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ABSTRACT

This dissertation addresses the question of the frac-
ture behaviour of notched concrete and mortar beams.
The major purpose of the work was to study the develop-
ment of the micro-cracked zone and identify the point
at which main crack growth began, and thus to charac—
terise concrete and mortar at the start of main crask

growth.

Notched concrete and mortar beams of width 100 mm
depth either 200 mm or 300 mm, and with a span/depth
ratic of three, were tested. Measurements of midspan
deflection, midspan load, surface displacements across
the fracturing section and ultrasonic pulse transit
time were made. Ordinary Portland cement and mineral
aggregates were used for the concrete and wortar

beams.

The J-integral, surface displacements across the frace
turing section and ultrasonic pulse transit time mea-
surements were used to detect the onset of main crack
growth. It was found that a reduction in the load car-
rying capacity of concrete and mortar is possible due
to micro-cracking only. The value of the J-integral
at the start of main crack growth was found to be es-
sentially the same for concrete and mortar. The value

of the J-integral at the start of micro-cracking was
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found to be essentially the same for concrete and
wortar, and about 40% of the value of the J-integral
at the stmrt of wain crack growth. The value of the
J-integral at the start of micro-cracking and at the
start of wain crack growth was found, on average, to

increase for an incresse in beam depth.

Surface displacements across the fracturing sectien
showed the tension zone at the start of main crack
growth to be approximately twice the size of the com-
pression zone for both concrete and mortar. The: size
of the ricro-cracked zone, as determined from surface
gisplacements across the fracturing section, was found
to be 42% of the residual ligament depth for concrete,

and 41% of the residual ligament depth for mortar.

Scatter in the results was found to be considerable,
thus meaning that only general trends could be identi-

fied.
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1. INTRODUCTION

1.1 OF AND MATERIALS

Conecrete is used for applications which cover a tremen-
doug range of complexity and sophisticatjon. Methods
tor control of material performance are necessary at
all stages of design aid “onstruction to ensure beha-

viour consisktent with ti.- function and importance of

the testing are used
to give an idea of the bulk performance of the tate-
rial, but as yet no reliable methods for specific pro-
perties such as durability and cracking resistance

have been developed.

The principlas of linear-elastic fracture mechanics
(LEFM) and, more recently, non-linear fracture mecha-
nics (NLFM) have been applied to concretel:2/3, but
only with limited success. Concrete and mortar are
very difficult to model due to their complex heteroge-
neity, and for this reason a considerable amount of
work s still necessary %o ensure the development of
design related parameters in fracture. One of the
most difficult aspects of fracture tests on cemented
naterials is the identification of the various types

of cracking during loading, for example micro-cracking




or main crack growth. Many fracture mechanics parame-
ters rely on accurate determination of crack lengths,
s

and athex relate to jdentification of the

exact instant of crack instiation within a specimen.
This dissertation represents an attempt to identify
the point of main crack initiation during the fracture
process and deals with characterisation of the frac-
ture behaviour of conerete and mortar specimens at

this point.

1.2 DEFINITIONS

The wmaterials examined in this investigation wers con~

crete and mortar. The following definitions apply.

1.2.1 CEMENTITIOUS MATERTALS

A waterial based on Portland cement as binder, general~
ly comprising an intimate mixture of binder water and

mineral aggregates.

1.2.2 COMCRETE

2 cemented material comprising an intimate mixture of
hardened cement paste and fine and coarse aggregates,
where the size of the coarse aggregate particles ex-
ceeds 4,75 mm. fThe waterial may pe regarded as coarse

aggregate particles embedded in . mortar matrix.

i
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A cemented material comprising an intimate mixture of
hardened cement paste and fine aggregate particles of

maximum size 4,75 mm.
1.2.4 LINEAR ELASTIC FRACTURE MECHANICS (LEFM}

This refers to fracture mechanics formulations based
on the assumption that the material is a homogeneous,
perfectly linear elastic, isotropic contimmum.

1.2.5 NON-LINEAR FRACTURE MECHANICS (NLFM)

This refers to fracture mechanics formulations based
on the assumption that the material exhibits
non-linear, pseudo-plastic behaviour. (e.g. a material
such as concrete).

1.2.6 STRESS-FREE CRACK (ALSO CALLED MAIN CRACK)

A physical cleavage in the material extending from a
notch (in the case of notched beams as tested in this
work) or some other stress raiser and which has no
stress transfer between the crack faces.

1.2.7 MICRO-CRACKED ZONE

A zone which includes a zone of aggregate pull-out and

!
i
?
i
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extends immediately ahead of the stress-free (main
crack tip. Tensile stress transfer may ocour in this
zone due to aggregate interlock and remaining matrix

liganents.

1.3 OBJECTIVES OF THE INVESTIGATION

The programme of testing in this work arose mainly
from points brought to notice in the work of
Alexander?. These points, summarised below, include

the following work:

1. A detailed study of the early development of the
micro-cracked zome (mez) with a view to investiga-
ting a fracture parameter at the initiation of

main crack growth.

NOTE:
al 8 relating

to both the linear elastic conditions at the start
of micro-cracking and to main crack growth at the
peak of mcz development. However the conditions
described in 1. above remained unclear and there-
fore prompted further research in this investiga-

tion.

2. A detailed study of the behaviour of the mcz at

the start of main crack growth.




ation of the behaviour of con-

crete as well as a coarse-grained mortar

4. Investigation of the use of ultrasonic pulse

velocity technigues for the detection of cracking.

5. Development of an experimental technique to reduce

specimen support friction.
1.4 ORGANIZATION OF THE DISSERTATION

The dissertation is divided into three parts as fol-

lows: -
PART T  FRACTURE MECHANICS AND CONCRETE ~ A REVIEW

This part forms Chapter 2 and consists of a summary of
the highlights of past experimental work on fracture
mechanics, Basic concepts are discussed and the appli-
cation of these concepts to cemented materials is

dealt with.
PART II EXPERIMENTAL WORK

This part forms chapters 3 and 4. Details of mate-
rials, mixing and casting procedures, test equipment
test procedures, data collection and processing, and
materials control tests are given.  Examples of

various data records are also presented.
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PART IIXI ANALYSIS AND INTERPRETATION OF DATA FROM
FRACTURE TESTS

This part forms chapters 5, 6 and 7. It deals with

zohe and identification of

various types of cracking using displacement profile
measurements and ultrasonic pulse technigues. These
results are used ta characterise the fracturs of con—

crete and mortar beams especially at the point of

from mi ing to main crack growth.
The closing Chapter 7 summarises the results. and

offers suggestions for further research.
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PART 1

FRACTURE MECHANICS AND CONCRETE

A REVIEW




THE FRACTURE MECHANICS APPROACH TO THE FAILURE
OF CEMENTED MATERIALS

2.1 HISTORICAL BACKGROUND TO FRACTURE MECHANICS

Because of their complex structure and hetercgeneity,
cement-br sd waterials pose very real problems for the
researche..  Analysis must start at a microscopic
structural level and extend to the more challenging
area of engineering application.

Fracture mechanics, an approach first developed ear-
lier this century, has been applied as a principle to
cemented materials, but this area of research is still
in its early stages. It does, howevar, hold promise
in helping to explain the mechanisms of fracture and
possibly may eventually provide the engineer with

ugable and reliable design parameters.

2.1.1 GRIFFITH'S CONTRIBUTION

The discrapancy between predicted failure stresses and
actual failure stresses of materials has long been re-

cognised by the scientific world.

In addition to the question of streass at failure or
strength, the mode of fallure of wmany materials is
difficult to predict. There is no definite method of
ustermination of a failure mode based purely on micro-

structural analysis. Materials which are essentially

i
i
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brittle can exhibit ductile failure under certain
conditions, and vice versa. These factors have led to
the search for alternative ways of explaining material

behaviour.

The first significant fracture development research .
came from GriffithS. He used the concept of energy
conservation to relate the stored strain energy of a
loaded elastic brittle material to the surface snergy
of the cracks produred during cracking. He also

reasoned that structural flaws played a major role in )

determining the effective service strengths of various =~ ]
P
materials.
Griffith proposed that for a crack to propagate the N, X
H
release of stored strain energy of an elastic material I

during fracture was just esufficient to overcome the i

surface energy requirement of the new crack surfaces

of the material when it fails. He showed that the

stress o, required to Just separate two layers of

atoms x mm apart was .

op = EY (2.1)
x

where:

E = Young's Modulus.

§ - Surfuce Energy. (or elastic work term)
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Using this eguation, the intrinsic failure strength of
ordinary materials was predicted to be about ten to
one hundred times greater than their actual bulk
strength. Griffith , during his work on the tensile
strength of thin glass fibres, found that the thinner
the fibre he tested, the greater was its strength, The
extrapolated strengths of near zero diameter fibres in
fact very «closely approximated the theoretical

strength predicted by his tensile strength equation.

orowané reported that for certain materials the more
inportant flaws in a material appear on the surface
rather than in the interior. These flaws cause large
stress concentrations which in turn break local bonds
by overstressing, long before the bulk stress of the
materisl reaches critical values. A crack inltistes
in this way and travels in a continuous manner of
stress transfer until failure occurs, at a stress well
below the theoretical value. Hawever, not all mate-
rials fail by the spread of a crack from a local de-
fect and this model is only applicable to homogeneous
materials in the elastic regima. Another method of
fatlure is that of plastic flov whers fallure ooours
by shearing or ductile microveid coalescence. Mate-
rials that ave brittla at normal temperatures reguire
a very high stress to initiate plastic flov and hence
fail in a brittle menner. Conversely, materials that
are ductile at normal temperatures require a rela~
tively lower stress for plastic flow to occur and

therefore usually fail in a ductile manner,
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Orowan accomodates this by extending Griffith's origi-
nal equation 2.1 and including a so called plastic
work term p which is discussed in more detail in sec-

tion 2.1.4.
2.1.2 CONDITIONS FOR FRACTURE

Two conditions must be fulfilled for a crack to propa-
gate in & material. Firstly, it must be gnexgekically
feasible, and secondly there must be a molecular mecha-~
nism by which the energy transformation can occur, '

(i) The Griffith criterion

The Griffith criterion of energstic feasibility, as
has already been mentioned, states that crack propaga-
tion will only occur if the strain energy released
upan erack growth is sufficient to provide the surface

energy that is required for the new crack surfaces.

Therefore the condition for crack growth is:

where U is the elastic strain energy, W the surface
energy required for crack growth, and de the increment

of crack extension.

dv
Referring to FIG 2.1, Griffith calculated — as :
de
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Where E is Youngs modulue and where G is known as the
Melastic strain energy release rate". Nate that the
term “rate" here refers to increment of crack advance

and has nothing to do with time.
The energy consumed in crack propagation is denoted by

an

R ow e

de

and is known as the crack resistance. In an ideally
brittle material R is assumed comstant since the
energy required to profuce a ocrack is the same for
each increment dg, but in most practical situations R
varies non-linearly but wmonotonically with orack

length.

Hence crack growth occurs when a critical elastic
strain enargy release rate is achieved, ie when the
strain energy release during crack growth equals or ex~

ceeds the energy requirement of the fracture surfaces.
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Now W = 4¥c where ¥ is the unit surface energy of

- (2.2)

(Griffith's equation)

Graftiths's assumptions for the derivation of this for-

mula were:-—

Iin

be

The material is perfectly linearly elastic up to

the point of brittle fracture.

The volume of destressed material due to the pre-
sence of the crack is equal to half the volume of

an ellipse of major axis 4c.

The crack resistance R is a linear tunction of
c¢rack depth ¢ and is therefore constant for an

increment de.

more practical terms, Griffith’'s equation 2.2 can

explained as follows:-

The release of strain energy is proportional to

the square of the crack depth, while the surface
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energy increases in direct proportion to the
crack depth.  Therefore the rate of ralease of
strain e.ergy increasss with increasing crack
depth while the rate of demand of surface energy

is constant.

2. A shallow crack consumes more surface energy than
it releases strain energy until a critical depth

Gy 1s reached, called the point of instability,

o
where the propagating crack begins to release
more storsd strain energy than it consumes

stable crack growth occurs for ¢ < oo, and
spontanecus unstable crack growth occurs for ¢ >
<

The above is best jllustrated by FIG. 2.2 which plots
the surface energy requirement and the elastic strain

energy release as functions of c.

2.1.3 THE STRESS AT A CRACK TIP

The Griffith criterion represents a condition that is
necessary for a crack to propagate in an elastic
prittle material but is not always sufficient for this
to oceur.

A material must be able to have molecular bonds at a

crack tip broken before any further cracking will take
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place.  The molecular mechanism for crack propagation

is facilitated by the gtress concentration cancept.

At a crack tip, the ratjo between the maximum local
stress Opay and the bulk stress o is given by Ky,

the stress concentraticn factor:

Ke = 2 ﬂ (2.3)

Where r is the crack tip radius and ¢ is the crack
length for a surface crack and half the crack length
for an internal crack. In a brittle material, r re-
mains approximately constant while ¢ increases as
crack growth takes place. Therefore K steadily increa-
ses and the energy balance becomes more favourable for

crack propagatien. This leads to rapid failure.
2.1.4 THE EFFECTIVE FRACTURE SURFACE ENERGY CONCEPT

The surface energy dasproposed by Griffith and appea-
ring in equation 2.2 has often proved numerically elu-
sive for researchers. Griffith envisaged ¥es being the
pure free surface energy resulting from the creation
of new fracture surfaces. The material is assumed to
be homogeneous and linear elastic right up to fracture
(i.e. perfectly brittle). This is not true since most
materials exhibit some ductility (plastic or pseudo-

plastic deformaticn] before failure.
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The energy balance then actually exists between the

elastic energy release and the total work done in

propagating the crack, as pointed out by Blight?.

This work includes the free surface energy of the

fracture surfaces, as well as the plastic work con-

sumed at the crack tip during propagation, and any

other energy-absorbing mechanisms linked with frac—
ture, MHathematically :-

¥=¥s + ¥y (2.4)
where

.
¥ represents the total work of fracture, and is

called the effective urface enerqgy.

¥ 5 represents the free surface energy-

¥p

required for fracture. In practice usuauyxp >3¥

represents the plastic work plus any other work

particularly for metals. This substantiates the

inadequacy of considering the pure free surface enexgy

only.
2.2 FRACTURE MECHANICS AND CFMENTED MATERIALS
2.2.1 INTRODUCTION

This chapter has dealt so far with the fundamental ap-
proach to fracture mechanics. It is clear that the

models propesed by Griffith are not a sufficiently

good representation af the fracture process for camen-
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ted materials since they greatly simplify the mecha-
nism of cracking and assume the existence of a perfect-

1y homogenecus linear elastic material.

The experimental work covered by this dissertation
does not cover all the aspects of fracture mechanics .
Qeveloped to date. Instead, certain important areas
were selected and applied to the results, These areas
had to do with mainly NON LINEAR FRACTURE MECHANICS i
(NLFM) theory. 24
For the sake of completeness, many of the important <,
paraneters both from LINFAR ELASTIC FRACTURE MECHANICS
(LEFM) and NLFPH are presented in this section in con-
densed form. The area covered is, however, restricted N .

to cemented materials. AN

The fracture resistance of concrete has been the sub- ! N
ject of many past investigations (ref 1, pg 2). There i o -
has been, however, a tendency to borrow fracture mecha- : A

nics technology developed for metals and alloys and
apply it directly to concrete. Paramsters such as the

oritical strain energy velease rate Gg or critical

documented.

single crack.

tes, cracking

aggregate can

whole system.

stress intensity factor K, are often measured and
Their usefulness is suspect, however

since they generally apply to the instability of a

In concrete, fracture of the aggrega-
of mortar and debonding of mortar and
occur before global instability of the

The theory of LEFM utilising G, or
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¥, or even non-linear fracture toughness paramaters
which depend on a single crack are basically inepplica=
ble because of their inability to take into account

the intervening stage of micro-cracking.

The main concern is therefore to understand the behav-
iour of micro-cracked concrete systems and the mecha-
nics of damage accumulation. The most sericus obsta-
cle in this area at present may not necessarily be the
complexities of stress analysis, but rather determi-
ning the influence of local micro-cracking on global

material behaviour.

2.2.2 A REVIEW OF SOME PAST EXPERIMENTAL WORK
2.2.2.1 INTRODUCTION

This section deals with previous experimental

applications of both LEFM and NLFM to cenorete and

other cemented materials,

Areas al%essed include: The determination of the frac-
ture parameter G;  studies of fracture energy;
affects of aggregate types and volumes on fracture
patametars; the study of the fracture parameter K;
the effects of notches on prismatic beams; the
usefulness of the J-integral as a fracture parameter;
and the differentiation between micro-cracking and

main crack growth.
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2.2.2.2 THE EXPERIMENTAL WORK

The girst experimental application of fracture mecha-
nics to concrete was carried out by M.F. Kaplan in
1961%.  He tested three different mixes using beams
©f 76 % 76 X 406 mm and 152 x 152 X 510 mm with vary-
ing notch depths. He found that G was approximately
constant for different natch depths, although G for
the smaller beams was roughly 38% less than for the
larger besws.  Four-point loading gave Gy values
about 15% lower than those for three-point loading.
Gy was, in general, about 12 times as large as that
estimated from the surface energy of concrete, Kaplan
concluded that LEFM provided an appropriate fracturs

criterian for concrete.

