering purposes,
the short-term static load behaviour of mortar may be regarded as
elastic and the material as homogeneous. A three-parameter
modification of the Coulomb-Mohr internal friction-failure theory
proposed by Burton Paul (72) in which the additional criterion
of limiting tensile stress was introduced showed fair correlation

with the experimental results obtained, A further modification
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to eliminate the friction component of strength under biaxial
compression—tensiOn explained both the concave envelopes obtained
and the cleavage failures observed and an additional refinement

was introduced by considering the statistical alignment of critical
flaws which explained the reductions in strength observed under
uniaxial compression, The behaviour and failure of mortar as
recorded in this research project was seen to be remarkably
similar to several types of cast iron,

Normal aggregate concrete was regarded as a two phase
material in which the coarse aggregate particles were the included
phase and the mortar was the matrix phase, In an attempt to
clarify the several approaches made to the deformation and failure
of this two-phase model of concrete, the various assumptions
regg;ding ﬁlane sections and continuity around the phase boundary
were listed and their oonsequences discussed in detail, The
stage at which plane sections did not remain plane and partial
discontinuity was allowed around the phase boundary was shown as
the level of complexity that should be examined if the complex
behaviour of the concrete is to be explained.

| Accordingly, from evidence collected both from the
experimental and theoretical work of this project and from
previous contributions to the subject, a general picture of
Behavibur was assembled showing the formation and propagafipn
of cracks from zero load to féilure. Of particular note was
the mechanism of cracking above the discontinuity stress
proposed in which cracks were propagated under a combination of
longitudinal shear and lateral tension or even compression; A
semi-empirical failure criterion was proposed based on the
assumption that the cleavage strain at discontinuity was a first
order function of the applied strain energy, However, this was
regarded as an interim solution only and an indicatiop!wés given
of how recent work on crack mechanics might be applied to the
failure mechanism proposed in this thesis and also provide a link
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with other work on the tensile and shear bond strengths of mortar
and aggregate,

Lightweight aggregate concrete followed the behaviour
of mortar very closely and it was observed that the strength of
the lightweight concrete under any biaxial state of stress
investigated was directly proportional to the volume of mortar
in the mix, Although a very slight tendency to follow the
behaviour of concrete was observed in some experimental results,
for all practical purposes this material can be treated in
exactly the same way as a mortar both from a deformation and

failure viewpoint.
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CHAPTER 14

SUGGESTIONS FOR FUTURE RESEARCH

From the results obtained in this research project and
their limitations it is clear that more research could be
profitably conducted on some of the matters raised by the work.
In particular the failure criterion proposed warrants further
investigation and confirmation both at a phenomological and at
a macroscopic level,

Accordingly the following projects are suggested as
subjects for future research:-

1. The main combined stress facility developed and used

in this research project was that of biaxial compression.

Though a wide range of mortars and concretes were tésted'under
this state of stress, the results obtained cannot be claimed to
cover biaxial compression comprehensively and much useful
information could be gained by a further series of biaxial
compression tests, This could:include preplaced aggregates

and model concretes It could also investigate other factors
such as the effect of testing with pinned-ended, i.e, lubricated,
spherical seatings as recommended by Newman and Sigvaldason (15).
If the recommended modifications to the machine were carried out,
i.e, hydraulic compensater to increase longitudinal stiffness

and constant strain rate mechanism, then tests could also be
planned ‘to .investigate the post-ultimate region of the stress-

strain-curve,
/

2. As noted .in the thesis, the biaxial compression-tension
testing facility, although basically sound, needs further
development time and effort, This development and a consequent
large test series would be very useful ‘both as part of the
general development of the combined stress testing machine into
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a useful research tool and as a check on the failure criterion

proposed, A series of biaxial compression-torsion tests could
be run paraliel to this series to give a comparison between the
two means of achieving states of biaxial compression-tension

stress,

3. A very long-term research project, that offers most
interesting results from the few obtained in this research

project yet one that has more than its fair share of problems,

is triaxial compression. It cannot be emphasised too much just
how difficuit this type of mechanical test would be and, although
the combined stress testing machine has been designed for extension
to triaxial testing at a later date, the idea of loading the test '
specimen through solid platens might eventually have to be
abandoned in favour of hydraulic loading such as that designed

in section 2,4, Certainly no test results should be expected

from a project of this kind for at least three years as this is

felt to be the minimum time required to develop this facility,

4, The long-term testing of concrete is suggested as a
further research project with a view tﬁ making the result of a

short term test, and especially the discontinuity point, more
meaningful. Some tests were carried out in thaéﬁﬁ¥6555{W§ha a
positive link was suggested by the results between the discontinuity
stress and the long-term ultimate strength, 1In this context a

load maintaining device would be very useful on the combined

stress testing machine and most useful results could be obtained

even if the longest test lasted only a few days to failure,

5. The significance of the degrees of freedom of movement
allowed on each loaded face of a test specimen has already been
touched upon both in designing the testing machine and in the

suggested research under biaxial compression, This problem
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might be thought sufficiently significant to warrant a special
test series of its own, In particular a development of Ward's
tens1on test could be an enlarged p1n at the Jacklng end of the
tension gr1ps to produce an effect1vely locked cond1t1on under
load thus makrng it equ1valent to the present method of
conducting compress1on tests in the combined stress testrng
mach1ne. An alternat1ve un1ax1al tension spe01men named the
"Theta" speclmen has been developed by Durell1, Morse and Parks

(211) and this too is worthy of consideration in th1s context

6, In the selectlon of a failure criterion for mortar,
the view was expressed that the overall cleavage fa11ures '
observed in the tests m1ght be due to the degrees of freedom of
the load1ng platens and not representatrve of the actual initial
failure of the mater1al It was suggested that a shear crack
1n1t1ated in the centre un1form1y strained section would not
be able to pr0pagate very far before e1ther the natural dllatlon
of the mater1al or the load1ng system adopted took over and
d1ctated the extens1on of the crack, Thrs of course t1es in
W1th the phrlosophy at stake in suggest1on 5.

However a more fundamental 1nvest1gat1on of these
mechan1cs of crack extens1on would be most useful in checkrng

the val1d1ty of the fa11ure criterion proposed

7. The present state of knowledge in the field of crack
mechanics and stress dlstrlbutlon analys1s was regarded as not
quite suff1c1ent to der1ve a theoret1cal fallure criterion for
concrete based on the model of deformatron and fa11ure proposed,
However, at some time 1n the near future, a theoret1cal study
of this problem by an engrneer and applied mathemat101an
together could yield some useful relatronshrps between the
several approaches to the problem of failure cr1ter1on and
perhaps the f1nal cr1ter1on for concrete fallure.
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APPENDIX A - SYMBOLS

The symbols and abbreviations used throughout the

text of the thesis were as follows:-

532

S stress
€, major principal stress (tension positive)
672 intermediate principal stress
6f3 minor principal stress
s, ultimate axial stress
G ¢ ultimate uniaxial compressive stress
S ultimate uniaxial tensile stress
! ultimate uniaxial cylinder compressive stress
s . radial stress
C;'PV' discontinuity stress as defined by USPV measurements
c discontinuity stress under axial compression
t discontinuity stress under uniaxial tension
S & octahedral normal stress = il +632 +<3
—( o octahedral shear stress =
e -t (6, - s + (5 - o)
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& 6 e
meansnormal stress = 1+ 32 b 3 = 6 = 311

o
equal biaxial compressive stress (67, = 64 = Sp)

first invariant of stress tensor (spherical stress tension)
strain
strain in direction of principal stressc”,

strain in direction of principal stressc,

strain in direction of principal stress&G 4

i ) €1 +€E2+ €3
volumetric strain = 3

cleavage strain at discontinuity as defined by USPV measurements
measurements

cleavage strain at discontinuity under uniaxial compression
cleavage strain at discontinuity under uniaxial tension

elastic modulus = %;

static elastic modulus

dynamic elastic modulus

static elastic modulus under uniaxial compression
static elastic modulus under uniaxial tension
elastic modulus of matrix phase

elastic modulus of included phase

—E
2(1 - V)
S R
3(1 - 2V)

shear modulus of rigidity =

bulk modulus of elasticity =



Poisson's ratio

static Poisson’s ratio

dynamic Poisson’s ratio

Poisson's ratio under uniexial compression
Poisson's ratio under uniaxial tension
volume fraction of coarse aggregate (:%{6")
volume fraction of mortar

volume fraction of matrix phase

volume fraction of included phase

strain energy

pound per square inch

millimetre

minute

inside diameter

outside diameter

ultrasonic pulse velocity

electrical resistance strain gauge

water:cement ratio (by weight)
sand:cement ratio (by weight)

dggregate:cement ratio (by weight)
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APPENDIX B - TESTING MACHINE CALCULATIONS

This appendix contains an abstract from the machine
design calculations, to elaborate on the criteria described in
Chapter III which formed the basis of the detailed design,

The preliminary calculations on strucural sizes are
omitted and calculations given are simply an analysis of the
final design.
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APPENDIX C ~ TESTING MACHINE DRAWINGS

A complete list of all the detailed machine drawings
used in the design and manufacture of all the machine components
and ancillary equipment is given below.

