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ABSTRACT

This dissertation examines the problem of plane strain fracture
testing of cemented material of comstruction. Two types of cemented
materials wexe selected for study, namely a Portland cement mortar,
and a gap-graded asphalt mix. = While much work has been done in the
metallic field on the development of suitable test criteria for valid
fracture testing of a material, no uniform approach to the fracture
testing of non-metallic materisls has been developed, with the result
that differing and often divergent techniques of fracture testing
have been used. In addition, the direct and logical application

of Fracture Mechanics fundamentals to cemented materials is severely
lacking, The work of this dissertation aims. at studying the basic
fracture mechanisms and properties of cemented materials of construc—
tion, and applying the results to the development of initial, temtative
test criteria for the valid fracture testing of such materials.

An understanding of the fracture mechanisms of a materiel and the
factors influencing such mechanisms is the first logical step towards
applying fracture testing methods in the development of new and
improved materials for construction purposes.

4 broad background study of the Fracrure Mechanics approach to the
strength of materials is first presented, followed by a brief literature
review of applications of this approach to common cemented materials.
A theoretical and diagrammatic treatment of crack propagation im
various model materials then follows, and the various concepts dre
used to explain the fracture and inherent strength mechanisms of
cemented materials, With the background of concepts alresdy put
forward in treatises on the Fracture testing of high strength metallic
materials, a laboratory test program was initiated in order to
distinguish and isolate the different variables affecting the fracture
behaviour of the cement mortar specimens selected for study. The
tests were conducted on edge—notched bend specifiens, and the results
were then analysed to produve the relevant fracture parameters

(> 6., ¥ ). A msjor portiou of the work was the development of
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suitable testing apparatus and adequate instrumentacicn for the

rests. . Six series of tests were conducfed in order to study the
various effects on the measured fracture parameters of specimen
dimensions, testing machine set—up and loading system, and rate of

load application during a test. It was apparent that, in addition

to the strain rate used for a tesk, and the degree of resting machine
stiffness, the state of the strese/strain field ahead of the crack

¢ip in a fracture specimen profoundly influemced the measured fracture
toughness from the test. The test results allowed the more truly
plaene strain state of testing to be distinguished from the predominantly
plane stress state. The use of different notches and loading techniques

also allowed an investigation of the post cracking behaviour of the beam

specimens.
The test resu. -ited that the fracture paxr "aters evaluated
from the tests v valid estimates of the fracture toughness of

ceémented materials in the presence of natural or artificial notches,
provided the state of the stress field in the material was predominantly
one of plane strain. Plane stress specimens yielded fracture
toughnessés that were considerably higher than the lower limit plana
strain values. Lower strain rates used during the tests gemerally
gave reduced fracture toughness values in comparison to 'fast' tests,
This fact has application in the fracture testing of matevials to be used
in situations where the defoymations and loadings are time-dependent,
such as. road pavements. The post-cracking behaviour of fracture
specimens of cemented materials is profoundly affected by the stiffuess
of the loading system, and unrepresentative load-deflection curves are
cbtained where 'soft’test set-ups are used which can fead energy back
into a specimen at the cvitical point of unstable crack propagation.
Tnitial, tentative criteria are suggested for the valid frecturs
testing of specimens similar to the cement mertar specimens stulied
in‘the tests. These criteria velate to minimum dimensional ratios
for the epecimens, as well as a dimensional ratio involving a para~
meter thought to describe the pseudo-plastic zone size in a specimen.
The development of suitable Exacture test criterie for cemented materials
would probably involve separate criteria being developed for each
particular class Jf cemented material, due to the wide range of
behaviour of such materials. Many problems remain unresolved, and
the field of fracture testing of cemented materials and suitable

applications to practical ‘problems is still lavgely unexplored.
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CHAPTER 1
INTRODUCTION: THE FRACTURE MECHANICS APPROACH IN
MATERIALS ENGINEERING

1.1 Practure Mecharics and Materials Engi

Materials Sciemce concerns itself with attempting to understand why
various materials behave as they da, and then applying this knowledge
both in the better and more efficient use of existing materials, and
in their modification and improvement in order to mzke better materials.
1t therefore brings topether the ideas of chemistry and physies,

which often centre on the molacular scale, with those of engineering,
dealing with structures on a macroscopic scale. It is fairly simple
to describe how a material behaves, by subjecting it to various tests,
but the questions as to the reasons why different materisls have
different properties need to be amswered to help the engineer in the
proper use of his materials. In the last few decades, much new light
has been shed on these questions by new approaches such as the

Linéar Blastic Fracture Mechanics approach, with its related concepts
of stress raisers and crack propagation. Knowledge about the
molecular structure of materials, {ncluding the chemical and 7' ysical
bonds between atoms and molecules, is not sufficient on ite own to
explain the behaviour of engineering materials.

When a force is applied to any material, the individual atoms and
molecules react to oppose the force by means of their own interatomic
bond forces. Theoretically, there is a limit to the interatomic
forces preventing separation of the atoms in a material under temsion,
and when this limiting interatomic force is exceeded by the applied
tension, the material will 'break' or cleave or fail. A simplified
consideration of the forces binding atoms together in a solid gives

us an estimate of the theorerical tensile strength of a material, viz

oe = B 1.1y

This means that theoretically ldeal materials should fail under a
tensile stress approximately equal to one-tenth of the Young's

Modulus of the material, or at a temsile strain of 10 per cent




This analysis apprnaches the subject using the strength of chemical
bonds, and we might expect the engineering strengths of materials

to be proportional to the chemical bond strengths existing between
the atoms. However, this is demonstrably mot se, actual strengths
often being orders of magnituds lower than theoretical strengths.
Table 1.1 below shows how the actual tensile strengths of some common

engineering and other materials fall far below their theoretical

strengths,
Table 1.1 Some Typical Values of Predicted and
Actual Strengths of Materials
Young's Modulus Predicted  Actual
E Strength Strength
(MPa) (MPa) (vea)
Tron . 200 00D 20 000 205
Iron Whiskers 200 000 20 000 13 110
Mild Steel 210 000 21 000 410
High Tensile Steel 210 00O 21 000 1 550
Ausformed Steel Wire 210 000 21 goc 3 Lloo
Annealed Copper 120 000 12 000 140
Drayr Copper Wire 120 000 12 000 550
Aluminium 70 coC 7 000 70
Ceme & Comerete 15 000 1 500 4
Haxdwood, along grain 14 000 1 400 100
flardwood, across grain 34 000 1 400 3
Bulk Glass ' 70 000 7 000 35 - 170
Parallel Fibreglass 35 000 3 500 1 050
Polyester 1 400 140 3
Bone 30 000 3 000 140

Furthermore, there is no defimite relationship between chemical and
mechanical strengths of 4 material. Linked to all this is the

concept of ductile and brittle failure of materials, allowing

materials to be grouped into two broad classes:= those materials

which exhibit considerable deformation and plastic £low before failure,




i.e. ductile materials; and those materials which fail with little

or no plastic deformation, i.e. brittle materials. Whether a

material fails in a ductile or brittle fashian depends upon tempersture,
strain-rate, and basic fracture properties such as natch-sensitivity.
In general, the two Eracture mechenisms of plastic ductile Elow and
brittle cracking are always competing to break a material, and the
material will suecumd to whichever mechanism is the weakery 4if it
yields before it cracks, the material is ductile; if it cracks

before it yields it is hrittle. This dissertation assentially

deals with the brittie fracture of mareriasls and the ‘racture tests

related to the study of the brittie pehaviour of such materials.

1.1.,1 Griffith's Gongributions

Eariy in this century, A.A. Griffith!, in ssking questions such as
why solids were not as strong as they ought to be used the concept

of energy conservation to relate the strain-enargy stored in a loaded
specimen to the surface energy of the fracture surfaces which are
produced when the solid frectures. = He proposed that the strain-
energy is convertaed inte surfsce energy when & brittle material
fails. He showed that the stress required to just separate two

layers of atoms X em apart in the matevial was

o fﬂ a.n

Using the equation, the strength of ordinary materials is predicted
ko be aboul ten to one hundred times greater than their actual bulk
strength. During his classic work on the tensile strength of thin
glass £ibres, Griffith found that the thimner the fibre he tested,
the greater was its strengtit. In fact, the extrapelsted strength
value for Eibres of near zero diameter very closaly approximated the
thevretical strength predicted by his tensile strength equation.
After thus demonstrating that the theoratical streagth eould be
approximated experimentally in at lesst one case, he weat on Lo
postulate why the bulk strength of glass fell far below its ideal
strength,

Griffith realised that the stiengths of common materials were
dependent, not primarily on their interatomic bond strengths, but

vather on weakening mechanisms inherent in the material, such as
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micxoscopic cracks and flaws of minute dimensions. While interior
cracks could exist, it was Orowan who showed conclusively that the
more important eracks causing the weakening of the material lay oca
the surface of the material.,  (See ref. 2, pp. 115 - 117)

Any such flaw or sharp re-entrant causes Severe stress concentrations

around iks tip, and the local bonds at the crack tip become over—

stressed long belore the whole material is severely stressed. These
aver-stressed bonds break one by one as the crack grows. [In a brittle

material then, a erack is really a mechanism which enables a weak

external Force to break even the strongest chemical bonds one by one.

The crack russ through the material until total failure occurs, at
stress levels Far below the theoretical strength. Such weakening
mechanisms as cracks are easy to visuvalise in a brittle material,
which will usually fail catastrophically. However, not all materidls
fail in this manner, by the spread of a crack from some local defect.
Another mechanism of fracture already menmtioned is that of plastic
flow, where the material fails by flowing in shear. At normal
temperatutes and for materials that are brittle at that temperature,
the stress needed to fractute a material by £low may e very high

and thus materials like glass, ceramics and cement pastes are more

susceptible to brittle fractute at normal temperatures

1.2 The Mathematical and Physical Basis of the Fracture

Mechanics Approach

1t is possible to ennumerate the physical principles governing the
oceurrence and spreading of flaws and stress raisers in a material,
and express these in mathematical terms. Physically, two conditions
must be fulfilled For a crack to propagate. Firskly, it must be
energerically desirable, and szcondly there must be a malecular

mechanism by which the energy transformation can eccur.

1.2.1 Energetic Desivability for a Grack to Propagate
This eriterion is mainly related to crack length. A crack will
propagare only when the free enerpy of the system is being continually
lowered by the propagation, i.e. the energy released by the propagation
is sufficient Lo make Fracture possible, This criterion leads to a

relationship between erack lengih end eritical stress required for
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Propagation, and includes Griffith's criterion as a special case

{see balow). In addition, this criterion is necessary, but not always
sufficient to ensure fracture. It becomes sufficient, however, when
the bask of parting the atoms at the crack tip is accomplished by some
form of molecular mechanism, The Ewo Lypes of energy that.need to be
consideved, strain energy and surface energy of the crack, are both
dependent on crack size: the former decreasing, and the latter
increasing, with inereasing crack length. The crack propagates only
when the release of strain enerpy more than compensates the increase
in surface energy.

Consider the Griffith case represented im Fig. 1.1(a), that of a
surface crack in a solid under a macroscopically spplied tensile stress o,
A fairly simple analysis utilising the sbove criterion gives that the
stress required to just cause the crack to propagate, that is, the
breaking stress or bulk tensile scvength of the matevial, is

2EY
7c

(1.3)

(6xiffith Formula for Plane Stress)
Mote: The same result applies to an internal crack as in Fig. 1.1{b}.

The equation is dependent on a characteristic crack lemgth, c.

It is important to strass the assumptipns invelved in deriving

Griffith's Formulai~
{1) The material is a perfectly elastic, solid Hookean material.
In particular, it is linearly elastic right to the point of
brittle feilure. )
(2) The volume of destressed material due te the prasence of the
erack is equal to half the volume of an ellipse of major axis 4c.
¢3) ‘The surface energy of the material is a linear function of
the crack length c.

Bquation (1.3) is best explained by means of Fig. 1.2, in which the
surface energy requirement and the elastic strain—energy release are
plotted as a function of c.

The main pointe are summarised below:-
(a) The release of straln energy is proportional to the square
of the erack depth, while the surface energy increases in direct
proportion to the crack depth. Therefore, the rate of release
of strain energy increases with increasing crack depth, while the

rate of demand or increase of surface energy is constant
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(b) Hence, a shallow crack consumes more epergy as surface enevgy
than it veleases as strain energy, until a critical crack length
e) is reached, called the point of instability, where the evack
begins to release wore energy than it consumes.  Stable crack
growth occurs for c<cj, whereas unstable, spontanecus crack
propagation cceurs for crep,
(c) There is a eritical GrifFith crack length for each stress
tevel in the material. Critical crack lengths.are often very
small, and concrete has & relatively large crirical crack length,
of the vrder of a few millimetres.
At levels of stress which are of interest in engineering, all but the
smallesk cracks have ap energetic incentive to prapagate Lif they can.
The question now is, do they have a mechanism for doing so? Is theve
some way of mctually comverting the energy from one form into another?
What distinguishes a tough Erom a brittle material is the mechanism for

implementing the energy change. This mechanism is described belows

%.2.2 Mechanism of Crack Propagation

The wmechanism for crack propagation is the sttess concentration, which
ak the tip of a crack is approximately given by

JFo (xn e

where o = the depth ¢f a crack proceeding iawards from a surface, or

K

1.4)

the half-length of an internal ellipticel crack, amd r = the rip
radius. Ta a typlecal brittle materisl, r remains constant whatever
c g, As the crack grows, ¢ increases, the stress concentration
inereases, and the engrgy balance hacomes more and more favourable
for rapid crack prepagation, Therefore, under sustained load,

and provided the mechanism £or -erack propagation exists, which is
usuglly the case in brittle materials, the crack rapidly accelerates
to Eailure.

1.2.3 The Bffective Fracture Surface Energy CGoncept

The Griffith Criterion (1.3) in the form o/E = constant holds dfor a
great variety of mateérials, both brittle and semi~brittle metals and
non-matals. However, equation {1.3) is dependent o: Lhe assumption

that the material is linearly elastie xight to the point of failure,




i.e. a perfectly brittle material. This s not gemeraliy true

sinee wost materials exhibit some ductility (plastic ar pseuds~
plastic deformation) before failure, The energy balance then
actually exists between the elastic energy release and the totad
work done in propagating Ethe erack®. This total work imcludes the
surface free e argy of the fracture surfaces, as well as the plastic
work irrecoverably consumed at the crack tip during propagation, and
any other energy-absorbing mechanisms unavoidably Linked with

fracture /5. Mathematically, we can write

A e N 1.5
where ¥ represents the total work of fracture, ond is called the
effective fracture gurface euergy; vy vepresents the free surface
energy of the macerial, and yp represents plastic work plus any other
work required for fracture. With ¥ sibstituted for vy in equatien
(1.3}, o/c = constant shows good t with imental evid

for both metals and non-metals®,  Usually, (Aa] parcicularly for
metals, and this shows up the inadequacy of using purely the surface
energy approach. Hence, depending on -the ability of the materiel

to deform plastically or peeudo-plastically, we cam write ¥ & yp.

and changes in surface energy often have very little effect on fracture
toughness. Brittle materials with their lack of plasticity cannot
reiieve localised high stress concentrations at crack tips, and are

less tough than guctile materials.

1.2.4 Evaluation of the Griffith

Assuming random djstribution of flaws and cracks of microscopic size
in a material, Griffith predicts that the material will fracture
at a critieal stress level with a corresponding critical energy level,
both dependent on a charactevistic flaw size for the material, The
Griffith Formula (1.3) with the general interpretation of ¥ has hecome
the starting point For the engineering mechanies of fracture toughness,
since it leads to @ property of tha material deseribing its fracture
toughness in the presence of flews and stress-raigsers. Reasons for
accepting Griffith's concept arer-

(1) It yields a corveet functional relationship between stress

at fracture and critical flay size {6V » const).

(2) 1t predicts a theoreticai cohesive strength for materials

of the vight order of magnitude (0,1B), verified by oxperiments on




i.e. a perfectly brittle material, This is not generally true

since most materials exhibit some ductility (plastic or pseudo-
plastic deformation) before failure. The energy balance then
actually exists between the elastic emergy release and the total
work done in propagating the crack®. This total work includes the
surface free enmergy of the fracture surfaces, as well as the plastic
work itrrecoverably consumed at the crack tip during propagation, and

any other energy-absorbing mechanisms unavoidably linked with

fracture %15,  Mathematically, we can write
=y 1.5
. LR (1.5)
where T represents the total work of fracture, and is called the

effective fracture surface energy; Y © the free surface

energ, of the material, and yp represents plastic work plus any othex
work requived for fracture. With ¥ substituted for y in equation
(1.3}, «f = constant shows good agreement with experimental evidence
for both metals and non-metals®,  Usually, vp>>y, particula,ly for
metals, and this shows up the inadequacy of using purely the surface
energy approach. Hence, depending on the ability of the material

to deform plastically or peeudo-plastically, ve can write ¥ = v,

and changes in surface energy oftem have very little effect om fracture
toughness. Brittle materials with their lack of plasticity cammot
welieve localised high stress concentrations at crack tips, and are

less tough than ductile materials.

1.2.4 Evaluation of the Griffith Approach
Assuming random distribution of flaws and cracks of microscopic size
in a malerial, Griffith predicts that the material will fracture
at a crirical stress level with a corresponding critical energy level,

both dependent on a characteristic flaw size for the material. The

Griffith Formula (1.3} with the general interpretation of ¥ has become
the starting point for the engineering mechanics of fracture toughness,
since it teads Lo & property of the material describing its fracture
toughness in the presence of flaws and stress-raisers. Reasons for
accepting Griffith's concept are:~

(1) It yields a correct functional relationship between stress

at fracture and critical flaw size (9YC = const).

(2) 1t predicts a theoretical cohesive strength for materisls

of the right order of magnitude (0,1E), verified by experiments on
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whisker crystals.

Reasons against accepting Griffith's concept are:=
(1) The elusiveness of a suitable value for Yy or ¥,
(2) Some ductile materials do not obey the rules, fmplying
that Griffith must be a special case
(3) It represents an oversiwplification ~f a series of much
more complicatzd phenomena.

Nevertheless, the very simplicity of the Fracture Mechamics approach

of Griffith has led to its acceptance and advance.

1.3 Fracture Mechanics Parameters Gc, KC, A

The Griffith Formula with the general interpretation of ¥ has become
the starting point for the engineering mechanics of ‘fracture toughness.
It provides design engincers with a logical basis for finding limiting
stresses, to avoid fracture, in terms of a property of the material
called its 'fracture toughness', and a knowledge of notches or other
stress~raising flaws in the structure., The three fracturs parameters
of interest hers are:=

(1) The Fracture Toughness K

(2) The Critical Strain Emergy Release Rate G

{3) The Effective Fracture Surface Energy ¥

1.3.1 The Fracture or the Critical Stress

Incensity Factor, K

Llinear

The concept of K, depends on the stress snalysis of cracks in

in terms of the opening or cleavage
mode stress intensity factor X, defined by an equation such as (1.6)

below, where the coordinates and sywbols are defined inm Fig. 1.3.

coso/2 b oain 8 oy 30
e [1 »sm;ng] (1.6)

K bes the units of strass x length!, and is altermatively designoted

elastic bodies. Kc is

=K
9y

KI to indicate Lhat the opening mode of fracture is being considered
Correspondingly, the alternative designation of Kc in such a situation
is KIc' The stress intensity factor K is related only to the loading




and geometry of the structural element, At the critical point of
unstable erack propagation, K becomes Kc, the critical stress
intensity factor. K, is also known as the Fracture Toughnmess of
the material, and measures the ability of the material to resist
crack growth. In appropriate circumstances, Kc of a material could
be used to calculate the load that a structural mewber containiuvg a
flaw of known size could sustain-without fracture. The important
distinction between the mathematical quantity X and the material
property KC is similar to the distinction between stress and strength.
An important property of K is that the total K value due to super—
imposed stress fields is a linear addition of the K-values of the
individual stress-fields, It thus has application to problems
involving a combination of loadings.

Investigators in the metallic field (eg. Srawley, Ref.l4)have
recognised that the evaluation of K assumes a high degree of elastic
constraint to plastic flow of the material at the crack tip. A plastic
zone size factor is used as a criterion for this condition. Where
lower constraint occurs such as in a thin plate, the effective
toughness of the material can be substantially greater than K. This
is basically a plane stress / plane strain-» ‘blem, and the fracture
toughness as far as matallic materials ave : 1ed cen alter
enormiously according as the elastic-plastic .cress field ahead of the
crack approximates to plane stress or plane strain conditions.

K,, thetefore, implies plane strain conditions, i.e. a heavy section
with adequate dimensions. Moat investigators in the non-metallic
field have assumed plane strain conditions exist duting tests on
notched specimens, and no quantitative evaluation of plane stress/
strain conditions on K, values for nou-metallic materials seems to
have been done to date. This dissertation attempts to briefly
investigate this problem among others (see later Section 4.2,3),

K& therefore represents & lower bound styength estimate, and can be
regarded as a basic material property. An example of how K, can
vary in metals, depending on plane stress or plane strain conditions,

is given in Fig, 1.4.
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1.3.2 The Critical Strain Energy Release Rate Gc

For a crack, either advancing from the surface or propagating
internally in & matevial, strain-energy is released by the crack,

in extending to a lemgth of c.  (See Fig. 1.2)

For the case of a surface crack, this strain-energy release is given by

‘Kdzcz

3 a.n

Now, the rate of reléase of strain energy with crack advance is

%‘E’, and is denoted G, i.e.

il

G = T

(plane stress) (1.8)

Note that the units of G are either Force per unit lemgth, or

Work per unit area.

At the critical point of unstable crack‘prnpagation, G becomes Gc,

the critical strain-energy release rate, or the critical crack-extension
force. G is thus regarded as the driving force motivating crack
extension. Note that from equations (1.3) and (1.8), G is numerically
equal o 2y, but this only has significance in the limiting case, when
we can write 6.=2F, The relationship between G and G is the same as
that between K and K i G is primarily a function of loading and
geometry, while Gc is a material property. Linear Elastic Fracture
Mechanics leads to simple relationshipsbetween the two quantities

¢ and K, vis.

K2 = EG for plane stress
K2 = n6 for plane strain a9
(1-v%)

where E is Young's Modulus and v is Poisson's Ratic.

(Note:~ Some investigators introduce 1/m in the above relaktions).

Host reported G values refer to the opening made of crack extension,

and then Gc is alternatively designated as Glc

1.3.3 The Bffective Fracture Surface Energy 7

This parameter has been dealt with previously. It is that parameter

deseribing the amount of work required to produce unit avea of fracture
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surface, and includes true free surface energy as well as other enmergy-

absorbing factors unavoidably linked with fracture.

1.4 Non-Metsllic Materials of Comstructionm:— Brief Review of

Applications of rhe Fracture Mechanics Approach to
Bogineering Materials

ion

1.4.1 Diagrammatic Models of Crack P

The Grifiith formula (1.3) was derived from considering the balance
between two main types of energy: the release of strain-energy
n02e2/K, and the surface smergy of the vrack surfaces Aey. With ¥ sub~
stituted for y, the second term is gemevalised to the energy requirement
term, representing the uemsnd for energy to make the crack continue

to grow. This energy requirement for c¢rack propagation is comsumed,
not only in surface emergy of the new crack surfaces, but alsc in
plastic work, and even in sonic and kimetic emergy. The emergy
Tequirement term and the energy release term can both be represented
by curves of energy versus crack length c. It is also instructive

to plot these curves in terms of emergy demand and rvelease rates

versus c.

Gase 1 : The Ideal Elastic and Homogeneous Material
(the Griffith Case)

Fig. 1.2 shows this case, which has already been discussed in
Section 1.2.%. This material, being ideal, is linear slastic right
up to the poink of brittle fracture. The energy requirvement curve
is a straight line of slope 4y while the energy release curve is a
parabola in e, Beyond the point of instability ac ¢y, any sinall
increase in crack length will cause more energy to be weleased than
is required for crack propagation, and the erack propagates sponta-
neously. It is also instructive to refer to ¥ig. 1.5. The surface
energy demand rate is a constaut 4Y and independent of crack length
for thia ideal case. UThe rate of strain energy release varies
linearly with c, and increases with increasing stress level. A material
with a crack of length e),under increasing styass would remain stable

until the stress level reached oy, at which the energy halance for

P
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spontanecua crack propagation is satisfied, and fracture would then
oeccur.  The energy balance for continued crack propagation ig then

possible even under decreasing stress. This ideal case is probably

never obtained in practice, so we extend the concept further.

Gase 2 : The Visco-Elastic and/or Non-Homogensous Material

Common construction material such as concretes, mortars, asphalts,
cements, soil lime and other stabilised meterials fall into this
category, The surface energy tevm ¥ is difficult to interpret,

since it might inelude some plastic flow, ox be modified by multiple
micro-cracking, or refer to fracture in a bi-or multi-phase material.
Fig. (1.6) represents the probable energy balance for a crack propagating
in such & material’., As the crack grows, so too does the area of

the highly stressed zone immediavely ahsmd of the crack tip. In this
area, extensive micro-crasking can oceur in addition to the main
erack, for non-ideal, bhrittle materiais. ($imilarly for duetile
metals, the volume affected by p1a§tic flow increases with increased
crack length).  The energy-requirement curve is therefore an increasing
function of ¢ and no longer a straight line. It is conceivable that
the curve becomes linear at point A, where the highly stressed zonme
reachea its maximum size, determined amongst other things by the
geometry of rhe specimen.

Consider now an initialflaw or crack of length cp in a material under
macroscopic tensile stress og. The crack begins ta grow but is
checked at cj, because the encrgy demand has now increased, The stress
must be raised to ¢) before the crack continues to grow to cp, whexe
it is again checked by the increase in energy demand. This whole
process is vepested under increasing stress until the erack reaches
poink A, which vepresents the point of instability, or the critical
energy level. Both energy-requirvement and energy-release curves
reach their critical slopas at this point, and since there is no
further incvease in slope of the energy demand curve, any further
increase in erack length causes unstable crack propagation to occur.
Of course, the process is not stepped as in Fig. (1.6), but continuous
under inecreusing stress. The continuous process is shown by the
dotted line in the figure. ¥ig, (1.6) usas the concept of ¥, which
varies with crack length, and is significant only at the onset of
ingtability.
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Consider also Fig. 1,7, which is a re-plot of Fig. 1.6 in terms

of energy xates.  The energy demand rate incresses rapidly, and then

reaches 2 uniforim value at A.  The process of slow crack growth occurs

under increasing stresc level, and no unstable crack propagation ecan
oecur on the ascending portion of the energy demand rate curve.