Glueklich® carried ocut static and fatigue tests on
1000 z 100 x 50 mm mortar beams in flexure. He found
G to be about 7,5% lower in fatigue than in static
tests and concluded that the strain energy release
rvate was applicable for both types of loading. He

found ¢ to be independent of notch depth.

Moavenzadeh and Kuguel'® applied the Griffith Theory
to several different concretes, mortars and cement
pastes Lested as beams (25 x 25 x 305 mm) in 3- point
bending. A microscople technique was used to estimate
the true fracture area and it was found that the frao-

ture energy obtained was about ten times that calcula-

et
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ted from theory. This suggested a zone of micro-
cracking ahead of the main crack. Rayanagi and
sakaill investigated the crack arrest mechanism
discussed earlier by measuring K and G , using beams
47 x 100 ¥ 388 mm and a 10 mm notch, tested in three-

point bending. They found that both bulk strength and
E increased with increasing aggregate volumes and
reasoned that aggregates wust play a significant role
in crack arrest during fracture. Also, G and K

showed an i with volume

except for lightweight aggregates where Gy and Kg

for ing volume.

srown’? nmeasured the K (fracture toughness) of
hardened cement paste and mortar using a compliance
technique to determine orack growth, He found that
for the paste, K  was independent of crack growth
while for mortar K increased with increasing crack
growth.  For both the paste and the mortar, crack
growth initiated at a lower X value than was required
to sustaln it.

Blightl® made use of fracture snergy in his approach
to design of cemented materials using the effective
fracture surface energy . His work was based on two

prinsiples:-

- Thers is a sinple equivalence between work done

on the structure or member in applying the ulti-
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mate load and the equivalent energy of the resul-

ting fracture surface.

In the absence of geometrical stress-raisers, the
strength of the material will be governed by the
presence of inherent starter flaws in the mate-

rial.

Blight!? reasaned that direct application of the
Griffith energy equation 2.2 yielded a critical natu-
ral flav size of about 10 mm for concrete and pavement
materials such as cement treated bases. He based this
on laboratory values for §'. This flaw size compares
well with those found in cemented materials laid under
normal working conditiens.  Blight then applied his
theory to a number of practical problems assoclated
with the cracking of roads with cement treated bases.
He was able to predict typical crack spacings and
flexural failure loads of unreinforced slabs subjected

to line loads or heavy moving wheel loads.

Cooper and Figgl? conducted siow bend tests on
hardened cement paste beams with sawn triangular
notches. The work of fracture and surface energy were
estimated from %the area under the load deflection
curves., From the Griffith equation, the critical flaw
size was then calculated to be about 7 mm for dry
specimens and 6 uwm for wet specimens. This compares

well with Blight's work as described above.
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In an effort to deternine the applicability of LEFM to
concrete, Walsh!® tested beams ranging from 76 to
380 mm deep and 255 to 1270 mm long. She calculated
K for each case and concluded that the minimum beam
depth for LEFM to be valid is 228 mm. Smaller mem-
bers, she found, may be notch insensitive and failure
loads can be related to the modulus of rupture of the
fracture section.  This phenomenon was explained by
reasoning that specimens must be large enough so that
the zone of disturbance near a crack tip is small com-

pared to the specimen dimensions.

Mindess and Nadeau® carried out tests on mortar and
concrete to determine whether X depends on the length
of the crack front.  Notched beams with a constant
length of 203,2 mm and depth of 50,8 mm but wikth the
width (crack front length} varying from 45 to 254 mm
were cast and tested in 3-point bending. No dependen-
ce of fracture toughness on crack front length was

found thus implying a plane strain condition.

In a similar study, Morita and Katol? attempted to
determine the ralationship betveen the fracture

and of using an

acoustic emission technigue. 100 X 100 x 420 wm beams
with varying notch widths and notch depths were tested
in 3-point bending. It was found that K  was
independent of notch width and notch depth, and that
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concrete is notch-insensitive for notch/depth ratios

less than about 0,04.

The concept of N. -lnear Fracture Mechanics was used
by Halvorsenl® to measure the toughness of, amongst
‘ther things, different hardened cement paste and con~
crete mixes. He used tbe J-integral for this purpose
and found that it dependent on specimen dimen~
sions, especially depth. Following further analysis
it wvas concluded that the J-integral might be useful

naterials.

in isi in

Use ©f the J-integral was also investigated by
Rokugo*®, He used notched beams of mortar, concrete
and fibre reinforced concrete, tested in bending. Dif-
ferent methods of evaluating the J-integral were
examined.  Various beam sizes, aggregate sizes and
notch depths were studied. Rokugo concluded “hat the
J-integral is a sultable criterion for fracture mecha-

nics in cemented materials.

To further reinforce the concept of the J-integral in
fracture mechanics, Carrato?? studied notched mor-
tar, concrete and fibre-reinforced concrete beams in
bending.  He found J, to be independent of naotch
type, notch tip sharpness, or notch thickness. Notch
depth became important only when the maximum aggregate

size that of the ligament. Also

within the limited xange of sizes tested, J, was
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independent of specimen size and did not vary between
3-point and 4-point loading. Carrato concluded that
the J-integral is very useful as a fracture criterion

for both plain and fibre-reinforced concrete.

Kim et al?’ carried out studies on mortar beams of

varying size and notch/depth ratics. Their resuits

were in conflict with many cbtained so far and my e

listed as follows:

- For all beam sir . the nominal flewrsi
strengths of notched heaw: ..re ahout 75% of
those of the unnotched beams.

-~ K showed a high scatver but seemes to b indepen-
dent of notch/depth ratio.

- fThe initial X value was highar for deeper beams.

-~ After slow crack growth auring loading was estima-
ted using compliance techniwiss, the recalculated
K values showed a laryer scatter than the X

values based on the i

ial arack depth.

The authors therefore concluded that:

- The compliance method for estimating siow crack

grawth ls not accurate.

-  Notch effects can be measured, even in shallow
beams.

- The existence of s wrne K for concrete is uncer-
tain.
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The fracture toughness parameter ¢ and its methods of
determination for concrete specimens have been well re-

searched by DPeterssen??. His conclusions are as fol=

lows:

-~  The determination of G indirectly from 3-point
bending tests is too dependent on specimen size
to be of practical use.

- A stable 3-point bending test can be used to
directly calculate G based on the area under the
losd vs deflection curve.

~  LEFM cannot be used unless the beam length is at

least ten times greater than its depth. This
ensures that the effect of the micro-cracked zone

ahead of the mai . crack tip is minor.

In fe-ther studies, Petersson®’ used the fictitious
crack model to analyse the results of a series of G
tests on concrete. The experiments were conducted on
50 x 50 x 600 mm specimens in 3-point bending, with a

25 mm sawn central netch., He concluded that;

~ @ is strongly dependent on aggregate quality
with higher ¢ values for stronger aggregates.
G also increases with age and with decreasing
water/cement ratic.

~  For normal concrete G varies between 60 and 100
N/m.

~ G 1is not affected by maximun aggregate size.
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certain.

to determine the effects of

volume fraction of aggregates.

Nallathambi et al?% tested beams in 3-point bending

~ 6  increases to some extent with increasing

- Wide scatter in the data can make conclusions un-

specimen size and mix

parameters on G . It was found, amongst other things,

things, that:-

- The 100 mm duep beams

with increasing depth.

- Support roller friction

the results.

X ol

were loaded at nidspan and simply supported with a

span/depth ratio of four. It was found, amongst other

were notch-insensitive.

could

|
|

that;

- 6 decreased with increasing notch/depth ratid. }' .

- G i with i size, 1 ~

-~ G increased slightly with increasing specimen -

depth. i -

- & decraased with increasing specimen span. RN A
oL

Ale.ander® tested notched concrete beams of width '

200 mm and with depths ranging from 100 mm to 800 mm. i . RO

Notch depth ratics ranged from 0,2 to 0,5. The beams : ¥y .

¥or the larger beams, notch-sensitivity increased

adversely affect
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- compliance relationships, based on LEFM theory
were not entirely valid for concrete beams. There-
fore slow crack growth cannot be ignored in frac-
ture calculations,

- p: H 1y from ideal elas-

tic~brittle bebaviour during fracture. The ten-
sion zome size was roughly twice the compressier.

zone size.

- The wmicro-cracked zone reached a maximum size
after which main crack growth began and the rela-

tive micro-cracked zone size remained constant.

Alexander® highlighted reguired areas of future work

with some of the most importent being:~

- further studies of the micro~cracked zone using

notched fracture beam:

in particular, confir-
mation of existing relationships for (a) the size
of the zone in beams of different depth, (b) zone
stresses relative to zone sizes, and (o)
variation of zone sizes and zonme stresses during

crack growth.

other have also techniques and
for isin in
materials.  Mention should be made of Bazant?5, and
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Hillerborg and colleagues’®.  Also the work of Shah
and colleagues?’ should be noted.
To close this section, the following eonclusion, drawn

by Mindess®®, is presented.

After reviewing the applications of fracture mechanics
ta concrete with particular attention to the guesticns
of noteh sensitivity, the applicability of LEFM and
the specimen size required for valid tests, Mindess

says:-

- fhere is still no agreement on how best to charac-
terise the fracture of concrete.
- There is probably almost no truly valid fracture

data on concrete in the literature reviewed.

2.2.3 FRACTURE MODELS

2.2.3,1 INTRODUCTION

In the simplest case, concrete and motar may be model-
led as composite materials consisting of two phases,
hardened cement paste and aggregates. This, however,
fails to deseribe the fracture behaviour of concrete.
Both the aggregate and the paste exhibit brittle fai-
lure characteristics while the stress-strain curve of

concrete dsviates from linearity even at low levels,
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and has & descending slope after maximum load,??

(FIG 2.3).

on a microscopic scale it has been observed that the
deviation of the stress-strain diagram from linearity
is linked to the growth of pre-existing bond
cracks?®, At higher loads continuous cracks - i.e.
cracks combining bond cracks and mortar cracks - are

1 armed,

crack propagation in concrete can be linked to the he-
terogeneity of the material on different levels. It
has been postulated that cracks may follow very com-
plex paths?® and furthermore numerous cracks are
formed in the vicinity of an initial crack, rather
than one single crack. In addition, propagating
cracks may be arrested by aggregate particles resul-
ting in multiple branching.  Thus, the true crack
surface in concrete is considerably larger than the

apparent nominal riack surfaceIl.

The fracture ecnergy term deccribed earlier (section
2.1.4) must apply o the composite material rather
than %o aiscrete phases. The aggregates in cancrete
modify the stress field and impose an arresting action
on the oracks, causing the fracture resistance of coa-
crete to be greater than that of an equivalent paste
The crack-arresting function of the aggregates and

nmechanisms of micro-cracking give concrete a non-
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and has a descending slope after maximun load,2?

(FIG 2.3},

on a nicroscopic scale it has been cbserved that the
deviation of the stress-strain diagram from linearity
is linked to the gxowth of pre-existing hond
cracks??, At higher 1sads continuous cracks - i.e.
cracks combining bond cracks and mortar cracks ~ are

formed.

crock propagation in concrete can be linked tc t
terogensity of the material on different levels.
has been postulated that cracks may follow Very com
plex paths®® and furtbermore numerous cracks are
formed in the vizdLity of an initial crack, rather
than one single orack.  In addition, propagating
cracks may be arrested by aggregate particles resul-
ting in multiple branching.  Thus, the true crack
surface in concrete is considerably larger than the

apparert nominal crack surface3l.

The fracture energy term dJdescribed earlier (section
2.1.4) must apply to the compog.te material rather
than to discrete phases. The aggregates in concrete
modify the stress field and impese an arresting action
on the cracks, causing the fracture resistance of con-
crete to be greater than that of an equivalent paste.

The ng tion of the and

mechanisms of micro-cracking give oconcrete a non-
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linear or pseudo-plastic nature, since these phenomena

increase the energy demand for crack propagation2.

This phenomenon of apparent mon-linear plasticity in

is best {11 by to Gluck-

lich's model for the fracture of a non-homogeneous ma-
terial?®. It should be mentioned that there are many
fracture models in existence, For example: The Micro-
plane Mode1®® describes tensile strain softening due
to micro-cracking, the Damage Model (ref 1, pg 50) de-
sribes a decrease in elastic modulus and load relaxa-
tion at the orack tip, and the Cohesive Force Model
(xef 1, pg 220) describes a cohesive force distribu-
tien behind the orack tip. However, to describe all
these approaches in detail would be beyond the scope
of this gissertation.  For this reason, one model,
namely that due to Glucklich®?, was chosen since it

heips with the ng of the Griffith

concept (described earlier in  this chapter) as ap-

plied to non-homogenecus materials.

2.2.3.2 THE GLUCKLICH MODEL

Firstly, it is necessary to point cut the Limitations
of Griffii " ideal case. His equation 2.2 can be
interpreted as a term for surface energy demand rate,
4% and a term for strain energy release rate, 2wo*c/E
with these rates being expressed in terms of crack

length ¢.  This means that the energy demand is con-
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stant at 4% shile the energy release increases linear~
ly with crack length for a certain stress. €0, a mate-
rial with a certain crack length ¢, under increasing
stress would remain stable until a criticel stress was
reached, when it would become possible for crack
growth to occur and even to continue for subsequent de-
creasing strass. Since this case is ideal, it is pro-
bably never attained in a real situation and hence of

a more complex model was proposed by Glucklich33,

Glucklich's model applies Griffith's case to complex
materials such as concrete and mortar and takes into
account the question of effective surface energy as ex-
plained earlier in this chapter. FIG 2.4 mhows a
probable energy balance for crack propagation in a com-
plex material. As the crack grows, so does the micro-
cracked zone ahead of it. Therefore the energy re-
quirement curve is no longer a straight line but an
inw. sasing function of crack depth @. This curve
becomes linesr at point A when the micro-cracked zone

has reached its waximum size for a particular case.

Consider an initial flaw or crack of depth o, in a
material under a qlobal tensile strass Gy, & grow-
ing crack is stopped at point c©,, because of an
increase in energy demand. The stress must then rize
to 0y, befere the crack continues £0 grov to ¢,

where it im onge again stopped due to energy demand.

This progess coniinues until point A is reached which
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represents the critical energy level - a point of in-
stability. At this stage both energy release and ener-
gy requirement are critical and unstable crack propaga-
tion follows. The dotted line drawn between the steps
in FIG 2.4 represents the actual energy path followed.
FIG 2.5 shows FIG 2.4 in terms of energy rates. The P
energy demand rate is shown by the bold biack line and
rapialy increases until point A is reached. It then
remains at a constant maximum. At point A, spontanecus
crack propagation is possible and can continue evan

for decreasing stress. This clearly explains the ten-

sile fallure of a concrete specimen under increasing

load,

The Glucklich®® madel can be applied very well te a
i

multiphase waterial such as concrete. Concrete con- I

sists of two or more distinct material phases with
each phase having 1its own energy-reguirement curve

This 4is shown in FIG 2.6 as curves of differing slope,

with the toughest phase having the steepest slope. A
crack of say depth c, would progress until depth
@. At this stage, upen entering a tougher phase

the crack would stop and the overall stress would have

to rise so as to ovarcome the energy demand of tha
tough phase. The tough phase therefore increases the

overall toughness of the material. The crack arrest-

ing mechanism need not nesessarily be a discrete :

phase, but can aiso be an interface such as the aggre- . .

g P in
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APPLICATIONE OF LINEAR ELASTIC FRACTURE MECHA~

NICS

behaviour of concrete and cement paste under load

a number of characteristics which suggest that a

fracture mechanics approach can be used to explain

these materials5:

when idered locally generally occurs

in a brittle fashion.

The strengths of both concrete and mortar are de-
pendent on loading rate; also, these materials

are subject to static fatigue.

The ratio of tensile to compressive strength in
these materials is about 1:10 which is very close

to the Griffith prediction of 1:8.

Aggregate-matrix interfaces produce stress concen-
trations which could easily be of such a magni-
tude as to exceed the local theoretical strength

in these regions.

Most  investigations of noteh-seneitivity show
that these materials are notch-sensitive, particu-
larly hardened cement paste. Ziegeldorf st al?®
showed that notch sensitivity is a necessary,
though not sufficient, condition for the appli-

cation of LEFM to cementitious materials.
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Application of LEFM theory to any material is based on
the assumption that the material is homogeneous and
elastic on a global scale, and that the elastic modu-
lus E and Poisson's ratio) are constant throughout
the material. Concrete is, of course, both heteroga-
neous and discontinuous and therefore average values

for the various properties are assumed.

It is apparant from the above that the application of

fracture l:ani, principl to materials

yields results which have a considerably lower confi-
dence level than the results obtained from the applica-

tion of ‘hani inci to metals and

alloys. In view of the heterogeneity of cemented
materials (when compared with metals) it is clear that
considerable further research is required before valid
fracture tests and parameters can be found, which will
be useful for predicting structural performance at an

engineering level.