The original negatives and prints of the latest revision
of each drawing has been deposited with the Concrete Materials
Research Group and access to these drawings may be obtained from
Mr, K. Newman,

A full-size print of the general arrangement drawing
(drg.No,1.) is enclosed in the loose pocket at the back of this
thesis and, together with the sketches and drawings in Chapter 3,
should give a representative detail of the testing machine,

Drg. No, Title,
1 | General Arrangement
2 Details of Components
3 Details of Extra Machine Components
4 Tension Rig for Biaxial Machine
5 Tersion Rig for Biaxial Machine
6 Triaxial Rig for Biaxial Machine
7 Instrument Panel Layout

The main title of all the drawings is, "Short-Term

Combined Stress Testing Machine,"
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APPENDIX D - ANALYSIS OF RESULTS

In this appendix the calculations and corrections
involved in converting the original experimental instrument
readings to absolute values of stress and strain quantities are
recorded and illustrated by worked examples where necessary,
The analysis is sub-divided into the various tests or groups
of tests performed as follows:~

1, Non-destructive tests

2, Uniaxial prism compression tests
3, Uniaxial tension tests

4, Flexural beam tests

5, Biaxial compression tests

6. Biaxial compression-tension tests,

1, Non-destructive Tests

a) Density
The flexural beam specimen was used for this test and

weighed in air and water. The weight in water was determined
by weighing a tank of water with and without the specimen being
suspended in it from an independent frame, The following
worked example is drawn from mix 31B beam Bl,

WI. IN AIR 12,062 gm,
WI, OF WATER 9,876
WI. OF WATER & CONCRETE 15,162
WI. IN WATER = 15,162 - 9,876 - 5,286,

[t}

62,4 x 12,062
5,286

= 142,4 1b,./cu,ft,
The average value of all three specimens is recorded,

<. density
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b) Dynamic elastic modulus ED

Again the flexural beam specimen is used and the dynamic

elastic modulus is calculated for each specimen from the density
of that specimen and the average of three or more measurements
of its resonant frequency,
2.2 ~6 .
ED =5,91n" 172 x 10 psi.

where n = resonant frequency (cycles/sec.)
1
The resonant frequencies recorded in the tests are in
the form of the total number of cycles measured over ten seconds.
The following example is drawn from mix 31B beam Bl,

length of specimen = 20"

density of concrete,

resonant frequency readings, - 040284
040279
040282

3 120845

040282

(/D = 142,4 1b,/cu,ft,)

SO E =5.99 x (4028.2)% x (2002 x 142.4 x 107°

= 5.55 x 10° psi.

c) Dynamic Poisson's ratio
This quantity is calculated from the results of both
the resonant frequency and ultrasenic pulse velocity measurements
on the flexural beam specimen, The equation for the dynamic

Poisson's ratio 1s.

= k (say),
2n1 (1 +\)D) (1 "'2\)9
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Again using the results of mix 31B and beam Bl as our

example and taking the difference in the ultrasonic pulse
velocity between ihe tranducers being together and apart (i,e,
at opposite ends of the beam),

APART 131,72

TOGETHER 14.38
117.3¢ x 10~% secs for 20 in, path length
. V=14,200 ft,/sec.

n.u k = ( 14,200 x 12 2
2 x 4,028,2 x 20

(1.058)>
= 112,
and from a graph of k and M;.

]

\)n = 0.207

2. Uniaxial Prism Compression Tests

a) Axial Stress
The pressure gauge reading was converted directly intp

average stress applied to the assumed 4" x 4" cross-section of the
specimen from graphs prepared from the actual machine calibration
charts, No correction was applied to eachfspecimen to allow

for its actual cross-section due to castirng on the variation in
the dimension of 4" seldom exceeded 1/16" (i,e, 1.5%).

b) Longitudinal Strain
The Peckel transistorised strain box type T200 was

adjusted such that it gave readings of electrical resistance
strain gauges directly in strain assuming a gauge factor of 2,00.
As the gauge factor often differed from the value of 2,00 the
following correction had to be appliéd to all the readings.

true strain = 2,00 x recorded strain,
gauge factor
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c¢) Lateral Strain
The frame used to measure the lateral strain used one
linear inductance transducer only so that the reading on the
Sogenique equipment was the total lateral expansion in micro~
inches (10"6 inches), Hence all the increments of expansion
had to be divided by 4" to give microstrain,

d) Strain from Zero Load
For practical purposes, the measurements taken on each
test started not from zero load but from a small nominal load,
Hence to draw stress-strain diagrams and to obtain tatal value
of strain from zero load, the strain increment from zero load
to the nominal load was estimated from the subsequent two or
three increments assuming a linear relationship between stress
and strain over this initial portion of the stress-strain curve,
Occasionally, e,qg. for determining the total cleavage
strain at discontinuity, this initigl increment of strain was

assessed on a pro-rata basis,

c) Worked Example

A completely analysed test on a prism is shown in
fig. D1 for mix 31B and prism P3, The calculation of the
ealstic modulus, Poisson's ratio and longitudinal and lateral
strains at discontinuity are shown as well as the discontinuity

and ultimate stresses,

3. Uniaxial Tension Tests

All calculations and conversions used in the analysis
of the uniaxial tension test results were identical to those
used for the uniaxial prism compression test results with the

obvious exception of the machine calibrations used,
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4, Flexural Beam Tests

a) Flexural Stress
Two different testing machines had to be used for

these tests due to laboratory re-organization as explained in
Chapter 7. Load calibration charts were available for both

of these two machines and tables were drawn up in which the
relevant instrument readings were converted to total load on
the beam, Then, assuming plane sections to remain plane and

a central neutral axis, the extreme fibre stress was calculated
using the usual beam formula,

For both machines, a correction had to be applied to
the stresses to account for the weight of the block and roller
assembly through which the beam was loaded, This amounted to
59.5 1b, which was equivalent to an extra 15 psi, at the extreme
fibre,

In addition, when the Sigvaldason flexural machine
was used and the Cawkell ultrasonic pulse velocity transducers
attached, the frame used to support the transducers exerted a
reinforcing effect equivalent to 4 1b, of applied load which
meant a reduction of 1 psi. at the extreme fibre.

No correction was made to allow for the self-weight
of the beam specimen as this was negligible in terms of extreme

fibre stress,

b) Flexural Strain
These results were analysed in the same manner as for

the uniaxial tests above,

5. Biaxial Compression Tests

a) Applied Stress
The pressure gauge reading was converted directly into

average stress applied to the annual 4" x 10" cross-section of
the specimen from graphs prepared from the actual machine
calibration chart., No correction was applied to each specimen
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to allow for its actual cross-section due to casting as the
variation in the dimension of 4" seldom exceeded %&6" (i,e. 1.5%).
The stress on the uniformly strained volume was assumed to be
equal to the average applied stress as explained in Chapter 8,

b) Longitudinal strain
The Solartron automatic data logger print-out results

required two corrections: one for the gauge factor and one
for the output voltage, The data logger will give results
directly in strain only if the gauge factor is 2,00 and the
output voltage is 2.00 volts, The actual output voltage is
printed out for each load stage on the tape and can be used in
the following correction,~

true strain = 2.00 X 2,00 x recorded strain
gauge factor output voltage

¢) Lateral strain

The frame used for supporting the linear inductance
transducers carried two transducers horizontally opposed over
a 4 in, gauge length, The Sogenique equipment reading was the
average of the two transducer readings in micro-inches and
therefore the Sogenique recording had to be divided by 2" to
obtain the result in microstrain, The initial zero error in
the frame detected in the calibration trial was neglected in
most cases being less than 1% of the total strain,

d) Strain from Zero Load
The same adjustments to the strains were made in

these tests as described in section 2 d) above,

e) Determination of Discontinuity Point
As in all the other tests described, the discontinuity
point was determined by a radical change in the ultrasonic pulse

velocity measurements, A typical set of plots used to determine
the discontinuity point are shown in fig. D2 for mix 31B,
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6, Biaxial Compression - Tension Tests

a) Applied Stress

The applied tensile stress was calculated by dividing
the applied tensile force obtained from the calibration of the
tension facility by the specimen cross-sectional area of 3" x 4",