At point A, spontausous crack propagation can begin and proceed even
under decreasing stress levels, Fig. 1.7 very clearly explains

the process of slow crack growth in a notched beam under increasing

flexure stress, and this will be discussed in more detail in a later

section.  (see Section 5.3.1)

Case 3 : Crack Propagating in a Bi-or Multi-Phase Material
Such materials consist of two or more distinet constituents or
phases, each one having its own distinct energy-requirement curve,
represented by different slopes, such as in Fig. 1.8, The curve is
non-continuous, and the steep portion represents the energy demand
of the "tougher" phase of the material. A crack of length cg
propagating in the weaker phase would progress under stress gp to a

length ¢y. At this point, it intersects the tougher phase of the

_material, represented by & sharp rise in emergy demand. The crack

is checked, and will ounly propagate further if the stress is raised
sufficiently to overcome the energy demand of the tougher phase.

The tougher phase acks &s a crack arrestor, and causes the toughness
of the composite material ta increase. This crack~arrest mechanism
does not necessarily have to be a discrete phase in the material, but
could also be weak interfaces the crack must intercept in order to
progress. This is the basic concept of a material like fibre-glass
in which the Lwo phases themselves are fairly weak and brittle, but
when combined give a Lough material whose toughness and strength

directly stem from interface crack stopping.

1.4.2 Tracture Mechanics of Cemented Materials

What foliows applies to cemented materials in general, but concrete
ie used as a specific example of the fracture behaviour of such
materials. These materials do not sirictly obey the laws of
elasticity, bub fracture mechanivs comcepts can readily be applied
to them.
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. Comerete is & hetercgeneovs, hrittle material whose strength derives
almost directily from its hetersgenelty and the phenomenon of
microcracking.  Fracture surface area and energy can refer to the
hardened cement paste, or the aggregate, or the aggregate-paste
interface. Oracking in concrete is not limited to one critical
erack, but involves extensive microcracking i the highly stressed
zone idhead of and surrounding the main crack®.  An important conse—
quence of this is that the avea of newly formed fracture surfaces may
be many times larger (up to ten or twelve times) than the nominal

Fracture area®. The weak bond in concrete is the

2 P:
bond, and cracks form here where the energy demand is least, and then
gpread, eventually bridging the paste between aggregate particles.

. This causes concrete to ackt very much ag a bi-phase material(Fig,1.8)}
The aggragate-paste interface and the cement gel exhibit essentially
britkle behaviour, and thus the strain energy released during fracture
is tramsformed mainly to surface emergy. 'The aggregates in concrete
modify the three~dimensional elastic stress field and impose a crack-
arvesting action on the comcrete, causing the fracture resistance of
concrete ta be greater than thak of an equivalent paste!®.  Also,
in addirion to microctacking of the cement paste, cracks meander
around aggregate particles, and extensive side cracking can occur
The crack-arresting Fumction of the aggregates and the mechanism of
microcracking all give to concrete an apparent property of pseudo—
plar iciey, since all of these phenomena increase the energy-dewand

for crack propagation.

1.4.3 Applicatioss to Ciyil Engipeering Materiais
This section reviews some of the work done by other investigators
in evaluating fragture mochsnics parameters. Direct applicaticus of
thig work to CGivil Engineering problems are few and far between, and
sometimes the basis of the application is very questionable., This
section also deals with the assumptions and modificstions required
in order to apply fracture mechanies principles to construction
materials. Materials considered will be concrete and oement mortars,
agphalts and asphalt cements, soil cements, and other road pavement
matexials,
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{1) Concrete and Cement Mortars
(a) Assumptions and Modifications
Application of fracture mechanics rheory to concrete'is based on the
following two assumptions:—
{i) The Laws of Elasticilty for homogeneous materials can be
applied to concrete {which is heterogenecus and discontimuous
due to the presence of micro-cracks,)
(ii) The values of the elastic modulus E and Poisson's ration v
are constant throughout the material. This criterion is satisfied
by assuming an average E and v for the concrete. In addition,
the surface energy term y must be interpreted as resulting from

the total work of fractuve, and ¥ is the relevant pavameter,

(b) Tensile Fracture in Concrete
Under tensile stress, concrete behaves perfectly elastically until the
stress g=v2Ey/mo is veached. Beyond this point, both stress and crack
groy slowly, as depicted in Fig. 1.6, and the stress strain curve is
no longer linear. Due to decrease of the cross-section, the stress
grows faster than the external load, and the strain energy release
rate rale’, grows even faster until it veaches a value G, where rapid
erack propagation oceuxs, and the stress-strain curve terminates
abruptly.

{c) Compression Fracture in Goncrete (i Uniaxial

Flaws and cracks in concrete under compression can lead to tensile
stresses being developed near crack tips, depending on the shape and

orieatation af the cracks. Crack propagation can enly occur in

planes parallel to the direction of ion, and not ily
in a plane containing the initial crack.  Assuming that concrete has
numerous initial flaws and cracks, the weakest of these will begin
propagating under compression. However, due to the crack arrest

mechanisms of micro~ ing aad zones of high strength,

these cracks would be checked by the rapid increase in energy demand
This permits a furtber increase in lcad, and another crack, next in
order of weakness, starts propagating. The new crack in turn is
soon atrested and auothar begins growing,  This process is termed

the "progressive cracking mechanism” by Glueklich?.




The process of progressive cracking eventually brings about total
destruction, either becsuse the material can no longer resist shear
stresses in its disintegrated state, or the value of the eritiecal
strain energy release rate G, is attained, and the particular crack
propagating at Fhat instant runs to failure. In tension, the stress
fleld o increases rapidly with the crack propagation becaust of
the decrease in cross-section; however, in compression, this is not so.
Also, the progressive cracking mechanism, which effectively eliminates
nuclei of fracture just as plastic £low does in metals, provides a
mechanism of energy dissipation that constiktntes an alternative to
fracture. These two factors make compression fracture of concrete
far more stable than tension fracture.

(d) Brief Review of Work by other Investigators
Kaplan!l was ome of the first imvestigators in the non-metallic field.

He performed tests on notched concrete beams in order to determine the

eritieal strain-energy release rate ‘C He found that smaller

75%100 millimetre beams gave somewhat Lower 8, values than 150x150
millimetre beams, but concluded that the concept of the critical
strain—energy release rate being a condition for rapid crack propa-
gation was applicable to concrete. Kaplan meglected the effects of
stow crack growth prior to failure, which caused his G values to be
underestimated. He also suggested a tentative application of his
fracture mechanics parameters to the failure of a simply supported
plain concrete slab.,  However, it seems more logical in the case he
uses to simply apply bending theory to the failure of the slab. It is
obvious that some more divect and logical application of fracture
mechanics principles to the fallure of concrete members wmust be Sought.
Moavenzadeh and Kuguel? also used notched-beam specimens to study the
fracture of cement paste, wortar and concretc, They found that the
effective fracture surface energy ¥ was greater for mortars and

concretes than for pure cement pastes, due o the introduction of selid

" particles and the corresponding increase in microcracking and heterogeneity.

Using the technique of quantitative microscopy, however, they were able
to show rhat ¥ for cracks propagating through the aggregate paste
interface was less than the ¥ for cracks propagating dizectly through the
cement paste. They also ignorved the effect of slow crack growth prior

to failure.
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Naus and Lott!® calculated the fracture toughnesses of pastes, mortars
and concretes in which they varied water-cement ratic, sand cement

ratio, gravel~cement ratio, age of test, air content and gradation and

- type of coarse aggregate.  Although they ignored the effect of slow

crack growth, they employed the ideas of Lott and Kesler!Z, who

tealized that the presence of apgregate particles near the tip of a
¢rack modified the stress field of the crack, and increased the degree
of microeracking., The latter authors argued that when comcrete was
analysed as a homogeneous material, a pseudo-fracture toughness K'c
resulted which was the summsation of the fracture toughness of the cement
paste and an arresting action of the aggregates on erack growth.

They found that comcretes had higher fracture toughnesses tham equiva—
lent mortars.

Glucklich!® did a considersble amount of work in studying the propagation
of fatigue cracks in mortar, using both notehed and unnotched beams.

He introduced a compliance—crack length relationship in order to inter-
pret measured strains in terms of crack length, and hence overcome the
problem of slow crack growth prior to failure. He found that the value
of cc was approximately constant for both notched and unuotched bgsms,
and ov/c wag constant for beams with equal notch depths. Generally 6,
measured in fatigue tests was lower than Gc measured in static tests, which
he attributed te elastic ereep. Glucklich was one of the first to point
out that tha object of a notch was not to simulate & crack, but to
predetermine the cross-section of failure. In fact, investigators

in the metallic field use the standard practice of growing a sharp
fatigue crack from a notched specimsn before fracture testing the
speciment?,

Weleh and Haisman!%;1® evaluated fracture toughness parameters of a

wide range of concretes, mortars and pastes, using notched and un-
notched beams in fiexure. They also comsidered the influence of
different types of notches. Over the range of compressive strengths
they were considering, they found that fracture toughness parameters
tended to increase in proportien ko concrete strength properties

such as

e streagth, . ratio, indirect tensile
(splitting) strength, and solid volume fraction of cement paste.
Investigating the effect of notch sharpness (i.e. root radius),
sharper motches produced £latter load displacement cutves and lower
ultimate loads, than blunt notvhes. However, if slow crack growth

I S
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was taken into account, the motch type did not influence fracture
toughness values by more than about 10 per cent. They point out the
important fact that fracture toughness values are affected conmsiderably
by the assumptions used Lo estimate the effect of slow crack growth,
the stress concentration at the root of the noteh, and values of
Young's Modulus. Three sets of assumptioms were proposed in order to
provide a better comparison of results by different research workers.
These assumptions are:-

“Assumptions 4" i The original notch depth, cg, is used to compute

the nominal stress g, at the root of the notch, and for substitution

in the remsinder of the equation. A nominal value of E, based on

dynamic on e for sach comerete

class is adopted.

"Assumptions B : The original notch depth, g, is used as in
"assumptions A", but the value of E iz calculated directly from
the load deformation curve in each case.  Because of non~linear
relationships in most cases, the secant modulus is adopted between
zero and seventy per cent of ultimate lecad, and a correction is
also made for shear deflection, It may be comsidered that the
adoption of this lower value of E takes into account the slow
crack growth and creep effects during loading. Consequently,
‘It is suggested that ic would be incarrect to use both this
value of E and to allow for slow crack growth in eddition.
“Assumptions C" : The eritical crack depth, Sy is used to
compute the nominal stress E at the root of .the notch, and for
substitution in the remainder of the equation. The critical
crack depth is the original notch depth ptus slow crack growth
prior to the onset of unstable crack propagation, das determined
from compliance ~ motch depth relationships. The dynamic value
of I is used, as in "Assumptions A",

It is necessary-here to point out that in the present dissertation, a
different set of assumptions was used to calculate fracture toughness
parameters. The assumptions used were identical to “Assumptions G
above, except that E was determined for the particular class of asphalt
or mortar from the linear portion of the load-deformation curves .of
unnotched specimens, since it was found that under the conditions

of test adopted, creep and rate of strain had s significant effect on
all parameters measured. The assumptions and procedure are fully
outlined in Section 3.2.4.
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Welch and Haisman are the- first to have pointed out the need to

adopt more standard practices and assumptions £or the Eracture testimg
of non—metallic materials, and this is commendable when one considers
the often divergent range of techniques used up to the present time.
Much of the work of this dissertation aims at developing standardised
procedures for fracture testing of mon-metallic materials, similar

to the type of work that has been done in the metallic field

Finally, Brown!” used two methods to measure the fracture toughness

Kc of cemént pastes and mortars, The first was the usual notched-beam

technique, combined with compliaunce measurements to measure the

slow crack growth prior to instability.  He measured the change of
for separate i of crack growth as the orack

propagated. The second method, using a double-cantilever beam (DCB),
avoids the slow crack growth problem by making a specimen of varisble
web width such that the length of crack froot increases with and
exactly compensates for the effect of crack growth. He found that the

fracture toughness of cement paste was independent of erack growth, but

that the of mortar i as the crack p: , which
ties in with the concept of Fig!s 1.6 and 1.7 very well. For both
materials, the stress intensity required to initiate crack growth was

less than that to maintain crack growth at the loading rates used

{2) Asphalts and Asphalt Cements
Asphalt is a visco-elastic material whose properties depend on the
ghear rate and temperature, as well as the degree of ageing. - At low
temperatures, asphalt behaves as a brittle material, but at normal
service temperatures, it can undergo considerable plastic deformation,
leading eventually to cracking and permanent deformation in the form
of rutting. In an asphalt mixture, it is the fracture behaviour of
the asphalt that is the primary controlling factor in the cracking
of the mixture. Some investigators have used fracture mechanics
principles to determine fracture parameters for different asphalts.
Qthiers have attempted to use these parameters in a study of the
fatigue life of asphalts.

(a) Assumptions in Applying Fracture Mecbanics to Asphalt

s with concrete, fracture mechanics can be applied to asphalt with

some modificatlons and assumptions. Fracture mechanics concepts are
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. based on the zssumption that the material is linear elastic and

homogeneous,  Asphalts display linear elastic behaviour at low
tewperatures, and most investigators have srudied asphalts in the
low temperature range. An important point to mote here is that only
at low temperatures causing brittle fracture, and under plane strain
conditions can the parameters G, and K, be regarded as material
constants, At higher temperatures where the plastic zone size ahead

of the crack tip inereases, K is larger and corresponds more to a

e
plane stress state.

(b) Variables Affecting the Fracture Mechanics Parameters

The Following vériables were vecognised as affecting the fracture

mechanics parameters:= '
(L) Temperavure. This has an influential effect on the brittle
behaviour of asphaits. Elastic behaviour only occurs at low
temperatures of around minus ten Celsius and lower, and above
zero Celsius there is a marked inerease in the rate at which the
material can absorb energy with inereasing Lemperature.
{ii) Rate of Loading. Practurve h of asphaltic

generally increase¢s with increasing load rate.

(iii) Age of the Asphalt. In general, an aged asphalt shows
higher values of the fracture parameters than an unaged asphalt,
indicating inereasing resistance to brittle fracture. However,
this trend has not been adequately justified in the existing
literature, and seems out of phase with practieal experience
in road pavements, It is possible that this trend represents a
thixotropic effect.

(iv) Diffevent Rheological Properties.  Wipher toughnesses

are obtained in asphalts by increasing the asphalt conmtent, or
using softer, low consistency grades of asphalt cements., Also,
mixes of higher unit weights have higher fracture toughnesses, and

higher effective fracture surfacc energies.

{c) Brief Review of Previous Work
Moavenzadeh'® used the notched beam technique Lo study the fracture
susceptibility of asphalts at low temperatuves, varying such parameters

as rate of loading, temperature and depth of notch.
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Bahgat and Herrin!® extended the work by inmcluding in their fracture
testing an impact test to evaluate the brittle resistance of asphaltic
mixtures.

Majidzadeh et al? attempted to predict the fatigue lifs of a
paving mixture in terms of material comstants, geometry, boundary
conditions and the state of stress, and tested simply supported
beams and beams on elastic foundations., They used a crack propagativm
law derived by Paris, which, includes as one of its parameters the
stress~intensity factor K,

Blight? used the concept of the strain energy released when a
pavement cracks due to shrinkage stresses to predict crack spacings
in pavements. In addition, he also showed that the maximum wheel
load to cause flexural failuve of a pavement could be obtained in
principle. Finally, using the concept that failure ocours when a
limiting, c¢ritical or saturation quantity of plastic work has been
performed on a material, he was sble to derive an ewpression predicting
the number of cycles to failure, and from this the plastic deformatiom
the pavement can tolerate befave cracking, Thus, the fatigue problem

is viewed in terms of tolerable permanent deformation.

(3) Soil_ement

The classic work carried out on the application of fracture mechanics
to the failure of soil cement was done by George?l, fie used very
similar methods in devermining the parameters G and X, as those
used for concrete ot asphalt, and found that soil type, temperature
and loading rata all affected these parameters. He then used 6,

-and K, to evaluate the crack propagation potential in a pavement base,

He used mode) studies of a spil-cement base, and concluded that K,

rather than Gc wag the parameter governing the rate of crack propagation.

Crack

n rate with a in K. He also
considered the spacing and configuration of cracks in a soil-cement
base, using the principle of minimun potencisl energy. His findings
that the crack pattern should be one of random orthogonal polygons

with a bias towards hexagons were borneout by his model studies.

(4) Lime Stabilised Soil

Blight® carvied out borh beam bunding and unconfined compression tests

on soil-lime, in order to find the effective fractuve surface energy ¥,




i.e, the actual work of fracture, Age and lime content had very
little effect on ¥, He also plotted, for a number of differen:
cemented materials, values of ¥ yersus strain at failure, on a log-log
plot. The ¥ term contains plastic work done to cause the material to
fracture, and since plastiz work is accompanied by atrain, the plastic
work increases as the strain to failure increases. The results of
Blight's log-log plots are a series of straight lines of approximately
constant slope, each line representing a particular material. These
plots seem to indicate a relation between ¥ and Epai1r

Blight caleulated the effective fracture surface energy of his
cemented materials, ¥, by equating the work donme by the applied load
te produce fracture (i.e. the area under the load-deflection curve)

to the area of fracture surface produced, i.e,

3 =2p
¥ (1.10)
where AF 5 meaguved input energy = work done in fracturing the
>
specimen = area under ¥,§ curve, and Ag = area of new fracture surfaces.

(Note-a crack opens up two new fracture surfaces, se A includes both
of the new surfzces).

¥ can be interpreted as the energy absorption of crack propagation,
and equation (1.10) immediately relates it to both the surface free
energy plus any other energy-absorbing processes that may be insepa—
rably commected with fracture. In an ideally brittle material, the
fracture surface avea would be equal to twice the ecross—sectional
ares of the specimen. However, as mentioned previously, multiple
micro-cracking in the highly stressed zone cam occur, as well as
meandéring crack paths {(eg. a9 in comcrete), and the aétual true
fracture surface area may he meny times larger than the effective
surface arvea represented by the cross—sectional area, In this case,

one may compute the effective fracture surface energy as

= b (L1}

wliere Ay is the nominal cvoss-sectional area. To compute the actual
Fracture surface enargy would require a knowledge of Af. The Ctrue
Ag can be obtained from a technique such as quantitative wicroscopy,

which studies the cracks on Lhe fracture surface.




29

Blight presumed thal ¥ was made up of two components:~ the
true free surface emergy of the material, and the plastic work component
required to cause fracture, and included the following factors in the
plastic work component:—

{a) Work unaccounted for by the inshility to accurately measure

the true surface energy of the fracture surfaces.

{b) Work done in dilatancy and particle reorientation near failure

(c) Work dome in producing micraeracks that do not form part

of the visidle fracture surface

(d) Actusl plastic deformation of the paterial

Blight alsoc suggested that the true fracture surface energy of a

material is ted by the surface energy of the cementing
component, and the effective fracture surface energy ¥ exceeds the Crue
surface energy y by the azmount of plastic work required to cause
fracture. The engineer invariably requires ¥ for his calculations,
as long as ¥ represents the failure mode likely to be experienced

in practice, This means that testing procedures must be linked to

actual service conditions for the material

1.5 Introductory Remarks om Fracture Testing

Over the last decade or so, fracture mechanies has had a rapid
development with most of the impetus coining from problems of the
fracture of high-strength metailic materials. Research in the metallic
field has been stimulated lavgely by recent requirements of military
and serospace structures to be made of high-strength, lightweight
materials. The questions to be resolved centered around how to
evaluate the strength of metals in the presence of cracks or crack-
iike defects, since the avevage stresses at which failure due to
catastrophic crack propagation cccurred were way below the yield
strength of the material, The development of laboratory tests and
analytical techniques to perwit a measure of fracture tougbmess has
been based on the Griffith-Trwin linear elastic fracture mechanics
theory.

Current studies in the metallic field have been aimed at measuring
the fracture toughness or crack tolerance of a material, that is,
the maximum size of defect, whether natural or artificial, that can
be tolerated in a materisl unler a givem streéss level. It is

unrealistic to depend upon the total absence of crack-like defacts




:
¢
!
i

i
'
i

30

in a structure, be it a concrete beam or a rocket motor-case,
Therefore, it is necessary to know something of the crack tolerance
of materials in order to predict the quality of their service life,
In the metallic field, fracture mechanics. has found an immediate
application in those situations where plane strain fractures oceur
causing the material to fail without excessive plastic deformation.
This has led ‘to considerable work being done in the metallic field
on the developmenk of suitable methods of fracture testing.

However, in the ron-metaliie field, the application of fracture
mechanics is still a relatively new £ield, and no wniform approach
seems to have been devaioped, This is strange, since it is in the
non-metallic field that the traditional “ideal brittle” materials
oceur, to which the Griffith~Irwid theory has direct application.
Op to this stage, few dirvect or logical applications of fracture
mechanics to non-metallic materials have been made, One exception
hag been a fracture mechanics-based study of the cracking of road
pavements3,. Non-mataliic makerials are generally far more notch-
sen. tive than metallic materisls, and this means that fracture
testing of brittle non-metals hes its own specific problems asso—
ciated with it, ihile the fundamentals of the fracture testing
of metals or non-metais are the same, the detailed application
differs. Also, nc material conforms to the ideal elastic-brittle
type of failure assumed in limear elastic fracture mechanies, and
it is, thevefore, necessary to develop specifications for valid

fracture testing, whether of metals or non-metals.

1.6 Scope of This Dissertation

* This dissertation borrows extensively from the ideas already put

forward in treatises on the Fracture testing of high stremgth metallic
materials (eg. refs, 22 and 23), and develops these ideas in relation
to non-metals, asttempting to arrive at some logical and uniform
methed of fracture testing of non-metallic materials, specifically
those cemented materials im common use in Civil Engineering comstruc~
tion.  In order to do this, an extensive laboratory test program

was initiated, in vhich notched snd un~notched beams of mortar and
usphalt were fracture tested in flexure. This allowed the differemt
variables affecting the fracture pavameters obtained from Lhe tests

to be isolated and evaluated. In particulaw, the rate of strain




dnd testing machine hardness were found to have a significant effect
on the fracture behavionr of the beams. The use of different notches
also allowed an investigatriou of the post-cracking behaviour of the
beams, In order to corre.tly messure those quantitier affecting

the fracture parameters, it was necessary to pay close attention to
adequate instrumentation of the tests. The fracture properties

of the cemented materials studied were then used to attempt an
evaluation of the fracture testing of non-metallic materials. This
led £inally to proposals of some tentative criteria for valid fracture

testing of non-metzllic materials.




CHAPTER 2
PUNDAMENTAL REQUIREMENTS FOR THE DESIGN AND TESTING
OF FRAGTURE SPECTMENS

The fundamental requirements for the design and testing of Eracture
specimens apply to any material, whether metallic or non-merallic

The detailed requirements for the fracture testing of any particular
material may differ, however, from other materials. For instance;

the plane~strain fracture testing of metals often leads to a phenvmenon
called 'pop-in' being observed, which is not observed in the fracture
testing of other construction matewvials, On the other hand, non-
metallic materials often exhilit a far moxe brittle type of fracture,
leading to problems of how to momiter the load and deflection at the
eritical point of instability and subsequent period of rapid ecrack
propagation, than do the more ductile metals. Sincé the Eracture
testing of metallic materials is more advanded in technique and in
application than that of non-metallic materizls, it has been advanta-
geous in considering the fundamental requirements for nom-metallic
materials fracture testing, to both borrow and develop concepts and
tectniques already advanced in the metallic field. Thus, much of

the content of this chapter is by no means original, but it is necessary
to include it in order to assist in developing the discussion of
subsequent chaptess.

The linear-elastic theory of Fracture Mechanics can be applied to
specimens provided the plastic or bighly-stressed zone shead of the
crack tip is below a critical size in relation to the specimen size,
thereby causing the localised plastic or pseudo—plastic deformation
at the root of the notch (or erack) to be accomodated within ‘purely
elastic surroundings. The fracture toughness of a material depends
primarily upon the ductility, for metals, and analogously micro-
cracking for brittle non-metals, at the roots of the notohes.
Investigators in the metallic field!" have defined the Plastic Zone
Size Factor as being R = (Kc/uY5>1, When R is small in relation to

specimen dimensions, plane-.train conditions prevail, and the test
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is a valid K, fracture vest. When R is large, plane-stress conditions
prevail, and the frécture. toughness measured can be much greater

than the lower limit represented by the planevstrain value.

(see Fig. 1.4)  All of this implies that fracture test spaecimens

Wwust meet with certain dimensional and shape requirements. In

particular, a sampile for fracture testing must have some minimum

dimensions if the results are to be meaningful. This requiremen:

has been recognised and applied in the metallic field, but somewhat

ignored in the non-metailic field.

2.1 Reguirements for 2 Satisfacrory Fracture Test

Basically, a fracture test involves loadj.g a specimen

which contains some type of pre-crack or noteh until the erack
becomes unstable and extends abruptly. Such specimens may be loaded
in pure tension, or in differenc ways of besm bending, such as pure
bending, or bending combined with shear. ' At the ecritical point of
unstable crack propagation, the energy balance becomes favourable
for fracture, and it is possible to measure a Kc oxr a L, value:

The fracture pavameters measured are not only a function of specimen
geometry and. loading, but also of such variables as temperature,
strain-rate and related creeg. All fracture testing leads to a

wide scatter of results, and for design purposes it is usually best

to accept the lower confidence Limits.