2.2.4.1 LINEAR ELASTIC FRACTURE MECHANICS PARAMETERS

The two fracture parameters based on LEFM assumptions
are the critical strain energy release rate G, and
the critical stress intemsity factor K,. For simple
cases, G, and K, can be calculated analytically
while in complex instances finite element methods or

other numerical techniques are reguired.
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(1) MEASUREMENT OF THE CRITICAL STRAIN ENERGY
RELEASE RATE

The strain energy release rate G is given by

G = amcat /B (2.5) (see section 2.1.1, FIG 2.1

G depends on the material, the specimen geometry and
the state of growth of the orack. 1t can ba measured
in a laboratory with notched test specimens. Only the
applied force and the crack length need to be measured
to compute G. The appiied load at the point of insta-
bility can easily be obtained from an autographic
load~displacement trace but the crack length is far
more difficult to measure. This is because the criti-
cal crack length c must include the length of induced
slow crack growth in addition to the original notch
depth.  This induced length can be found by using
methods such as the compliance method??, an ink

staining technique or high epeed photography.

It must be realised that the crack length at the exact
point of Instability (i.e. onset of unstable crack
growth) need only be known if the value of G, the

eritical energy release rate, is required.

(il)  MEASUREMENT OF THE STRRSS-INTENSITY FACTOR

Tae phenomena of surface energy and plastic work accom-

panying fracture are not yet fully understood (ref 66,
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Pg 425-429),  For this reason, the strain energy ap-
proach described in the preceding section has aistinct
limitations. The stress-intensity approach, invelving
the parameters K or K, 1is therefore now generally
preferred to the energy approach., The K, parameter
is often a more useful representation of a material

for engineering applications, while G is more use-
ful when fracture mechanics is applied to material

developnent.

Kgr

the value of K at the point of instability of
crack growth in a material may he regarded as a mea-
sure of a material's fracture toughness or resistance
to brittle fracture. The higher the value of K, the
larger the crack that can be tolerated, and when a

critical value K, is reached, the crack will extend.
X can be written as:
x =ocoy mc (2.6)

Where o = geometric correction factor

o « applied stress
¢ = crack length.

The largest source of error in K (and Gg) measure-
ments is the uncertainty about the exact crack length
at the point of instability for cementitious mate-

rials.  Many techniques have been used to measure the
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crack length, with ultrasonics showing good results
more recenti; both for detecting the onset of wain
crack growth, and for continue@ wenitering of further

crack growth (ref 66, pg 425-429),

The test methods to determine K include among others
3-point and 4-point bending of notched rectangular
beams, plate specimens with a centre crack, double
cantilever baaws, compac*  tension specimens and

double-edge-cracked tests.

From the reported test data (ref 66, py 425-429) it
seems that the two major factors affecting fracture
toughness appear to be the matrix strength and the
type and volume concentration of aggregate particles
acting as crack arrestors.  Addition of suitable
sggregate can therefore increase fracture toughness
although volume fraction, rather than grading, seems
to be more important. BAlso, higher velumes of aggre=
gate can bring about a progressive increase in tough-

ness with crack growth see FIS 2.7,

2.2,5 NON-LINEAR FRACTURE MECHANICS PARAMETERS

In cemented materials, considerable apparent plastici-

ty and large amounts of inelastic deformation prior to

final failure oftan invalidate the application of LEFM

theor:

In these materlals it is likely that both

crack opening and crack extension occur at approximate-
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1y the same time. For this reason non-linear approach-
es have been developed. The main advantage of these

non-iinear methods is that they recognise ensrgy dissi-

pation other than the formation of
and in that respect, they are superior to LEFM methods

(ref 66, pg 414},

The most common techniques of non-linear frauture
mechanics which heve been applied to cemented mate-

rials are;

i) tne critical crack opening displacement methed
(cop)38.39,40

ii) the J-integral approachi?, 4l

11i) the R-curve analysis®2/43,44

iv) the fictitious crack model5, 46,47,

In this section, the ¢€OD, the J-integral and the

R-curve approach will be dealt with.

2,2.5.1 CRACK OPENING DISPLACEMENT (COD)

The COD can be used to characterise fracture behaviour
in the vicinity of a sharp notch by considering the
opening of the notch faces. This can be shown to be

analogous to G, and thus coD values can be related

lre
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to Koo The COD can even be measured when there is
micro-cracking (or plastic flow in the case of ductile
materials) ahead of the crack. It has been found, in
general, that COD values depend to some extent on

specimen geometry.

2.2.5.2 THE PRINCIPLE OF THE J~INTEGRAL

once it was realised that crack tip plasticity in
cemented materials 1is large enough to influence the
energy release rate associated with LEFM, the need for

a more meaningful was recognised

For this reason the J-inteqral, first proposed by
Rice'8, has been applied to cemented waterisls by
several researchers in an effort * mvent the
problem of uncertainty in the cra. ‘.ress field.

In its basie cal form the jon for the

J-integral is given together with a diagram in FIG
2.8. J is really a generaiised relation for the
energy release due to crack propagation, which may
also be :11d 1f there is appreciable crack &ip
plasticity It is, in its fundamental form, a path
independent 1line integral of energy density along a
closed path around a crack.

From®® a physical viewpoint J may (.« interpreted as
the enargy per unit area of crack civanse (including

non-linear behavior), or

B
§
|
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whers €= Path of integration, taken

counterclackwlse around the crack tipi

W= Strain energy density;

T= Traction vector defined by the outward
normal vector fi on the path £;

U= Displacement vector; and

s= Arc length arong the path t,
ds? = dx? + dy?.

FIG 2.8 Fundamental expression of the J-Integral

{txon ref 4)
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B do

where B = Crack Width

@
[

= work done

¢ = crack Length

considerable work on developing the J-integral as an Y
analytical tool for elastic-plastic crack-tip field
analysis has been carried out by Begley and Landes®®

using a compliance technique. However, both this
151

method and another ome developed by Bucci et a:
require several different specimens which must then be ;

conpared.

|
obviously, a method for measuring J from a single spe- 5 -

cimen design (i.e. same initlal orack size) would be

mich more desirable.  One such method, developed by
Rice et al®?, appears to offer the simplest single

specinen design technigue for measuring J and was

further developed by Landes and Regley®3,

In this technique, bend-type specimens or compact ten-
sion specimens with a desp crack are loaded and J is
determined as a function of displacement from the

expression:=

I3 m (2.8)
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A = Area under the load-displacement curve up

to the point of maximum load

W = Specimen width

h = uncracked ligament depth

(for a beam, d-c)

Note that the constant 2.0 applies to the ‘bend
specimen, and is different for other specimen

types.

In measuring A, the area under the curve, the area due
to elastic unloading is included using a vertical line

as shown in FIG 2.9.

It should be noted that path-independence of the
J-integral has been shown thus far only by using the
deformation theory of plasticity®® which does not al-
lov for unloading. Therefore the J-integral fracture
criterion is only valid up to the peak load; for con-
crete the point of peak load may not necessarily be
the point of crack initiation. There is not yet a
methodology to use the J-integral for stable crack

growth55,
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As a final point, J, is exactly equal to G for
linear-elastic materials, and it is only for
non-linear materials that the preceding methodology

need be adopted.

2.2.5.3 R-CURVE ANALYSIS (CRACK GROWTH RESISTANCE
CURVES)

The R-curve concept®8:57 was developed to incorpo-
rate slow crick growth as an essential part of plane
stress behaviour.  oOriginally, it was appliad to
metals but has recently been extended for use in

material ise the resis-

tance to fracture of materials during incremental slow
stable crack extension. They provide a record of the
toughness development as a crack is driven stably

under increasing crack-driving forces.

An R-curve is a plot of crack growth resistance in a
material as a function of actual or effective crack
extension.  Thus, the R-curve describes the variation

in the crack growth resistance with crack length c.

During slow stable crack growth the emergy release

rate equals the energy consumption rate. Therefore:

G = R (R = energy consumption rate}  (2.9)

As can be seen in FIG 2.10 the instantaneous values of
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G during crack growth will indicate how R depends on
crack size. R in fact increases during slow crack
growth, as can be seen in FIG 2.10. Alsc shown in F16
2.10 are 1lines indicating how G depends on crack size

and applied stress.

puring slow crack growth both G and R follow the line
ABC (since G = R as stated above). After p orack ex-
tension IM the crack has reached a length c . This is
the point of fracture instability because from this
point on G follows the line ¢D and remsins larger than
R. The fracture condition here is the point of tangen-

cy-

a6 drR
— = — (2.10)

de de

The method of R curve analysis invelves the continuous
measurement of load and slow stable crack growth. The
load values are converted to X values for the particu-
lar loading anQ structural configuration. These K
values can also be thought of as crack growth resis-
tance values or R values. The resulting plot of K (or

R) versus crack growth at the K values is the R-curve.

The concept of an R-curve as shown in FIG 2.10 is very
similar to the Glucklich model’? dealt with in PIG's

2.4 and 2.5. The Glucklich model considers the increas-
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FIG 2.10 The energy concept in plane stress
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ing resistance to crack growth which occurs in a mul-
ti-phase material. The R-curve concept of increasing

crack growth resistance f£its in well with this model.

2.2.6 SUMMARY OF THE FRACTURE MECHANICS APPROACH TO
GEMENTED MATERIALS

Fracture mechanics assumes the existence of a single
flaw or crack that can, under increasing load, lead to
complete fracture and failure of the material concern-
ed.  LEFM assumes that this crack propagates within a
homogeneous continuum which behaves in a brittle man-

ner with very little plastic deformation.

In cemented materials, especially “coarse grained" ma-
terials such as mortar and concrete, the constituents
of the composite material are usually not small in
comgarison with the dimensions of a beam, a sisb, or a
column. Also, even in tension, concrate does mot fail
in a brittle manner.  Concrete is a complex, hets-
rogeneous material that contains inherent flaws and
cracks and has the added complication of aggregate

matrix i when it deve-

lops a fracture zone (as compared with a single crack]
in which micro-cracking occurs, and therefore LEFY can
only be considered to be a rough approximation of the
real material behaviour. NLFM has been developed to

attenpt to include material heterogeneity but still
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assumes the existence of a single crack instead of a

zone of cracking.

At this stage, fracture mechanics is far from provi-
ding a complete approach to the fracture of cemented
materials.  What is even moré lacking is the direct
applicability of fracture mechanics principles to de-

sign in cemented materials.
2.2.7 CORCLUDING REMARKS

The comment by Mindess at the end of section 2.2.2.2
illustrates the need for further work in the field of

cemented materials.

Few researchers have attempted to explain or characte-

rise the of mi ing in nate~
rials, the work of Alexander?! being an attempt in

this regard.

an ing of the ism of is essen-
tial for the development of move representative models
in fracture mechanics and the key to understanding
this mechanism lies in the identification of the
various stages of cracking in heterogeneous materials
such as concrete. Alexander's work brought to notice
the role of micro-cracking in concrete, and this dis-
sertation attempts to further the understanding of

this process by attending to those aspects which posed




unanswered questicns

or required further investiga-
tion.  From Alexander's work it was clear that there
was considerable scope for further investigation of
the process of micro-cracking as well as the necessity
for reducing support roller friction, which he found
could adversely affect the results of a fracture
test, With the abeve in mind, the objectives of this

Qissertaticn wers defined asi-

- a detalled study of the early development of the
micro-cracked zone with a view to investigating a
fracture parameter at the start of wain crack

growth.

- a detailed study of the behaviour of the micro-

cracked zone at this peint.

- ation of the behaviour of

concrete and mortar at the start of main crack

grovth.

- development of an 1 technigue to

reduce support friction.
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EXPERIMENTAL WORK

3.1 INTRODUCTION AND OBJECTIVES

The work of Alexander?, together with the background
co conCrete and mortar fracture testing given in the
literature survey presented in the previous section,
has drawn attention to those aspects of fracture that
require further investigation. These include fracture
processes in rotched concrete and mortar beams, inclu-
ding the presence, extent, and influence Of micro-

cracking as outlined at the end of the previcus sec-

tion.

The effects of specimen depth and notch depth and

zone have also

their 1 on  the
shown & need for further research. A series of tasts
was therafore carried out to investigate the above
points.  Thess tests were spread over a period of 7
months and were performed on notched concrete and
mortar beams of various sections and depths. Test

and 4 on was designed and built

to allow continuous, accurate monitoring of fracture
processes.  This chapter describes details of speci-
mens, mixes and materials, test aquipment and testing
procedures. It also deals with results of materials
control tests and certain aspects of the fracture test

results.
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The work carried out by Alexander? examined the pro-
plems of plane strain fracture teating of cemented

¢4 were left and

materials. Sevew
it was these qu.~cions that prompted specific objec-
tives to be defined for the present fracture testing
programme. These »dbjectives (which are outlined in

more detail at the end of the previous section) were:

1. To investigate the processes of fracture by the
study and analysis of load-deflection curves and
continuous measurement of displacewent profiles
across a fracturing section obtained during frac-
ture tests.  Ultrasonic pulse velocity measure-

ments were also used,

2. To make a detailed study of the early development
of the micro-cracked zone with a view to determi-
ning a fracture parameter at the initiation of
main crack growth, and also with the aim of study-

ing the stresses associated with this process.

3. To develop an experimental technique to overcome

the problem of support friction.
3.2 DETAILS OF SPECIMENS
A total of thirty oconcrete and mortar beams with

depths of either 200mm or 300mm, and notch depths of

40mm, 60mm, 80mm or 120mm were cast and tested to

TR e




59~

detecmine their fracture characteristics.

Two series of fraciure fests (one on concrete and one
on mortar) were carried out. Series 'A' consisted of
18 prismatic, notched constant section concrete beams
with support spans of 600mm or 900mm, and depths of
200mm or 300mm respectively. The span / depth ratio
was constant at three. These beams had notch / depth
ratios ranging from 0,2 to 0,4. Series 'Bf consisted
of 12 prismat! °. notched constant section mortar beams
with dimensions identical to those in series 'A!, aif-
fering only in that they were made from a coarse-grain-

ed mortar and not concrete.

The notches ware all centrally located at midspan, and
cut using a 3mm diamond-tipped sawblade, One face of
each beam had a smooth finish so as to facilitate the
glueing of clamps to hold five surface displacement
measuring transducers set at a 100mm gauge length. A
summary of the various specimens is given in table

3.1,

FIG 3.1 deplcts a typical fracture beam while FIG's
3.2 and 3.3 show photographs of fracture beams at

various stages of preparation and testing.




—60~

TABLE 3.1 SUMMARY OF FRACTURE BEAMS,

SERIES A AND B

I

OVERALL | INITIAL INITIAL

NUMBER|SPECIMEN | NOMINAL [NOTCH,/ |LOADING] LIGA-

SERIES| OF | NUMBER |BEAM DIMEN-|DEPTH |SPAN MENT

BEAMS SIONS (mm) [RATIO | (mm) DEPTH

bxaxL |cyd s ng

2 7 |1as2a;32;]100x200%650| 0,2 600 160
7A113A;
142158

|

a 7 |4Arsa;sa:|100x200%650| 0,4 600 120
8hi16A;
1727184

A 2 |sA;10A  [100x300x950{ 0,2 200 240

a 2 |13as12a [100x300x950] 0,4 200 180

‘B 4 11B52B;3B;|100%200%650) 0,4 500 120

48
B 4 5B;6B;7B7|100%200x650 0,2 600 160
B

B 4 |SBi10B; [100X300X950| 0,4 200 180

11B;128

TOTAL 30
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FIG 3.2 View of a fracture beam resting on lts sup-
port rollers. Hote the centrally cut notch ) -
and the surface and ultrasonic instrumenta-

tion (described alsewhere in the text).

FIG 3.3 View of a cracked fracture beam after test-

ing.
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1. Certain beams had small variations in the dimen-
sions b, d and ¢ . These were accounted for in
the calculations but, for simplicity sake, are not

shown in table 3.1.

2. Specimens 13A and 14A suffered equipment malfunc-
tion during testing, so that data collected was of

no value.

3.3 CONCRETE AND MORTAR MIXES

The concrete mix xatics were by mass:
1:0,55:2,19:2,86 (cement: water: sand: stone).
The slump for this mix varied between 30 and 40mm, and

bleed was minimal.

The martar mix ratios were by mass:
1:0,65:3,69 (cement: water: sand).

The visible blsed for this mix was minimal.

Tha mix proportions used are shown in Tables 3.2 and
3.3, pDetalls of the mixing, curing, casting and the

materials used are given in Appendix A.