The applied compressive stress was taken as the
applied compressive load obtained from the original machine
calibration divided by the area of the 4" x 4" compression
loading cubes, This latter assumption is subject to error
as the intensity of compressive stress will reduce as the centre
of the specimen is approached but it does represent the maximum
compressive stress applied to the specimen,

b) Strains
All strain measurements taken were analysed using the

corrections described above,

7. Calibration and Conversion Charts

All calibration and conversion charts not contained
in the text of the thesis or in this appendix have been deposited
with the Goncrete Materials Research Group and are in the

immediate care of Mr., K, Newman,
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APPENDIX E -~ USEFUL UNIAXTAL TEST REFERENCES

During the course of the research into the literature
available on the behaviour of concrete under simple and combined
states of stress a large number of references on uniaxial tests
(compression, tension and flexure) were collected, Those most
relevant to the work conducted in this project have already been
referred to in the main text of the thesis, However, it was
felt that much time and effort could be spared future research
workers if a permanent record were made of these other

contributions and accordingly they are listed below,-

1, H, Hansen; A, Kielland; K.E.C. Nielsen; S. Thaulow,
"Bentongens Trykkfasthet-Terning Eller Sylinder?"
Nordisk Betong V.4 No, 4 1960 pp. 305-320
English translation: Rilem Bulletin No. 17
Dec. 1962 pp. 23-30

2, H,J., Gonnerman, "“Effect of Size and Shape of Test
Specimen on Compressive Strength of Concrete",
Bull. No, 16, Structural Materials Res. Lab.,
Lewis Inst., Chicago, 1925, 16 pp. (reprinted
from ASTM, Proc, V.25, Pt,.11, 1925, pp.237-250)

3. T,J, Hirsch, "Modulus of Elasticity of Concrete
affected by Elastic Moduli of Cement Paste
Matrix and Aggregate" ACI Journal V,59 No.3
Mar, 1962 pp. 427-447,
Discussion: Sept, 1962 pp. 1363-1374

4, A,N, Johnson, "Direct Measurement of Poisson's Ratio
for Concrete", Proceedings of the American Society
for Testing Materials., V.24 Pt,2 1924 pp, 1024
Discussion:

5. J.W, Johnson "Effect of Height of Test Specimen on
Compressive Strength of Concrete™ ASTM Bulletin
No. 120, Jan., 1943, pp. 19-22

6, C,E, Kesler, "Effect of Length to Diameter Ratio on
Compressive Strength of Concrete" ASTM Proc.
V.59 1959, pp. 1216-1229, '



10.

11,

12,

13.

14,

15.

16,
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A,.C, Liebenberg. "A Stress-Strain Function for Concrete
subjected to Short-term Loading", Mag, of Conc,Res,
V.14 No. 41 July, 1962, pp. 85-90,

B. Mather, "Effect of Type of Test Specimen on Apparent
Compressive Strength of Concrete", ASTM, Proc, V.45
1945, pp. 802-809.

John R, Keeton, "Strain Distribution in Compressively
Loaded Concrete Specimens". ASTM V, 61, 1961,
pp. 1197 - 1220, :

J.W, Murdock and C,E. Kesler., "Effect of Length to
Diameter Ratio of Specimen on the Apparent
Compressive Strength of Concrete",  ASTM,
Bulletin No, 221, Apr, 1957, pp. 68-73

AM, Neville, "The Relation between Standard Deviation
and Mean Strength of Concrete Test Cubes,”
Magazine of Concrete Research, V.1l No,32 July 1959,
pp - 75"84 [

A.M, Neville, "The Influence of Size of Concrete Test
Cubes on Mean Strength and Standard Deviation",
Magazine of Concrete Research, V.8 No,23
August 1956 pp., 101-110,

A M, Neville. "The Use of 14 in, Concrete Compression
Test Cubes". C.E., & P.W.R, V,51 No, 605, Nov, 1956
pp. 1251-1252,
Discussion: V.52 No,.613 July 1957, p.797.

A,M, Neville, "The Failure of Concrete Compression
Test Specimens". C,E, & P,W.R, V.52, No,613
July 1957 pp, 773-774,

'D, Ramaley and D, McHenry, "Stress-Strain Curves

for Concrete Strained beyond Ultimate Load,"
U.S, Dept, of Interior, Bureau of Reclamation,
Denver, Lab,Rep, No, SP-12, March 1947,

S. Thaulow., "Innflytelson av Friksjonen i Trykkflatene
ved Bestemmelse av Betongens Trykkfasthet med
Profelegemer av Fonskjellig Hoyde (Apparent
Crushing Strength of Concrete as affected by
Height of Test Specimen and Friction between
Loading Surfaces) Nordisk Betong, 1960, No.4
pp. 321-324., (Translated in Rilem Bulletin,

New Series, No, 17, Dec, 1962, pp. 31-33)
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J. Tucker (Jnr,) "Effect of Length on the Strength
of Compression Test Specimens", ASTM Proc,
V.45 1945, pp, 976-984,

E. Freyssinet, "The Deformation of Concrete",
Magazine of Concrete Research, No, B8, December 1951,
pp '] 459"'56 .

Anonymous, "The Variation of Concrete Crushing
Strength with Size of Cube". Engineering
News, July 7, 1904, p. 7.

T. Gyengo. "Effect of Type of Test Specimen and
Gradation of Aggregate on Compressive Strength
of Aggregate on Compressive Strength of Concrete",
ACI Journal V,34 Jan-Feb, 1938, pp,269-262,

J. Duffy and R.D. Mindlin, "Stress-Strain Relations
and Vibrations of a Granular Medium", Journal of
Applied Mechanics, V.24, 1957,

Kiyoo Mogi. "7, The Influence of the Dimensions of
Specimens on the Fracture Strength of Rocks.
(Comparison between the Strength of Rock
Specimens and that of the Earth's Crust)",
Bulletin of the Earthquake Research Institute,
V.40 (1962), pp. 175-185,

T, Akazawa, "Tension Test Method for Concretes",
Rilem Bulletin No, 16, Nov, 1953, pp.11-23,

A, Barcellos and F,L.B, Carneiro, "Concrete Tensile
Strength", Rilem Bulletin No, 13 Mar, 1953,
pp.97-123, ‘

G.M. Bell, Discussion on "Direct Tensile Strength of
Concrete", C.,E. & P.W.R, V,52, No, 617,
Nov. 1957, p.1234.

F,L.L.B. Carneiro and A, Barcellos. "Concrete Tensile
Strength™, Rilem Bulletin No.13 March 1953,

D.P. O'Clery and J,G. Byrne, "Testing Concrete and
Mortar in Tension", Engineering, V,169,
March 1960, ;p.384-385,

A, Halabi, "Recherches Experimentales Systematiques
sur la Resistance a 1a Traction des Betons®,
(Experimental Planned Research on Concrete
Tensile Strength) Revue des Materiaux No, 561,
June 1962, pp.168-180



29,

30,

31,

32,

33.

34,

35.

36,

317,

38.