The output from a fracture test is usually in the form of a curve
of applied load versus some measurement of deflection which can later
be interprated in terms of the extension of the crack. Such deflection
measurements could be the deflestion of the load points, or the
relative displacement of two points located symmetrically on opposite
sides of the crack plane. The type of common cemented materiale
éxamined aa part of this dissertation exhibit the behaviour of slow
erack growth prior te catastrophic fracture (which is somewhat
analogous ko the 'pop-in' phenomenon in metals}. Here, the crack
extends slowly until it reaches a critical length at which the load
on the specimen causes rapid propagation, and it is imperative to be
&ble to measure this slow crack growth by some type of deflcction

meaturement,  The method adopted here was to deriveexperimentally
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and theoretically a relationship between beam compliance and
crack-length®.  (See later Section 3.2.4). An autographic
recording of the load-deflection curve is the most satisfactory
means of conducting a test provided the autographic plottexr is
sufficiently sensitive to pick up the transient effecks at catas~

trophic failure or unstable crack growth.  (See later Section 3.3)

Hence, a sati fracture test should meet two

requirements:=
(1) The specimen dimensions, and loading arramgement should
allow the fracture parsmeters (eg. G or X) to be calculated
accurately at any stage of the test at which the values of load
and crack dimensions are known.
(2) ‘The values of load and crack dimensions at the point of
instability of crack extension (G, ox K ) shouid be accurately

measured.

2,2 Consideration of the Simplest Type of.Fracture Model

The simplest type of fracture model is that of anm axially symmetric
crack inside a body sufficiently large that boundary surface effects
on the stress field of the crack are negligible. The specimen is
tested by steadily increasing the gross tensile stress o applied
zemote from and normal to the crack plame. The opening mode stress

intensity at every point drotmd the crack border is given byi=

K=Za\/§;~— . (2.1)

(2¢ = effective crack dismeter, snd for metals, ¢ must be increased

by a plane-strain plastic zome correction term For matching an
equivalent elastic crack ko an elastic-plastic crack).

Another alternarive simple fracture model is the original Griffith
model, that of a wide plate of width W under uniform uniaxial tension
o, and containing a straight ideal crack of lsagth 2c, less than

W/10, in the center and normal to the direction of the applied stress.
(See Tig. 1,2)

. Beam Compliance is defined as the imverse of the slope of the
linear portion of the load-deflection curve, i.e. a daflection per
unit load when the load is uxpressed as a losd per unit beam
width.




The stress intensity factor for this case is given by:-
K= ¢ /e (2.2)

In such a model, only the stress field immediately around the crack is
disturbed, and hence the highly-stressed zone ahead of the crack is
located in purély elastic surroundings. It has been shown in thick
metallic specimens that plane-strain conditions prevail in the middle
part of the thickness, and plane-stvess conditions near the faces,
i.e. free faces impart a constraint-relieving influence tv the ecrack
front, and therefore the thickness of the specimen should be greater
than the lower limit where this influence =xtends entirely through
the thickness. This limiting thickness must usually be fouand by
experiment. Common construction materials are usuzlly not used in
the form of thin sheets, and the assumption has always been that
plane~strain conditions prevaii. Nevertheless, fracture tests
currently being conducted on glass have shown results that differ
widely depending on whether a deep beam or flat slab was being tested.
The plastic zome size factor R in metals increases rapidly as the
general yield strength of the material decreases, and therefore, the
minimum specimen dimensions increase rapidly as the yield stremgth.
decreases.  Such an effect might very well alsc apply to non-metallic
materials.

The fract xe behaviour of these simple models can be shown by
means of idealised load—deflection curves. An ideal, perfectly
brittle material would show no increase in crack length right up to
the point of sbrupt fracture, and a linear load-deflection curve
would reswlt. (See Fig. 2.1(a)). This case is the classic Griffith
cage, also represented by Fig. 1.2, which is never obtaimed in
practice. Cemented materials usually show slight extension of *'
crack front during the last stages of loading, and therefore the
displacement per unit load or compliance increases near the peak
of the curve. (See Fig. 2.1{b})). This non-linearity near the
maximum load can also be due to plastic or pseudo-plastic deformation
around the erack Eront which manifests itself as a virtual crack
extension (eg. microcracking of a brittle matrix), and creep and other

" time-dependent deformations. In both of the ahove cases, X, or G,
is caleuleted from the value of the maximum load and the measured

crack lemgth. However, whem uon-linearity of the cutve bacames
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-
excessive, it may be difficult to infer a K: or GE value.
TInvestigators of metals have limited the amount of non-linearity
allowable by specifying the limits that the inverse of the secant
slope between zero and maximum load can exceed the compliance of the
initial straight line portionl%.

The simple fracture models discussed above are straightforward
in principle, but are inefficient as to the volume of material
required and the load required. Plate or beam specimens, which are
conceptually more complicated (and have more nomplicated expressions

for K) have therefore been developed.

2.3 Crirerion of Fracture Instability

1t is necessary to make scme precise, unambiguous definition of that
point in a monotonically-loaded fracture test at which unstable
crack extension occurs. Host tests heve as the independent varisble
the defleclion of the machine loading heads and this can usually

be taken as the specimen deflection 8§, Thus, load F is not the
independent variable in the test. Then following on the practice

of investigators of metals, the point of instability of crack

extension is defined as that point st which the load~defiection
relationship reaches a maximum or a point of zero slope, i.e:

& _ (2.3)

ds§
(Note: This is the operational definition adopted by the ASTM Special
Committee on Fractare Testing, See ref. 22, p.138)
At this point, the ability tn control the load is lost, at least
temporarily. ’
G at the point of instability can be calculated from measurements
of the load and the instantaneous crack length st that point, and
is designated G, - a measure of the fracture toughness of the material.
Other definitions of Gc do exist, such as that value of G at the
onsel of rapid crack propagation, but this can be a bit vague, and

the definition above is preferred.
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2,4 Catastrophic, Bemi-Stable and Stable Fractures

While this subject is discussed in greater detail in a later section,
with specific veference to actual tests conducted, it is necessary
at this stage to mention that a satisfactory fracture test is oflen
dependent on whether a catastrophic, a semi-stable or a stable
fracture is obtained. This probiem is more important in the fracture
testing of brittle non-metals such as cemented materials than that
of ductile metals, and the subject is not ugually mentioned by inves~
tigators of metals. The problem is one of the conkrolled growth
of a crack in a Eracture specimen, and is vitally related to the
elastic energy stored in the specimen and the machine system at the
point of unstable crack propagation.

Materials may fracture in different ways: brittle non~crystalline
cracking, as in glass; cleavage in crystalline solids; plastic
shear or grain-boundary sliding; separation of atoms by evaporation
or chemical dissoclution; fracture through brittle constituents
or along brittle interfaces in multi-phase materials such as concrete
These different processes lead to fracturesthat are either catas—
trophic, semi-stable or stable, where these terms are defined by
means of characteristic load-deflection diagrams in Fig. 2.2,
At the point of imstsbility in catastrophic fracture, all control
over the growth of the crack is lost, whereas semi-stable and stable
fractures allow some measure of comtrol ovexr crack growth through-
out the test. Most brittle materials shaw catastrophic fracture
in a bending test, with the load dropping instantaneously to zero,
as in curve (A) of Fig, 2.2. The emergy stored in the specimen
at the peak load is sufficient to cause the cxack to run vight through
the specimen to failyre. In addition, if a soft machine loading
system is being used, energy might actually be fed back into the
specimen by the machine at the point of failure. Such a fracture thean
contains excess energy over and above the energy required to form
new crack surfaces. This excess energy is expended in such enmergy-
absorbing processes as kinetic enmergy of the fracture pieces, sonic
energy accompanying fracture, heat energy, and energy associated
with .the velocity of crack propagation. In using the simple formula
(equation (1.10)) for caloulating ¥, viz, ¥ = &, (/A whete Ay is the




energy expended, an imcorrect or unrealistic measure of ¥ will be
obtained if AF,G comes from a catastrophic test record. Therefors,
the test must be designed to produce a ¥ that will include surface
free energy, plastic flow, and any other energy~absorbing processes
inseparably connected with fracture. Those effects not connected
with realistic fracture must be eliminated. The way to do this is
ta produce a stable or semi-stable fracture in the fracture test,

by controlling the crack growth. This means that external work
must continually be done to keep the erack moving. It is then
possible Lo measure the amount of energy required to make it grow.
A stable or semi-stable fracture is achieved by limiting the smount of

elastic energy stored in the specimen and mechine lpading system

at _the moment of fracture initiation, thereby preventing spontaneous
. crack propagation, due to insufficient energy being available to
cause total fracture. The stored elastic energy causes the crack to
propagate, but drops off so quickly that crack growth is checked
(see curves (B) and (0) of Fig. 2.2). Further external work is
required before final fracture occcurs. Thus, the total external
work energy, as calculated from the area under the toad deflection
curve, is transformed into fracture energy without excess energy.
The amount of elastic emergy available for crack propagation at the
critical peak load is governed by the strain energy stored in the
specimen at that instant, as well as the strain energy stored in

the machine., In order te produce an acceptable fracture then,

attention should be given to the following twe Factors:
(1} Thro use of a rigid test machine and a haxd load cell.
This . its the amount of energy stored in the machine loading
system and produces a more stable fracture,
{2) Shaping the test speecimen so that only a small load is
required to initiate fracture (energy proportional to the
product of the losd and the deflection).  Crack-notching the
specimen is the most suitable way of limiting the stored elastic
energy ln the specimen. The bemefits of a crack-starter notch
are Firstly that it reduces chepeak load rvequired for fracture
by reducing the crose~section at the notch and by providing a
high stiuss concentration, and secondly thak it pre-determines

the cross-section of failure in the bean. Turthermore, a small
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load 'at the onset of crack growth ensures that emergy is mot
expended on permanently dsmaging any of the remainder of the
specimer.




¢ CHAPTER 3
PRACTICAL SPECIMEN TYPE$, FORMULAE AND INSTRUMENTATION

i

Chapter 2 described the siw-lest type of fracture model for fracture

1 testing, either that of the Griffith model, or the more general
three~dimensional axially symmetric circular crack in a large body.
These fracture models do mot lend themselves readily to practical
fracture testing, due to the volume of material required, the difficulty
of fahrication and testing, and the load requirements of the specimen.
For this reason, many diFferent types of practical specimens for fracture
f testing have been devised, and once again the impetus heve has come
primarily from the metallic field. This chapter briefly reviews

{ the different practical specimen types devised For opening mode
fracture, and then discusses in more detail the particular erack—

i notched beam bending specimens selected for the current testing

program.  In addition, the formulae for calculating the fracture
parameters obtained from a test are presented; and the instrumenta-

A tion involved ir the rasting is discussed.

3.1 Brief Review of Practical Specimen Types

The specimen types documented beiow are given as an indication

of the wide varizty that are available for fracture tasting.
They are diseussed in far grester depth in references 22 and 23,

to which the reader is vefetred for more detail. Many of these

i fracture specimens, particularly the divect tensile test spet .mens,
! are not very suitable for fracture testing of non-metallic materials.
j

i 3.1.1 Symmetrical Plate Specimens
Plate specimens are tested in direct temsion, and have either a
k central transverse crack of initial length Zco equal to aboul 0,3W

where W is the width of the plute, or squal transverse edge cracks

0 ; of initial length ¢, equal to about C,15W. These specimens are just a
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modification of the wide plate specimens such as the-simple Griffith
madel. The main differemce is that the elastic strain energy field
in the vicinity of the ends of the crack is appreciubly influenced

by the proximity of the crack to the free edges of the specimen.

The simple expression for G, viz EG=7o?c, no longer holds, and some
other form of expression for G is mecessary, such as the tangent form
proposad by Irwin?t125, i e, EG=o?W tan (wc/W). Pavemeters which
affect the accuracy of the G, measurement in this test are the plastic
zone corvection term (for metals), the width of the plate, the length
of the plate, and the initial crack length. In addition, the
thickness of the plate has a profound effect on whether plane~stress
or plane-strain conditions predominate, and therefore on the value

of Gg

3.1.2 Single Edge-Notched Ten.lon Specitens

This typé of specimen can be derived from either type of symmetrically
eracked plate specimen by bisecting along the longitudinal centreline.
This specimen has the advantage of requiring less material and

considerably less load to determine Gc than the symmetrically cracked
specimen. It is necessary to impose limitations22)23on specimen
dimensions and loading arvangement in order to produce a reliable

Gc va ue in testing.

3.1.3 Surface~Cracked Plate Specimens

These specimens were originally introduced in the metallic field

in order to investigate directly the effects of cracks similar to

thoge from which fractures had often originated in service. The
specimen consists of a plate lraded directly in tenmsion, with a surface
or part-through crack, approximately semi-elliptical in shepe with the
major axis at the surface, formed transverse to the ditection of temsiom.
Limitations are imposed?2:2% on Lhe crack depth and the plate width.

3.1.4 Circumferentially-Notched Round Bars

Tension testing of notched round bars has an extensive history, and
it was natural that this type of specimen should have been one of the

earliest used for Gc measurements.  However, the round notched bar




requires a cousiderably greater amount of material and considerably
more loading capacity than any of the other types of specimens, and
in addition is not suitable for fracture testing of brittle non-

metals.

3,1.5 Crack-Notched Beud Specimens
These specimens generally consist of a rectangular section bend
specimen with some form of crack-notch introduced in the tension
face at the centre of the span. This was one of the earliest types
of specimeus to he used for fractuve toughness testing. Earlier
investigators in both the metallic and non-metallic £ields did mot
at first appreciate the fact that a fabricated notch in itgelf does
not represent an actual erack in the material. For testing of metals,
it is customary to grow a sharp, natural crack from the starter
notch by fatigue stressing before testing!. In the testing of
non-metallic materials, specifically cemented waterials of construc—
tion, the plmomenon of stow stable crack growth prior Lo catastrophic
failure occurs, and so the crack becomes naturally sharp before the
point of instability is reached. Glucklich!® has pointed out that
a noteh in & beam serves the following purposes:-
{1) It enables one to know in advanc: t'e cross—section of failure.
(2) 1t sexves as a suffisient stress concentration to allew a
natural crack to grow from it in a stable manner before unstable
crack propagation otcurs. This alse facilitates more readings
and better accuracy.
3) 1t allows for deformations measured across the noteh to be
the deformations at the critical area of crack growth, leading
Lo better accuracy,
(4) The notch can serve as a convenient trough for ink if a

staining technique i employed.

The notehed bend specimen has the distinet advantage of requiring
ower loads in general to produce fracture than other specimena

of identical dimensions. The test procedure itselr leads to a
simple beam~bending set—up that can be used in a variety of test
machines.  This facilitates investigating the effect of different
pavameters, such as test machine hardness and strain rate, on the

fracture parameters. The praciical convenience of testing a bend




specimen also greatly outweighs the problems of testing brittle
non-metallin materials o direct tension. One disadvantage of the
notched bend specimen is that the accuracy of G measurements is
juherently lower than for any other type, because the sensitiviky
of the calculated value of G to a small error in ¢ is greater than
for any other type.

There are two possible ways of loading beam bending specimens:-
either in three~point heuding, or in four-point bending. An
illustration of the two loading methods and the specimen shape is
given in Pig, 3.1. Three-point bending complicates the failure
by the existence of & shearing stress in the beem which changes From
a positive to a negative value at the centre loading point,
Fout-point bending produces 2 uniform bending moment in the central
spaa of the beam, with no shearing stress present - a state of purn
bending., The extraneous effect of shearing stress increases with a

decreasing span to depth ratia, It is reasonmable to expect that

mare G, could be made with a bend

specimen in four-point loading than in three-point loading

Different noteh depths up to 5Q per cent of the baam depth weve
selected for study in the present work. These notches were rectan~
gular, and the notch-depth ratio was found to profoundly influence
the shape of the load-deflection curves obtained in the test (see
latex Section 4,2.4).
One other type of notch shdpe was studied ~ that of a 'Vee' notch
where the sharp apex of the notch was on the temsion face, and the

crack vas continually guided between crack-guiding grooves. Such a

- cuevron~shaped notch is often used in the wetallic field as a starter

notch from which a naturally sharp fatigee crack is produced, huk

in the current work it was mainly used to produce a completely stable
fracture (see Section 2.4) as a comparison with the other rectangular
notches used.

3.2 Formulae and ¥ for De ini Fracture Parameter:

Investigators in the metallic field have devoted much time and effort
ip arriving at a reliable and suitahle method for measuring the

plene strain fracture of a material K . The results are

well summarised in an article by Srawleyl", in yhich he says that
Kc (or move strictly, ch) ean he regarded as a basic material

property, the lower bound of e¢ffective fracture toughness, and that
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the related quantity G = Kcz (1-v?)/E is the appropriate plastic

work term for generalisation of the Griffth comcept. He also gtressed
the requirement of adequate and correct specimen dimensions to determine
Kc< All testing should be designed with actual practice conditions

in mind, and the test itself should be a model of expected practice
conditions.

Furthermore, an operational definition of Kc was suggested as follows:—
Kc is that stress intemsity at which rhe crack reaches an effective
length two per cent grearer tham at the beginning of the test.

This is to accomodate material specimens that do not fracture completely
when the stress intensity reaches the Kc level, in particular those
metallic specimens which exhibit “pop-in" of the central crack front
before overall advance of the crack occurs, due to the higher effective
toughness near the plate surface where the conskraint is relaxed

A three-puint bend test on a chevron-notched specimen is used to
deternine R . The teat record must meet certain requirements before
the calculated value of X, is accepted, This value of Kc is then

generally used in computations of the strength of a atructure®.

The stress intensity factor K in a rest specimen is equal to the
applied load multiplied by some function of the specimen dimensions,
including the crack length, which depends on the apecimen design.

Any particular fracture test specimen has a relationship between

¥ (or alternatively G) and its relevant dimensions and loads.

Because of the difficulty of complete three-dimensional stress
analysis, the fracture specimens are usually treated as two-dimensional
plate specimens with through-thicknass cracks. The most general
method ¢f relating X or G to the dimensions and load characteristics

of a particular specimen is an experimental method derived by Tzwin

and Kies?S., The relevant equation i

p2 aL
Pl 3.1

where L is defined as the compliance of the specimen in the presence
of & noteh, F =1 & (i.e. the reciprocal of stiffness)
T

® Notei~ The article by Srawley represents a draft recommended
practice for K'c tests with bend specimens adoptad by ASTHM
Committee E«24°“on Fracture Testing of Metals,

¢
i
i
|
i
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The method involves taking measurements of the compliance of a
specimen with a narrow notch of varying depths, expressing the specimen
compliance as a function of track lemgth and then cbtsining the deri-
vative of this function with respect to crack length. In this method,
the £inite width notch is used %o simulate a crack during the indtial
linear-elastic behaviour of the specimen under load, end it is
passible that the compliance of a natural crack of given length will
not be exactly the same as that of a finite width notch of the same
length. However, Welch and Haismanl® report that in the testing

of their mortar and concrete beams, there was no significant difference
between the compliance of beams with wide sawn notches and those wirh
notches cast with rubber formers or spacial razor blade imserts,

They therefore conclude that the initial compliance of the linear-
elastic portion of a load-deflection curve for cemented construction
materials is independent of notch sharpness, and a general relation-
ship exists between compliance and crack length, in the absence of
slow erack growth. (See later Section 3.2.4)

Brown and $rawley?? also suggest that ir is an adventage to use as
large a specimen us possible for compliance measurements, £irstly
‘becauge any difference between the compliance of a natural and artifi-
cial notch will be minimised, and secondly because the displacements
will be proparticnately large and, therefore, good accuracy of
measurement will result, Accurate compliance calibrations require
sensitive, aceurate gaugesand careful attention to detail, and this

is digeussed further in the next section (3.3.2). As pointed out

by Brown and Srawley?3, the main advantage of the compliance cali~
‘bration method is that the actnal contiguration and load distribution
of a fracture test specimén can be closely modelled by the compliance
calibration specimens. Furthermore, since the fracture toughness
valationship is based on mathematical stress—analysis models, the
design of the specimen should be compaetible with the wathematical
model on which the fracture toughness relationship is based.

In the following sub-sections, formulae for the fracture parameters
are presentod. The relationships apply to the centre-notched bend
specimens used in the tests described later, . The K-relationship
ig derived from a compliance calibration method as described abave,

and as reported by Brown and Srawley?3, The G-relationship uses an

b




48

analytical stress-analysis procedute of the notched beams to arrive

at the relevant formula.

.3.2.1 Formula for Kc

X has previously been defined as the fracture Loughness parameter,
ot the stress-intensity factor at failure. Brown and Srawley??
have reported a relationship between K, the opening mode stress
intensity factor, and the specimen dimensions and loading for a
gentre-notehed beam specimen in pure bending (four-point bending)

and in three-point bending, as Follows:—  (see Fig. 3.1)
1
K= e (3.2)
baZ

ohere ¥ = & vy feldeig (of8) b (o) why Cefd

= o is the bending moment in threewpoint or four-point benditg.

K ‘ is a function of a fourth~degree polynomial in the notch~
.0 cf/d, ¥ is accurate to within 0,2 per cent for all values

c/d up to 0,6, The coefficients A have the following values,

dependent on the type of bending in the specimen:—

Table 3.1 Values of the Coefficients A for caleulating ¥
(from Ref. 23)

A A Az Ay Ay

Pure Bending L +1,09 = 2,47 +12,97 - 23,17 + 24,80

Ihrea-roine:Md=Bee ¥ 196 = 2,75 413,66 - 23,08 + 125,22
§/ash... + 1,91 - 3,07 + 14,53 - 25,11 + 25,80

§ = major span

Also, four-point bending is considered to be equivalent ro pure
bending if the ratio of the minor span Lo specimen depth is nat lsss
thap two {Note:~ ¥For the beams ysed in this study,

minor span =8 = 2, therefore satisfactory)
depth [
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Finally, if the ratio of the major, support span to specimen

depth, S/d, is less than about four, in either threewpoint or
four~point bending, then substantial errors in measuremsnt can be
introduced due to specimen indentation and friction at the supports.

(Note:~ For this case, § = %é = 6>4 , therefore satisfactory).
q

3.2,2 Pormula for Gc

ipart from the simple relationship between GC and Kc’ derived from
linear-elastic fracture mechanics (see equation (1.9), another
relationship for Gc in & notched beam specimen can be produced by a
stress analysis procedure; This results in a mathematical relation-
ship for @ in Lerms of the specimen dimenmsions, depth of crack, applied
load and madulus of elastieity. G, is then the value of G in the
test at that stress level which causes rapid crack propagation,

The strain energy release rate due to & surface crack propagating
inwsrds is, for plane strain conditionsi-
2)52
T_ (3.3)

Por shallow notches (c<<d), ¢ may be regarded as the maximum tensile
bending stress at the extreme fibre of the beam
Thus, for a tectanguler beam of width bi~

o= g{]&z (3.4) (4 = Applied moment)

The nominal stress at the voot of the notch isi-

o -
n ” Th? 3.5)
where b = d-c
Therefore 0% = o2 % (3.6)
T h

Substituting in (3.3) givesi~

w(1-v2) o2 ¢ nt
caI) e b (3.7

WY

T RS e




Now, h = dwc, and 86 we can express this as Follows:~

e (@)t = e (4 =°<£5 - ey
a4 a* \d d 4

3
-he [i-c2 (3.8)
bg f-g)
Therefore, G may be written as:-
L v a?nfre f1-c\8
& " d i

Q) o2 n f(%\
E

ware sg)» 75 fu-5)

This formula only applies to shallow notches of c/d<0,15

3.9)

For deeply notched beams, the effects of the reduced cross-section
and the non~uniformity of stresses wust be tsken inte account.
The most useful solution for this is the E(% cutve proposed by
Winne and Wande27, whi(g)incorporaces work by both Neuber and
Bueckner, This curve'ud shown in Fig. 3.2, It is seen that for
desp notehing, L., $0,5, f(%)tends to a value of 0,521,

3,2.3 Pormula for ¥

The formula used te calculate the effective fracture surface energy

of a materisl is that presented previosusly in equation (1.10), viz.
7 - tne
]

where equals the srea under the load~deflection curve, and A
)6 £

is the area of new fracture surfaces (conventionally taken as twice

the cross-sectional area),  (Refer to Section 1.4.3 (4) for a full
discussion of this.) In addition, ¥ is related to 6, by mesos of
linear-alastic fracture mechanice theory, viz. Gc=zv. It is

important to point oult at this stage that an evaluation of ¥ for
any particular test specimen ig critically dependent on the assumed

area under the load-deflection curve and hempe on the messured shape

50
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of this curve. This is very much an instrumentation problem, since

for those beams which fracture catastvophically when G is reached,

the transient effect of rapid crack growth and drop in load after
failure is difficult to weasure. Most investigators have assumed

the load tq drop instantaneously to zero at failure, but by creating
stable and semi-stable fractures, it will be shown later that a definite
tail portion Lo the curve exists even when a nominally brittle material
is tested, Unless the area under this tajl portion is included

in the term Av,s’ ¥ may be substantially underestimated. - The shapas
of the load-deflection curves for the beams studied in the present

work are discussed more fully in a later section (Section 4,2.4)

3.2.4 Assumptions and Procedure

The set of assumptions used in order to evaluate the fracture parameters
for a test specimen are re-iterated here. Section 1.4.3 {1}(d)
contains previous mention of the various assumpticns used by differeat
investigators, but the circumstances prevailing in the present tests
made it necessary to slightly modify a set of assumptions suggested
by Welch and Waismen!S. These assumptions have ro do with obtaining
the quantities Sy the eritical crack depth at failure; L the
nominal stress at the root of the moteh at failure; and E, the
elastic modulus of the material. These quantities are then sub~
stituted into the expressions for Kc or Gc, to arrive at the fracture
parameters.
The set of assumptions adopted here are:i-
(1} The critieul crack depth, egs 88 computed from the specimen
compliance at failura by means of a compliance-crack depth
relationghip for the spacimen, iz used In order to account for
the effects of slow crack growth from the notch prior to failure.
(2) The nominal stress at the roat of the notah, a,» is computed
fram ¢, on the basie of a linear stress distribution in the
beam over the reduced beam depth h at the notch cross-section.
{3) The elastic modulus of the besm, E, is determined as the
average flexural modulus from the linear portions of the load-
deflection curves of unnotched specimens. This modulus is
adopted to account for the effects of ereep and rate of strain.
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The critical crack depth; ¢ , is computed aq mentioned previously
from a suitable compliance-crack depth (L-¢) relationship. The
compliance of a beam for the present tests is defined as the

inverse of the slope of the initial linear portion of the load-

defection curve, where the load is as the load per unit

wideh of rhe beam, i.en -

1

Suck a relavionship can be obtained in two ways ¢ either by expuriment

L

8§
1y ) linear portion (3.10)

ox by theoretiecal derivation. The experimental method involves
measuring the compliance L, for the particular material, onr beam
specimens tested with progressively deeper notches. In this way,
the notch is used to simulate a matural crack, and as long as no
slow crack growth occurs (i.e, the initial linear portion af the
load-deflection curve ig used to measure L), this is quite sccuptable,
In the theoretical method, the compliaunce-notech depth relationship
is derived from simple linear-elastic fracture mechanics principlea
The equations forming the basis of the derivation are Brown and
Srawley's formula for Kc (equati.on (3.2)), Trwin's equation for Gc
in terms of rhe rate of change of compliance with erack depth
{equation (3.1}), and the simple relationship betwsen GC and ¥, for
the plane~strain case (equation (L.9)). Using these equations, a
relationship between compliance and crack depth can be derived.
The more genaral and acceptable form of derivation, however, is a
relationship betwean L/Lo and o/d, where Ly is the compliznce of
unnotehed specimens (zero noteh depth},  This form eliminates the
need to evaluate E, and makes the relationship a general one for
any material, dependent only ou the velue of Poisson's ratio, v,
for the material, Fig. 3.3 shows the theoretical plot of 1,/1.‘u versus
¢/d, for the three values of v of 0,1; 0,15; 0,2, The derailed
derivation of the velationship ia given in Appendix A.