A single batch of cement and aggregates was used

throughout the testing.
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TABLE 3.2 CONCRETE MIX PROPORTIONS

MATERIALS

MIX PROPORTIONS IN kg/u’

(Dry materials)

CEMENT: Ordinary Portland

SINGLE SIZED
~ REEF QUARTZITE

SAND : REEF QUARTZITE
CRUSHER SAND

WATER : TAP WATER

STONE : CRUSHED 19mm NOMINAL

1045

TABLE 3.3  MORTHR MIX PROPORTIONS

MATERIALS MIX BROPORTIONS IN kg/n’
(bry materials)
CEMENT : Ordinary Portland 448
SAND : REEF QUARTZITE 1652
CRUSHER SAND
WATER : TAP WATER 245
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3.4 MATERINLS CONTROL TESTS

For all the beams, control cubes (101,6mm) for com-
pressive strength were cast.  In addition, contral
prisms (100x100x200mm) for compressive elastic modulus
ware cast at regular intexrvals. A total of 54 control
specimens were cast and tested to provide the material

properties of the mortar and concrete used.
3.4.1 CUBE COMPRESSION TESTS

These tests were carried out using 101,6émm cubes and
procedures were in accordance with SABS standard

Method 86358,

Three cubes were cast for each mixing batch and tested
on the same day as the beam tests. The cubes were
cured with the beams, and all tests were done using

the Ansler compression testing machine (see later)
3.4.2 PRISM TESTS FOR ELASTIC MODULUS

A total of 12 prism tests were carried out. The
prisms wers cast at the sawe time s the beams in
100X100%x200mm  moulds and tested at the same age as the
fracture beams.  Longitudinal strains were measured
over a 100mm gauge length with a dial gauge compresso-
meter, shown in FIG 3.4, and the method of the test

was in accordance with the principles of BS 18ail:




g

part 5: 197059, All the tests were undertaken

using the Amsler compression testing machine.
3.4.3 RESULTS OF MATERIALS CONTROL TESTS

Tables 3.4 to 3.7 show the results for the materials

control tests describsd above.

The cube tests that show slightly low values are those
frv beams 9B, 11B and 128, the reason for which is
« .lear.  The difference in strength may have had an
effect on the fracture tests, but the scatter present
in the results made it impossible to determine whether

this vas in fact so.

The elastic modulus of the concrete beams is higher
than that of the mortar beams. However, there is good
consistency for esch batch tested for the concrete and
the mertar beams. Since the elastic modulus does not
form a part of the fracture analysis for this thesis,
the purpose of these tests was to ensure consistency
within the specimens. The difference in modulus be-
tween the concrete and the mortar beams may have had
an effect on the fracture tests, but the inherent scat-
ter present in the result made it impossible to deter-

mine whether this was in fact sc.
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FIG 3.4 view of the dial gauge compressometer used

for the elastic modulus tests.
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TABLE 3.4 RESULTS FOR CUBE COMPRESSION TESTS ON

CONCRETE
BATCH CUBE STRENGTH AGE AT TESTING
for (MPpa) {Days)
beams:~ | (average of 3 cubes)

1N
22

43,2 s
1N
i
5A
33

26,2 28
7
8
9 37,3 30
108

38,4 30
218
122 37,1 30
158

42,0 33
162
172

39,3 33
183
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TABLE 3.5 RESULTS FOR CUBE COMPRESSION TESTS ON

MORTAR
BATCH CUBE STRENGTH (MPa} AGE AT TESTING
for peams:-| (average of 3 cubes) (aays)
1B
2B 41,1 33
B
48
41,0 36
58
6B
78 18,7 28
8B
9B 29,6 31
108 35,6 31
11B 33,9 31
12B 32,3 31
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TABLE 3.6 RESULIS FOR ELASTIC MODULUS TESTS ON
CONCRETE
BATCH |AVERAGE E |AVERAGE CUBE STRENGTH |AGE AT
for {Gpa) {ura) TESTING
beams:~| (3 prisms) (aays)
98
10 33,5 37,8 0
12
122
1524 27,0 42,0 33
162
TABLE 3.7  RESULTS FOR ELASTIC MODULUS TESTS ON
MORTAR
BATCH |AVERAGE E |AVERAGE CUBE STRENGTH|AGE AT
for (Gra) (Mpa) TESTING
beams:~| (3 prisas) (days)
1B
2B 29,7 41,1 33
28
o8
108 27,0 32,8 31
118
128

v
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3.5 EXPERTHENTAL APPARATUS

The instrumentation used for the tests comprised a
1sad cell %o measure midspan load, one transducer to
measure mid-span deflection and five other transducers
to record continuously the surface displacement across
the fracturing section.  Two recorders were used to
plot the results autographically . Ultrasonic pulse
equipment was alsc used to detect the onset of main

crack growth,

3.5.1 DEFLECTION MEASURING RIG.

The beam deflections at midspan were measured using a
modified version of the deflection rig used for Alexan-
der's? work. The rig was supported on the horizon-
tal top section of the beam on point supports placed
directly above the loading supports of the beam. This
eliminated any deflection due to local crushing at the
lnading supports.  The nid-span deflections of the
beams were measured by an LVDT (linear variable diffe-
rential transformers) held in position by a clamp at-
tached to the end of an arm suspended from the deflec~
tion rig. The beam was loaded through a loading rol-
ler with a centralised steel ball. A load cell was
used to record the lon .  Photr,raphs showing the
arrangement are shown in FIG's 3.5 and 3.6. Further

details of the deflection rig are given in appendix B.




F16 3.5 View of the deflection measuring rig. Note

the supports at either ends and the arm for

positioning the midspan deflection LVDT.

FIG 3.6 View of a fracture beam ready for tosting.
Note the deflection rig in position, and the
midseran LVDT underneath the beam. Note also
the centrally positioned surface displacement
LVDTs and the ultrasonic probes held in posi=

tion with rubber bands.

I
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ELECTRONIC TRANSDUCERS
1OAD CELL

This was used for all the tests and was calibrated
using a Tinius-Olsen compression testing machine and
later checked on the Amsler machine with the use of a
digital nultimeter (the calibrations were consistent).

Further details are given in APPENDIX B.

{ii)  LINEAR VARIABLE  DIFFERENTIAL  TRANSFORMERS

(LVDTs)

A total of 6 LVDTs was used to record results conti-
nuously.

One LVDT was attached to the deflection rig (as ex-
plained in the previcus section) and had its movable
plunger core placed directly on the horizontal lower
face of the baam next to the central notch. The other
five LVDTs were attached to the vertical fracturing
section of the beam and “spanned” the crack with a
100mm gauge length. The top and bottom LVDTs were posi-
tioned s0 as to measure extreme fibre displacements.
The casings of these five LVDT's were held in place by
aluminium clamps which were glued onto the beam sur-
face. The cores rested on aluminium blocks which were
placed at a distance of 100 mm across the fracturing
section. These blocks had adjustable threaded screws

to facilitate zeroing of tie LVDTs.

1
z
1
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calibration of these instruments was carried out seve-
ral times using an aluminium clamp and a micrometer
both attached to a stiff steel plate. A multimeter
was used to record the LVOT outputs in this case, Pho-
tographs showing the LVDT arrangements can be seen in

FIG'S 3.7 and 3,8.

Further details of the LVDTs arve given in APPENDIX B.

3.5.3 RECORDING EQUIPMENT

Two types of autographic leoad and deflection neasuring

squipment were used.

(i) XY RECORDER

The XY vecorder had an effective plotting area of
360mm (X scale) x 240mm (Y scale). This was used to
record autographically the output from the load cell
and the deflection rig LVDT. The load was recorded on
the ¥ axis and the deflection on the X axis. Careful
control was needed to ensure that the post-peak
portion of the curve could be recorded and this was

achieved in most cases.

(i1)  MULTI-CHANNEYL STRIP CHART RECORDER

This recorder was used continuously to plot the out-

puts from the five lateral displacement LVDTs. The




view of the LVDT clamps and blocks prior to

gluing ‘to the beam. Note the casing clamps

on the left and the core support blocks with .
i
their adjustable screws on the right. ;
i
i
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FIG 3.8 View of the LVDT clamps and blocks glued in :
position on a beam. Note the adjustable !
screws for the cores lying next to the 5 N .\
blocks. (Note: Phokograph rotated through 90°), T
T o . \
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load cell output was recorded on a sixth channel to
facilitate correlation between the strip chart records
and the XY ocurves. Sensitivities were adjusted from
cycle to cycle in each test so as to achieve maximum
resolution, and calibrations were checked appropriate-

1.

Further details of the equipment ave given in APPENDIX

B
(1ii) ULTRASONIC PULSE EQUIPMENT

An ultrasonic pulse recorder was used in most of the
tests to help isolate the point of changeover from
micro-cracking to main crack growth. The equipment
comprised a transmitter and a receiver probe, both
linked to a central unit which automatically measured
the pulse transit time between the probes and dis-
played it on a digital meter.

The probes were placed on opposite sides of the beam
snd on opposite sides of the notch, at notch tip le-
vel.  FIG 3.9 shows a detail of the probe positions

The ultrasonic npulse therefore had to travel through
the material abcve the notch. The speed of this pulse
would depend on the state of cracking of the material,
ie pulse vransit time would Incruase if cracking was
present, and continue to do so as the cracking develop~
ed.  'he probes were neld in position by rubber bands

(see FIG 3.6) and a layer of petroleun jelly was
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path of ultrasonic
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FIG 3.9 Detail of ultrasonic transducer proe posi-
tions on a typical fracture beam. Note that

the probes are at noteh tip level.
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placed between the probe and the beam surface to
ensure proper transmission of the ultrasonic pulses.
Further details of the equipment are given in APPENDIX

B.

3.5.4 TESTING MACHINE

An Amsler type 103 manually operated hydraulic compres-
sion testing wmachine was used for all beam tests and
material control tests. It had a maximum load capaci-
ty of 2000 kN. Specimen loads were measured by the
load cell which was clamped to the upper platen of the

machine.

The beam support system was modified for the purposes
of this work. This entailed speciully machined smooth
steel ; ates (made specially to f£it onto the existing
supports) on which two half-round steel rollers were
placed.  Free rumning, hardened steel, cylinder bear-
ing races were placed between the half-rounds and the
plates, thus allowing the beams to move frealy lateral-

1y.

Alexander's? work drew attention te the importance
of bpoth laterally friction-free supports and a stiff
testing machine. It was for this reason that the
modified Amsler system was used, FIG'S 3.10 and 3.1l

show the support system used.

el
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i
FIG 3.10 view of the rollers greased and ready to be ~ .
placed between the half-rouna beam support -
and the machined steel plate.
\\
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FIG 3.11 View of the rollers positioned betyeen the
half-round beam support and the machined . : .

steel plate. . .
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3.6 TEST PROCEDURE

All the tests used a load-cycling technique to induce
crack growth. Ultrasonic pulse times were recorded at
the base and peak of each cycle while all other mea-

were 1y {The ultrasoni

equipnent available was not able to record continuous-

1y}

3.6.1 SPECIMEN PREPARATION PRIOR TO TBSTING

The beans were all damp-cured, under moist hessian and
plastio sheeting, in a high humidity room with the tem—
perature held at about 23° + 2°. See APPENDIX A for
further details. Approximately 2-3 hours before tes-
ting, the smooth side of each beam was thoroughly
cleaned and accurately marked to facilitate glueing on
of the aluminium LVDT clamps. The glue used vas a
rapid hardening prepavation formulated for damp con-—
crete which was ready for use within about 15 minutes

The beams were covered immediately after the glueing

and kept damp until the test.

The specimens were placed on their roller-bearing bed
and positioned using a tape measure, The lateral
LVDTs were fastened in their clamps, and zeroed using
the adiusting screws. The deflection rig was position-
ed and set. A thin layer of petvoleum jelly was ap-

plied to the surfaces where the ultrasonic probes were

:
i
l
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3.6 TEST PROCEDURE

All the tests used a load-cycling technigue to induce
crack growth. Ultrasonic pulse times were recorded at
the base and peak of each cycle vhile all Other mea-

were 1y

(The ultrasenic
equipnent available was not able to record continuous-

1y)

3.6.1 SPECIMEN PREPARATION PRIOR TO TESTING

The beams were all damp-cured, under moist hessian and
plastic sheeting, in a high humidity room with the tem-
perature held at about 23* + 2°. See APPENDIX A for
further details. Approximately 2-3 hours before tes-
ting, the smooth side ©of each beam was thoroughly
cleaned and accurately marked to facilitate glueing on
of the aluminium LVDT clamps. The glue used was a
rapid hardening preparation formulated for damp con-
crete which was ready for use within about 15 minutes

The beams were coversd immediately after the ylueing

and kept damp until the test.

The spscimens were placed on their roller-bearing bed
and positioned using a tape measura. The lataral
LVDTs were fastened in their clamps, and zexoed using
the adjusting screws. The deflection rig was position-
ed and set. A thin layer of petroleum jelly was ap-

plied to the surfaces where the ultrasonic probes were

|
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te be placed. Initial readings of all instruments

were then taken and the recoxders were set,

3.6.2 LOADING

A technirfue of load-cycling was used to induce micro-
eracking and stable main crack growth. The method was

as follows:

1. A preliminary *setting® cycle of about 10% of ssti~
mated maximum load was applied. Strains were récor-

ded during this cycle, but generally not used.

2. About three to four cycles were then applied befo-
re maximum load with typically about seven to ten

cycles applied in total.

3. The load was applied at a steady rate with the
typical time for one cycle being approximately so
seconds. The rate of unloading was usually slight-
1y gweater than the rate of loading since it was
moye Qlfficult to control load reduction than load

application on the Amsler testing rig.

. Control of any particular cycle was not difficult

IS

since the i on made continuous recor-

dings possible. The procedure was usually to al-
low very limited stable crack growth in the early

cycles while trylng to induce significart crack
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growth in the ocycles following maximum load. In
many cases the load vs deflection curves reached
plateaux in which the load remained almost con-

stant while the deflection continued to increase.

5. Ultrasonic pulse transit times were measured at
1e start of each cycle and immediately bafore
unloading of that cycle. It appeared that there

was & significant difference between readings

£ at the start and peak of a given cycle.

6. After failure the cracked beams were inspected for
any notable festures. A typical fracture test pro-
duced one load vs beam deflection record, in-plane
displacement profile records and, in all but eight

cases, ult ic pulse This data

was analysed to isolate the features outlined in

section 1.3

FIG 3.12 illustrates a typical load vs beam deflection
recard. The relevant beam s Nt 11B, 4 = 300mm. co/d

= 0,40,

The first five oycles of the test are shown in this
figure. The pre-loading (settling) cycle and the last
three c¢ycles are not shown. The following should be

noted:

1. In this example maximum load was achieved on the

1

Mt ol
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third cyele. The first two cycles show a sharp
peak. It was hoped that these cycles would pro-

duce microcracking only.

2. The third cycle shows o tendency for an increase
in deflection for no increase in load (only detail-
+d etnalysiz would show whether this was main crack
growth or an increase in the size of the micro-

crackud zene) .

cycles four ani ¥ive show a definite increase in

jefleccion for increase in load. Great care had

10 be taken in there cycles since the deflection
nad previously shown a vendency to accelerate and

cause early failure.

4. The vertical portions irediately foliowing the
peak of each cycle ropreseni. rapid load dumping in
order to arrest the deflection and prevent early

failure.

3.7 SUMMARY

Chaptex 2 has detailed the procedures for the fracture
tests and selected naterials control tests. A total
of 32 (18 -oncrete and 12 mortar) notched fracture
haame were tested, Two of the corcrete beams tested

suffered premature failure due to acciJeatal overload,
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The beams had a constant width of 100mm and depths of
either 200mm or 300mm. gawn central notches were
present in all cases with notch/depth raties of 0,2 or
0,4, The beams had a constant span/depth ratio of 3.
IVDTs (deflection measuring transducers) were fixed,
via clamps glued onto the beam face, at mid-span and
covering the beam height on one side of all beams at a

gauge length of 100mm.

The beams were loaded cyclically at mid-span and sup-
ported on f£rictionless rollers. A load cell together
with an LVD? produced a continuous output of load
versus mid-span deflection on an XY recorder. LVDTs
fixed to the sides of the beams produced continuous
records of surface displacements across the fracturing
section. Ultrasonic pulse velocity readings were

taken at the peak and base of each loed cycle,
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FRACTURE TEST RESULTS

INTRGDUCTION

The baslc data from the fracture tests incorporated
midspan load and deflectiocn, ultrasonic pulse transit
times and displacements across the notched ssction.

Chapter 4 presents these results in their basic form.

4.2 LOAD-DEFLECTION RECORDS

The 1load versus deflection records of all twenty eight
successful fracture tests were used to calculate the
input of energy to the specimen for each cycle in a

given test,

TABLE 4.1 gives a typical example of the data obtained

from these records.

g
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TABLE 4.1 TYPICAL EXAMPLE OF LOAD vs DEFLECTION DATA

SPECIMEN Ne 11B  d = 300mm co/d = 0,40
CYCLE |Fmax (kN)| A (Nm)
1 2,5 0,05
2 3,0 0,08
] 3,6 0,16
4 3,3 0,16
5 3,0 0,17
3 2,5 0,15
7 1,7 0,12
8 1,0 0,08

Note:-

Fmax (kN} - maximum machine load for each cycle.

A (Nm) =~ area under load deflection curve for each

cycle.

The rvecords of the remaining twenty seven tests are

tabulated in APPENDIX C.

The analysis of this data will be dealt with in the

analysis section presented later.

The extraction of data from the autographic plots was
carried out using a ruler, a pair of dividers and

simple numerical methods.
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‘The following explanation refers to FIG 4.1.