39.
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J.A, Hanson, "Tensile Strength and Diagonal Tension
Resistance of Structural Lightweight Concrete”,
ACI Journal V.58, No, 1, July 1961, pp. 1-39,
also Development Dept, Bulletin D50,
Portland Cement Association, Skokie, Illinois,

Robert Humphreys., "Direct Tensile Strength of Concrete”,
Civil Engineering and Public Works Review, V.52,
No.614, Aug.1957, pp. 882-884,

A.N. Johnson, "Concrete in Tension", Proceedings of
the American Society for Testing Materials, V,26,
Pt.2, 1926, pp.441-446,
Discussion: Volume above pp, 447-450,

D.J, McNeely and S,D. Lash, "Tensile Strength of
Concrete", ACI Journal, V,60, June 1963, pp.751-761.,

M, McNeary. "A Comparison of Standard and Proposed
Tension Grips and Test-pieces for Testing Portland
Cement Mortars". Maine Technology Expt. Station,
Bull, No.39, 1944,

S, Nilsson. “The Tensile Strength of Concrete determined
by Splitting Tests on Cubes™. Rilem Bulletin,
New Series, No. 11, June 1961, pp. 63-67,

Rilem, "Direct Tensile Test of Concrete" Rilem Bulletin,
New Series No, 20, Sept, 1963, pp. 84-90,

H., Rusch and H, Hilsdorf, “Verformung Siegen Shaften
von Beton unter Zentrischen Zugspannen", (Deform-
ation Characteristics of Concrete under Axial
Tension), Voruntersuchungen, Bericht No,44 Munich,
May 1963,

L. Schuman and J. Tucker. "Tensile and Other Properties
of Concrete made with Various Types of Cements."
U,S. Nat, Bur, of Stand., Journal of Res, V.31,
Aug, 1943, pp. 107-124,

F.0. Anderegg; T. Weller and B.Fried. "Tension
Specimen Shape and Apparent Strength". ASTM
Proc, V.39, 1939, pp. 1264-1271,

J.S. Blackman, G.M. Smith and L.E. Young, "Stress
Distribution affects Ultimate Tensile Strength"
ACI Journal V.SS No. Dec. 1948 pp.679-684,



40.

41,

42,

43,

44,

45,

46,

47.

48,

49,
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I. Ali and A,B, Lingham, "A General Theory for
Flexural Strength of Concrete and Mortars".
Cement and Concrete, New Delhi, Sept, 1963,

A,T. Goldbeck. "Investigation of Distribution of
Stress in Reinforced Concrete Beams including
a Comparative Study of Plain Concrete in_
Tension and Compression”, Proc, ASTM V.X 1910
p.376,

R.G. Smith, "The Determination of the Compressive
Stress-Strain Properties of Concrete in Flexure",
Mag. of Conc, Res. V.12 No. 36, Nov. 1960,
ppo 165“’1700

J. Tucker, Jr, “Statistical Theory of the Effect of
Loading upon the Modulus of Rupture of Beams",
Proc, ASTM V. 41, 1941, pp. 1072-1088,

P.J.F, Wright, "The Effect of the Method of Test on
the Flexural Strength of Concrete, Magazine of
Concrete Research No, 11, Oct. 1952, pp. 67-76,

Rilem Commission, "Correlation Factors between the
Strengths of Different Specimen Types". Rilem
Bulletin No, 39, 1957, pp. 81-105,

H.F. Gonnerman and E.C, Shuman, "Flexure and Tension
Tests of Plain Concrete", PCA Annual Report 1928,
pp. 137-200,

H.F, Gonnerman and E,C, Shuman, "Compression, Flexure
and Tension Test on Plain Concrete"., ASIM Proc.
v.28, pPt, II, 1928, pp. 527-573,

W,H. Burr, "Tension and Compression Tests of Concrete",
Engineering Record. Dec, 8 1906,

James W, Johnson, "Relationship between Strength and
Elasticity of Concrete in Tension and in
Compression”, Iowa State College of Agriculture
and Mechanic Arts: Eng, Expt. Station Bulletin 90,
May 9, 1928, (Vol, XXVI No. 72) 43 pp,

R, Jones and M.F. Kaplan., '"The Effect of Coarse
’ Aggregate on the Mode of Failure of Concrete in
Compression and Flexure", Magazine of Concrete
Research, V.9 No.26 Aug.1957, pp. 89-94,



51.

52,

53.

54,

55.

56,

57.

58,
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M.F. Kaplan. "Flexural and Compressive Strength of
Concrete™as affected by the Properties of Coars
Aggregates”, ACI Journal V,55 No. 11, May 195G,
pp. 1193-1208.

Israel Narrow and Erik Ullberg. "Correlation between
Tensile Splitting Strength and Flexural Strength
of Concrete", ACI Journal V,60 No.,l, Jan, 1963
pp.27-37,

A.G,A, Saul, "A Comparison of the Compressive,
Flexural and Tensile Strengths of Concrete",
C. & C,LA, TRA/333, June 1960, pp. 1-1T7,

J.R, Hosking, "“A Comparison of the Tensile Strength,
Crushing Strength, and Elastic Properties of
Eleven Roadmaking Rocks". Quarry Managers'
tournal, V.39, No, 4, 1955, pp. 200-211,

J. Glucklich, "The Influence of Sustained Loads on
the Strength of Concrete". Rilem Bulletin No.5
December 1959, pp. 14-17. ~

R, Sell, "Investigations into the Strength of Concrete
" under Sustained Load", - Rilem Bulletin, New Series,
No. 5, Dec. 1959, pp. 5-13.

C.E. Kesler and C.P, Seiss, "Static and Fatigue
Strength"  ASTM, Special Technical Publication
169, pp. 81-84,

R. L'Hermite. "Some Present Day Ideas on the
-Technology of Concrete; II, The Deformation of
Concrete”, Rilem Bulletin No, 17, April 1954,
ppc 43—71. . ) o
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APPENDIX F - INSIDE FORMS FOR TORSIONAL SPECIMENS

The selection of a torsional test specimen of uniform
external profile and tapering internal profile - the dimensions
of which are shown in fig., F.1, - led to the problem of providing
an inside form to cast this specimen shape as explained in
section 10.2.2,

A number of possibilities were examined, before the
selection of the wax former described in section 10,2.2. was

made, and these are listed below:-

1) Collapsable steel mould
2) Air- filled rubber bag
3) Polystyrene former

4) Wax former

5) Sand former

Each of the above possibilities had various advantages

and disadvantages and these are discussed below,

1) Collapsable Steel Mould

This mould would have taken the form of interlocking
steel gplines formed to the correct shape by a removable
central core, However this idea was rejected on the following
grounds: -~

a) Complex and precise machining would be required for

the interlocking mechanism of the splines

b) However good the interlocking system was, @n

impression would be left on the inside profile of

the concrete giving a non-uniform cross-section

to the cylinder,

¢) Cost was considered too high for even a major

series of tests,
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2) Air-filled Rubber Bag
The use of air-filled rubber hose to form ducts in

mass concrete is widespread and the use of a rubber bag in
forming the torsional cylinder seemed feasible. A specially
shaped bag would have been required and the pressure needed to
obtain the correct dimensions specified,

However, as only a pilot series of tests had been
planned, it was uneconomic to order one purpose made mould of
this type though an order for six or twelve such moulds might
well have made this solution a satisfactory answer to the

problem,

3 Polystyrene Former

Imperial Chemical Industries Ltd, were approached for
advice on the possibility of producing inserts moulded in
polystyrene to the correct shape for the torsion specimen.

They advised that this was not possible unless a very large
order was forthcoming and we were prepared to pay part of the
cost of producing the necessary steel mould. Alternatively,
they would supply expanded polystyrene 4 in, cubes from stock
which could then be shaped and stuck together.

From our experience of machining polystyrene on a
lathe, it was recognised that it would be very difficult to
obtain a series of inserts of identical shape. An alternative
method of using a hot wire bent to the required profile was
also rejected for the same reason,

An inquiry to Shell Chemicals brought forth the sug-
gestion of buying polystyrene in bulk and moulding the required
shape ourselves. This idea requires a special steel mould to be
made up and was therefore rejected for these pilot tests but is
worthy of consideration for a major series of tests, The technique

for expanding and moulding the polystyrene is described in
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Shell Chemical Company Technical Bulletin "STYROCELL™ No,
PRP/6197/D, April 1963, obtainable from Shell Chemicals,

The question of the water absorption capacity of
expanded polystyrene is pertinent to its use in the role as
a former for concrete and a test was carried out on an average
commercial sampleA(PORON 30). It was found that the expanded
polystyrene absorbed its own weight of water in a week but lost
it at a much slower rate, This suggests that only saturated
expanded polystyrene formers should be used in costing concrete

specimens,

4) Wax Former

This solution was the one eventually adopted for the
pilot tests and consisted of casting the former in ships wax
in a timber mould,

A timber mould, illustrated in fig, 10.2,2.1,, was
constructed in six sections which were dowelled and clamped
together, 'Polyfilla' was used between the mating surfaces to
obtain a leakproof joint and one end of the mould was blanked
off so that the mould could be stood on end, The ships wax was
heated and then allowed to cool until it had almost solidified
again when it was poured into the open end of the mould, As
the was cooled it shrank and the mould had to be topped up
several times, Care had to be taken when adding fresh wax to
ensure that it mated properly with the wax already solidified
in the mould, This was achieved by breaking the existing solid
wax surface with a heated rod.