The ptecedure to determine the crack lengkh at the eritical
point of instability is to measure the compliance (secant value)
at the onset of unstahle crack propagation, directly from the load-
deflection curve, and then to estimate the corresponding eritical
erack depth from the compliance-noteh depth curve,  This crack

depth value is then used in the evsluation of the fracture parameters
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Gc and K using the adopted set of assumptioms. It is important
to note, though, that the cale. lation of Gc or Kc involves an
assumption about the instantaneous value of the crack depth S and

that uncertainty about the value of e at ingtability is possibly

the largest single source of exror in fracture mefsurements.

A detallaed set of calculstions of Gc and Kc illustrating trhis procedure

is given in Appendix B.

3.3 Instrumentation

The basic output requirement from a fracture test is an accurakte
rerord of load versus deflection, which can later be interpreted in
terms of load at failure and crack length at failure. The load-
deflacticn - urve should also be & true representation of the actual
load~deflection characteristics of the spacimen after failura.

This ¢alls for a sensitive and accurate sutographic recorder, able
to respond to the transient effecks following failure. Once again,
fairly sophisticated methods of measuring deflsctions have been
developed forthe testing of metallic materials, but many of these
methods are not applicable Lo non—metalliec materials (eg. Electrical
Potential Measurements). Only those methods suitable for fracture
tests on brittle non-metals are mentioned below, Details of the
various electrical transducers used in the test program are contained
in Appendix D,

3.3.1 Measuyement of Load

The easiest and most suicable method of measuring load is by means
of aun electronie iload-cell. The cell is included between the test
machine platen and the loading rig on the specimen, and under load
produces an elactrical output in the Eorm of & voltage proportional
to the load. The voltage output is then fed into a suitable
autographic recorder,

3.3.2 Messuvemont of Deflection

Three meiheds are worth mentioning prior to the more detailed discussion
of the method of deflectirn weasurements used for the present tests.

The £irst is the use of a staining fluid introduced into the noteh

or crack hefore starting the test, While not very suitable for use
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in metals, this method has been tried and proven fer nonrmatals.
Glucklich!3 used it to measure slw crack growth from a notech prior
to failure, and the same technique was employed as a part of the
current labovatory test program (see¢ later Section 4.2,2). Providing
care is taken in the selection of a suitable ink, and in the time
allowed for penstration, the method is quite acceptable. The second
method is the use of cinematography, whereby a frame by frame record
of the plane surface of the notched specimen, from a cind camers, is
synchrouised to, say, the load record for the Lest.Care needs to be
given to the resolution of the crack, and iighting. After the test,
the £ilm is examined frame by Frame and the crack lenmgth directly
measured.  This photographic method has been widely emploved by the
aircraft industry in testson very wide thin-sheet specimens containing
long through-thickness slots, but to date, no references to the use
of this mathod in testson non-metals er consiruction materials have
been encountered. The thizd method measures the relative displace-
ment of two points located symmetricaily on opposite sides of the
erack plane. A gauge which combines high sensivivity with linearity
of cutput is a simpie double cantilever beam gaugewhich is mounted on
either side of the notch, and has electrical resistance strain gages
bonded onto the cantilever arms and connected in a bridge circuit
Details of the gauge are given im Ref. l4.

For the present tests, the vertical displacement of the beam at
the losding points was measured by means of two linear variable
differential trensformers (LVDT), mounted in a suiteble frame in order
tu eliminate unwanted oxtrancous deflections. Details of the
testing apparatus are given in Appendix D. These LVDT gauges
combing @ highly linear response to displacemert with high sensitivity
and adequate range, snd hence are very suitable for displacement
measuremencs on the type of materials examined for this dissertation.
Outputs from the Lwo gauges were electrically summed and then fed into
the autographic recorder being used. It was absolutely essential to
ensure that only valid deflections of the beams under the loading
points were measured. Unwanced deflections such as local plastic
crushing under the load plakens or over the support points were
eliminated by the use of suitable mounting rigs. A series of tasts
using load platens of 12,5 mm bright steel rod on 100 mm mortar cubes
cut from beams and tested in diruet compression were dome, i order to

quantitatively evaluate the effect of local crushing under the lvad
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points.  Viroal.y all the deflection of the load platens measured
in these tests vesulted from plastic crushing, since the lead on the
platens was less than two per. cent of the crushing strength of the
cubes. At the levels of load experienced in actusl testing, it
was found that crushing could account for up to 40 per cent of the
total measured defleciion of the beam, if the defiection was monitored
through the load platens. The original series of beam tests had the
displacement measured through the load platens, before it was
appreciated that local crushing could have such a significant effect.
The subsequent series of Lests eliminated local crushing deflections.
Some representative curves of the effect of local crushing under the
load platens are shown in Fig. 3.4(a). YFrom these curves, it is
evident that very little elaatic recovery occurs, showing that the
major component of deflection in these tests was plastic crushing,
and that neglecting to eliminate the unwanted deflections can lead to
any or ail of the following effects:—

{1) A great variability in results, depending on the area of

contact of the platen and the surface, and the density of the

surface.

{2) A local creep effect dependent on the time of loading.

(3) The inevitabiliry of the linear portion of the load-

deflection curve from a beam test containing a hidden Iinear

component of local crushing. Thus, the apparent load-deflection

curve can differ substantially from the true one, as shown

schematically in Fig, 3.4(b).

Hence, accutate gaugesof adequate range, and careful attention
to the details of measurement, are essential to vecord valid dis-

placenents.

3.3.3 Autographic Recotders
Two types of autographic recorder were used in the test program,
each of which could acrept a continuous output From load and dis-
placement Lransducers. Details of the recorders and their performance
are given in Appendix D.
(1) Watanable X-Y Recorder, Load was monitored on the Y (vertical)
axis, and displacement on the X (horizontal) axis. This recorder

is wost suitable for recording the initial ascending portion of a
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leoad-deflection curve, hut it cannotadequstely follow the
catastrophic erack growth portion after peak load.

The particular recorder used had a frequency respouse of only
ahout ome Hz which was insufficient to monltor the tramsient
effects of rapid crack propagation. Where the fracture was
entirely stable, however, o problem was encountered in defining
the full load-deflection curve. Also, this instrument has the
great advantage of producing an immediately interpretable recoxrd.
An example of how the respunse of the plotter differed from the
true shape of the load-deflection curve after Eailure

(i.e, the tail portion of the curve) is given in Fig. 3.5, showing
that it is highly inaccurate to accept the vecord from such a

plotter after failure in a catastrophic fracture specimen.

{2) N.E.P, Ultra-Violet Recorder (J,V,) This instrument was

brought into use when it was realised that a definite tail portion
existed for wost of the load-deflection curves being vecorded, and
that the X-Y recorder could not adequately measure this tail
portion if failure was catastrophic. Semsitivity and frequency
response to transients were much higher on the U.V. recorder

than on the X-Y recorder, in fact rhe increase of sensitivity to
transients o. the U.V. recorder over the X-Y recorder was twenty
to twenty five times higher. The use of the U.V. yecorder also
«1lowed a simultancous, autographic record of the cutput from

any electrical resistance strain gauges cast into the specimen

to be obtained.
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CHAPTER &
LABORATORY TEST PROGRAM AND RESULTS

4.1 Introduction

Ap extensive laboratory test program was initiated in atder to study
the variables affecting the fracture properties of cemented materials
of construction, and to distinguish the characteristics of a valid
fracture test on such materials. A total of approximately one hundred
and twenty beam and slab specimens were tested in flexure in 2 variety
of test machines and test set—ups, in order to investigate the various
effects of strain rate, creep, testing machine stiffness and plane
stress/plane strain., The majority of specimens tested were
101%101%5310 nm beams (i.e, a nominal size of 4x4x24 inch). In addition,
101 mm cube tests were conducted as a contrel on beam strengths., The
development of adequate instrumentation for the tests was a significant
part of the work involved, Two types of cemented materials were ’
studied:~ the first was a sand-cement mortar using Rapid-Hardening
Portlend Cement and a sand residunl from weathered granite; the second
wag a gap-graded asphalt mix te B.8.594. The mortar specimens were
designed to have a compressive strength of 30 MPe at the time of test,
which varied from five to seven days after rasting., The asphalt besms
were stored at room temperature in the laboratory for approximately
siwry days before being tested. Details of the mix designs, specimen
preparation and curing of the mortar beams are presented in Appendix C.
8ix series of tests were conducted, and each series ingluded both
notched and unnoteched bend specimens,  The unnotched beams were used to
evaluate unnotched compliances, and equivalent time-dependent Young's
Moduli for the various test series, The other specimens contained cast—
in notches in the case of the cement mortar heams, and sawn notches
in the case of the asphalt beams. Two Lypes of notches were used:-
either rectangular through-thiukness notches of varying notch-depth
ratios or 'vee' noLches forming a chevron-shaped notech in the specimen,
with the apex of the notch on tha tension face. All the cast-nofches
were formed with & thirty degrev root angle, produced by steel notch-
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formers machined from 3 mm plate. Details of the notch~formers are
given in Fig, 4.1.

The output from each test was in the form of a load-deflection
curve, produced autographically on either the Watamabe X~Y Recorder
or the N.E.P. Ultra—Violet Recorder. These load~deflection curves
were then analysed and the relevant fracture pavameters evaluated.

Some tests in Series 5 also monitored the longitudinal and transverse
straing just above the notch root, by means of cast~in electrical resis—
tance strain gouges mounted on thin copper x~5ectian§. In this case,
the U,V. recorder was used to produce a simuyltaneous output of load,
deflection and strain. The copper I-sections had provision for end
anchorage iato the specimen, and also provided a longer gauge length

Eor the strain gauges. In addition, the rate of strain for the tests
ir Series 3 to 6 was measursd and was expressed as a rate of deflection
under the load points (i.e. ym/sec}. In Series 4 and 5, the total machine
load as well as the load on the specimen was measured. The ratio of
the specimen load to the total machine load was called the 'load ratio',
and this allowed a measure of the machine stiffness to be obtained.

The test program was desigued with the object of arriving at some
logical and uniform method of fracture testing of cemented materials,
and this necessitated isolating the different variables affecting the
fractere parameters.  Hence, Series I and 2 comprised an initial
eveluation of the Fracture testing of cemented materials, and high—
lighted some of the important variables affecting the fractute propex-
ties, as well as the need for suitably designed and adequate instrumen-
tation. Series 3 and 4 studied respectively the effects of centrolled
strain rate and testing machine stiffness, while Series 5 attempted
a very brief, introductory evaluation of plane stress/plane strain
effects, Finally, Series 6 comprised a short series of tests on asphalt
beams aa a comparison with the mortar beams used in Series 1 to 5.
Details of 8l the apparatus used in the tests, including the aute-

graphie recorders, are given in Appendix D.

4.2 Laboratory Tests

4,2,1 Series 1 : Inmitial Study of Notched Beams

Series 1 was conducted as an initial study of notched mortar beams in

flexure in order fo distinguish the different variables of fracture
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testing. A total of twenty five beams were tested for Series 1,
The subsequent Series 2 to 5 were then designed in order to isolate and
study in greater detail those variables that were recognised as being

significant from Series X. It is important to stress here that Series 1

employed specimens whose deflections under the load points during

testing were monitored through the lgad platens, and therefore contained

unwanted extraneous deflection cowponents due to localised plastic
Srushing of the specimen surface under the foad platens.

{(See previous Sec. 3.3.2). Hence, the deflections are all overestimated

and_the results are unreliable to a greater or lesser extent. No

gsatisfactory basis for converting the deflecuion measurements back ta
the true values for the deflections of the beam itself was available,
and so the lead-defleation curves from the tests were accepted and
analysed without correction. However, the fracture parameters ealeou-
lsted from the tests cannot be accepted as valid, and the test results

are presented in brder to show the need for adequate snd well—designed
instrumentation Measurenents.

(1) Test Set-Up and Procedure

The test set-up is shownphotographically in Fig.'s 4.2 and 4.3, and
diagrammatically in Pig. 4.4, which also shows the specimen dimenaions,
i.e. nominal 101x101 mm mortar beams tested in four-point bending
with a major span §; = 610 mm and a minor span Sy = 203 mm (nominal).
Naote the deflections of the LVDT plungers which were measured through
the load platens (Fig. 4.3). The nig holding the LVDI's is supported
on the specimen over the support points, and this eliminates extraneous
deflections due te arushing ovet the suppert points. The load is
trangferred to the specimen by means of 12,5 wm bright steel rod load
platens mounted in'a 203 mm span load spreader vig (See details in
Appendix D).

The testing machine used for Sevies 1 was a Macklow~Smith hydraulic
testing machine of max capacity 340 kN, The machine wes capable of
loading at varying rates. The load~cell and LYDT outputs from all the
tests in Series 1 wera fed into the Watanabe X-¥ Recorder. It wag
Eound that this recorder could not adequately measure the crack growth
after failure of those specimens that fractured catastrophically.
Nevertheless, where possible the shapes of the load-deflection curves

b
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were inferred from later tests so that values of the effective fracture
surface energy Y could still be obtained. Fig. 4.5 shows the X-Y
recorder producing a load-geflection record during a test.

Although strain rates were not measured for Series 1, it is
considered that the majority of the tests were 'fast' rests, i.e. the
rate of load application was sufficient ko cause the rate of deflection
under tha load points (heresafter called the 'atrain-rate') to exceed
1,0 ym/sec,  (See discussion of this later in Series 3). '

Ref. 23 p.14 contains specifications for fracture specimen dimen~
sions. The First specification relates to the required dimenmsions
in order to produce pure bending in the central minor span of the
specimen. Four-point bending is considered to be equivalent to pure
bending if the ratie of the minor span to specimen depth is nuk less than

two.  For the baams in Series 1, Sy = 203 = 2 and was therefore

d 101
satisfactory, The.second specification relates to specimen indentation
and frietion at the supparts. Substantial errars will pot be introduced
provided the ratioc of the major, support span to specimen depth is greater
than about four, Tor this case, § = 610 = 6 >4 and was chevefore

d 101

satisfactory.

(2) Test Results

The vesults from the tests for Series 1 are presented in Tables 4.1(a)
and {b). Table 4.1{a) represents the results and the analysis of the
load-deflection curves for those beams with no notches, ot with
tectangular cast-in notches. Woieh depths were 12,7 mm, 25,4 mm

38,1 mn (only one beam),and 50,8 mw, Table 4.1(b) shows the results
for the 'vee'-notch beams. Columms 1 to 6 of Table 4.1(a) vepresent
the resultsdirectly Erom the load-deflection curves of the beams, while
columns 7,8 and 9 rapresent the analysis of the results in ordev to
drrive at the noteh-depth ratic at failure, CC/d' and hence the motch
depth at failure 840 88 well 2s the value of £(e/d) from Fig. 3.2 to
caleulgte 8 . The method of finding the notch-depth ratio at

failure makes use of the change in compliance Tatio AL/LO at failure,
and is explained fully in Appendix B, by is the average of the
unnotehed compliances for the prevailing strain rate which is assumed
to have been 'fast' (see Fip. 3.3). Column 10 shows the values of
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Table 4.1(b)

'Vee' Notches : Results for

Series 1:

tni

ial Tests

1 2 3
Loading System Strain Max. Load Toral
Specimen No. Rate at Failure  Fracture
(Cube Str. MPa)] Enexgy
F,§
et} (t4m)
1.19 .
(28,54 1,038 6,180
E 1,20
T essy 1,346 0,099
§ 1.21 =
Sl (8,50 - 1,647 0,321
% 1.22 «
- 1,082 0,225
&= ‘(’-4
g 1.23
(29,55 2,084 0,292
1.26
(29,55 - 0,250

'Fast' Strain Rate » 1,0 pm/sec

'Slow' Strain Rate < 1,0 ym/sec

Note 'Vee'-Notch Reawms for Series 1 were tested on g

610 wm span

70
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total fracture energy AF s for each specimen, i.e, the energy required
to produce fracture, represented by the area under the load-deflection

curve for the specimen,

The average flexural Young's Modulus for the unnotched beams of
Series .l vas 12,0 GPa, and the average unnotched compliance was 3,4
w?/GN.  (w?/GN is dimensionally equivalent to (GPa)”!) These values,
as with all other values involving deflection, are 'apparent’ values

because of the deflection ts included in them.

Initially, half-beams from fracture tests on beams of 610 mm span were
tested on & 305 mm span with centre-point loading, but the results from
thesa tests were so erratic as to be unusable and are therefore not
presented here.

Using the test results of Table 4.1, the fracture parameters GC and KC
and ¥ were calculated using the procedure outlined in section 3.2.4, and
are presented in Table 4.2.  4An example of a detailed calculation is
given in Appendix B.

Summary_curves of the results and the fracture parameter Y are presented
in Fig.'s 4.6 and 4.7. Characteristic load-deflection curves of the
beams with various notch depths are mot presented here because of the
inaceurate deflection measurements which produced a greater inherent
variability and unreliability in comparison to those beams in later
test series that had valid deflection measurements. A comparisan
between ‘valid' and 'invatid' load-deflection curves is shown schemati-
cally in Fig. 3.4(b). '  the same reason, a thorough discussion

of the results and the f. ,cure parameters they yield is not presented
here. Series 3 and 4 contain a more detailed study of the effect of
different variables on the fracture parameters. Nevertheless, two
points are worthy of note here. The first is that ¥Pig, 4.6 shows that
while the experimental L/L versus c/d might be displaced laterally
from the theoretical lime (which is reproduced from Fig. 3.3, v=0,1),
the slopas of the two curves are very similar. This allows the theo~
retical curve to ba used in oxder to f£ind the critical crack length at
failure, Cys since it is the change in compliance at failure, AL,
produced by. slow stable crack growth from the initial known notch
depth, that is used to f£ind e,  Secondly, Fig. 4.7 shows that the

value of ¥ can vary depending o the notch depth used to calculate it.
This is an effect introduced by the type af fracture present in the




for Series 1:

Table 4.2 Fracture

Initisl Tests

72

1 2 3 4
Loading System strain Initial ] K ¥
Specimen No, Rate Notch e €
- {Cube Str. Depth
Wpa) am  (Ym) on/mts S (Ym)
11
(29,55 61,2 0,89 45,8
1.2 5
]
(31,39 3 55,9 0,84 57,7
1.3 2
1,39 8,9 0,71 32,9
=z 1.4
s 8,77y 65,4 - 0,86 24,5
= 1.5
«
\ (28,77) = 37,0 0,67 29,5
4 1.6 2
° ' 2
e (28,77) f 43,3 0,72 54,5
" 17 - ~
M (29,55) = o 53,8 0,79 35,9
& 1.8 @
- 1,39 3 34,2 0,63 -
2 1.10
2 (33,97 i 59,5 0,81 47,7
o 1L :
o (33,97 3 50,1 0,74 42,6
w ]
I 1.12 2
- (33,97) B 53,3 0,76 35,3
I <
1.13 -
(28,58 R 27,4 0,55 32,2
1.14
(29,53) 35,6 0,62 38,8
1.15
(31,39 26,5 0,5 27,1

e

n

R




Table 4.2 (Cont'd)

‘Slow' Strain Rabe

z
<

1,0 un/sec

i 2 3 4 5
1.16 -
= P, 5 |04 om B
= o
o I 2 s 0,75 18,7
= (28,77) g > : .
v 1.18 © o 2
3 o
. (9,58 g |77 o6 2
M 19
M .
- - a2
M (28, 54) - »
bt 1.20 =
S .
= (28,54) 2 1.7
1.2 P
a - - 37,8
“ (28,56) - 5
Z 1.22 e ] sos
= (28,54) | - ’
- .
- 1.23 K] -
H (29,55 - 4,
- 12
= M “
= (29,35 - 9,5
1.25 ]
- - 36,0
2953 38,1 36,
'Fast' Strain Rete » 1,0 um/see

AT

e
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specimen, i.e. whether the fracture is atable or catastrophic

(see Sec. 2.4), and is discussed more fully later in Sec. 4.2.4(2)(c).
Fig. 4.7 also tabulates Lhe nominal fracture area (ZAu) for the different
¢/d ratios. This allows Y for 'vee'-notches to be included in Fig.4.7,

by assuming an effective rectangular notch-depth ratio for 'vee'-notches

of 0,582, {.e. the notch-depth ratio corresponding to the nominal fracture
area of the 'vee'-notch,
Tor Series 1, the average values of the fracture parameters are:-
Gc =471 N/m
K =0,72 wN/mls 8
= 32,7 N/m for all the beams
= 26,4 N/m for the 50,8 mm and 'vee'-notch beams.
In comparison to the valid fracture parameter values presented later,
6, for Sevies 1 is sbout SO per cent higher than for later series, but
K and § ave closely comparable.

4,2.2 Sevies 2 : Tests on Hand-Jack Set-Up

{1) Test Set~Up and Procedure

Series 2 was originally desigued to provide a& test set~up that would
give a greater degtee of econtrol over the deflaction of the beam
specimen during loading. A mechauical screw-jack which was hand
operated was mounted on a loading frame and used to load the specimens
from below. Lt was hoped that the use of this system would allow the
deflection being imparted to the specimen by the jack to be halted at
the critical point of unstable erack propagation, and thereby produce

a more stable type of fracture. The eritical effect of loading machine
stiffness, which governs the strain energy stored im the machine system,
had not been fully appreclated at this stage of the test programme.

The result was thal the hand-jack set-up never produced wore stable
fractures in tbe tests on notched and unnotched beams than the other
systems with less control over the specimen deflection. This was
Eirstly because the strain eneryy stored in the loading frame and jack
at the eritical point of failure instability was sufficiently large

to cause catastrophic Failure in all except the 50,8 wm notched beams,
and secondly because the Watanabe X-Y Recorder was used to monitor the




tests, snd as explained previously, this recorder was unable to respond
sufficiently to transient effects at failure. Tt is important to note
that other investigators (eg. Glucklich !3) have failed to record tail
portions to their load-deflection curves after the critical peak load,

and the reason is very possibly that the strain energy of the various

.te - set-ups wes being fed back into the specimen during failure,

prevanting a stable type of fracture being produced.  (See Sec, 2.4)
Undoubtedly, Series 2 of the present tests encountered this problem.

A total of fourteen beam specimens 101x101x610 mm (nominal) were
tested with varying notch depths in the hand-jack set-up, using four—
point loading. The Lest set-up is shown photograplically in
Fig.'s 4.8 and 4.9. The major and minor spans of the beams as well
ds the basic testing apparatus vere all as in Series I, and as presented
in detail in Appendix D. The deflections of ihe beam above the loading
peints were measured by the LVDL's mounted in a rig above the specimens.
The plungers of the LVDI's were secured o the top surface of the
specimens (i.2. the opposite face to the lozding face) and were therefore
ynaffected by any localised crushing under the load platems., However,
some extraneous effects might have been introduced by local crushing
under the support points, since the LVDT rig rested over the support

points.

{2) Ink-Staining Technique

Series 2 also employed an ink-staining technique in order to attempt
to produce a more gccurate compliance-notch depth relationship.  Since
the beaws were loaded from below, tue notches were on the top faces
of the beams and this allowed the notchés to be used as convenient
troughs for the ink duving the staining process. The great variability
in resulls as wall as the Fael that it was virtuslly impossible to
halt the crack in the beam after reachingthe critical peak load
(except for 50,8 mm notched beams) because of the ‘soft' loading set~up
made the results Erom the staining process unrepresentative, and they
were therefore not used. Wevertheless, the procedure of the wethod
is outlined below for the sake of completenass.

4 notched beam is carefully loaded se as te avoid unstable or
catastrophic crack growth in the beam, The object is to produce an
extension of the crack front From the notch without total fuilure

occcurrihg, and then to allow a wuitabla ink ko penetrate the extent of




Fie 4.6 General TEsT SeT-Up Series 2

{Note Gpacimen being Loaded fram Belaw)

Fied9 DeTaiieplest SeET-Up, SspiEs 2
Hand-Taek is under Load Cell, obscured
by Loading Frame




this slow crack growth, while the beam is kept under load. There-
after, the remaining ink in the notch-trough is sucked out, and the
beam is unloaded. The beam is then re-loaded to failure, and the pre-
vailing initial compliance is noted, This compliance is then attributed
to the nokch depth as measured affer failure by the extent of the ink
penetration. By using this method, a wawher of discrete points can be
plptted in order to produce a comprehensive compliance-notch depth
curve: The method, however, was not employed successfully for Series 2,
and subsequent series showed that it was acceptable to use the theoxetical
compliance-notch depth curve of Fig. 3.3, The work of Welch and
Haisman!® has also shown that the prevailing initial compliance of a
beam is not affected by he type of notch in the beam, and it ie therefore
possible to produce an experimental compliance-notch depth curve merely
by plotting the imitial compliances for the specimens versus their
nominal initial noteh depths. (8ee Fig.'s 4.6 and 4.17)

Fig, 4.10 shows a beam during the ink-staining process. 4 period
of approximately twenty minutes was allowed for the ink to penstrate
the newly Eormed crack while the beam was kept inder load., Green
India ink appeared to be the most suitable ink for staining, since
other inks did not penetrate the erack sufficiently due to theix

higher viscegities,

(3) Test Results

The benefit of Sevies 2 was that it vlearly indicated that strain rate
and creep effeets have a very significant effect in fracture tests on
cemented construction msterials. It was impossible using Lthe hand~
jack to apply a uniform strain rate during a test, nor wes it possible
to quantify the difference in strain rates between different tests.