Choosing tho point of maximm load, (Fmax), invol-
ved the use of a hand magnifying lens and a ruler.
This point was interpreted as being the peak of
the curve (as in cycles i and 2), or, in the case
of a ‘stable load plateau' (as in cycles 3,4 and

5), the point at which the load started to reduce.

The reason for choosing the point at which the
load started to reduce as the point of maximum
load was that, shortly after the load began to
reduce, it was necessary to rapidly 'dump’ the
load to prevent early failure of the beam. Since
this point of 'dumping’ was arbitrary, some other
jdentifiable point (governed by the beam and not
the machine operator) wes required. The point at
which the load began to reduce was the most logi-

cal to be chosen,

After the identification of Fmax, eight equal
spaces were merked and measured using a divider
and scale rule. Simpson's rule was then used to
compute the area under that particular curve.
While time consuming, this method was the most

accurate available,

FIG. 4.1 shows a typical area in questinn together

with the eight spaces described.




Displacement (0.005 ma/division)

© @ N
I R

Typisal area 'A' described in section 4.2 to-
gether with the eight equal spaces used to
calculate ‘A’ by Simpsons rule. (The eight
spaces can be seen wmarked on the trace of

cycle ). ) .
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NOTE: As can be seen in FIG, 4.1 the recording
paper was manually advanced between cycles.
This was done to aveld ¢luttering the record
which would have made the data extraction more

aifficult.

4.3 SURFACE  DISPLACEMENTS ACRCYS THE FRACTURING

SECTION

Continuous monitoring by five LVDTs mounted transverse~
1y across the fracture section yislded data that was
used to plot displacement profiles for the test cycles

of each bean. This was used to obtain crack lengths

and positions of the neutral axis (see latar).

The displacement profiles mentioned above are a plot
of beam depth (on tne vertical axis) versus the sur-
face displacements across the fracturing section (at
five different locations) xelative to “zero dlsplace-
ment" at the start of a test. The five locations at
vhich the displacements are measured ara:- The extre-
me fibre praition on the compressive fase of the keam;
two equidistant positions between the notch tip and
the compressive face of the beam; the noteh tip; and
the extrame fibre position on the tensile facs of the

beam.

TABLE 4.2 gives a typical example of the data obtained

from these records.
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The values shown are the displacements at peak load

(mm} fsr each cycle.

are given, together with the

above the base of the beam.

TABLE 4.2

FRACTURING SECTION

SPECIMEN: N¢ 11B d = 300mn co/d = 0,40
DISPLACEMENTS AT PEAK CYCLE LOAD {mm)

The figures for all five LVDTs

position of each LVDT

EXAMPLE OF DISPLACEMENTS (mm) ACROSS A

DT 1 2 3 4 5

POSITION ABOVE TEN- [300,0 | 245,3 {189,6 |134,0 | 0,0
SILE FACE (mm}

CYCLE DISPLACEMENTS (mm)
1 -0,003 {-0,0013}6,3-04|0,0038|0,019
2 -0,0057|-0,0023(5,5-04|0,0070| 0, 032
3 -0,0074(-0,0026|0,0028(0,0120|0, 046
1 -0,011 |-0,0035)0,0050(0,0250|0,071
5 -0,012 |-9,0031|0,0098(0,0370|0,090
s -0,015 {-0,0030|0,0198}0,0570|0,147
7 -0,017 | 0,0 |0,0280}0,0820|0,184
8 ~0,018 | 0,0167|0,0690/0,14000,284

NOTE:  Positive value denotes tensile (opening) dis-

placement.

The remaining data is tabulated in appendix C.

The analysis of this data will be dealt with in the

analysis sectlon presented later.

b
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The outputs from the five displacement LVD?s were
autographically recorded by a multi-chamnel strip
chart recorder.  The extraction of data from these
plots was carried out using simple measuring aquip~

ment.

The use of a computer to process the information from
these LVDTs would have greatly raduced the amount of
work involved. This was, however, not possible since
there was no data logging system available at the
time.

The following explanation refers to FIG. 4.2.

1. The deflection peak was identified for each oycle.

This was then clearly marked on each LVDT trace.

2. A pair of dividers and a scale rule were used ta
measure the trace movements and these were conver-
ted into actual deflections with the use of 2 sim-

ple computer programme.

3. During the ocourse of a test, some of the traces
had their sensitivities decreased as the deflac-
tions increased. This nevessitated re-zeroing of

the recorder.
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4.4 ULI'RASONIC TEST RECORDS

Ultrasonic pulse transi: data was collected for twenty
of kthe twenty eight tests conducted., This data was
used to assess the extent of cracking of the fracture

section during each cycle of each tast.

TABLE 4.3 glves a typical example of the data obtained

from thesa records.

THBLE 4.3  TYPICAL FXAMPLE OF ULTRASONIC RECORD

Specimen N° 11B  d = 300 m  co/d = 0,40

CYCLE[TR peak (ps)|TR base (ps)
1 106,8 106,8
2 107,0 106,8
3 107,2 106,9
4 108,2 197,3
5 109,1 107,7
3 110,6 108,4
7 123,4 109,6
8 138,2 113,7
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FIG 4.2 Typical traces obtained from the IVDTs on the

BEAM 11B

crack face of a fracturing beam.
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Note:-

TR peak {ps) ultrasonic transit time at the peak of a

aycle.

TR base (ps) ultrasonic transit time at the start

{base) of a cycle.

The records of the remaining nineteen tests are

tabulated in APPENDIX C.

The analysis of this data will be dealt with in the : ~ . .
snalysis section presented later. A
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DATA FROM FRACTURE TESTS

i * |

st




g

IDENTIFICATION OF THE POINT OF INITIATION OF

MATN CRACK GROWPH IN NOTCHED CONCRETE AND

MORTAR BEAMS

INTRODUCTION

In the fracture teats conducted for this dissertation,
the positinn of the neutral axis was found using the
displacement profiles. Since these tests had the aim
of identifylng the point of change~over from micro-
cracking to main crack growth, visible crack detection
played little or no part, and it is for this reason

that the J-integral concept is used in SECTION 5.3.

The continuously recording LVDTs were placed at five
positions over the height of the fracturing section on
a 100 mm gauge length. The data involved five surface
displacements including that of the notch tip. Dis-
placement profiles across the fracture section could
then be plotted. This allowed surface crack widths to

be measured.

The fracture section displacement results are presen-
ted in this section. Particular attentien is given to
isolating the point of change-over from micro-cracking

to main crack growth.

5.2 SURFACE DISPLACEMENT PROFILES

Unlike Alexander's! work, this thesis concentrated




-98-

on investigating the g from mi ing

to main crack growth in the fracture spacimens. There-
fore it was very important to collect accurate data
from the early test cycles, and not only the later

ones which Alexander did.

pisplacement profiles were analysed to obtain an idea
of tension and compression zone sizes, and the extent
of the micro-cracked zone, at the start of main crack

growth. This is dealt with later in section 6.2.

Displacement profiles for various concrete and mortar

beams are shown in FIGs 5.1 TC 5.5.

I. CONCRETE

FIG 5.1 (BEAM 12, d = 300, ¢o/d = 0,4)

1. The profiles for the lower part of this beam be-

come increasingly limear as the test progresses.

2. fThere is a steady rise in the neutral axis (N.A.)
position from cycle to cycle. This is apparent

from the start of the test.

3. The “initiation of main crack growth" (determined
as in sections 5.4 and 5.10) was identified as

oceuring in cycle four.
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S.2  (BEAM 18A, d = 200, c,/d = 0,4}

The initiation of main crack growth occured during

eycle four.

Beyond this point, the displacement profiles be-
come increasingly linear indicating the develop-
ment of a stress free crack. This is also accom-
panied by a rapid and extensive rise in neutral

axis position,

MORTAR

$.3 (BEAM 10B, d = 300, ¢/d = 0,4)

The initiation of main crack growth occured during

cycle five.

In spite of a large amount of deformation, this
beam does not exhibit much neutral axis movement

when compared with some Of the other tests.

Gauge position Ne 2 is very nearly a pivot point
since the change in deformation is far smaller
than for the other gauge positions. (Had the beam
been subjected to further cyclic loading, there
probably would have been a significant neutral
axis movement with gauge position N¢ 2 showing an

appreciable tensile deformation).
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FIG 5.4 (BEAM 128, 4 = 300, Co/d = 0,4)

1. The dinitiation of main crack growth occured during

cycle five.

2. A feature to note here is the degree of cracking
which has taken pla-s during this test. The neu-
tral axis has moved to within a few millimetres of
the ‘top of the beam on the last cycle. The point

of change-over (i.e. cycle five) from micro-crack-

ing to main ocrack growth occurs during the cye!
immediately preceding rapid movement of the neu~

tral axis.

NOTE: only about 20% of the tests developed cracking
in

as advanced as that shown{FIG. 5.4. In many cases,

suddan failure occurred only two cycles beyond main

crack grovth initiation.
STRAIN PROFILE IRREGULARITIES - AN UNEXPECTED PROBLEK

When the instrumentation system used in this research
was designed, a considerable amount of thought went
inte the placing of the LVDTs for the recording of the
surface displacement profiles dealt with in this sec-

tion, A systenm based on Alexander's?

work, but com-
pletely revised, was eventually decided upon. Alexan-
der wused mechanical strain gauges with a guage length

of 100mm, and therefore could not continuously record
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FIG 5.4 (BEAM 12B, d = 300, ¢,/d = 0,4}

1. The lnitiation of main Grack growth occured during

cycle tive.

2. A featurs to note here is the degree of crackiag
which has taken place during this test. The iwu-
tral axis has moved to within a few millimetres of
the top of the beam on the last sycle. The point
of change-over (i.e. cy~le five) from micra-crack-
ing to main crack growth occurs during the cycle

inmediatesl ing rapid of the neu-

tral axis.

HOZE:  Only about 20% of the tests developed cracking
in.

as advanced as that shown)FIG. 5.4, In many cases,

sudden failure ocgurred only two cycles beyond main

crack growth initiation.

STRAIN PROFILE I ITIES - AN PROBLEM

When the instrumentation system used in this research
was designed, a considerable amount of thought went
into the placing of the ILVDTs for the recording of the
surface displacement profiles dealt with in this sec—
tion. A system based on Alexander's* work, but com-
pletely revised, was eventually decided upon. Alexan-

der used mechanical straln gauges with a guage length

of 100mm, and could not 1y record
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displacements. He found no profile irregularities for
beams with a spaus to depth rmatio of 4:1. However, with
the same gauge length and at a span to depth ratio of
3:1, profile irregularities were encountered in about
35% of the tests carxied out for this dissertation.

This ocourred in both concrete and mortar specimens.
A typicai nirregular' profile is shown in FIG 5.5.
(BEAM 5A, 4 = 200, Gy/d = 0,4). Points to note are

as follows:

level are small-

The displ at the
er than expected thereby giving the dlsplacement

profile a reverse curvature.

There 1is no correlation between this phenomenon and
any geometrical or physical properties of the speci-
mens tested. It appears to occur at random. The au-

thor offers the following explanation:

The smaller span to depth ratio (3:1 compared with 4:1
used in Alexander's work) used in this work may have
induced greater lateral micro-cracking than was expect-
ed. It is possible that in about 35% of the tests
conducted, this lateral micro-cracking extended far
enough to interfere with the gauge clamps, thereby
causing a form of strain release which allowed the
clamps to rotate or move slightly closer together.
This process then appeared as a reverse curvature in

the micre-cracked zone.

e el a
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Unfortunately, there was no way of predicting this dis-
turbance until the analysis was complete thereby for-

cing the author to reject affected profiles.

FIG. 5.5 shows a typical irregular profile (profile B)
together with a ‘“normal" profile (profile A). The

reverse curvature of profile A can be clearly seen.
5.3 THE J-INTEGRAL
As was explained in section 2.2.5 the J-integral is a

measure of fracture toughness, which in this case is

related to the point of incipient crack growth (or

point of from mi to main crack
growth),  For the perfectly linear elastic case J,
equals G,.  However, cemented materials are not

linear elastic and exhibit pseudo-plastic behaviour.
For this reason, J. provides a more accurate measure
of the critical energy based fracture toughness parame-

ter in the case of cemented materials.

The form of the J-integral used in this work is writs
ten as
2A
5 om — (5.1,
W(d-c,)
where: A = total area under load deflection curve
for a particular cycle.
W = beam width
Q4 = beam depth

initial noteh depth
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3 was calculated for each lead cycle of a fracture

test.

It should be mentioned that the assumption of initial
notch depth ¢, remaining constant until the forma-
tion of a stress-free crack may not be strictly
valid, It is possible that the presence of micro-
cracking could reduce the effective ligament depth by
de-stressing of the wicro-cracked zone. However the
extent of this reduction was impossible to determine
in this work and therefors it was assumed, for the
purposes of calculation, that the notch depth remained

uptil the initiation of main crack growth.

Any error incurred by using this assumption would,
logically, have been similar for each test. Sinca the
object of caloulating J was to detect a sudden drop
from one cycle to the next and not to produce a strict-
1y correct numeric value, this error was assumed to be

unimportant.

5.4 IDENTIFICATION OF THE CHANGEOVER FROM MICRO-
CRACKING TO MAIN CRACK GROWTH USING THE

J~INTEGRAL

The principle of the J-integral, together with informa~
tion from the surface mounted LVDT at the notch tip,
was used to identify the point of changeover from

micro-cracking to main crack growth.
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The J-integral may be interpreted, in practical terms,
as the energy reguired for crack extension. Energy

on must obviously increase before main crack

absor]
growth can occur since the micro-cracked zone is grow-
ing. After the initiation of main crack growth, the
micro-cracked zone reduces in size in a bend specimen

therefore absorbing less energy, while main crack
growtn reduces the llgament depth thereby reducing the
energy demand.  Thus it can be expected that J will
reach a peak at the point of initiation of main crack
growth and decrease as the main crack begins to propa-

gate.

As described in section 4.1 the area under a given
load-deflection curve (ie energy) was calculated up to
the point of maximum load. Mindess?® states:- "To be
strictly valid, where deformation is not reversible,
the J-integral refers to crack initiation rather than
erack propagation. Thus we can only look at the criti-
cal value of J at the point of crack initiarion.® It
is logical to assume that main crack growth would
oceur mnear or at peak load during the critical cycle
of initiation of main crack growth. Therafore J has

been calculatzd up to the peak load for each cycle.

In the series of dlagrams FIG's 5.6 to 5.9 the surface
displacement at the notch tip is plotted against the
g-integral for the same cycle. The post peak portion

of each curve is shown as a dotted line since ¢, is
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no longer constant at this stage, and the curve is

therefore nat representative of true J values,

The curves all show similar tendencies. An initial ra-
pid increase in the J-integral value accompanied by a
small increase in lateral displacement is followed by

i
a peak value for J, which then starts to decline. {

1. The apex of the curve, representing the maximum

value for J, is circled in the diagrams. This is

assumed to be the point of initiation of main
crack growth, according to the argument given

The following points should be noted: f : "
i
i
|
1
above. i
i

2. The J values plotted are not cumulative, but are

the values calculated for each cycle, The curves

were plotted in this way since the objective was
to identify the differsnce in energy absorption
from one cycle ta the next. By doing this, a
reduction in the J-value (identifying main crack i

growth) could be detected.

Tables 5.1 and 5.2 show the results for all the beams

tested. The J-values shown in these tables (so called
Joycle) are the values for the oritical cycle (where
Ucritical” refers to the cycle during which main crack - X

growth began).
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It is important o note that the absolute numerical
values of J for the critical cycle in each case are
not. that important. The objective of this section of
the work was to identify the point at which J (calcula-
ted for each cycle) began to reduce, thereby indica-
ting the cycle during which main crack growth began
i.e. the critical cycle.  (This was carried out in
order to facilitate analysis in subsequent chapters of
the critical cycle). It should be realised that the
numerical value of J for the critical cycle is entire-
ly dependent on the number of cycles carried out be-
fore the critical cycle. What is important, howaver

is the cumulative value of J based on an envalope
curve joining the points of peak load for each cycle
up to the ocritical cycle. This would represent the
total energy absorption of the beam up to the point of
main crack growth and could thus be thought of as a
fracture parameter at the start of main crack growth.
This cumulative J-value is discussed later in section

5.6,
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TABLE 5.1 CRITICAL CYCLE FOR THE CONCRETE BEAMS

BEAM Joy, . (4/mm) CYCLE NUMBER
2A 24,2 a
3a 14,6 4
aa 14,6 7
5A 9,7 5
6A 10,1 5
E2 15,6 4
8A 12,4 4
9A 18,9 4
104 18,0 3
11a 23,9 3
123 12,7 5
15A 28,3 5
16a 21,6 4
178 13,5 5
184 17,6 4
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TABLE 5.2 CRITICAL CYCLE FOR THE MORTAR BEAMS
BEAM Toyele (N/mm) CYCLE NUMBER
1B 11,4 6
2B 14,1 B '
38 24,2 5 ‘
4B 19,2 a .
5B 24,5 4
6B 20,2 5 i
7B 21,¢ 5
8B 24,5 s ‘;.
B 17,6 6 "
~
10B 21,4 4
11B 19,4 € ”
12B 24,1 s H v
N
| 1
It should be mentioned that there is little point in ,
computing the average values of Jguce fOr concrete ; : u =
and mortar since, as mentioned above, these values are vy
entirely dependent on the number of cycles carried out oot
before the cycle during which main crack grewth began. ’
!
5.5 COMPARISON OF THE MAXIMUM LOAD CYCLE AND THE ‘
CYCLE DURING WHICH MAIN CRACK GROWTH BEGAN !
i
Tables 5.3 and 5.4 show a vacord of the cycle during
which main crack growth began {based on the J value H
analysis) compared with the oycle during which the : ' .
maximum load for a test occurred.
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For the concrete beams, 80% of the tests showed maxi-
mum’ load occurring before the initiation of main crack
growth, and the remaining 20% showed maximum load and
the initiation of main crack growth occurring during

the same cycle.