The other major problem associated with filling the
mould with wax was that of air being trapped by formations of
wax solidifying on the sides of the mould and overhanging the
general wax surface, This behaviour was noted particularly
during the first two trials and was prevented by the use of the

heated rod referred to above.
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There was also a tendency for the wax to stick to the sides
of the mould when trying to strip the mould and the first trials in
which Vaseline was used as a mould oil showed that this preparation
was insufficient,

Accordingly a coating of banana oil supplied by Proops of
London was painted onto the inside of the mould and allowed to
solidify, A layer of mould grease as used in the steel moulds for
concrete specimens was then smeared on top of the banana oil to act
as a releasing agent. This preparation worked satisfactorily.

After the wax had hardened for at least 24 hours, the mould
was stripped and the wax former placed in the 6" dia. 12" long steel
cylinder mould, It was centrally located by two %" steel dowels
located in the baseplate of the mould and in a fitted plate across
the top of the mould. This method of locating the wax former was
very satisfactory and spot checks on the wall thicknesses of broken
specimens showed a variation on the 1 in., specified thickness of only
! 0,015 in, Casting of the concrete specimen was carried out in the
usual way,

Once the concrete mix had hardened and the steel mould been
stripped the specimen was placed in the curing tank for a few days to
allow the concrete to mature before removing the wax former,

The wax was removed from the inside of the specimen by gently
heating it, care being taken not to overheat and craék the surrounding
concrete, This made the removal of the wax a long and tedious'piédess
and had the effect of drying out sections of the concrete specimen and
hence interfering with the constant curing conditions, After the‘wax
had been removed, the specimen was placed in a bath of warm water prior
to returning to the curing tank to avoid cracking of the specimen caused

through rapid cooling.



If the specimen, is placed in hot water before the wax
former is removed, the wax will expand and crack the specimen,
This fact was discovered on one occasion when the curing tanks

developed a fault and became over-heated.

5) Sand Former

Although this method has not been tried so far, a sand
insert was made in the Royal School of Mines foundry shop using
the moulding sand normally used for cast iron, The same mould
was used as for the wax formers and the foundry technicians
claimed that the filling process was quick and easy. The
releasing agent used on this occasion on the inside of the mould
was a graphite grease, During the filling of the mould a steel
rod was inserted into one end to facilitate removal of the sand
after the concrete is cast. The sand would be scraped out of

the specimen after it had hardened.

This method showed considerable promise but has yet to be

tried out fully,
Conclusions

From the limited experience gained so far it would appear
that whilst the collapsable steel former can be rejected outright,
the other possibilities offer varying chances of success,

The wax former is probably too tedious for a large series
of tests whilst the inflated air-filled rubber bag would give
problems with precise dimensions. The use of sand or expanded
polystyrene formers look the most hopeful as these can readily be
moulded in the laboratory and stripped from the specimen in a

relatively short period of time.
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SUMMARY

The results of short—term statlc load tests on plaln concrete
specimens under biaxial compression and compression tension states-of
stress are described. Particular attention is paid to the "elastic"
behaviour of the material compared with-the general three dimensional

“elastic theory. The ultimate and discontinuity stress envelopes.

obtained.and the crack patterns observed are shown and certain
hypotheses of fracture mechanisms and failure criteria are proposed.

INTRODUCTION

The need for a criterion of deformation and failure for plain-
concrete to describe its behaviour under all states of stress is
well known. In view of the several levels at which concrete-as"a
material may be studied, it is not surprising that several different
approaches to the problem have emerged. "In this paper the results
of short-term static load tests under biaxial states of stress at a:
phenomnenslogical level, but with a structural bias, are descrlbed.
This. particular level of investigation was chosen because it

complemented existing research programmes of a more fundamental

nature and so could act as .a moderator on the hypotheses-advanced.

“=Furthermore, the results obtained might suggest further fundamental
‘research which ‘could be fruitful whilst at the same time prov1d1ng

information of immediate use to the design engineer.

Although what is meant: by deformational behaviour is generally

tunderStood the term "'strength" of concrete raises problems of -

definition. The dependence of the magnitude of the ultimate strength
on the rate of loading has been established (1,72); in this paper

the ultimate stress is expressed in terms of spe01f1ed rates- of loading.

However, there still remains the question of breakdown or deterior-

: atlon of the structure before ultimate load.

‘.It has been shown that deterloratlon in the form of dracksitvs‘
exists prior to load in the material (3, 4) and that these cracks
grow in size as the material is stressed (5). This gradual

N.B. This paper has been Condensed from the original draft,
but will be published in full in the final Proceedings of the
Conference. '
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deterioratioh continues until a critical point is:reached when. there
is a marked change in the fiechanical properties 6f ‘the materlal and
more severe cracking takes place which leads to ultimate failures
The existence and determination of this point has been reported by
many researchers (6) and a detailed investigation into various methods
which have been used is described Iy Robinson at this Conference (7).
This critical point has been termed "onset of rapid crack propagation"
by Kaplan (8) and “discontinuity? by Newman (9). The latter term

is used throughout this paper. - -

Recognising that the discontinuity stage is a significant "strength"
parameter of concrete, this point was determined in the research
work reported in this paper by means of the ultrasonic pulse ve1001ty
technlque developed by Jones (10).

Prev1ous work cns blaXlal compresslon and comprcss10n-tens1on
(11-26), ‘with the exception of that performed by Robinson (26), =
ignored this distinction between: ultimate and dlscontlnulty stress
and quoted ultimate strength values only. The results. obtalned by
previous. research show in. general.a varying bonus .of strength under
biaxial -eompression: compared: with- uniaxial compression but conflicting
and very scattered results under biaxial compresslon-tenslon. Only
in Robinson's work (25) were comprehensive strain measurements
taken and the scope of this work was restricted by the machine
capacity to a limited portion of the biaxial compression zode.” Very
few attempts have been made to check the states of stress actually
achieved in  the test: specimen-and there are major objections to
several of tne testlnv teanloues used (27):.

Consequently a fresh mpprOecn to the problem was requlred and a
comprehensive investigation involving the development of .suitable
testing -technigues and machines has been. carried .out by the Concrete
Materials Research Group..at Imperial College (26, 28). ks a. result
new combined. stress testing machine, wnlch has been descrlbed elsewhere
(29) was designed by the author Tor this research prOJGCt. Brlefly,
this machine. applies comblnatlons of compressive,. tensile, and tors1onal
stress to a variety of specimen shapes through. solid, loading platens,
grips, and clamps. - At present 1 is used ba51cally as &, biaxial stress
testing machine but prov1s10n has been made for conversion to triaxial
testlng at a later date. e e :

8o, far, only four posulble stress comblnatlons have been 1nvest1gated.
Of these, the work 'on triaxial comiression and biaxial compression-torsion

- have been.in the naturo of preliminary trials. The biaxial compression

facility has been: fully developed and shown to glve -states, of uniform
stress and strain of known magnitude. - Although experlments have been
carried out using the biaxial compression-tension facility, the test
results -have not- the same degree¢ of -reliability.as .those achieved under
biaxtal -compression and more development of this technique is required.
However, the resulbs obtained from this testing technique are reported
here since the trends shown are interesting and may be significant.

For biaxial compression test, the test specimen, which measures
10" x 10 x 4%, is suitable for £ meximum aggregate size and is
loaded threugh-solid-platens-as-shown- in-Figure 1. .. The .biaxial com-
pres51on—tens1on specimen is a modification of the direct tension -
specimen developed at Imperial College (30) and the desired state of
stress is applied %o a 4" x 4" x 3" volume as shown in Figure 2,

2.