The excessive variability and scatter of the results of Series 2 wade it
virtually imposdible to satisfactor.ly analyse the tests and evaluate
the fracture pavawceters, and for this reasen, the only results presented

here are characteristic load-deflection curves from the tesks, shown

in Fig.'s 4.11 to 4.13. Although many of the load-deflection curves

were uninterpretable in terms of the fracture pavameters, tbey did imdicate
the way in which initial compliances, failure losds and areas under the
load~deflection curves varied with varying strain rate. Apparent

Young's Moduli as low as 4 to 5 GPa were yroduced in those beams in

which excassive creep during réut periods occurred, 4 summary of the
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main characteristics of these curves is presented here:i—

Fig, 4.11 This figure shows the load~deflection curves of two
unnotched beams, the one (curve A) using an approximately coustant
rate of load application, and the other (curve B) allowing rest
periods during the load applicatioh. Each rest period was
approximately one mimute. The apparent flexural Young's Modulus,
taken from the most nearly straight portion of each curve, was

6,5 GPa for A, and 4,6 GPa for B. In the case of 4, the

maxinum load was app. with i 1y strain

rate, but for B, the value of the load represented by point M was
reached, and 2 rest period to allow creep deflections ro occcur was
commenced, After a short period (less than thirty seconds)

of stable creep deflection, the creep rate accelerated to sponta—
neous failure without further load application. Wo tail portion
to the load-deflection curve for either of the beams could be
recorded.

Fig. 4.12° is included in order to show the large effects of creep

on beam deflections. Beam A was loaded with approximately constant
strain rate, and when the load application was stopped at point M,
£irst stable and then accelerating creep occurred until final failure.
Beam B was loaded with & slow strain rate and one minpte rest periods
at intervals, Beam B also failed due to accelerating creep during
a rest period. The failure compliznce of beam A was 4,7 m?/GN,
while that of B wag 10,7 m2’3N. Once again, no tail portions

to the curves were recorded, althuugh tests in Series 4 have shown
that a tail portion doas exist for 12,7 mm notched mortar beams.

The increase in compliance of the beams during loading seems to be
almost totally attributable Lo creep rather than slow crack growth.
Fig. 4.13 is the load-deflection curve for & 50,8 wm notched beam
which employed the ink-staining technique. The point of maximum
load was carefully approached, and the beam was then left under load
for about tweury minutes after ink was introduced into the notch
During this period, the compliance of the beam increased due to slow
crack growth produced by the stored elastic erergy in the beam

as well as creep. After twenty minutes, the remaining ink was
sucked out, and the beam unloaded, Tt was then re-loaded to failure,
and examination of the beam showed ink penetration of 17 to 18 mm
frem the 50,8 mm notelt, i.¢. a total effective crack depth of 68

to 69 mm. The re-loading compiiance was 18,0 m%/GN, while the

e
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initial compliance was 6,1 mZ/GN.

Hence, Series 1 and 2 immediately indicated that both rate of load
application during a test, and stiffness of the testing machine set-up,
were important factors in fracture tests on cemented construction
materials. In order to quantify these two effects more accurately,
Serics 3 and 4 of the lsboratory tesi programme were designed, and the

details and results are presented below.

4.2.3 Series 3 : Controlled Strain-Rate Tests

Seriés 3 of the laborvatory tests were designed in order to isolate

and study in greater detail the effect of the rate of strain applied

to a specimen during a fracture test, on parameters such as the failure
load, the apparent Young's Moduli and compliances, and the fracture

parameters. A total of twenty eight beams were tested, and the ratio

of strain rates selected for the tests spamnned a range of approximately

3 000, some tests ruming for four to six hours, and others taking
only a few seconds. ALl the deflection measurements in these tests,

as well as in the Series 4 to 6, were monitored using a

redesigned deflection rig, which was directly Fixed to the specimen

at its nominal neutral axis, and thus measured only the true elastic

deflectionof the beam under load. The results presented in this and

subsequent sections can probably be regarded as valid estimates of the

fracture parameters of the materials used in the laboratory tests.

(1) Test Ser-Up and Procedure

Series 3 was conducted on & triaxial testing machine (manufactured by
Leonard Farnell). Thiz machine, shown photographically in Fig. 4.14,
allowed controlled rates of deflection of the beams under the lead
points to be chosen by means of a gear-selector system. The machine
hed a capacity of 100 kN. Fig. 4.15 shows the detailed set-up for
Series 3, while Fig. 4.16 shows details of the improved deflection
measurement rig and set~up used for Series 3 to 6. Appendix D
contains full diagrammatic details of the deflection rig. As usual
load was measured by aa electronic load cell, and deflection by
LVDI's suitably mounted in the deFlection rig, and the outputs were
fed into the Watanabe X-Y Recorder, which was used to produce autographic

vecordings of all the tests in beries 3.  The specimen dimensions and

B
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method of loading were identical to Series 1, and are as set out in
Sec. 4.2.1(1). The specifications for specimen dimensions as set

out in that section also Fully applied to the beams in Series 3

with the exception of those beams which contained 'vee’-notches.

Tests on 610 mm span 'vee'-motch beams in Series 1 indicated that
handling of such beams without damege was extremely difficulf, due to
the high stress concentration at the apex of the notch. For this
reason, 'vee'-notch beams in Series 3 were cast in 350 mm lengths with
a central notch, and tested on s 305 mm majoxr span with a2 mipor loading
span of 101 mm (nominal).  Although such beams did not meet up with
the specifications of Ref. 23, navertheless the only parameter being
sought from such tests was ¥, and the total load required to fail the
specimen was small (less than 3 kN) due to the noteh shape, Provided
the test output indicated a stshle-type fracture, the test record was
accepted,  However, later analysis indicated tha need to adhere to

the specifications or Ref. 23.

(2) Test Results

The results from the tests for Series 3 ave presented in Table 4.3(a)
and {b}, Table 4,3(a) shows the results and analysis of the load-
deflection curves for those beams with no notches, or with reetangular
vast-in notches. Notch depths used For Series 3 were 25,4 mm and

50,8 mm,  Values of the total fracture energy A, , ave included im

Table 4.,3(a) only where the true shape of the lozaﬁdeflection curve
could be either ascurately measured by the recorder, or inferred from
the test record. The triaxial test set-up was a relatively 'soft!
loading system, and the X-Y recorder was therefore unable to record the
tail portions of many of the curves. Where the true shape of the
load-deflection curves could not be inferred, the value of AF,S was

net evaluated, The method of finding notch-depth ratios at failure
for the vestangular notched beams is that set out in Appendix B.

Table 4.3(b) shows the results for tests on the 305 mm span 'vee'-notch
beams, Note from Table 4.3(a) that as the initial notch-depth raeio
increases, s0 Loo does the slow stable erack growth from the notch
before the point of instability represented by the pesk load is reached
This is shown by the change in compliance AL, which increases as the
¢/d ratio increases. Comwpletely stable fractures were obtained for

50,8 mm notches, while unnotched beams exhibited catastrophic failure
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Table 4.3(b) 'Vee' Notches :

Resulty for Series 3:

Coutrolled Strain Rare Tests

1 2 3
Loauing Bystem Strain Max. Load Total
Specimen No, Rate at Failere Fracture
(Cube Str. MPa, Energy
be,6
(um/sec) ) (iim)
3.2
= 8,3 2,303 0,410
O I T I
olosan (8| 2,629 0,415
<t -
=| 3.6
2
| ore 2,7 2,018 0,29
-t -
ol D g 2,364 201
| (20,87) |B|O% . 0,
e
~| 3.8
o
*| (39,87) 0,19 2,232 0,377

'Fast’ Strain Rate 2 1,0 pum/sec
TSlow' Strain Rate < 1,0 ym/sec
All heams tested on 305 mm Span
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Semi-stable fractures occurred for intermediate notch depths. It will
be shown later that the unnotched beams used in the present tests could
ouly fail catastrophically, from a consideration of the effective Fracture
surface energy ¥ of the material. (See later Sec. 4.2.4(2){c) and
Fig. 4.29).

Table 4.4 sebs out the fracture parameters evaluated for the beams.
Note that the beam reference numbers sre consistent in Tables 4.3(a)
and (b) and Table 4.4, i.e, beam 3.1 in Table 4.3(a) is the same as
beam 3.1 in Table 4.4,

Summary curves of the results and the fracture parameters are presented
in Fig.'s 4.17 to 4.22, Discussion of these results relevant to this
chapter is presented heret~

Fig, 4.17 shows the experimentally derived L/Lc versus cfd curve

for all those specimens in Series 3 and 4 that were tested at a

*Fast! strain rate,i.e. > 1,0 ym/sec (see later Fig. 4.18). The

figure also shows the theoretical curve for v=0,1 which was used in

the analysis of the fracture parameters, repy 'duced from Pig. 3.3.

Once again it is obvious that while the experimental curve is

displaced laterally fryom the theoretical line, the glopes of the two

cuzves are very similar. It is therefore quite acteptable to use
the theoretical curve as a uniform basis for evaluating the fracture
parameters. '

Fig. 4.18 shows a plat of both average Young's Modilus E and average

initial unastehed compliance 1, versus strain-rate, for the umuotched
beam specimens of Series 3. The results for the unnotched beams

of Series 4 were also included in order to evaluate the average E
and L for 'fast' strain vates. The envelope showing the scatter of
results is also shown. The L, curve is plotted as the reciprocal

of the average & curve, since a direct relationship exicts between
L, and E for an unnotched beam.  Both E and L are derivad from the
slope, F/8, of the initia® straight line portiom of the load-deflec-
tion curve. The relationship between Lo and E is:~

o5 s¥q\iy
L (m 2 E) @
.

where 5; = the major span (three times the minor span) and I = the
second moment of area of the beam.

It is seen that the curve levels out and spproaches 2 constant value
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Table 4.4 Fracture Parameters for Series 3:
Controlled Strain Rate Tests
1 2 3 4
Loading System| Strain Initial G K ¥
Specimen No. Rate Hoteh © €
(Cube Str. Depth
wpa) (u/sec) @m Ym) ommtis (Vmd
3.1
L, 15,7 81,3 1,26 36,9
3.2 o
@1, 2 9,2 90,1 1,33 45,8
id |2
3.3
@177 1,7 5 79,7 1,25 39,4
3.4 =
6L, 0,18 g 47,1 0,9 27,2
3.5
31,77 0,17 77,3 1L, 38,4
»
. 2.6 :
" 1,77 %1 0,10 72,6 1,09 38,3
- > S
:a 3.7 &
o (26,54) ©0,0083 - - 27,1
<
= 3.8
@1,19) 0,0078 41,2 0,73 30,3
Ly
ot 3.9
: (29,52 15,2 46,3 0,90 -
st 3.10 g
: 6L 21 13,3 44,8 0,90 -
: 3.11 -
(29,52) 1,6 % 33,8 0,76 -
S
3.12 =
@9,52) 0,45 g 33,5 0,74 -
«
3. o
(29,52 0,16 o 35,2 0,72 -
3.14
(29,52) & | 00 32,3 0,65 -
3.15 3
6119 0,0082 33,4 0,61 33,3
3.16
(30,13) 0,0052 28,9 0,55 -
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Table 4.4 (Cont'd) [
1 2 3 4 5 4
317 | g, Cer | ¥
@o,50 | E| 4 pas 41,2 0,86 28,7 ;
R ]
@9.52) 1,2]8,7 22,4 0,62 23,7 :
3.19
o7 ,90,038 23,1 0,61 19,6 i
(I 3.2 - ;
I : . 9,87 ,53,35 g 21,8 0,58 18,0
= 3,21 = =
: - @01y | B 300 g 2,7 0,61 19,0
: © 322 | .
; : (1,48 s g0 8 20,2 0,56 18,0
E; 3.23
: . : (31,48 ,mi\,sx 28,2 0,61 17,7
: Ce 324
) G1.48) 8,3 - - 48,3
- 325 | g
# as,en | & 4,6 -g - - 48,9
3.26 7
(31,48) 2,7 K] - - 3,4
I
3.7 N
s | % 0,21 - B 34,3
3.28 5 i
ws.eny | - 0,19 - L ekt
i
H 'Past’ $erain Rate 3 1,0 um/sec
"Slow' Stvain Rate < 1,0 ym/sec
i
H
i
{
}
¥
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of E for strain rates greater than about 1,0 um/sec. This is the
basis for defining a 'fast’ strain rate as being a strain rate
greater than 1,0 ym/sec, and all tests with a strain xate greater
than 1,0 um/sec have had the fracture parameters evaluated using
the average values of E and L, derived from 'fast’ tests om un-

notched heams. These average values arei-

E = 20,0 GPa
L = 2,0 mfeN  (epa"l)

Those tests with strain rates less than 1,0 ym/sec had the fracture
parametexs evaluated using the time-dependent values of E and L,
for their particular strain rate. These values of E and L were
read off directly from the average curves of Fig. 4.18. The range
of B values éncountered for the tests in Series 3 was from as low
as 10,4 GPa for a 'slow' test to as high as 19,7 GPa for a 'fast
test, B values for thé "fast'tests of Series 4 were as high as
23,5 GPa.

Other investigators do not seem to-have encounterel any sigunificant
effects introduced by the strain rate during a test, Brown!? stated
that substantial variations of leading rate had a negligible effect
upon the load-deflectign plots for his tests. However, he obtained
the unnotched compliance LD for his beams using a loadiug rate of
about 5 pm/sec, and the lowest loading rate he used was about

0,5 um/sec.  Fig. 4.18 shows that within this range of strain vates,
any significant reduction in L, or E for the slower strain rates
would not be geen as a distinet effect within the limits of experi-~

mental variation of the results. Hence, it seems reasonable to

assume thal nost reported £ tests on materials
have used "fast' strain rates for testing, and therefore mo signi-
ficant effects of strain rate upon fracture parameters have been
noticed. Nevertheless, Fig. 4.18 shows very clearly the effect
of strain rate on E and L_,

Fig. 4,19(a) and (b) shows the effect of strsin rate on the failure

load for all the basms tested in Series 3 and 4, This curve is
derived frow Table 4.3(a) and (b) for Series 3, and Tables 4.5

to 4.7 for Series 4. Mote that the tests in Series 4 were all
'fast' tests. The average curve is shown as well as the limiting

envelopes in order to sbow the scatter of results. The failure
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loads of the unnotched beams were more affected by strain rate than
the £ailure loads of the potched beams. The 'vee'-motch beams
exhibit no definite treund of failure load with strain rate, The
curves also indicate clearly the effect of the stress concentration
at the roots of the notehes on the failure load of the beame.

The cross-section of the 50,8 mm notched beems was 50 per cent

of that of the unnotched beams, but the ratio of the average failure
loads for ‘fast' rates was only 17 per cent. The 'vee'-notch
beams exhibit a higher failure load tham the 50,8 mm notched beams

due to the fact that they were tested on a shorter 305 mm span,
Characteristic load-deflection curves for the unnotched and rectaagular—

notched beams in Series 3 are not presented, because the true shape of

these curves after the point of unstable crack propagation was often

unobtainable on the be XY . This was because the
triaxial test set-up was a much 'softer’ testing machine system than
that used for Series 4. The beams of Series 3 tended to fracture more
catastrophically than those of Series 4, since the strain-energy stored
in the triaxial set-up was greater than that stored in the set-up for
Series 4, This also made it difficult to evaluate accurately the

toral eaergy of fractite A, g, represented by the area under the load-
deflection curves. Fig.'s 4.1l and 4,12 presented previously have
indicated the effect that strain rate can have on the shape of the load~
deflection curves., True shapes of the load-deflection curves for the

various 1a: hed beams are latex in Fig. 4.27.

Fig. 4.20 shovs a chavacteristic laad-deflaction curve for a

305 mm span 'vee'-notch beam of Series 3.  (Specimen 3.26 of

Table 4.3(b).) The 'vee'-notch beams fractured in a stsble manner
due to the high stress concentration at the xoot of the notch.

It is gren that as the crack grows initially, the specimen actually
gets stiffer as shown by the increase in slope of the curve near
the beginning. As the crack grows in depth, so the crack front
increases in width, causing the specimen to become stiffer before
the puinc‘ of maximum load is approached. The ctack width continues

to increase as the crack grows, and a stable-type fracture is produced.

The variation of G,, K, and ¥ with initial notch-depth ratio for 'fast'
strain rates is preseuted in a later section (See Sec. 4.2.4(2)(e)),
where the results for Series 3 and 4 are combined in Fig.'s 4.28 awd
4.28,  These figures use the rasults in Table 4.4 and in the lator
‘fable 4.8,
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Fig. 4.21(a) and (b) shows the.variation of Gu and Kc with strain
rate, for the unnotched beaws and the 25,4 mm notched beams of

Series 3 and 4. Note that all the beams in Series 4 weze tested
at a 'fast’ strain rate. The fracture parameters were evaluated
using the time-dependent values of E and Lo for strain rates less

than 1,0 ym/sec, and the avezage values from 'fast' tests for strain

rates greater than 1,0 um/sec. 'The diagrams show the sverage curves

For Gc and Kc as well as the limiting envelopes. It is evident that

a large scatter of test results occurred. However, the fracture
parameters show a general trend of increasing with increasing strain
rate, despite the fact that the time~dependent Young's Modulus and
unnotched compliance were used in their evaluation. The curves
also show a marked drop in the values of Gc and KC for the 25,4 mm
notched beams in comparison to the unnotched beams.  This is
»scussed later in Section 4.2.4(2)(e¢). The average values of

G, and R for the 'fast! teats are shown in Fig, 4.21, and it is
elear that, for the mortar beams tested here, the fracture toughness
can be congiderably reduced as the total time of loading inereases.
Fig. 4.22 shows the plot of ¥ versus strain rate, for the 50,8 mm
notched beams, and the 'vee'-notch heams. Results from Series 3
acd 4 are included. This figure is devived from Tables 4.4 and
4,8, Results of ¥ for 25,4 mm notched beams are not included

due to the lack of results for 'slow' tests on these beams. In
addition, results for unnotched besms are not incinded due to the
fact that ¥ is usually overestimated when evaluated from a test

on an unnotched beam. This is discussed nmoxe fully in later
Seckion 4.2.4(2){e}. Fig's 4.22 and 4.21 indicate that, for the
50,8 om and 'vee'~notch beams plotted, ¥ is not as affected by
strain rate as are G, and Ko It is difficult to infer a general
trend of ¥ with strain rate from Fig. 4.22, due firstly to the fact
that only a few test results were available, ana secondly because
the plotted values show no great variation with strain rate

Moxe tests would be vequired to confidently define the actual

variation of ¥ with strain rate.

Average values of the fracture parsmeters G, KC and ¥, and how these

are related, are discussed later in Sec. 4.%.4(2)(c).
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4.2.4 Series 4 : Tests with Stiffened Machine

Series 4 of the laboratoxy test program was designed when it was reslised
from the preceding series that the stiffness of the loading machine
system could have a profound effect on the fracture behaviour of a
notched beam, particularly on the post-cracking behaviour after the

onset of unstable crack propagation. The basic factor to be considered
here is the strain energy stored in the machine system at the eritical
point of failure, and ihe balance between the strain emexpy in the system
and the strain energy stored elastically in the beam at failure. If the
energy stored in the machine system can be minimised, then a more stable
type of fracture can be obtained. This allows the true shapes of the
load-deflection curves to be tecorded, 1If, however, a large amount of
energy, relatively speaking, is stored in the machine system at the
critical point of unstable crack propagation, then this energy can be

fed back into the specimen during failure, causing a less stable type

of fracture to occur due to the excess of energy available in the
machine/specimen system to produce fracture. All of the notched beams
studied in the present tests had insufficient elastic energy stored in
them at the point of failure to produce a catastrophic fracture, but if
energy was fed back inta the beam Erom the machine during the period

of fast crack propagation, then a catastrophie fracture could be produced.
Stiffening up the machine loading system ensures that the failure load

of the specimen is a small proportion of the total machine load capacity,
and prevents the loading heads of the machine from 'following~up' when
the load on the apecimen suddeanly drops off during fast crack propagation,
In general, the presenl tests ghowed Cthat a hydraulic testing system

was better than a mechaunical system. The hydraulic system could not
*follow-up' the specimen deflection during failure as quickly as could
the mechanical systems.

A rotal of twenty four notched and vnnotched beams were rested for
Series 4, All the strain rates used for the tests were 'fast', i.e, the
loading rate on the specimen was greater than 1,0 ym/sec.  This meant
that the average values of E and 'L,o as shown in Fig. 4,18 could be
used for analysis of the results and evaluation of the fracture para-
meters. (The results of unnotched beams in Serics 4 are included in
TFig. 4.18). In addition, the ‘Fast' strain rates used would have no

significant effect on the results of Series 4. Finally, it should be

3
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noted that the deflection measurements for Series 4 were monitered

correctly using the newly designed deflection rig.

(1) Test Set-Up and Procedure
The Macklow-Smith hydraulic testing machine used previously for Series 1
was selected as the most suitable machine that could be stiffened up
for the tests of Series 4.  Different machine stiffnesses were obtained
by modifying the basic set-up, which was that of a steel I-beam (RSJ)
included in sevies between the testing heads of the machine and mortar
beam specimen. The test set-up, with a 200x100 mm I~beam being used,
is shown photographically in Fig. 4.23. The basic test set-up is
shown in detail in Fig, 4.24. The span of the I-beam was 0,75 m.

In order to vary the stiffress of the loading system, three I-beams

of nominal size 150x75 rm, 200x10( ., and 250x125 mm were selected
for inclusion in the test set-up. ~ilowed the load ratio at failure
defined as the maximum specimen lr .. ture divided by the total

load on the machine at failure, t. .e varied from about 2 per cent
to 13 per cent. Some specimens were tested without any I-beam
stiffeners, and the load ratio for such a case was 100 per cent
Towards the end of the tests in Series 4, it was realised that
sufficient enérgy might be stored at failure in the loading rig, which
comprised a 25,4 mm deep solid sectiom, to prevent the accurrence of
a more stable type of fracture in the beams. It was therefore decided
to increase the section of the I.iding rig ta 50,8 mm deep, thus
stiffening it up by a factor of about eight. A few tests were then
run on 12,7 mm and 25,4 mm notched beams to provide a comparison with
previous tests which did not employ the stiffened load rig. Appondix D
gives full details of both the original and the modified loading rig.
The tests of Series 4 were wonitored using either the Watanabe
X-Y recorder, or the N,E.P. Ultra-Violet recorder. The use of the
U.V. recorder allowed the true load-deflection curves of the beams to
be obtained, since the recorder could respend sufficiently ke the tran—
sient effects following failure. A photograph of the N.E.P. U.V, -
vecorder is shown in Fig, 4,25, The type of beam specimens used, and
the loading spans, were as in Series 1. Unnotched and rectangular-—
notched beams were tested in Series 4, and the mominal notch depths
used were 12,7 mm, 25,4 mn and 50,8 mm.  The X-Y recorder was able
to faithfully record the load-deflection curves for the 25,4 mm and

50,8 mm notehed beams, provided the load ratio was less than about
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5 per cent. Howaver, when the stiffened load spreader rig was used,

2 distinctly more stable type of fracture occurred, allowing even

12,7 mn notched beams to be recorded on the %-Y recorder, When the
machine system was unstiffened, the X~Y recoxder was unable to faith~
fully record the load-deflection curves of all except the 50,8 mm
notched beaws. Usually, the recorder was able to pick up the extremity
of rhe tail portion of the curve (see Fig. 3.5), but -the intermediate
shape of the curve after failure was lost. This intermediate portion

represented the period of rapid crack propagatiom.
(2) Test Results

(a) Couwstaunt 25,4 mm Initfal Motch Depth; Different
Machine Stiffnesses

The £irst group of tests in Series 4 attempted to show that the degree
of catastrophic failure of a motched specimen was influenced by the
degree of testing wachine stiffness, The X-Y plotter was used for
this group of tests. The results of the tests are prasented in
Table 4.5. It is most instructive, however, to examine the load-
deflection curves obtained for the 25,4 mm notched beams with different
machine stiffnesses. These curves are presented in Fig, 4.26:~

Each curve ghows schematically in outline the true load-deflection

curve for a 25,4 mm notehed beam {obtained from tests deseribed
latex)) Superimposed on the true outline is an indication of the
actual cuxves Lhat were tecorded by the Watanabe X-Y plotter, for
the particular machine stiffness used, Curve A vefers to an
unstiffened aystem, curve B to a 150x75 mm I-beam stiffened system,
curve C Lo 4 200x100 mn I-beam skiffened system, and cuxve D to 4
250125 mm I~beaw stiffened system. It is clearly seen that as
the machine system is stiffened up, so the X-Y plotter can more
easily record the trug shape of the load-defleclion curve,
indicating that a more stable type of fracture has been produced.
From later tests in groups (b) and (e), ik seems very poasible that a
completely stable type of fracture could have been obtained on & 25,4 wm
notehed besm if the medified sciffened load spreader rig had been used
in conjunction with the 250x125 mn I-beam,  The portion of the load-
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deflection curve after the peak is profoundly affected by the strain
energy level in the specimen and the loading system at the peak load,
and the specimen/machine interaction as the load drops off, i.e. whether
the wachine feeds energy back inte the specimen or mot. In the un—
stiffened system, the machine and load rig ave feeding emergy back into
the specimen during failure, and promoting a more catastrophic type of
failure. When the machine loading system is sufficiently stiffened,
however, the energy used for crack prapagation is due to the stored
elastic energy in the specimen itself, and the crack therefore propa-
gates more stably.