For the wortar beams, B3% of the tests showed naximum
load occurring before the initiation of main crack
growth, and the remaining 17% showed maximum load and
the initiation of main crack growth occurring during

the same cycle.

Thus, it can be said that for these tests maximum load
occurred generally before the initiation of main crack
growth.  This means that thers can be a reduction in
the load carrying capacity of the beams due to the
presence of micro-cracking only. TABLES 5.5 and 5.6
show this reduction expressed as a percentage of
maximum load.  These percentages vary widely making
the computation of an average number questionable.
The maximum percentages weve 27,0% for concrete and
16,6% for mortar. As can be seen in tables 5.5 and 5.6

most values were far lower than these maximum values.

The physical i n of this is that

micro-cracking can cause sufficient damage to the mate-
rial {be it con:rete or mortar) for a reduction in
load carrying capacity to occur. Although this reduc-

tion seems, usually, to be small, it cannot be disre-
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garded. A cyclically loaded concrete or mortar struc-
ture (where the load approached the maximum laad capa-
city of the material) could, according to the above,
experience a reduction in strength without the presen- . B
ce of any visually detectable cracks. This i5 in

agreement with work done by Tait5?, i

TABIE 5.3 COMPARISON OF CRITICAL CYCLE (START OF
MAIN CRACK GROWTH) AND MAXIMUM LOAD IN

CONCRETE BEAMS

BEAM CRITICAL CYCLE |MAXIMUM LOAD CYCLE ’ ~

22 4 4 : -

3 4 2 [N

4 7 4 a5 N a
sa 5 s I K
A s 3 ' e
72 4 3 N
8a 4 3 : o

9 4 4 i

10a 5 3 i :

12 s 4 '

128 5 3 AND 4 :

158 5 4 !

16 4 3

172 5 3

188 4 3
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TABLE 5.4 COMPARISON OF CRITICAL CYCLE (START OF
MAIN CRACK GROWIH) AND MAXIMUM LOAD IN
MORTAR BEAMS
BEAM CRITICAL CYQLE |MAXIMUM LOAD CYCLE
1B 6 3
2B 5 4
3B 5 3 AND &
4B 4 4
5B 4 1 AND 2
] 5 4
7B 5 3 AND 4
a8 5 4
98 6 5
108 4 a
118 6 4
12B 3 4
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i
TABLE 5.5 REDUCTION IN THE LOAD CARRYING CAPACITY OF THE
CONCRETE BEAMS DUE 7O MICRO-CRACKING ;
BEAM REDUCTION (as % of maximum load) .
25 0,0
38 0,0
a 26,2 .
s 1,1 - !
5N 7,7 .
7 2,1 ’ -
8a 1,0 Y
oA 0,0 N
108 0,0 -
118 10,1 “
128 2,3 ., Lo -
15 0,0 i
16 1,5 i .
172 27,0 H .
183 4,0 ; Cory ] .
i
.
'L .
f PN . . .
. :
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REDUCTION IN THE LOAD CARRYING CAPACITY OF
THE MORTAR BEAMS DUE TO MICRO-CRACKING

REDUCTION (as % of maximum load)

1B
2B
3B
4B
5B
6B
78
88
9B

1B

12B

18,7
2,9
5,9
0,0
6,6
1,4
1,0
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5.6 COMPARISON OF THE J-VALUES AT THE START OF MAIN
CRACK GROWTH

In section 5.4 the J-value for each cycle was plotted
against the surface displacement across the notch tip !
in order to identify the point of initiation of main
crack growth. In this section, the cumulative J-value -
{3c) up to the start of main crack growth (as identi-

fied in section 5.4) is examined for each beam. The

effects of beam g y ana are
~lso examined. (This cunulative J-value can be thought

of as a fracture paramster at the point of initlation

of main crack growth.)
”

Tables 5.7 and 5.8 show tha cumulative g-value at the o
start of main orack growth (Jg) together with the N, .
compressive cube strength of each beam or batch of -
beans. "

b N,

[N

3. was calculated using an envelops curve joining
the peaks of the individual cycle curves. In this way

the le slastic jon for eack cycle was . ,

eliminated.  Jg the i
able energy absorbed by the beam up to the development

of main crack growth, plus the recoverable elastic de-
formation for the cycie during which there was initia-

‘tion of main erack growth. .

- - - I W
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Statistical test shows no outliers due to the

limited number of results.

TABLE 5.7  J, VALUES FOR CONCRETE

BEAM | d(mm) | cg/d |Tg (N/mm) 198
(Mpa)

22 200 | 0,2 24,5 43,2
3a 200 | 0,2 16,5 43,2
4A 200 0,4 34,0 43,2
53 200 0,4 26,5 36,2
&a 200 | 0,4 16,1 36,2
7A 200 c,2 20,1 36,2
8a 200 | 0,4 19,8 36,2
9 300 | 0,2 24,2 37,3
10A 300 0,2 19,4 38,4
112 300 | 0,4 39,9 38,4
122 300 | 0,4 22,0 37,1
15 200 | 0,2 34,0 42,0
164 200 | 0,4 28,0 42,0
178 200 | o0,4 36,0 19,3
183 200 | 0,4 24,6 39,3

AVERAGE J, FOR CONCRETE 25,7 N/mm
COEFFICIENT OF VARIATION  28,5%
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TABLE 5.8 J VALUES FOR MORTAR

BEAM | d(mm} | co/d [Jg (N/mm} IVE
(MPa)
1B 200 o4 [ a2z,0 41,2
2B 200 0,4 19,6 41,1 v ’
3B 200 ¢, 4 22,9 41,1 i )
4B 200 0,4 | 25,8 40,6 .
55 200 0,2 ] 33,5 40,6
&8 200 6,2 26,8 16,7 !
7 200 0,2 | 30,4 36,7
a8 200 0,2 [ 31,5 36,7
9B 300 0,4 38,0 28,6 :;
108 300 G,4 28,5 35,6 | ~
118 300 0,4 [ 42,5 33,9 z
128 300 0,4 | 36,9 Al 32,3
N\
; .
AVERAGE J FOR MORTAR 29,8 N/mm b

COEFFICIENT OF VARYATION 23,4%

Statistical test shows ne outliers due to the

linited number of results.

|
i
|
i
i
)
|
!
)
1
|
|

The scatter present in these results dictates that on-
ly a general idea of J, as a fracture parameter can

be gained from this work.

It could be argued that the value of T for the sritic-
al cycle (so called Joyp)e) Should be compaved with

the present cumulative J at the start of main crack
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growth (so called J;) but this dia of very limited
value because, as discussed in section 5.4, the
Jeycle value depends fundamentally on the number of
cycles taken to reach the point at which J decyeases.
This comparison, although considered, was thus not

undertaken.

The overall averages obtained from TABLES 5.7 and 5.8
can be regarded as guidelines. With this in mind, it
is apparent that the average J. for mortar is essen-
tially the same as the average Jg for concrete.’This
indicates that mortar has the same fracture toughness

as concrete.

It should be noted that many investigaters have found
scatter to be a major problem in the fracture testing
of concrete. Some (eg. Petersson®d) suggest that
few certain conclusions can be drawn in this field

because of the problem of scatter.

5.7 THE VALUE OF J AT THE START OF MICRO~CRACKING
@)

This section is based on the ASTM-E813-81 methed for
the caloulation of the J~integral at the initiation of

crack growth in metals’®,

Referring to FIGURE 5.10, this wmethod involves the

linear regression of several points on a J versus

H
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crack mouth displacement (4 ap) curve to intevsect a
s0 called blunting line. The blunting line is an esti-
nate of notch tip stretch effects and is calculated
from saterial flow properties. The intersection point

between ths linear regression line fit of the data and

the blunting line defines Ji, which is the value of

the J-integral at the start of crack formation. g

For concrete and mortar, a simllar argument may be
applied.  The start of cracking will, however, take
the form of micro-cracking as opposed to the formation
of a single crack. J; for concrete and mortar can
therefore he thought of as the value of the J-integral

at the start of micro-cracking. \
i

The term blunting does not strictly apply to concrete R
and wmortar since these materials are not ductila.
Blunting can, however, be thought of as as displace-~
ment without any significant cracking and will thus be R
very small in the case of concrete and mortar. In
effect the initial notch faces move apart; this is

the concrets analogy of 'blunting” in metals. For the

ASTM - E813 method, the blunting line is based on the
expression:
J o= Zﬂyﬂap (5.2}

whare N

Oy = yield stress of material

For the concrate and mortar specimens tested for this
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dissertation, the approximate yield stress is approxi-
urely 1MPa (approximately 10 percent of the ultimate

compressive strass).

becones 1y

Expression (5.2)
3 = 6 xOc, a/m? (5.3)

This line is shown on FIGURES 5.11 and 5.13 and as can
be seen, it is very steep and lies very close to the
y-axis {line of zero notch tip displacement}. Bearing
in mind the inherent scatter already present in the
results obtained for this dissertation, the blunting
effect was assumed to be zero and 7y was taken to be
the intercept between the regression line and the
y-axis. The additional error introduced by this as-
sunption is negligible wien compared to that of the

already observed inherent scatter.

In this section, curves of the I-integral versus mokch
tip displacement and the J-integral versus the cumula-
tive change in peak ultrasenic pulse transit time were
analysed according to the ASTM-81379 method for all

the beams tested,

FIGURES 5,11 to 5,14 show typical curves obtained toge-

ther with the regression line described above.

Tables 5.9 and 5.10 show the results of the Jjinter-

cept obtained for all the heams tested., The results
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from the notch tip displacement curves and the ultra-
sonic pulse transit time curves are shown in the same
table.  In certain cases, it was not possible to
cbtain a representative regression. These cases are
shown as "no intercept" in the tables. Bearing in
mind the scatter prevalent in the results throughout
this dissertation, good agreement (with the exception
of certain outliers) between the J; results from the
notch tip displacement and the cumulative difference
in ultrasonic pulse transit time curves is apparent.
The average values for J; are essentially the same
for both sets of ocurves and for hoth concrete and

mortar.

As mentioned earlier, J; can be thought of as the
J-integral at the start of micro-cracking at the notch
tip, and can therafore be regarded as a measure of the
J; tracture toughness of the waterlal. From these
results it can therefore be said that the fracture
toughness at the start of micro-cracking is essential=
1y the same for concrete and for mortsr. It should be
noted that J, (fracture toughness at the start of
main crack growth (sections 5.8 and 5.9 respectively)
were also found to be essentially the same for concre-
te and mortar.  J; is about 40% of J, for both con-
crete and wortar, which is consistent with the J frac-

ture toughness behaviour of metals and alloys’l.

A
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TABLE 5.9 J4 FOR THE CONCRETE BEAMS
gy from T vs  |Jy from J vs
noteh tipe dis~|cupalative change
BEAM|d (mms) | C/d
placement (N/m)|in peak pulse tran-
sit time. {(N/m)
2a | 200 | 0,2 No intercept -
3A 200 0,2 No intercept -
AR 200 0,4 13,0 -
5A 200 0,4 6,0 -
A 200 9,4 6,0 -
7A 200 Q,2 8,0 -
an | 200 | 0,4 No intercept -
9A 3ce 0,2 No intercept 5,8
10a 300 0,2 No intercept 12,0
11a 300 0,4 10,0 11,0
12a 300 o, 4 9,5 5,8
153 200 0,2 11,8 No intercept
26A | 200 | 0,4 15,8 14,0
17 200 0,4 12,0 12,0
18a 200 0,4 1.5 12,0
AVERAGE Jj 2 AVERAGE Jj &
10,4 10,3
COEFFICIENT OF |COEFFICIENT OF
VARIATION : 30%|VARIATION : 32%
. '
v . .
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TABLE 5.10 J3 FOR THE MORTAR BEAMS

10,8
COEFFICIENT OF
VARIATION : 34%

Jy from 7 vs [J; from J vs
notch tipe dis-|cumviative change

BEAM) & (mm) | Cp/d
placement (N/m){in psak pulss tran-

sit time, (N/m)

18 | 200 | 0,4 7,0 8,0

28 | 200 | 0,4 5,3 7.3

38 | 200 | 0,4 10,3 9,75

4B | 200 | 0,4 10,0 9,2

58 | 200 | 0,2 15,0 17,2

&8 | 200 | 0,2 8,0 8,0

75 | 200 | 0,2 11,5 No intercept

88 | 200 | 0,2 10,0 8,5

98 | 300 | 0,4 8,8 12,0

108 | 300 | 0,4 11,3 12,0

118 | 300 [ 0,4 15,3 11,0

128 | 300 | 0,4 18,2 11,0
AVERAGE J4 :  |AVERAGE Jj &

10,4
COEFFICIENT OF
VARIATION : 27%
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5.8 DEPENDENCE OF J; AND J, ON SPECIMEN GEO-

METRY

The dinherent scatter in the results for Jy and Jg .
and the lack of sufficient data for beams of different

geometries makes it difficult to correlate these para-

neters with . rtheless, the

comparison was deemed worthwile and is discussed

Tables $.11 to 5.14 show the rasults for J, and Jj

grouped together for beams of different geometry.

i
below. ’}

It can be seen from these tables that:

1. The average J; values for the concrete beams

show a tendency +o decrease with increasing beam

size, and to increase with an increased ¢y/d
radie.  The lack of sufficient data renders this

uncertain, however,

=

2, Tha average Ty values for the mortar beams show
a tendency to increase with increasing beam size, i
and to decrease with an increased Gcu/d ratio
In other words, the degree of micro-cracking shows
a tendency to increase in the case of larger

beams, and ta increase for a smaller notch/depth ) .

ratio. This is in agreement with work done by
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Alexander? who found the micro-cracked zons size

to be larger for larger beams.

The results for the mortar and concrete beams are
in contrast here. Hawever, the lack of sufficient
data in the case or the concrete beams leads to
the belief that the results for the mortar beams

are more representative of actual trends.

The average J, values for the concrete beams

show a y to incry for an i ‘bean
size, and to decrease for an decrease in ¢g/d
ratio (excepting for geometries C and D which have
essentially the same averages. The lack of suffi-

cient data makes this uncertaln, however.

The average J, values for the mortar beams show
a tendency to increase for increasing beam depth,

and to decreass for a decreasing cg/d ratio.

" This is in agreement with the values of Jg

obtained for the concrete beams,

It is significant that, with the exception of the
33 values obtained for the concrete beams, both
Iy and T, show a tendency to inerease with in-
creasing beam depth which is consistent with work

done by Alexander? (mentioned in point 2 above).

should be noted that there Is little agreement
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between the results obtained by other investigators in
this field.  Halvorsenl® finds J to be dependent on
specimen geametry, while carrato®? concludes that
is independent of specimen size, notch type, notch

size and notch thickness.

In the following Tables 5.11 to 5.14 the geometry grou-
pings are as follows:

Geometry A : d =200 ; oy/d = 0,4

Geometry B : d =300 ; cy/d = 0,4
Geometry € : d = 200 ; ¢ /d = 0,2
Geometry D 4 =300 ; cu/d=0,2

TABLE 5.11 AVERAGE J; VALUES FOR CONCRETE BEAMS OF
DIFFERENT GEOMETRY

A B c [
13,0 10,0 8,0 5,8
8.0 9,5 12,8 12,0
6,0 11,0
14,0 5,5
12,0
25,8
12,0
21,8
12,0
AVERAGES| 11,4 % 30% | 9,0 £ 278 | 9,9 & 27% | 8,9 &+ 408

!
i
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TABLE 5.12 AVERAGE J) VALUES FOR MORTAR BEAMS OF
DIFFERENT GEOMETRY

T
GEWMBIRY a B c D )
)

7,0 8,8 15,0 P

8,0 11,3 8,0 E

5,3 15,3 11,5 !