- The mixes selected for testing under biaxial stress. were chosen
to cover as wide a range of parameters as possible. . Thirteen mixes
were tested under biaxial compression and six under biaxial com-
pression-tension and these' included mortars, normal aggregate concretes
and light-weight aggregate concretes. All specimens were tested
at 27-29 days old in a fully saturated condltlon after curlng in
water at. 68 F ‘ . : :

EXPERIMENTAL RES ULTS -

Stress-Strain Characteristics

“The stress-strain characteristics obtained under biaxial com-
pression:in  general were similar in’ shapé. to those obtained under
uniaxial’ ‘conpression. and tension, for both lateral and longitudinal
strain. However, under biaxial compression, the -strains in the. ’
direction of. 1oad1ng were smaller than those in uniaxial compression
as would be expected from Poisson's ratic effect. On using the normal
elastic relations to compare the strains from uniaxial and biaxial
compression, the mortars. and light-weight concrete: showed excellent
correlation (within 4% at worst) whereas. those for normal aggregate
concretes were in dlsagreement by 15% and more.-

Investlvatlons showed that Polsson s ratlo remalned effectlvely
constant under uniaxial tension and compression and biaxial compression
below the discontinuity stress, although, for normal aggregate
‘concretes, there was a slight tendency for this to increase under
biaxial compression ‘(see Figure 3).. However, measurements of the .
elastic modulus undetr varying degrees: of biaxial compression showed
that,  whilst this value for mortars-and light-weight. concrete was
constant for most practical purposes, normal aggregate concretes
exhibited significant' increases of glastic' modulus with mean.normal
stress up to 40% as shown in Figure 4. .The increase appears to.be
dependent on .the volume. concentratlon.of coarse aggregate and.
contrasts with the equality of elastic modulus values obtained under
uniaxial compressive and tensllo states of stress,.shown in- Flgure 5.

This variation of elastlc modulus w1th mean normal stress
explains the incompatibility of the stress-strain behaviour described
above and confirms that a particle interaction effect occurs. From
the three-dimensional equations of the elastic theory it is clear

~-that the shear modulus and bulk modulus will show" similar varlatlons.

If the small increase in Poisson's ratio observed under biaxial -

compression is included in the elastic theory equations, the increase

in shear modulus corresponding to the increase in elastic modulus

is reduced by an insignificant amount.-{about 5%). and likewise the

bulk ‘modulus' is’ slightly increased. It isiclear that for normal -

aggregate ‘concretes the .elastic constants are a. functlon of the mean
normal stress under b1ax1al compresslon. g C o

.xStress anelopes

Both ultlmdtu and dlscontlnulty stress envelopes were: obtalned
- for thirteen mixes under biaxial compression- and six mixes. under
biaxial compression~tension. . An ‘examination of these ‘envelopes.-
roevealed two basic classes of behaviour under biaxial compression
with an additional sub-division under compression tension. It is



interesting to note that the ultimate and discontinuity stress
envelopes for a given mix are similar in shape (see Figures 6-8).

In addition, it was found that the order of loading, either sequence
or proportional, appeared to: have very little effect on the shape

of either envelope under blanlal compression,. nrov1ded the spec1f1ed
rate of loadlng of 7OO lb/ln /mln. was malntalned. . -

Mortars and llght-welght concrete exhlblt a square shaped stress
envelope under biaxizl’ compression reminiscent of the maximum shear.
stress failure theories. In the compression-tension zone, the
envelope contains a marked concavity which is discussed below. A
typical mortar characteristic is shown in Figure 6 and a llght—welght
concrete in Figure 7. e

Normal aggregate concrete, by contrast, exhibits a very rounded
convex envelope under both biaxial compression and compresslon—tenslon
as shown in Figure 8. A sub-division of behaviour occurs’ under
biaxial compress10n~tens10n where concretes with a low volume con--
centration of coarse aggregate (say.0.30) appear as a transition
between ‘mortar and normal concretes and have both convex and concave
'portlons of thelr envelope. ’ : s : P

The main oarameters Wthh determine tne dlfferent classes of'
behaviour are a limiting meximum aggregate size of. about ZV. £for . -
normal aggregate concretes and the volume concentration: of eoarseggQ
aggregate in the mix above ithis critical meximum size. - L

Strain Behav1our : L

An addltlonal feature of the three dlmenslonal stra1n behav1our
described. above:wasg’ the variation of strainat discontinuity in the
direction ‘of the principal tensile stressi Kaplan (8) has shown -
that this cleavage strain is proportional to the volume fraction of
coarse aggregate. This general trend has.been confirmed inxthis . -
research but furthermore it has been found that. the cleavage: strain
at discontinuity is dependent on the state of stress... THE”EfﬂQﬁ?]
of BotH voliume fraction of. coarse aggregato and state of stress: .
expressed in the form of medn normal stress, is shown in:Figure 9.
It can be seen that. the 'strain: capacity of mortars and concretes
. increases with degree of biaxial compression. o o

Crack Patterns

 The orack patterns obsorved at tne phenomenologlcal level were:
51m11ar to those obtained by previous workers except that -the- pattérns
‘were more clearly deflned and less dlstorted by testlng machine
effects., ‘ e -

For both mortars and concretes the gcneral trend of crack -
patterns is shown in Figure 10. - Single cleavages orthogonal to .
the principal tensile stress predominated in the. biexial. compression-
tension: zone and under uniaxial tension. However, at compressive -
stresses close to the strength in uniaxisl compression, the crack:.
patterns in the biaxial compression-tension zone undergo a transition
to multi-cleavage fracturcs which ‘continue through to the uniaxial .
compression state of stress., In. the biaxial compr0551on zone, the
failure becomes one of several pargllel cleavage fractures orthogonal
to the dlrectlon of the pr1nc1pal ?enslle stress. ’ : :
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~ A~ S1gn1f1cant difference exists between the meortar- and, .concrete
fractures. “Whilst the. concrete: eleavage .fractures under compre551on
stresses are extensive“and regulerly.aligned in the.directions . .
specified above, the mortars have far fewer planes of cleavage and
the angle of c¢rack pland can vary by as much as 40 :over significant
roportlons of the fracture surface. Photographs of conerete. -
~ fractures-arc shown in: Flates A and B. (biaxial compression), Plate
¢ (biaxial compre881on-ten81on) and Plate:D (tranSltlon,frpmlslnglp
to multl—cleavage fracture) EE RIEL ST ST TR

& further observatlon on thc fracturbs of normal agvregatc
concrete was the reégular occurance of deposits of mortar. on ”ggregate
partlcles locatcd on the clcavage planes. These deposits formed
cones at one-or each’ end of the aggregate particle on the axis of
" the pr1nc1pa1 compr0881on stress whilst the remainder.of the saggregate
particle was free of mortar:deposits (Plates E-and B). . Under biaxial
compression thecse cones extended: tq halos as-shown in Plates G and-H.
Although thesc deposits were not found on all aggregate particles
and some aggregate particles were split by the fracture, there.were
a sufficient number of them to be significant. Sigvaldason™ (28) “Zna
Taylor (3%) have ¢onfirmed these -obscrvations, which are discussed
below in connection with failure- mechanlsms and crlterla for normal
aggregatt concrete.- . SR L :

STRENGTH CRIP %In 'NDmP BIAaIAL STRJSS

For the convenilcnce of thls dlscu851on, mortar, normal aggrcgatc
concrete and 11ght-wu1ght aggregatc concrctc arc con51dcred
separately.' : . R S ,

Mortar

It was obscrved that thc stress CnVClOp 25 obtaln :d for mortar
were very similar to thosc obtained for. scveral types of cast iron.
The behaviour of cast iron approximates to that predicted by the
Coulomb-Mohr theory except for a genceral lack of fit and discrepancy
of fracturc modes in the biaxial compression-tcension zonmc. Paul
(32) has proposcd the addition of a limiting tensile stress_criterion
to account partlally for the lack of fit and also to vxplaln ‘the
tensile cleavage failures observed. Furthcrmore, h¢ has suggested
that the internal frlctlon component of strength is unrcalistic
under biaxial compre351on-ten51on ‘and. 1ts omissgion lcads to a concav-
ity in. the stress cnvelope and predicts” tcn51lc ¢clcavage fractions over
.the whole zone. These two. modlllcatlons are shown in Figure:11 where
the resulting curve is compared with a Sut of typlcal mortar envclopcs.