One other factor that influenced the type of fracture produced was

. the strsin rate of the specimen immediately prior to faiiure. A faster

strain rate before the eritical point of instability produced a less
stable type of fracture after instability tham did a slower rate.

For this reason, the tests of Series 4 had the strain rate reduced just
ptior to the peak load being reached.

Th, values of the fracture parameters Gc, Kc and ¥ for group () are

sumwarised later in this section.

(b) Comstant Machine Stiffnesa; Different Notches

The second group of tests in Sevies &4 attempted to defime the borderline
between those notch depths that would produce a gtable or semi-stable
type of fracture, and those notch depths for which the heam always
failed catastrophically, with the load dropping instantaneously to
zero at failure. In order to do this, a constant machine stiffness
was used for all the tests:~ the 250x125 mw I-beam stiffened Macklow=
smith hydraulic machine, In addition, the stiffened load spreader
tig was used for one of rhe 12,7 mm notched beams in this group.

This test was conducted at a later stage whan it was . .alised that

the loud rig itself was preventlog more stable type fractures due to
the strain energy atored in it. Unnotched beams and beams with
initial notch depths of 12,7 mm, 25,4 wmm and 50,8 nm were used for the
tests. The results of the tests are presented in Table 4.6. It

was found that the 25,4 mm and 50,8 mm nokched beams produced a
completely stable type of fracture. The 12,7 mu beams without the
stiffened load tvig d a semi~stable type of fracture,

with more spontanecus crack propagation than for the 25,4 mm or 50,8 mm

notched beams, The Wakanabe X-Y recorder, however, was unable to

i
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completely follow the load-deflection curve after initial failure, but
it was quite evident that a purely catastrophic failure was not occurring
However, the 12,7 mm notched beams tested with the ariffened load-spreader
rig exhibited a completely stable type of fracture, with the X-Y recorder
being able to faithfully record the whole curve except for a tiny portioem
just after peak load. The true shape of the load~deflection curve was
immediatsly apparent from the kest record, and was confirmed by tests
conducted using the U,V, recorder (group (c) later), The unnotched
beams, however, fractured catastrophically. The 12,7 mm and 25,4 mm
notched mortar beams used in the present tests seemed to be on the
critical borderline between stable and semi-stable/catastrophic
fractures, and, the type of fracture produced by these beams was critically
depeudent on the machine energy at failure and on the strain rate at
failure. It will be shown later under group {c) that it was impossible
for an unnotched beam Lo fracture stably or semi-stably, Erom a conside~
vation of the effective fracture surface emexgy ¥ of the mortar beams
and the strain energy stored in the beam at failure.

For a summary of the values of the fracture parameters Gc, Kc and
¥ from the tests of group (b), see later Table 4.8 and Fig.'s 4.28 and
4,29, It should be pointed out here thakt where it was possible
Lo infer the true shape of the load~deflection curve of a beam from

the test record and from the istic curves in

Fig. 4.27, then the total work of fracture for that beam a8 represented
by the area under the load-deflection curve was gvaluated. Where
this was not possible, howaver, the value was neglected. The load
was assumed to drop instantanedusly to zero at failure in the case

of the unnotched beams,

(¢) Tests on the 250x125 mm I-beam Stiffened System
Together with the N.E.P, Ultra-Viclet Recorder.

The N.E.2. U.V. Recordur was used for the tests in group (¢) in oxdex
to determine confidently and accurately the true shapes of the load-
defiection curves of the unuotched and rectangular notched mortay
beams used in the laboratory teata. As mentioned previvusly, this
instrument had & frequency response o transients at failure.that was
twenty to twenty five Limes higher than the X~Y recorder, and it was
found that the sensitivity of the U.V. was quite sufficient to accurately

monitor the true load-deflectivu eutves. The results of the tests are
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presented in Table 4.7. Characteristic load-deflection curves

for uanotched beams, and for 12,7 mm, 25,4 mm, and 50,8 notched beams

. are presented in Fig. 4.27. The curve for the unnotched beam corres—

ponds to specimen 4.16 in Table 4.7, the 12,7 mm notched beam to
specimen 4.12 in Table 4.6, the 25,4 mm notched beam to specimen
4.19 in Table 4.7, and the 50,8 mm notched beam to specimen 4.21 in
Table 4.7. It should be noted that specimens 4.18 to 4.21 used the
modified stiffened load spreader rig, and that specimen 4.12 was
actually recorded on the X-Y recorder using the stiffened rig. A
discussion of Fig. 4.27 appears belowi—
The unnotched mortar beams used in the present tests always
fractured catastrophically, with the load dropping instantaneously

to zevo just after the pesk was attained.

The AF,G terms for ummotched beams contain excess energy not

expended on producing new fracture surfaces. The notched beams
exhibit a progressively greater degree of post—cracking ductility

as the initial notch depth inmereases. Thus, the load on the

12,7 mm notched beam drops off more quickly after the peak than

does the load on the 50,8 mm notched beam. The beam deflection

at final failure also increases as the initial notch depth increases.
Furthermore, deep notched beams experience a greater degree of

siow, stable crack growth prior to failure tham do shallow-notched
beams.  The important faet to note from the curves in Fig. 4.27

is that even & nominally brittle material like cement mortar,

when fracture tested in flexure, can and does exhibit a considerable
amount of post-crdcking 'ductility’, and the load~deflecktion curve
for notched beams is e continuous line without any discontinuities,
provided the frackure is not catastrophic as for an unnotched beam.
This phenomenon of beam duatility will be demenstrated later by means
of load-eyeling a specimen during testing. (See tests in group

(@) of Series 4.)

Included at this point is the summary of the values of the fractore
pavameters for the first three groups of tests of Sevies 4, im

Teble 4.8. These parameters are derived from the previous tables

4,5, 4.6 and 4.7. Together with the values of the fracture parameters
for the 'fast' strain rate tests of Series 3 (see Table 4.4), the
values in Table 4.8 appeat diagrammatically in Fig.'s 4.28 and 4.29,
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Table 4.8 Fracture Parameters for Series 4(a),(b),(c):
Machine-Stiffened Tests
1 2 3 4 5
Loading System Strain Load Initial G K, ¥
Specimen No. Rate Ratio Noteh ¢
(Cube Str. Depth
WPa) Gu/sec)  (per sent)  (m)  {"m] (wisabi %) (V/m)
ul g %1
B
2| B| lon6 8,0 100 51,0 0,95 28,3
;‘ - 4.2
o| 8] |32,65) 4k 12,8 - 28,1 0,82 13,1
MEJN IR ]
R of(32,65) 3,8 13,1 = 37,1 0,81 31,6
ol iy
H B 4.4 -
o . A
o E?‘E<33,33> 4 4,2 9,1 < 37,2 0,81 35,5
< % 3l 4.5 @ a
1 81 Tlas 33 REN 7,9 34,0 0,78 28,5
8w
E e N [
= g o, 00 2,1 5,1 41,9 0,86 30,7
El g é’ 4.7 il
& Bt m L1 3,9 40,1 0,84 32,7
= Vol 4.8 P =
@ al fassw 1,0 3,5 H 74,9 1,19 30,6
= %’ 4.9 s
ol fesasw 2,0 4,5 87,2 1,30 43,8
B kil
#p a0 g
5
MEIRCED) 1,3 2,7 2 |30 0,77 32,9
= é 411 g
~
26,54) 1,8 3,0 36,0 080 28,1
]
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= 414
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: o 4.15
NEE (32,03) 42 9,8
slasl sas 5
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B ™
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'Past’ Strain Rate ¥ 1,0 ym/sec

'Slow! Strain Rate < 1,0 um/sec




Fig. 4.28 shows Gc and Kc versus the initital notch depth ratio c/d
For the 'fast! tests of Series 4, while Fig. 4.29 shows ¥ plotted
agaiast ¢/d, again for the 'fast' tests of Series 3 and 4.

Fig. 4.28 shows that both G, and Kc are affected by the initial

notch-depth ratio of the beams used to measure their values.

The of an beam is considerably
higher than the fracture toughnesses of notched beams. Two trends

are possible from Pig. 4.28. ‘The first is that the fracture

i3 values i ta as the depth ratio
increases. Hovever, an examination of the average values of

Gﬁ or K, for notehed beams shows that, within the limita of
exosrimental scatter, a discontinuity might exist in the curve

o% Gc or KC petween notched beams' and unnotched beams, The average
value i for the various noteh~depth ratios are tabulated below in
Table 4.9. Also shown is the dimensionless ratio K2(1-v?)/EG,
which sheuld have a valve of unity according to the Fracture
Mechanics relationship of equation 1.9,

Table 4.8 Aversge Valves of 6, and K_

G, ®, ¥2(1-v2) /EC
@/m) (1/mls §)
Unnotched 80,2 1,25 0,966
c/d = 0,125 29,4 0,74 0,923
e/d = 0,25 37,0 0,80 0,857
e/d = 0,50 25,6 0,65 0,818
Average for 30,7 0,73 0,861

Nokched Beams
The grand average of G for the notched beams is 30,7 N/m, and that
of K, is 0,73 MN/w}; 5, These values are plotted in Pig. 4.28,
indicating an average value of the fracture parameters for notched
beams.

Fig. 4.28 suggests that a basic difference might exist batwaun the modes
of fracture of notched and unnotched beams, In an unnotched beam,

the crack propagates from a matural surface defect in the beam, and in

pure bending, this propagation van theoretically occur anywhere within

the cemtral loading span. The possibility therefore exista that numerous
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wmicroeracks might begin growing from the surface during the test,

and it is only those microcracks which satisfy the relationship
between critical crack lemgth and stress level in the beam at the
poinr of failure that can then propagate spontaneously to cause
catastrophic failure of the beam. The muitiplicity of tiny micro-
crscks‘in the central portion of the beam in themselves represent an
energy-absorbing mechavism, and could therefore impart an apparently
higher fracture toughness to the beam when compared to an artificially
deep-notched beam., This fact is also borne out by the results of
Fig. 4.19(a) and (b), which show that strain rate has a more marked
effect on the failure load of unnotched beams than on notchéd beams.
TPor low-strain rates, more extensive multiple microcrack growth in a
stable fashion from the surface of an unnotched beam could oceur than
for higher strain rates. However, for a notched beam, the critical
erack is compelled to initiate at the nokched section, and the degree
of microcracking in the heam over the central loading spen would be
limited in extent to the notched cross-section, This isolated

crack area would not be able tc exercise as great an fofluence on the
failure load of a notched beam with varying strain rates. Thus,
‘vee'-notch beams representing a high stress concentration at the notch
exhibit failure loads that ave apparently unaffected by strain rate,
and the effect of strain rate on Failure load increases as the notch-
depth ratio decreases.

Hence, artificially notched beams limit the area of fracture
damage to the immediate vicinity of the notch cross-section, while un—
notched beams have no such limiting factor to their fracture behaviour.
This léads to a marked difference in the measured fracture toughnesses
of notehed and unnotched beams.  This fact is further demonstrated by
the variation of ¥ with ¢/d, discussed below.

Fig. 4.29 Again, two trends of the variation of ¥ with c/d ave

pessible from this figure. 'The one is that ¥ decreases continucusly

as ¢/d increases, and tha other is that unnotched beams and notehed
beams exhibit basically different types of fracture. 4s will be
shown later in this section, the unnotched beams in the present

tests could never fracture in a memi-stable or stable fashion.

However, all the notched beams were capable of exhibiting semi-

stable or stable type fractures, depending on such variables as

loading mechine stiffuess and strain rate at failure. The average
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values of ¥ for the various notch-depth ratios are tabulated below
in Table 4.10,  Also shown is the dimensionless ratic G_/¥,
which should have a numerical value of 2 according to the Fracture

Mechanics relationship in Section 1.3.2.

Table 4.10 Average Vallles of ¥

7 e /¥
{N/m)
anotched 38,9 2,062
o/d = 0,125 30,4 0,967
e/d = 0,25 29,2 1,267
e/d = 0,50 ' 19,9 1,288,
tvee'-notch 439 _
(effective /d = 0,582) 4
average for rect. 26,5 1,158

notched beams

The grand average of ¥ for the rectangular notched beams is 26,5 N/m.
This value is plotted in Fig. 4.29. The average ¥ value for the
‘vee'-notch beams is considerably higher than for the rectangular
notchad beams, and seems to indicate a marked departure from the
trend of Fig. 4.29, Although these notches produced a,stable type
fracture, the beams were tested on a 305 mm span rather than the
610 mm span of the other beams. The central loading span was only
101 wme  According to the specifications of ref. 23, p.l4, pure
bending exists in the cemtral minor span if the ratio of the minor
span to specimen depth is not less than two. For the case of the
'vee'-notch beams, this ratie (101/101) had a value of only one.

In addition, the ratio of the major support span to specimen depth
wee three which iz less than the minimum value of four recommended
by tai. &3 1. owvdex to avoid substantial errors due to specimen
indentation and friction at the supports. lence, ik seems that the
'vee'~noteh beams, despite exhibiting s stable type fracture,
produced rtesults that were unrepresentative due to the effects

of sheax and friction. These results are a clear indication of

the need to both develop end adhere to suitable criteria for valid
fracture testing.

;
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As the c/d ratio increased, so the type of fracture became increasingly
moré stable and the crack growth less spontaneous. This was because the
energy stored in the specimen was limited by the presence of a notch, end
thus the energy available for spontaneous fracture decressed as the cfd
ratio increased. The deep—notched beams (50,8 nm) required external
work to be done on the specimen in order to make the crack grow, while
the shallow-notched specimens exhibited a degree of spontaneous crack
growth under the energy level present in the beam. It is therefore
conceivable that a greater depree of microcracking surrounding tbe main
crack could oceur in unnotched and shallow-notched beams during the course
of crack propagation than in deep-nokched beams. This microcracking
would constitute a mechanism of energy absorption which would increase

as the pth ratio . The f: of a shallow-n hed

beam is therefore more 'violent' than that of a deep—notched Leam.

This phenomenon is critically depe;n;lent oun the energy level in the specimen,
which in turn is dependent on the notech-depth ratio. Tig. 4,29 indicates
that the measured value of ¥ can vary depending on the type of fracture
exhibited by the beam, and veflects the need for the Eracture test Lo he

designed to be an accurate model of actual Fracture conditions in practice.

The lower value of ¥ ted by the deep hed beams is probably
the more acceptab.z value for design purposes, especially in those
situations such as road pavements where the fracture is a time-dependent

proczss.

Catastrophic Fracture of Unnotched Beams

As seen from Fig, 4.28, the value of ¥ depends on the notch depth in the
beam,  Unnotched beams give higher ¥ values than notched beams. This is
a result of the catastrophic/stable fracture phencmenon discussed previously.

An d beam, which 1y and cata ically,

hes sufficient strain energy storved in it at the point of failure to cause
the erack to run right through the specimen, and excess energy is then used
up in kinetic emexgy of the £racture pieces, monic energy and heat enmergy,
The area undex the load-deflection curve contains the component of total
energy required to cause complete fracture, as well as the excess energy
component.  When evaluating the total work of fracture AF,G using the

area under the load-deflection curve, AF,S is overestimated for an

beam, and ¥ is overesti Immndiately a specimen
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is notched, however, the energy level in the specimen at failure drops
significantly, and there is insufficient elastic energy in the
specimen at failnre to cause the ¢rack to rud right through the specimen.
External energy must be fed into the specimen to make the erack grow
to final failure. Hence, the &p ; term from such a specimen is a more
accurate estimate of the true effective fracture surface energy ¥
of ‘the material,

Using the average y value of 26,5 N/m for the rectangular notched
beams from Fig. 4.28, and the average Ap 5 value of 0,80 lm For
the unnotehed beaws from Tables 4.3(a), 4.6 and 4.7, it is possible
t> show thakt an usnnotched beam in the present tests could never produce
anything but a catagtrophic type fracture, The theoretical fracture
surface aréa for the unnokched beams is found by dividing AF’S for
the ucnotched beams by the true ¥ from the notched beams, i.e.

Theoretical fracture surface grea, unvotched beam
e X
¥

= 0,80x10"
26,5

= 301,9 cn?

However, the available fracture surface area for an unnotched beam is

only 206,46 ecn? (see Fig, 4.7), and therefore the unnotched beams
must fracture catastrophically, Using the average ¥ for notched
beams, 26,5 N/m, the predicted arecas and the actual average areas,
AF,G’ under the load-deflection curves for the beams of Series 3 and 4
are compared in Table 4.11, Tt is seen that the notched beams should
all produce stable or semi~gtable type fractures, as opposed to the
catastrophic type fracture of the unnotched beams.
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Table 4,11 Comparison of Predicted and Actual Areas under

Load-Deflection Curves

Nominal  Approx. Range of Catastrophic
Fracture Predicted Actual ©)
Surface AF s Aveay or
Area 4 AF Stable
8
(em?) (Nm) {tim) (s)
Urmotched 206,46 0,55 0,80,% ¢
12,7 m 180,64 0,48 0,540,6 Semi~5
25,4 mm 154,84 0,41 0,4-0,5% 5
50,8 ma 103,22 0,27 0,2-0,13 s

(d) Tests on Notched Beams Using a Load-Cycling
Technique o obtain Stable Crack Growth

Tests using the Macklow-$mith hydieulie testing machine were dome
on two 25,4 mm and one 50,8 mm notched beams, using a load-eycling
technique in order to produce stable crack growth in the beam. The
technique, ‘which has also been used by Brownl?, involves loading the
beam until the critical point of frasture instability is reached, and
then quickly removing the load before rapid crack propagation can oceur.
By using successive cyeles in which the load is Eivst applied and then
‘dumped’ before fracture instability can oscur, the crack can be made
to grow in stable inerements through the beam until final failura
oceurs, An example using a 25,4 wm notched beam is shown in Pig. 4,30.
This figure reprejents the actusl output from the rest, = As the crack
front advances with esch succassive loading cycle, so the pravailing
compliance increases, The shape of the complete load-dsflection
curve is immedia! ly apparent from the test output, and iz shown drawn
in on the figure in dotted lines. Note that the load-defiection
curve ig shown in two portions, the lowexr portion following om from
point A at the end of the upper portion, Three peints are worth
noting £rom the Figurei~'

(1) With each successive loading cycle, there is an increase in

the permanent set in the beam, as shown by the shift of the szero

load point succesgively v the right. This indicates there is
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some positive resistance to crack closing on unloading, In
-addition, at the start of each successive re-loading eycle,

the specimen seems to offer positive resistance to crack opening

as shown by the steeper slopes at the start of each load cycle

(ii) Beyond the initially steeper portion of the curve for each
load cycle, there is a markedly linesr portion to the curve,

£rom which a prevailing compliance can be caleulated, and hence the
crack length at that point evaluated. This indicates that only
the area immediately ahead of and surrounding the main-crack is
over-stressed, and that the remainder of the specimen is still

in the elastic range, i.e. the crack is accommodated within

purely elastic

rroundings. This is one of the basic premises
of Linear Elastic Fracture Mechanies.

(iii) The load-cycling technique graphically demonstrates the post-
cracking ductility of the nominally brittle mortar beams used
in the tests. The area under the load-deflection curve after
the peak load is the major component of the term AF,G’ and

cannot be ignored when calculating §.

4,2,5 geries 5 : Plane Stress/Strain Tests on

Cement-Mortar Specimeng

Series 5 of the laboratory test programme was designed to attempt a
brief, initial study of the effect on the fracture properties of the
state of lie stress field ahead of the crack tip in a notched specimen.
Investigators in the metallic field have xecognised that the measured
fracture toughness of a thin sheet section, in which plane stress conditions
prevail, can be considerably highier than the measured fracture toughness
of a thick slab, in which plane strain conditions prevail?®; 29, the
Eracture toughness of a material, Kc, is defined as the plane strain
fracture toughness, the lower effactive iimit to the fracture strength of
the material. Under plane straiu conditions, K, (and the corresponding
value of G ), can be regarded as basic material properties. However,

under plane siress conditions, the measured K, can nok be regarded as a

" basic material property. Investigators in the non~metallic field have

assumed that plane strain conditions have prevailed in their fracture
specimens, and the present series of tests attempted Lo verify or disprove
this assumption.

The atress field ahead of the crack tip in a fracture specimen changes

from plane stress to plane strain as the dimensions of the specimen change

N




from a thin sheet to a thick plate of heavy section. In a thin sheet,
the constraint~relieving effect of the free faces extends throughout the
specimen thickness, whereas a thick plate imposes comsiderable restraint
on the lateral strain at the crack tip. For this reason, the cement~
mortar specimens studied in the present series varied from wide, thick
slabs to narrow, deep beams, Out of a total of seven test specimens,
two had electrical resistance strain gauges cast into the beam just

above the noteh root, in order to monitor the longitudinal and trans—

verge strains in the specimen. The controlling variable was taken as the

vatio of specimen breadth (b) to specimen depth (d), i.e. the b/d ratie,
which was varied from 4,0 down te 0,295. The limiting dimensions

in order for plame strain conditions to prevail can usually not be
found by theoratical analysis alone, but must be established by
experiment23,

(1) Test Set-Up and Procedure

ALL the tests in Series 5 were performed using the Macklow-Smith
bydraulic testing machine described earlier in section 4.2.1, The
loading rates used for the tests were all 'fast', i.e, greater than
1,0 ym/sec.  This allowed the average values of E and L from

Pig. 4.18 for 'fast’ rates to be used, vizi-

E = 20,0 GPa
1_ = 2,0 w?/GN for beams wit. J4 = 101,6 mm
L = 10,2 m®/GN for the slab with & = 59 mm

Ly = 16,0 m2/GN for the slab. with 4 = 50,8 mm
(For specimen dimensions, see Table 4.12)
Note that L, the unnotched compliance, varies with beam or slab depth,
but is independent of beam or slab width. This is consistent with the
definition of complisnce in equation 3.10. The L for the partisular
specimen depth is caleulated from the relationship of equarion (4.1),.
with E = 20,0 GPa.

Those teats which measured the longitudinal and transverse strains

in the beams in addition to the load and deflection, were momitored

on the N.E.P. Ulira—Violet recorder. This permitted recarding of a
simultaneous record of load, déflection and strain, which could after=
wards be re-plotted in the form of load-deflection curves and strain-

deflection curves. The other tests employed the stiffened load-spreader
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rig and the 250x125 um I-beam stiffened test machine, except for the two
slab specimens. This allowed the Watanabe X-Y plotter to be used for
the remaining tests, since stable type fractures were produced by all
the specimens. A photograph of the test set-up for a slab test is
shown in Fig. 4.31. It should be noted that all the deflection
measurements in Series 5 were valid measurements,

A3l the specimens were tested with a major, support span of
0,610 m, and a winor loading span of 0,203 m. The basic testing
apparatus was the same as for previous series, and is fully described
in Appendix D. The dimensions of the specimens are set out at the
foot of Table 4.12, and comply with the specifications of Ref. 23, p.l4.

(2) Test Results

The results of the tests on the slab and beam spacimens of Series 5

are presented in Table 4,12, initial notch depths varied from 6,4 wm
to 13 mm, and b/d ratios £rom 0,295 to 4,0. Specimens 5.5 and 5.6

had cast-in strain gauges which measured the longitudinal and transverse
straings. The gauges were situated approximately 6 mm above the notch
rdots, i.e. a total of approximately 13 mm from the tension face of the
beam. The strain gauges were mounted at the centre of thin copper
I-sections designed to extend the gauge length of the 2 mm long strain
gauge. These copper I-sections were not considered to affect the
fracture behaviour of the beam before the critical point of instability
was reached. However, after isitial fracture, the copper I-sectivns
acted as tensile reinforcement to the beam, and affected the pose-~
eracking behavitur.  Tor this reason, the true effective fracture
surface energy for specimens 5.5 and 5.6, could not be obtained, and
the load-deflection curve after peak load was unrepresentative of the
actual fracture.

The totch~depth ratios at failure for the slabs were caleulated
according to the method outlined in Appendix B, except that the relevant
L, for the particular slab depth had to be used (see sec. 4.2.5 (1).)
It was still permissible, however, to use the compliance-notch depth
relationship of Fig. 3.3, since this relationship is in terms of
dimensionless variables. Table 4.12 shows that the slabs (specimens
5.1 and 5,2) were far more compliant than the beams (specimens 5.3 to
5.7) Bevertheless, the calculated natch-depth ratios at failure

e -
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of the slabs and beams were comparshle.

The fracture parameters calculated from the specimens-of Series 5

ave shown in Table 4,13, The initial noteh-depth ratios of the specimens,

which were all notched, varied from 0,063 to 0,157, On the basis of
the average curves of G_ and K versus c/d of Fig, 4.28, it was assumed
that any variation of G, or K  for fhe present tests was due to the
variation of the b/d ratfc, and not to the variation of the e/d rstio,
This implies that the variation of G, or K. for the present tests was
due to a change in the stress field ahead of the crack, from a predo—
minantly plane strain condition in the case of the slabs to a predomi-
nantly plane stress condition in the case of the deep beams.

Diagrams of the relevant results and fracture parameters are given in
Fig.'s 4.32 and 4.33.