9,8 18,2 10,0 NO DATA l

7.3 12,0 17,0 f

10,3 12,0 8,0 :

10,0 11,0 8,5 " -

9,2 11,0 ' ; E
AVERAGES| 8,4 & 21% (12,5 & 24% |11,1 & 32% N

TABLE 5.13 AVERAGE J, VALUES FOR CONCRETE BEAMS OF
DIFFERENT GEOMETRY

| GEOMETRY a B < D ¢ .
i .
34,0 39,9 24,% 24,2 {
26,5 22,0 18,5 19,4 | ’
16,1 20,1 .
19,8 24,0
28,0
16,0
24,6

AVERAGES| 26,4 + 26% [31,0 & 41% [23,8 £ 32% 21,8 % 16% .
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TABLE 5.14 AVERAGE J, VALUES FOR MORTAR REAMS OF
DIFFERENT GEOMETRY

GROMETRY A B ¢ [
22,0 38,0 23,5
19,6 28,6 26,6
22,9 42,5 30,4 NO DATA
25,6 36,9 31,5
AVERAGES| 22,5 & 9% [36,5 % 16% 30,5 x 1§ J
5.9 NOTCH TIP DISPLACEMENT (COD) AT INITIATION OF

MATN CRACK GROWTH
Tables 5.15 and 5.16 list the notch tip displacements
at  the point of initiation of main crack growth. Alsc
shown, are the average dispiacements together with the
coafficlents of variation for the concrete and the

mortar rese'ts,

The notch tip displacement can, in this instance, be

thought of as the crack tip opening displacement
{cony,

the

since the crack is just starting to grow from

notch tip at this stage of the test. It can also
be thought of as a fracture parameter at the start of

main crack growth,

|
|

7
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TABLZ 5.14 AVERAGE J. VALUES FOR MORTAR BEAMS OF

DIFFERENT GEOMETRY

GEOMETRY A B c v
22,0 38,0 33,5
19,6 28,6 26,6
22,9 42,5 30,4 NO DATA
25,6 16,9 31,5

*v RAGES| 22,5 £ 5% [36,5 & 16% [30,5 + 10,5

i

5.9 NOTCH TIP DISPLACENNT (COD) AT INITIATION OF

MAIY¥ CRACK GROWTIH

Tables 5,15 and 5.16 list the notch tip displacements

at  the point of initiwcion of wain crack growth. Also
shown, ave the average cisplacements together with the
coefficients of variaztica for the concrete and the

mortar results.

The notch tip displacement can, in this instance, be
thought of as the crack tip opening displacement
(CoD), sin7e the crack is just starting to grow fram
the notch tip at this stage of the test. It can also
be thougut of as a fracture parametes at the start of

main crack growth.

i
;
I
i
I
I

5
!
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Significant points are:

3. There is considerably less scatter for the mortar
results than there is for tha concrete results.
This is to be expected since mortar is more homo-

geneous than concrete.

2. The average COD for concrete is essentially the

same as the average COD for moriar.

The scatter in the results for concrete is very large.
This is probably due to the heterogenecus nature of
the material. It should be borne in mind that these

coD  values suface on one side

of the beam only. Therefore, the presence of a large
piece of aggregate immediately beneath the surface
could affect the COD significantly. In the case of
mortar, the aggregate particles are smaller (thus
implying a more homogeneous material} and consequently
the measurements would not presumably be so greatly

affacted,

The average values in TABLES 5.15 and 5.16 compare
very well with the COD values found by Alexander? in
his work - he found the cOD during crack extsnsion to
vary from 0,037 wmm to 0,064 mm, the larger beams

(500mm) obtaining the higher values.
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TABLE 5.15 COD AT START OF MAIN CRACK GROWTH FOR THE
CONCRETE BEAMS

BEAM|NOTCH TIP DISPLACEMENT (COD) (mm)|d(mm)|c./d

2A 0,025 200 | 0,2 :

2N 0,034 200 | 0,2 :

1 0,081 200 | 0,4

5 0,028 200 | 0,4

sa 0,029 200 | 0,4 ‘

7 0,032 200 | o0,2° ~

8A 0,050 200 | 0,4 : -

oA 0,035 300 | 0,2 :

20 0,021 300 | 0,2 N

112 0,041 300 [ 0,4

123 0,046 300 | 0,4 '

154 0,040 200 | 0,2 .

162 0,046 200 | 0,4 ot

178 0,068 200 | 0,4 ' L ‘i

184 8,049 200 | 0,4 ’
AVERAGE NOTCH TIP DISPLACEMENT : 0,039 mm
COEFFICIENT OF VARIATION EE TR Y

NOTE: The value warked % in TABLE 5.11 was identified

as a statistical outlier using Dixon's outlier

test84,

- [
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TABLE

S.16  COD AT START OF MAIN CRACK GROWTH FOR THE
MORTAR BEAMS

-144~

BEAM|NOTCH TTP DISPLACEMENT (COD) (mm)|d(mm)|c,/¢
18 0,040 200 | 0,4
28 0,052 200 | 0,4
3B 0,637 200 | 0,4
4B 0,033 200 | 0,4
58 0,048 200 | 0,2
[3:) 0,047 200 | 0,2
78 0,038 200 | 0,2
88 0,034 200 0,2
9B 0,026 300 | 0,4

108 0,033 300 | 0,4

118 9,057 300 | 0,4

128 0,062 300 | 0,4

AVERAGE NOTCH TIP DISPLACEMENT : 0,046 mm
COEFPICIENT OF VARIATION : 23,6%

14

e B e b it
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5.10 THE USE OF ULTRASONIC TECHENIQUES

5.10.1 INTRODUCTION

An ultrasonic technigue was used to monitor the srack
growth in twenty out of the total of twenty-eight
useful tests. This technique was aimed mainly at
detecting the onset of main crack growth once the
micro~gracked zone had reached its maximum size for a

particular specimen.

The use of ultrasonics for testing damage in concrete
has been well proven. p1ight®% used the technique
to study cracking in concrete caused by alkali-aggre-
gate reaction and found it excellent for detecting
damage such as micro-cracking, and Tait®® used ultra-
sonics to monitor damage in c¢yclically loaded concrete

specinens.

Details of the equipment used and of the expe.imental
set-up have been presented in sections 3.5 and 1.6
The information collected comprised transit times
measured at the start and peak of each cycle. It was
thiz ‘dual' measuring that helped with the extraction

of conclusive results from the data obtained.

This section deals with the identification of the
point of change~over from micro-cracking to main crack

growth, as obtained from the ultrasonic results.
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5.10.2 IDENTIFICATION OF THE ONSET OF MAIN CRACK

GROWTH USING ULTRASONICS

Two different approache: were used to attempt to de-

tect the onset of maln crack growth.

The first one, which uses principles ve:y similar to
those in section 5.4 involves the comparison of chan-
ges in peak ultrasonic transit time from one cycle to
the next, with the energy parameter 'J' described
previously in section 5.4. Tt can be said that this
method is complementary to that in section 5.4 because
of the similarity of the principles employed., There-
fore, as a second approach the concept of permanent
damage (explained in section 5.10.2.2) was also used

In  this case, the cumulative difference in peak
transit time from one cycle to the next was plotted
against the cumulative difference in trough transit

time from one cycla to the next.

$.10.2.1 PULSE TRANSIT TIME AND FRACTURE ENERGY

As was desaribed in section 5.4, it was reasoned that
the cyclic absorption of energy in a notched fracture
beam would incresse until a point was reached whers a
stress-free crack was generated, at which stage the
beam would show a reduction in emergy absurption, and

would continue deflecting while absorbing less wvnergy
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from cycle to cycle. The parametar of energy measure-
ment chosen was a form of the J-integral expressed as

in equation 5.1.

In the series of diagrams FIG's 5,15 to 5,18 cumula-
tive changes in peak transit time are plotted against
the J-integral for the same cycle. The J-integral was

computed on a cyclic basis in these cases

The cumulative change in peak transit time vas chosen
since it was post® 7 that the development of a
strass-fres crac ‘s as a marked increase in
ultrasonic pulse time. The transit time at
the peak of each cycla was subtracted from that of the
previous cycle and these changes in peak time wers
then pletted cumulatively against the J-integral as

described above.

It must be stressed that the absolute numerical values
of the transit times are not important since the dis-
tance between probes and the dimensions of the speci-
men varied from test to test. It is only the cumula-
tive change in transit time that is of any interest

here.

It 1is important to note that, after the value of the
J-integral has started to reduce and main crack growth
has begun, the expression 5.1 is no longer valid since
¢ becomes an unknown. This section of each curve is

therefore shown as a dotted line.
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178 concrate

0.4

7

beas no.
45200 e/

55

5

T

point of initiatien of maie crack growth

3 THTEGRAL (H/mm}

5.16 J-integral

3.5
OLTRASONIC PULSE THANSIT TIHE {pS)

(cumulative Lffarence in peak transit time)

25

0.5

plotted against cunulative ¢iffe-

rence in peak ultrasonic pulse transit time

for beam 17A
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All the curves show the the same pattern of an initial
sharp increase in the J-integral value for a small in-
crease in transit time, followed by a peak value of J,
This reinforces the idea that main crack growth initia-

tes together with a drop in energy absorption rate.

The following points should bs noted:

1. The apex of each ourve {shown as circled in the
diagrams) represents the maximum value for J and
therefore the point of initiation of main crack

growkn,

2. In several tests, the J-integral began tu show an
increase leading to a second peak. Although this
part of the curve is not valid since ¢ is unknown,
a second peak suggests the possible formation of a
second crack.  This should perhaps be borne in

mind by futurc researchers.

TABLE 5.17 and TABLE 5.18 show the results obtained

for all the bsams on which ultrasonizs was used.
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TABLE 5.17  IDENTIFICATION OF THE CYCLE DURING WHICH
MAIN CRACK GROWTH BEGAN FOR CONCRETE

BEAMS USING AN ULTRASONIC TECHNIQUE

BEAM|Joyc1a CYCLE NUMBER
9a | 18,8 s

104 | 18,0 3

112 | 19,5 s .

123 | 12,7 5

15A | 28,3 5

162 | 21,6 4

wa | 15,5 s - '

184 | 17,6 4 %

NOTE!

N .
A}
4
Since this method has made use of the J-integral to .
%
identify the point of initiation of main crack growth, : . .
the results are the same as those cbtained in section . »s

5.4,
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TABLE 5.18  IDENTIFICATION OF THE CYCLE DURING WHICH ; X
MAIN CRACK GROWTH BEGAN FOR MORTAR BEAMS
USING AN ULTRASONIC TECHNTQUE
BERM[Uyore CYCLE NUMBER :
23] 11,4 s ;
2B 14,1 5 ;
3B | 24,2 5 ';
4B | 15,2 4 o X
5B | 24,5 4 \
B | 20,2 5
78 | 21, s &
~
8B | 24,5 s
9B | 17,6 6 “
108 | 21,4 4
1B | 19,4 6 \: :
12B | 24,1 5 -
As was said before, the similarity between this methed .
and that dealt with in section 5.4 means that these AT 3
results ave complementary to those in section 5.4 and
do not break new ground. The concept of permament :
damage, dealt with in the following section, makes ’
more use of ultrasonics as a technique on its own.
5.10.2.2 PULSE TRANSIT TIME AND THE CONCEPT OF '
PERMANENT DAMAGE
When a matrix is subjected to low levels of stress, B ’

micro-cracking occurs within that matrix. When this .

. stress is removed, the recovery of the material is
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partially elastic and re-alignment of the deformed

particles is very nearly perfect. As  the .
micro-cracking progresses to the point of imitiation
of main crack growth, damage becomes more promounced
and permanent. Once a stress~free crack has developed
thare 1s incomplets crack-closure on unloading due to
relative displacsment of crack surfaces and debris

lodging in the crack. i s

This can he seen in the photographs of FIG. 5.19, : /
Using the preceling discussion as a basis, it was .

reasoned that if ultrasonic pulse transit times were

measured at the psak of a cycle and then at the trough ‘

(zero load point) of the same cycle, some measure of

permanent damage could be cbtained.

The series of graphs FIG's 5.20 to 5.26 show & plot of :
cumulative difference in peak pulse transit time on wl

the horizontal axis and cumulative difference in

%,

trough pulse transit time on the vertical axis, The Coe

cunulative difference in pulse transit time was calcu- .

lated by
trough) of
twe  from
four etc

were then

subtracting the pulse transit time (peak or

cycle one from cycle two, and then cycle
cycle three, and then cycle three from cycle
until the end of a test. These Aifferences

added cumulatively for both peak and trough

pulse transit time and plotted for each cycle as de-

saribed.

A steep line, or section of a curve, there- . N

fore indicates considerable permanent damage while a
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FIG 5.13 Crack pattsrns obtained from mortars loaded
g ./’. within the sample chamber of an SEM:
v (a), (b) compact tension specimens;
(c), (4) compression specimens. .
(from ref 66)
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' less steep line indicates efficient re-alignment and

less permanent damage. In many cases, there is a :
o point of discontinuity which could indicate the point
Vel of g from mi ing to main crack .
growth.

The reliability of this method proved not to be as

good as it was noped to be. In several cases the

tests were inconclusive slnce there was no apparent

point of ai ity. It is that this may
have occurred as a result of aggregate bridging across
the crack after closing which could have provided a
patu for the ultrasonic waves and hence resulted in a -
transit time change not representative of the damage

present.

In a number of other cases (FIG 5.23(h) and FIG

5.26(b)) thexe was more than one peint of discontinui~

ty. In these instances the first point of discontinui- i LA

ty was interpreted as the onset of main crack growth

and the second as the possible formation of another

crack, or increasing damage due to micro-cracking.

In cases where there was a sudden steepening of the

graph  {indicsting increased permanent damage) followed
by & decrease in slope, (see FIG 5.21(a) and FIG
B §.z4(a)) it is possible that rotation of the crack,

bt Quring the cycles following the onset of main crack . ¥

growth, could have caused the wedging of a plece of
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dislodged aggregate thereby permitting the ultrasonic
waves to travel a shorter path. This would show as
the decrease in slope on the graph, after the onset of

main crack grawth,

TABLES 5.19 and 5.20 show the results of the identifi-
cation of the cycle during which main crack growth
started, obtained from the use of this technigue. A
comparison between these figures and those obtained
from the use of the fracture energy method is also
given in each table. (Only five of the concrete beams
are shown since this technique was employed after

several specimens had already been tested).

In spite of the lack of reliability of this method in
terms of success rate, it is important to note that
out of ten successful tests, only two were in disagree-
ment with the results obtained in sections 5.4 and
5.20.2. One of these (FIG 5.26(b) - BEAM 12B) showed
two points of discontinuity. The second point was
identified as the onset of main crack growth in sec-
tions 5.4 and 5.6.2, but FIG 5.26(b) suggests that
there may have been two cracks. The other (FIG
5.24(b) -~ BEAM B8B) showed the onset of main crack
growth to be one cyele earlier than was found in
sections 5.4 and 5.10.2. It is possible that the
degree of micro-cracking present in the earlier cycle
was sufficient to show up as damage, and thus suggest

the development of a main crack. Alternatively, the
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beam may have, through aggregste interiock, been able
to absorb more energy than is normal following maln
crack growth, thus only showing a drop in the J-in-
tegral after main crack growth and not simultanecusly
with it. It is impossible to say which one of the

methods is correct in this case.

The author concludes that this technique could be far
more useful if continuous measuring techniques were
employed. A continuously recorded ultrasonic pulse
velocity measurement would serve the purpose of indi-
cating trends that would be impossible to determine
from only two measurements per cycle, However, this
was not possible since no such equipment was available

at the time of testing.

1t is also reasoned that ultrasonic methods may be of
more value in tests which Involve a large number of
cycles (from one hundred to several thousand) since
the damage is gradual in these cases. In tests such
as those carried out in this dissertation, damage may
be very sudden due to the limited number of cycles
(less than 10) and the difference in pulse transit
time from one cycle to the next is equally suaden,
with a "grey area" in between. It is this "grey area"
that is of particular importance in determining the

onset of main crack growth.
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TABLE 5.19  IDENTIFICATION OF THE ONSET OF MAIN CRACK

GROWPH (CRITICAL CYCLE) FOR CONCRETE
BEAMS USING AN ULTRASONIC TECHNIQUE TO
RECORD PERMANENT DAMAGE.
CRITICAL CYCLE CRITICAL CYCLE

BEAM {Using permanent {Using energy
damage technique) technique

12a FAULTY DATA 5

158 NO DEFLSITE POINT 5

163 1 4

17a 5 5

18A 4 4

i
|
i
|
|
|
|
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TABLE 5.20 IDENTIFICATION OF THE ONSET OF MAIN CRACK
GROWTH (CRITICAL CYCLE) FOR MORTAR BEAMS
USING AN ULTRASONIC TECHNIQUE TG RECORD

PERMANENT DAMAGE.

CRITICAL CYCLE CRITICAL CYCLE

BEAM {Using permanent (Using energy
damage technique) technique)

1B NO DEPINITE POINT 6

28 5 5

3B WO DEFINITE POINT s

48 4 4

5B 4 4

B NO DATA s

78 NO DEFINITE POINT 5

88 4 5

28 6 5

108 4 4

us NO DEPINITE POINT 3

128 458 5

5.11  CONCLUDING DISCUSSION

The major purpose of the work covered in Chapter § was
€0 identify the onset of main crack growth during a
fracture test and to provide a fracture parameter at
this point. The following conclusions in this regard

can be draw:

1. The design of instrumentation should be very care-

fully considered. A possible interference Irom

i
]
i
1
i
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surface micro-cracking may have caused the strain
profile irregularities discussed in Section 5.2.
A remedy for this problem would have been to place
the instrumentation clamps at a wider gauge
length, thereby ensuring that surface micro-crack-

ing would not interfere with the LVDTs.