One outstanding discrepancy:cen be scen still to cxist within
the region -of upiaxial comprosslon,whcre there is an unexplalncd loss
of strength.. A similar loss of strength is seen’ with cast iron under
uniaxial compression and b1ax1al ‘tension, Unfortunatcly no results
of uniform biaxial ten51on struss tests on mortdr arc availablé due
to the dlfflcult terhnlque 1nvolved However,‘lt is cvident that
thcse two partlculhr states of . strcss are unigue in the biaxial stress
envelope in that they have two degrees of . frccdom for - failure whilst
all other biaxial strcss states have only on ~ This bclng 56 the loss
of strength observed under these two statcs of stross cgn be wccepted



for any material containing. flaws, which ultimotely. cause- fullure. Hence
a’ further. modification to:the. Coulomb-Mohr thcory would be to 1ncor—
porete a functlon to predict: thls strength reductlon,

-Tn the bl&Xl&l compru5s1on Zonv the. corrulqtlon of th° stress
envelope with the internal-friction theory is good but the theory
predicts a shearing mode. of* falluru. HOWGVbr, it.is concelvable thmt
the initial cracking.is initiolly of & .shearing typo which-is then
dominated by the cffects of the loading system . and the dilation of
the material rtsultlng in an apparcnt clcavage type of failurd,

This would cxplain: both the irregular appearonce, of- the mor tar
fracture Surfaces dnd -the shape - of the. stress envclopcs.

‘ It is therofore suggested th t the Coulomb—Mohr thcory w1th )
thesc three modifications is.a suitable failure cr1t >rion for mortar.
The comperison with cast iron is pﬁrtlculurly apt as thcy are both
: comented grenular matorlels contalnlng crltlcal flaws...

T PR i : e s

Concrete

The beh&Vlour of concrcte both below the dlscontlnulty 901nt
and at the ultimate load:dis far more compltx as can be scen from.
the results reported. The most simple "model' of concrctc that =
is likely to explein the main featurcs of its behaviour is a two.
phase model in which the coarse aggregate particles from an
included phase distributed in:a mortar matrix. An additional .
necessary qualification is that pggt;&l‘élsggptlnulty ‘st the phase-
"boundarles be taken 1nto account (27)

Given thls nodel of hurd partlclts dlstrlbutcd at random in’
a soft matrix, a stress analysis, together with a knowledge of
the aggregate~paste bond and matrix strengths, reveals the follOW1ng
order of structurul failure:

T ;T ns1lo bond fallure
L.Zzt,Shehr bond Iallure 7" T e T e e
: ”3; Shear and ton51le mutrlx fallure o e ?vvni: '
”lﬁ},'T ensile (dllatlon) matrlx (and occa51ona1 aogregste) R

' failure

e ) TcnSllO znd shear bmmighllureS'um already under wamlnutlan

Q'by a number of workers includlng Alexandeory Wardlawrand.Gilbort,

. and Shah and Slate at- thls Conferencc* The follow1ng hypoth081s ,
is proposed for the, mechanlsm of creck propagatlon aiter complctlon

" of the bond failurc proceou.' : SR : :

Mortar is’ retalned 1n COntadt with - the- aggregete particle over

fi;the bond . surface of the aggrogate where both’ the aggregate. texture
.and. the. shear strength of thc mortar ‘matrix‘aré sufficient to-

”prevent shear boénd failure. This txplains the“existence of mortar
dep051ts on the. aggrogate. Uhder compr0551vo strcss, the crack
L Will prcpagute from the aggregate puste interface at an angle to

$;;the pr1n01pal comprc551ve Stress” undgr “the actlon ‘of longitudinal
... Shear and lateral tehsion as shown in Figure 42y This mechanism will
;,;.form a cone shaped mortﬁr dcp051t undor unlaX1ul compre551on and a

halo under biaxial compression. —~ 7 -



The fracture process is completed whon these cracks propagate
morc rapidly as the material dilation cnables them to open’ under -
lateral tension alone and at this stage they will interconnect and
also split some aggregate particles. The particle interaction will
aid this process of cleavage splitting and accounts for thé more =™
“pronounced - cleavages observed in concretes compared with mortars.

nght—welght Concrete

“The same two phase model described above may be used for
light-weight concrete except that now soft particles are distributed
throughout a hard matrix. 4s a result aggregate or matrix failure
will precede any bond failure. Hence as long as the matrix remains
intact, the material will behave like mortar and the aggregate =~
particles have the function of forming voids in the mortar. The
failure of the mortar will be unhindered by the aggregate particles
and will proceed as if the material were a normal mortar. This -
explains why the light-weight aggregate concretes are weaker than
their parent mortar yet exhibit similar stress envelopes and
failure crack patterns, :

POSSIBLE LINK BETWEEN CURRENT RESEARCH

Recent weork in the field of fracture mechanics together with
the results of this research suggest a possible link between the
four of the main streams of research into concrete strength which
are classified as follows:

1. Fracture mechanics

2. BShear and tensile bond strength
3. Multi-phase models
I

. Phenomenological investigations

In a recent peper Erdogan (33) investigated crack propagation
along the bond surface of two materials having different elastic
moduli and Poisson's ratio, in which pre-existing cracks were
included on the bond surface. Some attempt was made to include the
effect of residual stresses and the Griffith-Irwin theories were
shown to be applicable under a number of superimposed stress states
including tension and shear. The link between this work and the
investigation into shear and tensile bond strengths is self-evident.

The link between multi~phase models and phenomenclogical
investigations has been attempted on a number of occasions. In
this paper a simplified two phase model was used to explain the
experimental results ovtained and to itemise the crack mechanisms
apparnetly causing ultimate failure. The crack mechanisms predicted
by the use of models and phenomenclogical test results can be
related to the thecries of crack propagation., It would also be of
interest to compare the angles of the mortar cones and halos described
above with the angles predicted by the work on shear and tensile
bond strength.



CONCLUSIONS

FElastic Behaviour

The expression elastic behaviour refers to that strain behaviour
which is observed in the material before the distontinuity. point is’
reached. Mortar and light-weight concrete behave effectively
elastlcally whereas normal aggregate concrete, whilst exhibiting
very small increases in Poisson's ratio with stress, does stiffen
considerably with mean normal stress as shown in Flgure b, s

Failure
Mortar and light-weight concrete stresshenvelopes and crack
patterrs can be predicted u51ng a modlfled form of the Coulomb—Mohr

internal frlctlon theory. _

Normal aggregate concretes'are much more complex and only
the mechanism of failure has been suggested in this paper.
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of being the result of specimen confinement or extension resultmg from.
loading condxtxons or capping.

By G. W. D. VILE and O. T. SIGVALDASON*

The authors’ work is similar to an investigation being carried out at .
Imperial College. There appear, however, to be substantial differences
both in testing technique and in the results obtained.

The testing technique used in any experimental work is a measure
of the confidence in the results obtained. Testing technigue can be sub-
divided as follows: (1) testing machine design (2) test specimen (3)
testing procedure.

Testing machine design

Testing machine characteristics have a significant influence on the
strength and deformational behavior of concrete specimens.!®* With a
seating which tilts freely at only one end of the specimen, a lateral
force will be induced from the bending of the specimen, thereby re-
sulting in a large variation of stress. Hence, a machine should be such
that both ends of the specimen be either effectively fixed (no tilting
allowed) or effectively pinned (free to tilt). The former is recom-
mended as the best definable method of test.

The testing machine designed and used at Imperial College is shown -
in Fig. D and is described in Reference 14. Essentially, it consists of
two testing frames mounted at right angles with opposed pairs of 200-
ton jacks and a support frame which maintains frame alignment on the
center of the test specimens regardless of machine deflections.

Testing specimen selection

A suitable specimen has a representative volume of material sub-
jected to a uniform and known state of stress.

In the uniaxial testing of cubes, the specimen is subjected to a com-..
plex stress system with a varying state of triaxial compression through-
out most of its volume.l®* By superposition, the degree of triaxial com-
pression would be substantially increased under applied biaxial com-
pression.

At Imperial College, a specimen 4x 10x 10 in. has been found most
suitable specimen for concrete with up to 34 in. aggregate. To satisfy
requirements for packing between specimen and platen to eliminate
platen effect,'® a curing compound with a thickness of about 0.002 in.
was selected. It was applied and allowed to harden for a day, prior to
testing.

'y

*Members American Concmte Instltute respectively, Research Assistant, and Research
Student, Concrete Materials Research Group, Imperial Coﬁege, London, England
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— } Fig.l E — Comparison of;‘:-
thte axial compressive strengths

» // ket for concrete

sive strength (4x4x12-in. prisms) to cube strength (4-in. cubes) of
0.77 and 0.93 for the concrete and mortar, respectively.