32 shows the variation of G, and K  with b/d ratio. Included
in the plot ave the average values of G, and K from Series 3 and

4, for b/d = 1,0, The figure shows the average curves for G, and

K s @8 well as the limiting envelopes. The average K value

varies from 1,36 M¥/ml/5 for b/d = 0,35 to 0,52 MW/abr 5 for b/d

= 4,0, while the corresponding values for G, are 84,0 N/m to 14,5 N/m.
It should be stressed, however, that the ocurvis are derived from
tests on only seven specimens, besides the average values from
Series 3 and 4. In particular, the results should he viewed

with ceution for b/d ratios greater than 1,0, and less than about
0,5. ¥or b/d greater than 1,0, only two test results were available,
and for b/d less than 0,5, difficulty was experienced in monitoring
the tests accurately. This is shown by the increasing scatter in
results as the b/d ratio decreases.  Nevertheless, on the basis

of the rather limited results aveilsble, there daes seem to be a
‘trend of both G, and K, with b/d ratio, and the thimner beams

seem to produce a higher measured fracture toughness than the
"thicker slabs. Series 5 was intended Lo merely provide a tentative
initial evaluation of the effects of plane stress/straim, and much
more work would he veguired to confidently defime a definite
relationship between the fracture parameters and specimen dimensions.
The curves of Fig. 4.32 cannot be regarded as being more than
assumptions of the possible trend of the fracture parameters with

b/d ratio. It is clear, though, that specimen dimensions exercise
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Table 4,13 Fracture Parameters for Series 5: i
Plane Stress/Strain Tests ‘i
;r
1 3 3 § 5 i
Loading System Initial  b/d Strain Load [ K ¥
Specimen No.| WNoteh  Ratio  Rate Ratio . © ¢
{Cube Str. Depth
{per
MPa) (mm) * (m/s ) cent) (N/m)(MN/mt) 5} (N/m) i
!
5.1 :
8 Jonsn 8,0 4,00 6,5 100 14,5 0,52 19,5
= 5.2 .
= | fgoz,42) 13,0 3,429 6,0 100 14,2 0,51 19,8
H E: 5.3 :
= o8, 07) 13,0 0,738 & 30,0 .5,7 21,1 0,64 41,2 :
o if
1| WY 5. = ¢
=l A, ) 12,0 0,679 2,7 3,5 22,8 0,66 26,8 b
o 2 et I
=) 3.5 ki '
Ml ka3, 1m 6,35 0,620 - - 94,5 1,33 - !
©lE5 :
<| =2 5.6 i
2| ka3 6,35 0,335 - - 151,1 1,66 - &
[
g 5.7
Uaz, 42 12,7 0,295 bk 2,4 28,1 0,73 23,4

For Details of Specimen Dimensions, see Table 4.12

‘Fast' Strain Rate > 1,0 um/sec i

A v

'Slow' Strain Rate < 1,6 wo/sec
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a marked influence on the measured fracture values, and that some

restrietions will need to be placed on allowable specimen dimensions

for a valid fracture test on cemented materials. Generally, the i
thicker sections give lower values of K and G, indicating that i

a more truly plame strain condition applies in the specimen.

Fig, 4,33(a) apd (b) shows the load-deflection curves and the straiu- i
deflection curves for the two beams 5.5 and 5.6 of Series 5 respee-
tively, The b/d ratio of beam 5.5 was 0,62, and that of beam

5.6 was 0,335, The post-peak portions of the load-deflection
curves are shown, but they were affected by the cast-in copper ;

I-sections on which the strain gauges were mounted, and are therefore

unrepresentative. The Eollowing points should be noted from the

curvesi- I
(i) The load~deflection curve deviates from true linearity at

about 30 per cent of the peak load. 'This agrees with observations

i by Gluaklich!3,

| (ii) The failure stvain (longitudinal), represented by the strain

¢ ' at the peak load, of beam 5.5 was 80 microstrains, and that of beam

5.6 was 198 microstzains. Note, however, that as the crack propa-

. gates %o the strain becomes concentrated in the crack, and therefore

increases rapidly. The strains were monitored inm the notech cross—

! section, and therefore represent the fracture strains of the beam

i (iii) The failure gtrain (transverse) of beam 5.5 was 57 microw

strains and that of 5.6 was 68 microstrains

Hawever, the measured fracture toughness of beam 5.5 was X = 1,33

MN/mlt 9, while that of beam 5.6 was 1,66 MN/mlsS, It is possible

that a small change in the stress/strain field ahead of the crack

tip could account for a large change in measured fracture toughness.
(iv) The measured Poisson's Ratic v (-eT/sL) for the initial

H linear elastic portion of the curves varied from an average of

0,08 for beam 5.6 to am average of 1,02 for beam 5.5. However,

it is possible that the €, in beaw 5.5 was nobt accurately monitored,

since the measured failure strain was only 80 microstrains.

Inaccurate measurement could result from slippage between the gauge
{ and the copper I-section.
Characteristic load-deflection curves for the specimens were very similar

; to those presented previously ju Fig. 4.27, i.e. all the beams exhibited
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an initizl straight line portion which became more compliant at failure
due to slow crack growth from the cast-in notches, Stable type

fractures were recorded for all the i 8. The slab

were considerably more compliant than the beam specimens, and they
also exhibited a completely stable-type fracture despite the fact that

the unstiffened testing machine was used in order to test them.

From Table 4.13, 7 doas mot show as great a variation with b/d as

does (.'C or Kc‘ For this reasoun, as well as due to the lack of results
for ¥, no plot of ¥ versus b/d is shown. Nevertheless, Table 4.13
indicates that the measured effective fracture surface energy seems to
increase with decreasing b/d vatio, i.e. ¥ increases as the constraint

on the specimen decreases.

To conclude, the dimensions of a fracture specimen seem to signifi-
cantly affect the weasured fracture toughuess of the specimen. Tests
in Series 5 on a cemented materisl indicated that plane strain conditioms
are more truly approached in thieck slabs than in thin, deep beams.
However, much work still needs to be done Lo arrive at necessary
winimum dimensiions for fracture tests on cemented materials, and the

field is still largely .nexplered.

4.2,6 Series 6 : Study of Notched Asphalr Beams

Series 6 was the briefest test series of the laboratory test programme,
and was aimed at providing a very brief, introductory study of the
fracture bebaviour of notched asphalt beams in the low temperature
range, as a comparison with the fracture behaviour of the cement~
mortar specimens of Series } to 5. Five asphalt beams of nominal
size 101x101%610 wmm were tested at a temperaturs of about minus twenty
five degrees Celsius, in order to exhibit brittle fracture. This
temperature was well below the glass transition temperature, T_, of the
asphalt, which was estimated to have been 2 few degrees below freezing.
(Atvempts to test beams at tewperatures above T failed due to the
excessive visco-elastic deformations of the beams under self-weight).
One beam was unnotched, three beams had inivial notch depths of 12,7 mm,
and one beam had an initial motch depth of 25,4 mm, All the notches
were sawn into the beams afrer casting. The asphalt mix was a pap—
graded mix designed to B.S. 594, and employed mine sand as fine aggre-

gate and crushed granite as coarse aggregate.
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(1) Test Set-Up and Procedure

The tests on the asphalt beams were designed to show the variation
of fracture parameters with strain rate for a constant notch depth
of 12,7 mm, as well as the vdriation of fracture parameters with
notch depth for a constant strain rate. Due to the limited number of
asphalt speciméns available, only one unnotched beam was tested, and no
variarion of E or L, with strain rate could be established. It was
therefore assumed that for strain rates greater than 1,0 umfsec, the
fracture behaviour of the heams would be unaffected by strain rate,
as was the case for the martar beams of Series 3 and 4.

3he tests of Series 6 were done on the friaxial machine set-up
used for the tests of Series 3. This allowed controlled rates of
defleccion to be applied to the beam specimens. The machine charac~
teristics and basic apparatus are as deseribed in seetion 4.2.3 (1)
and Appendlx D.  Each specimen was sheathed in a plastic bag before
freezing, in order to prevent the beam Erom warming up too quickly
during the test, which was dome at room temperature. The longest
test ran for about twenty minutes, and the beam showed no signs of
excessive visco-alastic deformation during this period as did beams

above the glass transition e. It was assumed

that the specimens remained below T, for the duration of the tests.
The Watanabe X-Y recorder was used to Tecord the tests of Series 6.
Although less stable type fracturas of the beams were produced on the
triaxial machine than would have been produced if, say, a hydrawlic
testing machine had been used, nevertheless, the X-Y recorder was

capable of recording the Ioad~deflection curves for the specimens.

(2) Test Results

Two assumptions hed to be made in order to analyse the test vecords
and evaluate the fracture parameters:=-
(a) The value of E {and the corresponding Lo) as obtained in the
Tfast' test on the unnotched specimen could be applied to all
strain vates in the tests. This assumption had to be made in the
aksence of an experimental relationship betwesn Young's Modulus
and strain vate. The effect of this assumption was to reduce the

apparent values of Kc and Gc for the lower strain xates where E
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and Lc can vary significantly from those values measured in 'fast'
tests,

{b) The theoretical compliance-notch depth curve of Fig., 3.3 with
v=0,1 applies to the asphalt beams., Although Fig, 3.3 theoretically
applies to any material, it is conceivable rhat, for a highly
visco—elastic materisl likc asphalt, where creep and other time-
dependent deformations can markedly influence the measured compliance,
considerable errors might be introduced into the calculated values

of the fracture paramétere by using Fig. 3.3.

Hence, the reported results and fracture parameters for Series 6 should
be regarded with caution. Generally, the reaults from those beams tested
at lower gkrain rates ave probably less accurate than those tesred at
higher strain rates, but no quantifiable estimate of the errors could

be obtained. The vesults of the tests for Series 6 are presented in

Table 4.14. The E and LD values assumed ‘for analysis of the results were:—

E = 9,4 6Pa
L, = 4,3 m2/GN  (i.e. 6P
One point should be nated from Table 4.14. The change in compliance
at failure, AL, for specimen 6.4, far exceeded the changes in compliance
for the other specimens. This was because specimen 6.4 was loaded
et # relatively low strain rate, and experienced excessive wisco-
elastic deformation during testing. Fracture Mechanics theory assumes
that such a change in compliapce is attributable tc alew crack growth
prior to failure, but in the case of the asphalt beams, this was not
necessarily true. The AL for specimen 6.4 was probably mainly due to
visco-elastic deformation vather than slow crack growth. For beam
6.4, the apparent crack depth at failure, as calculated from AL, was
therefore very large (66,0 wm) whereas the actual crack depth st Eailure
Was probably not much larger than the initial notch depth of 12,7 wm.
Also, the strain rate did not have a large influence on the failure
load of the specimen, as seen from column 3 of Table 4.14

The fracture parameters, evaluated using the assumptions mentioned
previously, are shown in Table 4.15. These values, however, should be
viewed with caution. Specimen 6.4, for instance, has fracture toughnesses
whose values far exceed those of the other specimens. This is directly
due to rhe visco-elastic deformation of the specimen under the low

loading rate. Provision for the separate effects on failure compliance
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Table 4.15 Fracture Parameters for Series 6:

145

Asphalt Beams
1 2 3 4
LLosding Syste Strain  TImitlal 6, K ¥
Spacimen No.| Rate Noteh ¢
Depth
1,5
(um/sec)  (mm) a/my (vv/m? ) (/m)
No |
6.1 —“:21,8 Noteh 78,6 0,85 76,4
gl &
Bl&f.2 *| 8,8 & 139,1 1,11 96,3
2R e
] 2
43 6.3 2,4 ] 46,2 0,64 58,1
5 g ';, ™~
& g o
%4 ol 0,61 = |1n2,0 3,21 286,3
@ g
&
H
k.5 =l 7 25,4 95,1 0,90 74,2

'Fast' Strain Rate > 1,0 um/sec

A v

'Slow’ Strain Rate < 1,0 um/sec
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of slow crack growth and creep and other time-dependent deformations
has not yet been made in the basic Fracture Mechanics relationships
for materials that exhibit such exframeous deformations. The result
is that a pseudo-fracture toughness is evaluated for such specimens,

which is not a measure of the true fracture toughness of the material.

For example, specimen 6.4 has a pseudo-fracture toughness of 3,21 MN/mbs 5,

which is well sbove the average for the other beams. Nevertheless, a
material like asphalt by virtue of its greater ductility in comparison
to other cemented materials, exhibits higher values of fracture toughness
than the cement mortar used in Series 1 to 5. For instance, the
average K value for specimens 6.1 to 6.3 and 6.5 is 0,88 Mi/mbs S,
compared to the average Kc value for the notched mortar specimens of
0,73 M¥/m}1 5,  1In addition, the asphalt beams were less notch-sensitive
than the mortar beams, as shown by the relatively small effect of notch
depth on failure load of the specimen. The notch in an asphalt beam
does not represent as intense a stress concentration as does the notch
in a mortar beam, end the greater duckility of the asphalt allows

loeal high stress congentration to be relieved under load by flow of

the material.

Cuxrves of the fracture versus the h-depth ratic
and strain rate are not presented due to the lack of available results.
Characteristic load-deflection curves are presented in Fig.'s 4.34
and 4,35, Asphait, being a more 'ductile’ material than mortar,
exhibited stable type fractures, even in the case of the unnotched
beam. Generally, deflections of the asphalt beams were greater thanm
those of the mortar beams.

Fig. 4.34 shows the characteristic load-deflection curve for the

d beam 6.1, i d on the load-deflection curve of

a typical unnotched mortar beam, reproduced from Fig. 4.27. The
greater ductility of the asphalt beam is clearly shown by the
existence of a considerable tail portion to the curve

Fig. 4.35 shows the load-deflection curve for the 12,7 um notched
specimen 6.4, in order to give an idea of the excessive deflections
Producedby asphalt beems loaded with low strain rates, A characte-
vistic load-deflection curve for a 12,7 mm motched mortar beam is
also shown in Fig. 4.35, as a comparison with the asphalt specimen.
The mortar beam was selected from the tests of Series 4 and had a
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strain rate of 1,5 ym/sec, comparable to the strain rate of 0,61

um/sec of the asphalt beam.

ALl the asphalt beams in Series 6 showed two periods of rapid erack
propagation during testing, one at the point of instability at peak load,
and the other just prior to final failure., This implies that the
Griffith energy balance is satisfied both at peak load instability, and

Just before final fracture,

The basic test resulets of Chaprer 4 indicated that specimen dimensions
and loading machine set-up had significant effects on the fracture
parameters measured in fracture tests on cemented materials. These
results allowed the suggestion of initial, tentalive test criteria

in order to produce a valid fracture test on materials like cement
mortars. These criteria, and further conclusions drawn from the tests,
are presented in Chapter 5.

It was stated in sections 1.4.1 and 1.4.2 that fracture surface area
and energy of ce. nted materials could refer to the hardened cement
paste, or th: aggregate, or the aggregate-paste Interface. Cracking
in such materials is nmot limited to one critical erack, but involves
extensive micro-cracking in the highly stressed zone ahead of and sur-
rounding the main crack. The fracture nurfaces produced by the mortar
and asphalt specimens tested in the laborstory cunfirmed these ideas.

In both cases, the main crack was not limited to the cementing compoment
alone, but was observed to have advanced through and around the aggregate
particles, as well as propagating through the cement paste,

Fig. 4.36 shows photographs of the fracture surfaces produced by the
mortar and asphalt beams. In the case of the moxtar beams, the fracture
surfaces of the two left-hand specimens were jink-shaded before photo-
graphing, to show up the cleavage surfaces of the crushed granite
aggregate where the crack had propagated through the aggregate itself
(both felspars amd quartz pavkicles). ‘The white marks on the fracture
surfaces of the asphalt beams show where the crack propagated through
the coarse aggregate granite chips. TIn addition, the oceurrence of
extensive micyo-cracking surrxounding the main crack wes demonstrated

by the eass with which the material could be flaked away from the

fracture surfaces.
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CHAPTER 5
TENTATIVEVCRITERIA FOR_FRACTURE TESTING OF CEMENTED MATERTALS

The purpose of this chapter is to attempt to summarise and draw together

the conclusions from the preview , specifically Chapter 4

That chapter highlighted the need for fuxther thorough investigation

of effects such as creep and other time—dependent deformations, strain

rate and specimen dimensions on the fracture s in
order to arrive at some logical and uniform method of fracture testing
of cemented materials. A fracture tesé, in order to produce reliable
results, must be designed and performed with practical conditions in
mind, and rhe link between experimental testing and practical applica-
tion must not be neglected. This chapter therafove puts forward soms
tentative criteria for the valid fracture testing of cemented materials
on the basis of the experimencal work deseribed in this dissertation.
These critevia are concerned with specimen size requirements, test set—
up requirements and analysis of test records. Ideas have been freely
borrowed from the metallic fieid in developing these tentative criteria.
No hard and East yules for fracture testing of cemented materials can
be laid down at this stage, as in the metallic field, due to the re-
latively cecent application of Fracture Mechanics prinmciples to -cemented
matzrials, Nevertheless, the tests described in Chapter 4 have clearly
ifdicated that certain restrictions must be imposed on the fracture
testing variables in o:der tn conduct a valid fracture test. Comments
and criteriz in this chapter will relate to the cement mortar specimens
of Series 1-5 in Chapter 4. Insufficient tests on asphalt specimens
were available to allow any definite conclusions to be made.

5.1 Specimen Size Requirements

Previous tests indicated that the dimensions of the fracture specimen
could exercise a significant influence on the measured fracture toughness
of the specimen. The caleulaticn of the fracture toughness i based on

a mathematical wrdel of the actual stress/strain [ield ahead of the crack

tip in a specimen, and the ruliability of the K, or G, value obtaiued
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from a test is dependent on the accuracy with which this mathematiecal
model describes the actual stresses and strains inside the fracture
zone. Linear Elastic Fracture Mechanics is based upon the aseumption
that the highly stressed zone in a fracture specimen is small in relatiom
to the specimen size. - ‘The mathematical model of the stress intensity
factor gives an exact representation only in the Limiting case of zexo
plastic or pseudo-plastic strain. The smaller the highly stressed
zone is in relation to the specimen size, the more accurzte will be

the analytical expression for the fracture toughness, since the elastic
stress field surrounding the plastic zone will be closely approximated
by the stress~intensity fattor.

As the dimensions of & fracture specimen are increased; so the re—
gion around the crack tip in which the elastic stresses are adequately
described by the analysis for K increases. The object of criteria for
valid fracture testing is to restrict the specimen dimensions to some
limiting values in order to ensure that the fracture toughness parameter
(K) adequately describes the fracture process. Such criteria in terms
of specimen size requirements can usvally only be established experi-
mentally. The pertinent specimen dimensions to be considered are grach
length, o, specimen width (or thickness), b, and uncracked length, h
(Note that h = d-c). For the sake of comsistency with Chapter 4, it is
convenient to.express these quantities as dimensionless ratios of the
specimen depth, i.e. ¢/d ratio, b/d ratio, and h/d ratio., Tt should be

realised, though, that absolute size vequirements are important in addi-

tion to the xelative size requirements expressed by the above ratios,
but an insufficient range of absolute specimen sizes have been studied
to arrive at reliable conelusions concerning absolute sizes for fracture
specimens ‘of cemented materials.

Investigators in the metallic field have defined the Plastic Zone
Pagtor as being & = (KC/ustl, where 7y is the yield strength of the
materials Y. (See previous sec. 1.3.1 and introduction to Chapter 2).
They bave stressed that when R is small in relation to specimen dimen-
sions, plane strainm ccnditiuns.prevail, and thé test is a valid K, frac—
ture test. Sinue R is a characteristic dimension of the plastic zone,
investigators of metals have used the value of R to estimate limiting
specimen dimensions, specifying that the dimensions should exceed a
certain muitiple of R, these multiple= to be determined by an adequate

number of trial K tests. The lower limits of the dimensions for which
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Kc remaing constant can be expressed in terms of R to produce useful
'working limits' for specimen dimensions. The parameter R was produced
from theoretical considerations of the size of the plastic zome in a

fracture specimen. It is suggested here, tentarively, that a corre~

sponding factor R’ might be defined inm order to provide a useful basis
For estimat.ng the limiting dimensiors for fracturw tests on cemented
materials. The significance of R' for cemented materials would depend
on a definicion rather than a rheoretical derivation based on Linear
Elastic Fracture Mechanics, and would bg no more than a direct follow-on
from current practice in the metallie field. R' must contain some para-
meter describing the strength of the material, and it is supggested that,
for the flexure test specimens uséd for this dissertarion, the most
logical strength parameter would be the modulus of rupture of the mate—

tial, i.e. the flexural tensile strength of the material, o_. Following

o
on from the metallic field, R', the parameter describing the pseudo-

plastic zone in cemented materials, could then be defined as follows:-

K\ g ;
P imensicns
R (of length 6.1

R' cen now be used to provide an estimate of the necessary specimen @i~

mensions in order to produce a valid fracture test on cemented materials.

5.1.1, Crack-Length Requiremept (c/d Ratio)

Refer to Figures 4.28 and 4.29 which show that €, K, and ¥ are all
affected by the initial notch-depth ratio of the beams used to measure
their values, Notched beams gave lower values of the fracture parameters
than did unnotched beams. As suggested in section 4.2.4 (2)(c), this
was possibly because a basic difference exists between the iracture be-—
haviour of notched and unnotched beams. A notched beam causes the axea
of fracture damage and crack growth to be limited in extent to the
notched cross-section, while an unnotched beam has no such limiting
factor to its fracture behaviour. The fracture toughness of a cemented
matevial depends primarily upon the micro-cracking and other energy-
absorbing mechanisms at the notch root, and these mechanisms are

iimited in notched beams. Tt is interesting to note that Fracture. tests
on steels reported in ref. 23 show that fracture specimens with ex~

tremely shallow notches produce higher effective fracture toughnesses
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than specimens with deeper notches. The trend of K values reported
in this refevence is very similar to the trend of the average lines
showing a constant value for K (or G,) in Figure 4.28, with a dis-
continuity in the corve at very small notch-depth ratios, indicating a
rapid inerease in the value of K for unnotched and extremely shallew~
notched beams. The results of Glucklich '3, however, indicated no
significant difference between the fracture values yielded by notched
beam tests as opposed to wnnotched beam tests.

All the specimens represented in Figures 4.28 and 4.29 were
101,6 x 101,6 mm beams in section. The initial notch depths, Cor
varied from 12,7 mm (shallow) to 50,8 mm {(deep-notched beams).
Assuming that the fracture parameters as evaluated from tests on notched
beams represented a more valid estimate of the 'true' mean K, of the
material, the values of c/d and ¢/R' are shown below in Table 5.1 for
the different notch depths. (Note, the average value of oy for the
unnotched mortar beams of Series 1, 3 and 4 ('fast' tests) was
o, = 4,19 MPa (10 beams)).

Table 5.1 Values of R' and ¢/R' for Cement Morrar Beams

£ £ R <

T emebsy my N

ey = 12,7 mm 0,125 0,74 31,1 0,408

2, = 25,4 Wm 0,25 0,80 36,4 0,698

g = 50,8 mm 0,5 0,65 24,0 2,117
4ave. for notched beams - 0,73 30,3 -
Ave. for unnotched beams o 1,25 88,8 -

(whete R = (Kc/uc) 2)

The curve of Y versus c/d ratio (Figure 4.29) seems to indicate that

¥ i ly as c/d i {see the discussion of this

in section 4.2.4 (2)(c)). Mevertheless, an average value for the
notched beams could be inferred from the curve. Figures 4.28 and 4.29
indicate that the measured values of the fracture parameters are de—
pendent on the type of fracture in the specimen, Catastrophic type
fractures give higher values of fracture parameters than scable type
fractures, WNotched beams which fracture stably or semi-stably give

consistent results for the fracture pe and the lower values of

the fracture parameters, as represented by the lower limits for the
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notched beams, are probably the more acceptable values for design

purposes. It is that, provided a heam specimen fractures

in a stable or semi-stablé fashion, the fracture parameters yielded

from the tests are valid estimates of the ‘true' mean lower limits,
This criterion is eritically dependent on the initial noteh depth in
the beam. For the cemented materials studied in the present tests,
the above suggested criterion is satisfied whem the cfd ratio is
greater than about 0,1, and the ¢/R' vatio is greater tham about 0,4..
Ratios of c/d greater than about 0,5 are also undesirable because the
compliance-notch depth curve (Figure 3.3) vises very steeply at high
c/d values. Under these circumstances, small errors in measured crack
lengths can have undesirably large effects on the calculated values of
the fracture parameters. The critical effect of testing machine stiff-
ness must also be considered, however, and this is discussed later in
section 5.2.1.

5.1.2 Specimen Width Requirement (b/d Ratio)

Refer to Figure 4t32, which shows the variation of GC and Ky with b/d
ratio. All the specimens represented in Figure 4.32 werk notched
specimens with the majority having ¢/d ratics greater than 0,1. Hence,
it is assumed that the variation of 6, or K, in Figure 4.32 was due to
the variation of the b/d ratic, and not to the variation of the c/d
ratio. As the stress field ahead of the crack varied due to a change

in the b/d ratio, so the measured fracture parameters varied. Investi-
gators in the metallic field have observed a marked increase in the
fracture toughness of a material as the fracture changed from a plame
stress, slant type of fracture in a thin sheet specimen tc a plane
strain, square type of fracture in a thick plate specimen. Figure 4,32
seems to indicate a similar effect for the cement mortar specimens in—
vestigated in the present tests. However, it must-be stressed here
again that Figure 4.32 was derived from tests on only seven specimens,
besides the average values from Series 3 snd 4. The curves can therefore
not be regarded confidently as true indications of the variation of G
and KC with b/d ratio. They should rather be interpreted as showing

the possibility that the b/d ratio can exert & warked influence on the
measured fracture toughness. The wide scatter of results in Figure 4.32
also indicates the need for a more thorough investigation of this subject.

The results of Series 5 indicste that wider specimans in the form of
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notched heams, sre prohably the more acceptable values for design

purposes. It is suggested that, provided a beam specimen fractures

in & stable or semi-stablé fashion, the fracture parameters yielded

from the tests are valid estimates of the "true' mean lower iimits.
This criterion is critically dependent on the initial noteh Jepth ia
the beam. PFor the cemented materials studied in the preseat tests,
the above supgested criterion is satisfied when the c/d ratio is
greater than about 0,1, and the ¢/R' vatio is greater than about 0,4,
Ratios of ¢/d greater than about 0,5 are also undesirable because the
compliande-notch depth curve (Figure 3.3) rises very steeply at high
e/d values. Under these circumstances, emall errors in measured crack
lengths cen have undesirably large effects on the calculated values of
the fracture parameters, The critical effect of testing machine stiff~
ness must also be considered, however, and this is discussed later in

section 5.2.1,

5:1.2 Specimen Width Kequirement (5/d Ratio}

Refer to Figure 4.32, which shows the variation of Gc and L with b/d
ratio. All the specimens represented in Figure 4.32 were notched
specimens with the majority having c/d ratios greater tham 0,1. Hence,

it is assuned that the variation of G or K, in Figure 4.32 was due to
the variation of the b/d ratic, and not to the varistion of the cfd
tatio. As the stress field shead of the crack varied due to 2 change

in the b/d ratio, so the measured fracture parameters varied. ILuvesti-
gators in the metallic field have observed a warked increase in the
fracture toughness of a material as the fracture changed from a plame
stress, slant type of fracture in 3 thin sheet specimen to a plane
strain, square type of fracture in e thick plate specimen. Pigure 4.32
seems to indicate a similaxr effect for the cement mortar specimens in-—
vestigated in the present tests. However, it must be stressed here
again that Pigure 4.32 was derived from tests on.only seven specimens,
besides the average valuss from Series 3 .and 4. The curves can therefore
not be regavded confidently as true indications of the variation of Gc
and X, with b/d ratio. They should rather be interpreted as showing

the possibility that the b/d ratio can exert 4 marked influence on the
measured fracture toughness. The wide scatter of results in Figure 4.32
also indicates the need for a more thorough investigation of this subject

The results of Series 5 indicate that wider specimens in the form of
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thick glabs give lower estimates of C, and K, than narrower specimens
in the form of thin, deep bsams. The fracture values approach e lower
1imit for b/d ratics greater than about 1,0, . It is assumed that this
lower limit represents a valid estimata of the 'true’ plane strain
values for the X 'of the mortar. Using the average curve of X from
Figure 4.32, the values of b/R' for specimens spanning the rauge of b/d

ratios -are shown. in Table 5.2 belowi~

Table 5.2 Values of R' and b/R' for Mortar Beams

b b Average K, R’ b
Specimen No. d From Fig. 4.32 R
) e /mly5 ) )
5.1 4,0 203,2 0,52 15,4 13,20
sverage for Se. 3 and 4. 1,0 1016 0,73 30,3 3,35
5.5 0,62 63,0 0,97 53,5 1,18
0,335 34,0 1,39 109,8 0,31

5.6
! ' o= 2
kwhers. R (Kc/n t)
R, the parameter deseribing the pseudo-plastic zome, incresses, and b/R'
decresses as the b/d ratio decreases. On the basis of Figure 4.32, the
following tentative criteria are suggested for bests on cemented mater—

ials such as cement mortarsi-

b/d  ratio
b/R! ratio

1,0
3,35

2
Z

These criteria are open to improvement ag more results jrom tests similar

to those in Series 5 become available. Other similar criteria would
presumably have to be developed for tests on other types of cemented

materiais such as asphalts.

5.1.3 Requirements for Uncracked Length of Specimen (h/d Ratio)

The Length of a Lar notched bend specimen, h, is de-

fined by h = d-e¢. The value of h governs the shape of the load-deflection
cutve produced in 2 test, and the applicability of the expressions for

fhe fracture parameters to the specimen. An examination of the cukves

in Figure 4,27 indicates that, as h decreases, so the deviation of the
curves from linearity increases before the critical point of instability,
indicating thal extensive slow crack growth is occurring. Slow crack

growth in the 50,8 mn deep-notched beams initiated at low strass levels
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due to the high stress concentration of the notch. The average values

of the fracture parameters for the deep-notched beams were lower than

for the shallow notched beams, The presence of a deep notca considerably
reduces the energy level in the specimen at the point of inscability.

It is possible that this results in unrepresentatively low values of

the fracture parameters being recorded, due to the relatively non-
violent type of fracture produced in such beams. Deep-motched beams

also produce flatter load-deflection curves Vith a less well-defined
peak at the critical point of rupture (see Figure 4.27) than for shallow-
notched beams. This leads ta uncertainty and imaccuracy in defining

the exact point of fracture instability, The estimated compliance at
failure cvitically affects the caleulated noteli~depth ratio at failure,
and hence the evaluation of the fracture parvameters. In addition, deep-—
wotched beams, with their distinctly non—catastrophic type of frdcture,
require work to be done on the specimen even at the critical point of
peak load, in contrast to shallow-notched beams which exhibit a degree
of spontaneocus crack propagation after the peak load under the stored
elastic energy in the specimen. This implies the possibility that the
deep-notched mortar beams (50,8 mm) used in the present study never
attained a true state of eritical crack propagation i.e. the enevgy
requirement for brittle fracture as expressed by equation 1.3 (Griffith's

equation) was never satisfied. This could explain the lower measured

frecture values for the dezp—-notched beams.

For specimens similar to the mortar beams used in this study, it is
suggested that h/d should noet be less than 0,5, and preferably .ot less
than about 0,625, oi the basis of the 38,1 mm notched beam tested in

Séries 1 which still ashi' ted a degree of spontaneaus crack propagation

5.1 Zequirements for Loading Spans
The rey-' euts for the loading spans wre taken dirvectly from the spe-
cifications given in ref. 23, p.14. These specifications are concerned
with the type of bending in the specimen, and the degree of specimen in~
dentation and friction at the supports., The expressions for Kc and G,
presented in equations (3.2) and (3.9) respectively can be applied o
bend specimens provided the following ratios of loading spans to
specimen depth are adhered toi—

Minor Span S, L, 3 ensures that four-point bending is

2 equivalent to pure bending
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ensures that errors due to specimen indentation

Major Spam 8,

3 and friction at the supports are negligible,

As an example of the need to adhere to these loading span requirements,
refer to Figure 4.29 which shows that the 'vee'~notch beams used in
Series 3 produced results for y that showed a distinct departure from
the trend of the diagram. These 'vee'-notch beams were tested using a
smaller mejor support spam and a smaller minor loading span tham the
remainder of the beams which met up with the requirements for loading
spans. The 'vee'-notch beams are a case in point indicating the need

to develop and adhere to fracture testing critervia.

5.1.5 Summary of Size Requirements

For specimens similar to the cement mortar beamsz studied for this dis-
sertation, resirictions on the requirements for crack length and speci-
men size are summarised below in Table 5.3, These requirements are at
present only in the form of relative size ratios, rather than absolute
size requirements, which still néed to be established. The reliability
of the size requirements from colusms 2 and & of the table below depends
upon the validity of using the vefinitions of R' adopted here as a means
of estimating specimen size requirements. This approach definitely

needs further careful attention.

‘Table 5.3 Summary of Suggested Size Requirements for Cement Mortar
Bend Specimens

1 2 3 4 5 6 7
) Uncracked  Loading
Crack Lemgth Width Length Spans
Notched Bend Specimen) </d c/rt b/d b/R' h/d S)/d Sa/d

651 Major Span/depth
2:1 Winor Span/depth
¢ 2
where R' (chat)

>0,1 »0,4 21,0 23,35 >0,625 >4 22

The 12,7 mm and 25,4 mm rectangular notched specimens of Series 1 to 4
complied with the above requirementa. However, the 'vee'-notch beams did
not comply with the loading spar requirements, and the 50,8 mm notched
beam did not écmply with the uncracked length requirvement. Only the
slab specimens in Series 5 complied with the width requirement.

The practical situation for which the fracture tests are being designed
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must continually be borne in mind, The type of fracture test will vary
greatly depending on whether the fracture strength for a cement-treated
road base (plane strain situation) is being sought 'as opposed to, say,
the fracture strength for a thin notched concrete pylon (plane stress

situation).

5.2 Requirements for Test Set-Up in Fracture Tests on Cemented Materisls

The two primary factors that can be controiled when designing a test set-
up for fracture testing are the loading rate of the machine and. the stiff-
ness nf the machine/loading system. Both of these factors affect the
values of the fracture parameters measured in a test, and the type of
fracture produced. Implicutions from the results of tests in Series 3

and 4 ate presented below.

5.2,1 Requirements for the Strain Rate in Practure Tests on
Materials

Refer to Figuré 4,21 (a) and {b). This figure shows that strain rate
has ‘a marked effect on the values of the fracture parameters measured in
a test., Assuming the 25,4 mm motched beams in Figure 4.2L (b) to have
produced a valid estimate of the fracture parameters, it is seen that
the average K, for a strain rate of 0,0) ym/sec can be as low as
0,59 MN/mh15 < a veduction of 27 per cent, The veduced values of K,
and G were calculated using the time~Arpendent Young's Moduli and com-
pliances From Figure 4.18. The curves for the unnotched beams in
Figure 4.21 (a) show an even more distinet reduction in fracture toughness
values for low strain rates than do the notched beams of Figure 4.21 (b).
A discussion of this dppeared earlier in section 4.2.4 (2)(c).

important effects in cemented materials of comstruction linked to
strain rate are greep and other time-dependent visco~elastic deformations.
Especially in asphalt specimens, the viscowelastic deformations can give
a pseudo-fracture toughness that is well above the true fracture toughness
for the particular noteh depth in the beam (see previous section 4.2.6).
The strain rate selected for a particular fracture test will depend on

the practical situation being modelled in the test. Sitvations such as

road pavements in which the f jons ave ti might require

a low strain vate in order to estimate the time-dependent fracture
toughness of the pavement. However, the fracture toughness under a

transiant wheel load in the same pavement might be considerably higher
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due to the higher strain rate, and this higher frackture toughness would
need to be measured in a 'fast! teat, For the cementvmostar specimens
of Serfes 3, 4 and 5, no significant change in the values of the fracture
parameters occurred for strain rates greater than about 1,0 pm/sec (i.e.
"fast' tests). Insufficient vesults were available for the asphalt beams
in Series 6 to make any conclusiona about the limiting strain rate above
which the Fracture parameters were invariant.

On the basis of the test results, it is suggested that, for cemented

materials such as mortars and coneretes, a strain rate in the region of

1,0 pm/sec is the borderline between those tests which produce approxi-~

ely constant values of the fracture psarameters, and those tests which
show a merked reduction in the measuved values of the fracture parameters.

5.2.2 Requirements for Testing Machine Stiffness

The tests of Series 4 indicated that the stiffness of the loading machine
system had & o

{tical effect on the post—cracking behaviour of fracture
specimens after the vnset of rapid crack propagation. The balance be-
tyeen the strain energy stored in the loading set-up and the elastic
energy stored in the specimen at the point of failure must be considered.
This balance of energies goveras the interaction between loading system
and specimen during critical crack propagation. If the loading systew
is a relatively 'soft' one, energy can be fed back into the specimen
during the period of rapid crack propngation. This influences the type
of fracture produced by the specimen. A "soft' system can produce a
catastrophic type fracture in a notched specimen that would otherwise
exhibit & stable or semi-stable type fracture. Wence, the stiffness of
the loading set-up critically affects the recorded shape of the loac-
deflection curve of a fracture specimen after peak load, and therefoxe
affects the measured value of ¥. Most investigarors have neglected the
effects of machine stiffness, and have often Eailed to record a tail
poxtion to their load-deflection curves. Nevertheless, For the beams
tested in Series &, it was shown that a col siderable degres of post-
cracking 'ductility' was present in the specimens,

The ‘stiffness of both the basic testing machine itself and the
loading apparatus need to be considered when designing a loading set-up
for fracture tests on cemented materials, Generally, it was found that
a hydraulic testing system was better than a mechanical system, due

firstly to the lower energy level stored in the hydraulic system under




1sad, and secondly to the fact that the hydraulic system could not
"foliow-up! the specimen deflection during failure as quickly as could
the mechanical systems, It is usually possible to stiffen up a testing
machine system by inciuding some sort of load-sbsorber (e.g. a steel
I-beam) in series between the testing machine platens and the fracture
specimen (see Figure 4.24), The loading apparatus normally consists of
a loading yoke or load-spreader rig for transferring the load from the
machine .to the specimen and a specimen support system. Tests in Series
4 indicated that the stiffness of the loading yoke exercised a greater
influence on the type of fracture in the specimen than did the stiffness
of the machine system, provided a large-capacity hydraulic machine system
as being used. For the 'softer' mechanical systems of Series 3 and 4,
the loading machine itself was probably the major contributing facter

te the catastrophic type fractures that were recorded. The principic

ffen up both the testing machine and ¢t loading apparatus

sufficiently so that energy is not fed back into_the specimen during
failure to cause an unrepregentatively catastrophic type fracture. The
energy stored in the specimgn itself at failure must be considered in
order to predict whether a stable or catastrophic: type fracture should
result (see Table 4.11), Pinally, the autographic recorder used to momi-
wor the fracture test should be compatible with the testing set—up, i.e.
if a 'softer' loading set-up is unaveoidable, then the recorder should be

capable ~f sufficiert respense at failure to the transient effects of

" load and det. ntion.

5.3 Analysis of Load-Displacement Curves
The values of the fracture parameters Kc and Gc are computed on the

basis of the load correspunding to a well-defined unstable advance of

the erack. Section 2.1 outlined the requirements for a satisfactory
fracture test. These vequivements were that the test record should allow
the values of load and crack extension at any point during the test, and
specificslly &t the point of instability of cruck extension, to he sccu~
rately measured. 1In order for the energy balance of squation 1.3
{Griffith's equation) to be satisfied, sufficient elastic strain energy
must be stored in a specimen at the eritical point of failure to 'drive
the process of crack extension, i.e. there must be a degree of spontaneous
crack propagation in the specimen, If this conmdition is not satisfied,

then the load-deflection curve becomes difficult to interpret in terms




of the actual poim: of instability, Referring to the characteristic lcad~
deflection cuxve for a deep-notched beam (c/d 2 0,5) (see Figure 4.27),

it is seen that the change in compliance of the specimen in the region

of the maximum load is considerable, and it is therefore difficult to
infer a true failure compliance for such & specimen. In addition, it

is doubtful whether such a deep-notched specimen ever experiences spon= i

taneous crack ion, due to insufficient elastic energy being

stored in the specimen at failure. The characteristic load-deflection

curves for the shallow and intermediate notched beams (Figure 4.27) are
easily interpretable in terms of the instantaneous values of load and
crack extension at the onset of unstable fracture, This requirement
for a pronounced peak to the load-deflection curve is closely linked to
the uncracked length of the specimen (see earlier section 5.1.3).
Curves with ill<defined peaks are difficult to interpret and can lead
to substantial érrors .in the caleulation of the fracture parameters.

1t might be necessary in the future development cf puitable criteria
for fracture tests on cemented matarials to limit the amount of mon-—
linearity allowable in a test record, similar to the limits imposed on
fracture specimens in the metallic field. (For a full discussion of
ref, 14).

the limits of non-linearity in metallic specimens, see

5.3.1 Analysis of the Load-Deflection Curve of a 25,4 nw Hotched
Bend Specimen to Produce the Energy Rate Curve

Section 4.2.4 (d) reported tests on notched besams using a load-cycling

teehnique in order to obtain stable crack growti., The beam is loaded
until the critical point of fracture instability is reached, and the
load is then rapidly 'dumped’ before rapid crack propagation can ocour.
In this way, it was pessible to make the crack grow in stable increments
through the beam until final failuve ocecurred. A further example of
this technique is given in Figure 5.1, which shows a 25,4 mm motched
béam load-cycled to failure. The figure represents the actual £°st out—
put from the beam, and the failure curve is shown drawn in dotted lines.
For a fuller di

wgsion of the shape of rhe load-deflection curve, see
section 4,2.4 (d). One extra point to notice, bowever, is that the re-
loading compliance which is taken from the mozt nearly straight portion
of the curve for each cycle is identical to the failure compliamce of
the previous cycle at the point of unstable crack propagation when the

load was dumped. This is shown by the series of parallel lines in the
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figure. For example, the reloading compliance of i! is identical to the
compliance at failure for the previous cycle, represented by point i on
the failure curve. The zero load points for each successive cycle are
found by extrapolating the straight line portions of the teloading cuxves
backwards té intersect the zero load axis.

Figure 5.1 was analysed in order to produce an energy vate curve for
the beam, similar to the schematic representation shown in Pigure 1.7.

An energy rate curve is basically a plot of the energy demand rate as

the crack grows versus crack extension. For a non-homogenaous multiphase
material like cement mortar or concrete, the energy demund rate increases
initially and then sttains the critical value of G, when spontaneous
fracture can occur. (See previous discussion of this in section 1.4.1
€Case 2)). Before the point of instability, the energy demand rate is
numerically equal to the energy release rate.

A number of discrete points were chosen on the failure enmvelope of
Figure 5.1, and the strain energy release rates and values of instanta-
neovs crack length were evaluated at each point. These chosen points ave
listed a to n in Figure 5.1. The results and analysis are shown in
Table 5.4. Using this. table, a plot of the energy demand rate versus
crack length can be drawn (assumiog enerpy demand rate equals energy
release rate before instability), Before rhis plot can be discussed,
the current concept of the growth of resistance to erack extension
during a test must be explained. This concept is more fully discussed
in Ref. 22 p.138 ££, The essence of the concept is that, as the crack
extension force (or strain energy release rate) G is increased during
a test, it is opposed by an increasing resistance to crack extension
{usually called R by investigators in the metallic field, but not to

be confused with the plaatic zone size term.) Equilibrium between G

© and R is maintained up to the point of instability. (The crack extension

resistance, R, may be thought of as analogous to the increasing resis-
tdnce to plastic deformation due to work hardening in metals, which
opposes the applied stress in sp ordinary tension test.) By definition,
GC is equal to the value of R at instability and beyond this point, G
increases more rapidly with erack growth than does R. G and R are

equal up to the point of instability, but they represent distinctly
differeat physical entities and have a different functiomal relationship
to the test variables c and ¢. For the potched bend apecimens being

considered, 6 = w{1-v2)o?e/E, but the funetion R = £(¢,¢) is not known.
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Consider now Figure 5,2, which shows & plot of the strain energy
release rate G versus crack lemgth ¢, for the beam of Figure 5.1, This
curve is derived directly from colums 6 and 8 of Table 5.4. As the crack
srows, so the value of G increases, until a peak is reached at point k
{represented aiso by point k in Figure 5.1). According to the expression
for © in equation (1.8), the straight lines representing n(1-v2)o2c/E are
drawn in for each discrete point a to m in the figure, and the effective
value of the slope n(1-v2)o2/E is shown on each straight line. This
value is a measure of the macroscopic stress level surrounding the crack
at that parcicular point, and is evaluated according to section 3.2.2 in
order to take account of the effects of the reduced cross~section and
the non-uniformity of stresses, The points of intersection between the
straight limes and the G-curve represent the process of crack growth
through the beam (i.e. the failure curve), as discussed fully in
section 1.4.1.

It is suggested (see ref, 22) that ¢ n particular crack lemgth
in the beam, there is a corresponding R jne such hypothetical
R-curve is shown in Figure 5.2. As the _ress level in the beam in-
creases, 'so the value of G increases, and the velue of R increases
equally with . However, at point X, a critical point of instability
is reached, the value of G exceeds R, and an increment of erack growth
ocours, which is then checked by an increase in resistance Lo crack ex—
tension represented by another R-curve for this new instantaneous crack
length., Once the peak value of G at point k is exceeded, the erack can
continue growing under decreasing stress levels (points £ and m).

It is interesting to note that the peak load point in Figure 5.1
(point b) does not represent the peak G-value of Figure 5.2, represented
by point k in Figure 5.1, This is in agreement with the results of
Brown 17, who, in using the load-cycling technique, found that the frac-
ture toughness increased with crack extension after the initial point
of unstable crack growth, resched a maximum, and then tailed off. The
G-curve of Pigure 5.2 is very similar ta the R-curves produced by Browa.
Brown found, however, that the fracture toughness of pute cement paste
was approximately constant with crack growth, as opposed to cement mortar
whase toughness seems to inerease with crack growth. Figure 5.2 indi-
cates that the effective toughness of cement mortar can increase signifi-
cantly (e.g. by as much as 60 per cent) as the crack grows through the
specimen, and this phenomenon in itself comstitutes a crack arrest
mechanism in the beam.
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“Figure 5.2 is a graphic illustration of the growth of a crack

through a notched specimen, and lends ¢.«:idevable support to the hypo—

thetical curves of Figures 1,5 and 1.7.

5.4 Concluding Sumnary

The investigationsinvolved in the preparation of this dissertation were
primarily aimed at identifying ond isolating those test varisbles which
had a significant effect on the measured fracture parameters from a
fracture test. The particular material sslected for testing was a
Portland cement mortar, and the conclusions drawn from the tests strictly
apply only to this material. (A few asphalt beamy were also tested, but
their vesults wers inconclusive.) Tollowing on from the varicus sexies
of fracture tests on notched beam specimens of the mortar, initial
tentative criteria for valid Fracture testing of cemented waterials could
be suggested. These criteria were concerned primarily with specimen size
requirements and the requirements for a satisfactory test set-up

The three fracture paremeters evaluated Erom the tests were the cri-
kical strain energy release rate {or crack extension force) G,» the
Zracture toughness (or critical stress intemsity fnctnr)’Kc, and the
effective fracture surface emergy Y. It was found that initisl notch-
depth ratios (e/d), dimensional ratios of the specimen (b/d), loading
rates used during the teats, and testing machihe stiffness all had sig-
nificant effects n the measured values of the fracture parameters. In
addition, notched beams had lower values of fracture Loughness than un~
notched beams, which was in agraement with reported tests in the metallic
Field. The average fracture tougimess value (Kc> for notehed beams was
0,73 MN/m%, while that for unuotched beams was 1,25 MN/mb5. The actual
state of the stress/strain fisld ahesd of the crack tip in a notched
specimen seemed to critically influence the measured fracture toughness,
depending on whether a predominantly plame stress or plane strain condition
was prevalent in the beam. Wider, thicker sections such as slabs gave
lower values of the fracture toughness than nartower, thinner sections
such as deep beams. The slab sections were considered to approximate
more truly to the plane strain state than the deep beams

Considerable work is still needed before comprehensive criteria for
valid fracture testing of cemented materials can be drawn up., In partiou—
lar, the plane stress/plane strain effect (which is dependent on the re-
lative specimen dimensions) and the necessary absolute sizes of specimens

for valid fracture testing need to be studied in depth. It is probable
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that each particular class of cemented waterials (e,g. hydrated cements,

asphalt cements, thermoplastic cements) will zequire a differemt set of
test criteria specifically applicable to that elass. This is because
of the wide range of behaviour of different camented materials under
stress. Nevertheless, the concepts of strain encrgy release rate and
fracture toughness as developed in the metallic field are applicsble to
cemented materials, and give a measure of the fracture susceptibility
of such materials in the presence of natural or artificisl notches. The
development of suitable test criteria for the walid Fracturs testing of
cemented materials is the first logical step towards applying fracture
testing methods in the development of new and better macerials of
eonstruction, :
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SPPENDIX A
THEORETICAL COMPLIANCE — NOTCH DEPTH RELATIONSHIP

The theoretical compliance ~ notch depth relationship is derived from

three basic equations, viz |
The expression 29 for k 1k = v SIS a1
where Y = Ag + A (¢/d) + Ag(e/d)? + Ag(e/d)S + Ay(e/d)"

The expression for G in terms of the rate of change of compliance with
crack Tength 11 ¢

_1{r\? 4L
s-ifE) & e
and the relationship between K and G

2 ., kG

K2 iy . 4.3)

The values of the coefficlents A are Lo be found in Table 3.1 in the
main texk, for the particular type of bending being cousidered.

The complisnce I is defined as ¢
§
=
where 8 = beam deflection under the load points, Refevr to Figure 3.1.

The bending moment in the beaw, M, for the case of four-point loading
being considered (i.e. pure bending), can be written asi-
LEfs1-s2
LR { e )

AL 82) “.

Ihe compliance - noteh depth relationship is then derived as follows:-

Prom Edustion (A,2), 4L , 2b2 G
de T
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Substituting for G from equation (A.3), and then for X from equation

[CVP
1] 2
L2 a-v?) 1y eke?
Tz E B2

which, by substituting for M, reduces to :

I

{1=y2 - 2 2,
& 906 - 8)° Yo “.5)
2E a*
Integrating with respeet to ci—
L= 90D (5 - 82 /’Yz(s\) de 4.6)
7% a8 4
The dntegral [z (eyce is an integral of a polynomial function in the
)
varisble (c/d), i.e. the notch depth ratio.
2 € =
tet [ Elee = 2 @

From elementary beam bending theory, an expression for E can be obtained

for’ an unnotched beam in four-point bending (see Figure 3.1). The

expression is:- .
1/7Y(S; = 55)2(5; + 25p) *.8)
I
where I = the second moment of avea of the section, and (%) is the slope

of the initial linear portion of the load-deflection curve for the un-
notched beam.

Wriring the unnotched compliamee, L, a8:-

Ig = (%—)h, equation (A.B8) can be re-written as follows:

1 {b)(s 12(S, + 28,)
g = AL 2. 1 2
w8 (Lo) T
Since I = bd3/12, this reduces to:

LAY = (S, - 8,)2(s; + 28,)
11,

4.9)

From equations (A.6) and (A.7), a relationship between compliance L

and crack depth c, where ¢ is intluded in the integral 2, can now be
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written down as follows;—
L = 20 (s =57 .
ZHd

(4.10)

Alternatively, a more convenient form of expression which eliminates

E is a relationship between L/L and c/d, which by using equation (4.9)
can be written as follows:—

_ 90 (5, - $)2

B e g
(51 = 5)%(s, +28,)/2L,

which finally reduces to
Lo_ 18 (-v?
PR z (A.12)

Bquations (A.10) and (A.11) represent the required compliance-notch
depth relationships.

The integral Z depends on the specimen dimensions, including the crack
depth ratio c/d, and on the type of bending in the specimen. It also
includes a constant vhich can be evaluated from boundary conditions.
In particular, the constant includes the value of 'Poisso;l‘s ratio, v,
aund equations (A.10) and (A.11) also show that the:compliance-uotceh
depth relationship is dependent on v.

For the particular test yeometry:~

8 = 0,620 m (24 in) s, =0,203m (8 in
d =0,102m . (4-in)

Using this, the values of Z s functions of c/d and v, as obtained from

integrating the exprassion in equation A.7 and inserting the boundary
conditions, appear in Table A.1 below.

Tgble A.1 YValues of Z

Values of 2

3 v=0,1 v=0,15 v=0,2

0,0 ©,0570 0,0577 0,0588
0,125 0,0597 0,0604 0,0615
0,25  0,0681 0,0688 0,0699
0,375 0,0845 09,0852 0,0863
0,5  o,1162 0,1160 0,1180
0,625  0,1858 0,1865 0,1876

0,75 0,3659 0,3666 0,3677




















