Although some differences would be expected in view of the different
aggregate types used, these differences would only be minute in rela-
tion to the large differences observed between the authors’ and writers’
results. It is of interest to note that the results of Weigler and Becker??
gave similar biaxial strength loops to those obtained at Imperial Col-
lege. Although direct comparison has been made by the authors to the
results of Bellamy’s work, it should be realized that his hollow cylinders
were actually in a state of triaxial compression reducing to biaxial
compression at the inner surface only. In view of these comparisons, it
is suggested that the high strength results obtained by the authors are
due to a state of triaxial compressive stress which increases with the
biaxial load.

In the tests at Imperial College, the discontinuity level was obtained
with both strain gages and the measurement of ultrasonic pulse velocity
in the third principal direction, i.e., perpendicular to the direction of
the applied loadings. On the basis of both discontinuity level and short
term ultimate strengths, it was observed that, under biaxial states of
stress, greater strengths were obtained than in uniaxial states of stress.
However, the influence of the lateral principal stress seldom produced
a strength increase of more than 50 percent with concretes or 20 per-
cent-with mortars (see Fig. E and F). s
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Other considerations

Although the authors report that the influence of capping and curing
was investigated, no mention is made of the results obtained. Yet, they
conclude that the type of curing and capping conditions have no ap-
preciable effect on biaxial strength of concrete if the test conditions are
kept on the same! Likewise, it would be of interest to know if the re-
sults of the concrete and mortar given in Fig. 2 are a representative mix
or whether they are the average of all the mixes. The number of speci-
mens tested under each combination of principal stresses should also
be stated. .

In Fig. 6, a smooth curve has been fitted to two different sets of data.
However, over the range of 0.8 to 1.0 for the value of os/0., the curve
does not satisfy the data. In fact, there is a lack of continuity in the
principal stress plot between the biaxial compression results of the au-
thors and the compression-tension results of McHenry and Karni.

The writers are particularly concerned about the possibility that the
results presented will lead to dangerous design applications, especially
where a bonus of strength is suggested.
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AUTHORS’ CLOSURE

It appears that Mr. Gunasekaran has misunderstood the function of-
thrust bearing assembly provided in the set-up. This is provided only
to control the lateral loading and not to minimize the surface frictional
effects. Further, the loading arrangement used by the authors is of
similar type as used by Messrs. Vile and Sigvaldason, who have used a
pair of jacks instead of a single jack and thrust bearing assembly as
used by the authors. _

In the biaxial tests on cylinders as carried out by Professor Fumagalli,
the failure of the specimen is primarily due to the extension of the .
specimen in the third direction since the state of stréss in the cylinder
is_more towards plane strain condition rather than the plane stress con-

" The widely discussed point is on the testing technique adopted by the
authors in their tests. It is true that the method of loading adopted in
these tests develops a three-dimensional state of stress in the specimen
due to surface friction. In fact it is well known that even in uniaxial
testing of cubes such a state of stress prevails. It is-only to study the
effect of three dimensional stress condition which existed because of
surface friction on the biaxial strength, that different capping materials,
were used. The different types of capping materials used by the au-
thors are such that the surface friction will either cause a confining or
extensional stress in the specimen depending on the nature of the cap-
ping material used. Hence with different capping materials, the nature
of the stresses in the specimen due to surface friction will be different.
However, the biaxial strength obtained with different capping materials
when nondimensionalized with respect to the uniaxial cube compres-
sive strength having the same capping material as the biaxial test
specim n@’m found to lie on the same curve given in F1g 2 to 5, thus -
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indicating that the surface frictional effects have no effect’on the biaxial
© strength of concrete. The experimental results for different capping ma— T
terials were not given in the paper due to space restrictions. .. - Y ')

To include the restraint or extensional effect in the expressmn nor
octahedral normal and shear stresses Professor Linger and Mr. lelés;ne ‘ '
have introduced a constant K which in the authors’ opinion is dif--
ficult to determine. In the authors’ opinion the principal stress plot,-
gives a better indication of the biaxial strength compared to an oc-,
tahedral normal and shear stress plot.

The results of Messrs. Vile and Sigvaldason on the biaxial strength
of concrete and mortar differ very much from those of the authors and
they attribute this to the three-dimensional state of stress existing in
tests conducted by the authors. The authors are not convinced by this
argument in view of their results with different capping materials.
They also refer to the comparison made between the results of Bellamy
and authors in Fig. 2 and mention that in the hollow cylinder used by
Bellamy a triaxial state of stress exists which reduces to biaxial com-
pression at the inner surface. However it is apt to quote the following.

"lines from Bellamy’s paper: “in fact the first sign of failure in the
hollow cylinder was the spalling of pieces of mortar froth the inside
face which indicates that failure started there” and this supports the
comparison made by the authors. In the plate specimens used by Messrs. .
~ Vile and Sigvaldason the failure of the specimens may. be due to buckling
rather than due to combined compression. In fact the b’uckhng effect
may be more predominant especially at h1gher l16ads in which case the
results cannot be directly compared with authors’ results. This, pointﬁp
authors’ opinion, needs a careful consideration before conchﬁmg that
the ultimate strength does not increase much under biaxial stress con-
dition.

Messrs. Vile and Sigvaldason refer to the lack of continuity in the
principal stress plot between biaxial compression results of the authors
and compression-tension results of McHenry and Karni. This is due to
three dimensional nature of stress existing in the testssof McHenry
and Karni. It should be noted that they have neglected the radial stress
in biaxial analysis. More detailed information on the strength of con-
crete under combined tension-compression has been reported else-
where.*

The points raised by Mr. Gunasekaran regarding the effects of sus-
tained loading and residual stresses, etc., certainly need careful con-
sideration. Since, even under the normal condition itself the informa-
tion on biaxial strength of concrete was not fully available, the authors
made detailed investigations on this aspect only.
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By G. W. D. VILE*

The author, in a most informative and lucid paper, has given some
useful limits to the anticipated elastic modulus of concretes made from
known materials. '

However, the writer would like to draw attention to the fact that the
results used in the paper are from short-term, uniaxial compression
tests on usually saturated specimens. It must be realized that the actual .
measured values of elastic modulus depend on other factors as discussed
by Newman.8

Of these, the state of stress has received little attention. Although it
has been shown that the elastic modulus for a given concrete is almost
the same under uniaxial compressive or tensile loads,!® there is no rea-
son to suppose that this will be so under all states of stress.

Recent work by the Concrete Materials Research Group at Imperial
College on the biaxial compressive strength of concrete has shown that
the elastic modulus of concretes, and to a lesser extent mortars, varies
according to the degree of biaxial compression. Some representative
results are shown in Fig. B from which the effect of both stress state
and volume fraction of coarse aggregate can be seen. The results were

- *Member Amarican Concrete Institute, Research Assistant, Concrete Materials Research
Group, Imperial College of Science and Technology, London, England.
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obtained from single specimens loaded within the elastic range, at.load
stages below which cracking would occur as defined by the ultrasonic
pulse velocity measurements.

These results underline the necessity of closely defining how vglues

of the elastic modulus are obtained.

There appear to be at least two possible mechanisms at work undér'

the action of the lateral stress. The discontinuities along the phase
boundaries' are being partly closed thus increasing the continuity of

-

the material and there seems to be an increase in particle interaction.

Though this phenomenon by no means invalidates the author’s recom-
mendations, it is a factor which should be borne in mind when selecting
suitable upper and lower bounds during design studies.
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AUTHOR’S CLOSURE

The author would like to thank Messrs. Bennett and Vile for their
interesting contributions to the discussion.

Mr. Bennett found that Eq. (14) is in better agreement with his ex-
perimental data than Eq. (7). This can be due to the fact that Mr.
Bennett obtained his data on concretes made with crushed aggregate.
There is a tendency indicated in the data presented in Fig. 9 that
concretes made with crushed aggregate have somewhat higher modulus
of elasticity than predicted by Eq. (7). This is probably due to the
fact that the bond between crushed aggregate and cement mortar is
better than the bond between gravel and cement mortar.

Mr. Bennett suggests that equal stress in particles and matrix can
be obtained only when the aggregate particles creep extensively.
However, the condition of equal stress may also be approached when
there is no bond between cement mortar and aggregate particles or
when the bond is very weak.

Mr. Vile is to be congratulated for the interesting data which he has
obtained on the modulus of elasticity of concrete under biaxial com-
pression. Perhaps it should have been emphasized in the paper that
all formulas are suggested for the dynamic modulus of elasticity of
doncrete, mortar, and paste subjected to no external load, which is
roughly the same as the static modulus of elssticity st low, uniaxial,
compressive stress.
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