2. The J-integral seems to be useful for helping to
identify the omset of main crack growth. fhe
J-integral, calculated for each cycle and then
plotted against the in-plane displacement at the
netch tip for the same cycle, reached a peak for
every fracture test carried out. This peak (or

rather the drop following a peak) was interpreted

as the onset of main crack growth, (as explained R .

in section 5.4)

3. The use of ultrac-nic pulse velocity measurements, ;

when plotted against the J-integral provided a

back-up for the results determined in 2. above.

The use of ultrasonic pulse velaocity measurement i

as a technique on its own proved to be of limited

value for the tests conducted in this disserta-

tion. A lack of successful tests proved to be a
major problem.  However, out of a total of ten

successful tests, eight ylelded results in agree- B

ment with those obtained in 2. above. The tech-

nique used the concept of permanent damage, and
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evidence of sudden permanent damage was interpre-

ted as the onset of crack growth.

It was mentioned that the use of a continuous re- N .
cording system for recording pulse velocity would .

have been of more value than the limited equipment
that was available for the work covered in this .

Aissertation. N e

4. The J-integral, calculated as a cumulative value

based on the envelope curve joining the peak load

points for each cycle up te the cycle during which [
main crack growth began, can be thought of as a . -
fracture toughness parameter relating to the point §

of initiation of main crack growth (Jg). g N

was found to be essentjally the same for mortar 1

i
1
|
!
|
|
i
i
|

and concrete.

@

Analysis of the curves for the J-integral versus
notoh tip displacement, and the J~integral versus
cumulative change in peak ultrasonic pulse transit
time according to the ASTM-813 method’2, produ-

ced a fracture toughness parameter at the start of

micro-cracking (33}, Ty for oconcrete was
SN found, within the scatter limits, to be approxima-—
tely the same as Jy for mortar, and approximate-

1y 40% of dg.
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6. Average J; values show a tendency, in general,
to increase with increasing beam size thus support-
ing the finding by Alexander® that the degree of
micro-cracking was greater for larger beams. Ave- .
rage J, values also show a tendency, in general,
to increase with increasing beam depth. A lack of
sufficient data and the inherent scatter present
in the results render these tendencies approxima- .
te, however. It should be menticned that there is .
little agreement among researchers as to the depen-
dance of J on specimen geometry (ses section

2.2.2).

7. The notch tip displacement at the point of initia-
tion of main crack growth can be thought of as the
crack opening displacement (COP) since the crack
is propagating from the notch tip at this stage
The average COD for concrete is approximately the

same as the average COD for mortar, The scatter

in these results was larger for concrete than it .

was for wmortar (30% variation compared with 20% .

variation). This is probably due fo the heteroge- . .

neous naturs of concrete when compared with mor-

tar. It should also be borne in mind that the oD
measurements wers taken in one position and on one
side of the test beam only. Material irregulari-

ties could therefore be responsible for the large

scatter in the case of congrets. The COD ¢an be
thought of as a fracture parameter at the start of

main crack growth.
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In most of the tests, peak load occurred before
the initiation of main crack growth. This indi-
vates that there can be a reduction in the load
carrying capacity of concrete and mortar due te
the presence of micro-cracking only. This reduc-
tion varled up to 27% for concrete and up to 17%

for mortar.

Chapter 5 provides a basis for the analysis of frac-
ture zones in concrete and mortar at the start of main

crack growth. This is dealt with in Chapter &.
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MATERIAL CP~UA0TERISATION FROM FRACTURE ZONE

SIZE MEASUREMFNTS

FIGURE LEGEND

The legend shown below applies to those Figures which

contain reference to the various fracture beams.

BEAM GEOMETRY CONCRETE | MORTAR
d = 200 mm Cp/d = 0,2 1 5
4 =300 mm Cp/d = 0,2 2 6
d = 200 Tm Cp/d = 0,4 3 7
d =300 mm Co/d = 0,4 4 8

TABLE 6.1  General figure legend.

6.3 INTRODUCTION

Fracture of a heterogenecus material like concrete is
extremely complex. Cracking may occur by means of
cleavage within the material leaving stress-free sux-
faces. Alternatively, gradual micro-cracking can ini-
tiate in areas of high stress concentration. This mi-
crocracking can oocur, on a microscopic scale, either
betwesn the aggregate-matrix interfaces or within the
matrix itself - initiated perhaps by drying shrinkage
cracke or small air voids trapped during the mixing.
Stress transfer across this micro-cracked zone is, in

general, still possible.
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Four distinct stress zones may be identified in a not-

ched fracture beam?, FIG. 6.1 shows these as:

1. A zone ised by a st ree

crack of depth c.

2. A mlero-cracked zone, also called a fracture zone,
which includes a zone of aggregate pull-out, and
extends immadiately ahead of the main crack tip.

Stress transfer may occur within this zone.

3. An intact tension zome, in which the material is
essentially indamaged and stress-strain relation-
ships are linear. The stress at the limit of
this zene approaches the bulk tensile strength of

the material.

4. A compression zone above the neutral axis in which
the material is also essentially undamaged and

stress~strain relationships are linear.

FIG. 6.1 shows that the total tension zone consists of
the micro~cracked zone and the intact tension zone.
The residual ligament depth h is defined as the &if-
ference between the beam depth 4 and the stress free
crack depth o. It is within depth h that stress

transfer can occur.

The presence of a notch in a fracture beam has a pro~

found effect on the stress distribution in that beam
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during It is e desirable that the
stress zones are ) understood. Considering the
three zones desoribed in FIG 6.1 the following is

true:-

The strain distribution within the micro-cracked zone
is not linear and displacements relate to localised
cracking,  The stress-free zone below the main crack
tip (or notch 1if main crack growth has rot yet been
initiated) consists of either totally damaged material
ar mo material at all (notch), For equilibrium within
the beam, the force in the tension zone must balance
that within the compression zone. But, since concrete
is weaker in tension tham it is in compression, the
size of the tension zene must be greater than that of
the compression zone.  For a particular material, a
characteristic relationship between the sizes of these
two zones should exist. Experimental displacement re~
sults are analysed in this section in order to deter-
mine the characteristic relationship described above,
and  thereby to effect material characterisation at the
start of main crack growth for both concrete and

mortar,

6.2 TENSION AND COMPRESSION ZONE SIZES

The two zone depths are described by the following

equations: (see FIG 6.1)
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Comprassion zone ¢-d,,

yeutral Axistnad

f——Intact tension zone
Tenslonzoned,  -¢
y " misrocracked zone

Destressed zone ¢ /

F T

B

RTINS

3
™ FIG 6.1 Definition of stress zenes in a concrete or

s nortar beam during fracture (from ref 4).
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compression zone depth = d - dp, (6.1,
Tension zone depth = dg,-c (6.2)

The tension zone consists of the zone below the neu-
tral axis, and <the compression zone comprises that

material above the neutral axis.

FIG's 6.2 and 6.3 show a plot of the relationship
between the tension and compression zone size for six-
teen fracture beams.  Since one of the main aims of
this work was to characterise concrete and mortar at
the stage of change-over from micro-cracking to main
cracking, only the results at this point (as determin-
ed in the previous section) are shown here. The plots
were arrived at by using the recorded displacement
profiles to determine dp, at the start of main crack
growth for each beam. c is simply the notch depth for
that beam. (Diagrams showing progressive micro-crack-
ing, up to the point of initiation of main crack
growth, will be shown following the discussion on

FIG's 6.2 and 6.3).

¥IG 6.2

This shows the results for seven concrete beanms.

Points to note are as follows:
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1. The results have a best fit line, passing through
the origin, with the equation
A - dyg = 0,56 (dpy = ©) (6.3)

2. Scatter is present (coefficient of variation is
13%) so the above equatinn can be regarded as a

general trend.

3. The physical meaning of equation 6.3 is that the
tension zone at the start of main crack growth is

Just under twice the size of the compression zone.
FIG. 6.3
This shows the results for nine mortar beanms,

1. 'The results have a best fit line with the eguation

4 - dp, = 0,60 (dpy ~ ©) (6.4)

2. Once again the scatter is significant (coefficient
of variation is 10%) - equation 6.4 is therefore a

trend.

3. According to the equations (6.3) and (6.4}, the
ratio of temsile to compressive zone sizes is

slightly less for mortar than it is for concrete.

FIG's &.2 and 6.3 show lines which represent specific

material behaviour. The line for a perfectly linear
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elastic brittle material shows a linear stress distri-
bution, ie equal compression and tension zone sizes.
Since concrete and mortar are guasi-ductile and inelas-
tic materials it is expected that they should lie well
pelow the 1ine for a perfectly linear elastic

material.

It should also be noted that the average for the mor-—
tar beams lies somewhat closer to the “ideal" line
than the average for the concrete beams. W¥hile this
difference is not great, it is consistent with the
expectation that mortar more closely approximates a
linear slastic material than concrete does. The line
representing the relationship between compression and
tension zone sizes in a beam during fracture can there-

fors be thought of as a material characteristic.

It should be mentioned that Alexander?, in his work,
obtained an average value for the relationship between

tension zone and compression zone sizes as follows;

d - dp, = 0,461 (dy, ~ ©)  (concrete only)

This means that the material tested in this work show-
ed a larger compression zone depth at the start of
main crack growth (when compared with the tension zone
depth), than that tested by Alexander!.  This is

most likely due to the fact that the work in this
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dissertation relates to the point of initiation of
main crack growth while that of Alexander relates to
conditions well after main crack growth. Since the
state of damage (extent of cracking) Of the material
at the start of nmain crack growth is less than that
well after main crack growth, the overall integration
of tensile stress can be higher thus iwplying a

smaller tension zone size.

FIG's €.4 and 6.5 show plots of progressive micro-
cracking up to the point of initiation of main crack

growth.

Several of the tests had their starting points lying
on the line for a perfectly elastic material thereby
indicating equal sizes of the compression and the ten~
sion  zone. As these tests progressed, the ‘ension

zope size increased as would be expacted.

6.3 'THE POSITION OF THE NEUTRAL AXIS DURING FRACTURE

The position of the neutral axis at the point of

from mi king to main orack growth
gives a good idea of the extent and positions of the
tension and compression zones in the beam at this
point.  Section 6.3 deals with this by establishing a
relationship between the neutral axis position and the
geometrical parameter h, where h = d-c (residual
ligament depth). h was chosen in order to facilitate

comparison hetween the different heams.




~183-

(omy o-vep

revavien
Fitesavavauss 1o33amd o3 ev3y

T8

-

8~nu

UIHOIB 30033 wrem

30 24w
Ty egae,

votatava
Pryiben)

Y

1032721 W38048 o993 VTR 30 24%I8 373
59 Sn 331A30030431M 40 4aed Aoys FOUTT

SHYaR 21792400

[

_

(9 43 49 quea% 3¢ cmages
pusEay pandry 1eaousE 03 dajes

tun) Sp-p

zone

of compression versus tension

Plot

FIG 6.4

sizes auring progressive micro~cracking up

to the start of main crack growth (concrete

beams)




- . : -
. .
. e
4 .
W ST o - T
o g
§ %3
g0t
m a
-
L
o o o o
o s oo o s 28 s
= g5 %
= 503
- 8
w 4 % M
P > 3 E © -
.- i =g
11 - N § o8
3 = 22
- Enasse Rt
[ (3 - S1ase1a-sesust 23934ed JoJ BUFT & n oo =
. . 58 ¢
: B e 1 - M .
P = 8- & o W.
- H s : ifs
S ! = - 5 o
B N H a " .
o3 g a3 - g b
s ch o Ept
Linos8 yousn N s R
vyen o' Sinas 307 g
etk (psRTS) wamos¥ wovas ureE o yumis vy w §
i 2 dn SuTAaII-0IaTa 30 GATI ADUE SATT _ s 8 -
- d e % %
s veason w8 ¥
_ . £33
5 = w83
[ -
A2 5 e i

FIG 6.5




-185~

From equations 6.3 and 6.4 the follewing relationships

can be derived:

For concrate:

a-dp, = 0,56 (dpg-c)

Which can be written as

(8-6) =(dpy-c) = 0,56 (dy.-c)

giving

dpa=c = 0,64 (d=c) (6.5)

For mortar:

(by the same process)

dpa=C = 0,63 (a~c} (6.6}

FIG's 6.6 and 6.7 show thase relationships, Also

shown §s the neutral axis position for an ideal hrit-
tle and elastic material (i.e. equal compression and
tension zone sizes). It is important to note that the
experimental points shown represent beams at the point
of incipient fracture (i.e. point of change-over from

micro-cracking to main crack growth). The results for
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the mortar beams lie slightly closer to the ideal mate-
rial line than the results for the concrete beams.
This 1is to be expected since mortar more closaly ap-
proximetes an ideal brittle and elastic material than

concreta does. (see discussion in Section 6.2)

The physical interpretation of the above is that at
the point of incipient fracture of a beam, the neutral
axis lies above the notch tip, about two thirds of the
distance between the notch tip and the upper face of

the beam.

6.4 DETERMINING THE MICRO-CRACKED ZONE SIZE FROM

THE DISPLACEMENT PROFILES

To accurately record the shape of the displacement pro-
£ile in a beam, many gauge points spread evenly over
the fracture section would be necessary. This is ex-
tremely difficult since a shartage of space determines
the maximun number of instruments that can be used,
However Alsxander? proposss a simple method for over-
coming this problem as far as the determination of the
micro-cracked zone size is concerned. This method was

adopted for use in this work, and is described below:

{NOTE: Other more sophisticated techniques such as
Moiré Interferometry and Laser Holography are
also possible, but were not available for this

work.)
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micro-cracked zone is bounded at one end by a

stress—fres crack tip and at the other by the transi-

from damaged to intact material. Depending on
degree of damage, the material will exhibit a cor-

This will vary from the high

stiffness of intact naterial to the low stiffness of
cracked material. The micro-cracked zone will exhibit
a stiffness at a particular point that ie being con-
tinually reduced as the zone extends, until a limiting
lower value is reached. This is usually when the
micro-cracked zone has reached its full extent at that

particular point, Therefore, two distinct stiffnesses

be identified:- that of fully intact material,

and that of fully damaged material. The mioro-cracked
zone will lie somevhere between these twa extremes.
Thus a point of discontinuity, marked by the intersac-
tion of two lines with slopes representing the stiff-
ness of intact and fully Gamaged material, should be

an indication of the limit of the micro-cracked zone.

6.8 shows a schematic strain profile which illu-

strates the theory outlined above. The construction

required is executed as followa:

1.

The slope of the displacement profile in the lower
(i.e. notched and micro~cracked) portion of the
beam represents the fully damaged stiffness. The

line with this slope (Line A} is extended upwards.




2.

w
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If the displacement at measuring position N¢ 2 is
compressive, or does not exceed about 100x1078
tensile strain units then it is assumed that this
point lfes within fully intact material. The dis-
placement at position K¢ 1 is always compressive
and well within the "intact range". Therefore the
aisplacement profile of imtact material is given
by the line joining the displacements at measuring
positions N¢ 1 and Nv 2. This line (LINE B) is
then extended to meet the extension of Line A
The point of discontinuity thus formed represents

the upper limit of the micra-cracked zone.

Since this construction is carried out on the cri-
tical cycle (cycle during which the micro-cracked
zone reached maximum size) for each test, the
crack length ¢ is equal £o the notch depth ¢ (i.e.
main crack growth has not yet begun).Therefore the
difference in height between the notch tip and the
linit of the micro-cracked zone (point of disconti-

nuity) is the dopth of this zone.

This method fails if the displacement at measuring
position N* 2 indicates a demaged material. The li-
mits a-e taken as belng no greater than 100x10™%

to 150x1075 strain units®,
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The displacement profiles of 16 beams (7 concrete and
9 mortar) were analysed in this way. FIG's 6.9 and
6.10 show the results plotted as a function of liga-

ment depth h. Points to note ave:

i. These figures represent the fracture condition at
the point of changeover from micro-cracking to

main crack growth.

2. The hest-fit straight line through all the vesults
{passing through the origin) for CONCRETE has the

following equatien:-

Micro-cracked zone depth = 0,424 h (.7)

3. The best-fit straight line through all the results
(passing through the origin) for MORTAR has the

following equation:-

Micro-cracked zone depth = 0,410 h (6.8)

4. A difference in results for heams of different geo~
metry was evident. However because of the limit-
ed amount of data available, it is difficult to
determine whether these differences are due to an

actual trend or to experimental scatter.
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Tables 6.2 and 6.3 show the results for different beam
geometries.  With the exception of the d = 300, c,/d
= 0,4 beams in Table 6.3, consistency of results with-

in & given geometry was good.

Bearing in mind the scatter present in general, the

following trend can be deterxmined from Table 6.2:-

Concrete beams with smaller notch/depth ratics seem to
have a smaller relative micro-cracked zone size than
beams with larger notch depth ratios. For mortar this

is unclear.

From equations 6.7 and 6.8 it can be seen that the
overall average micra-cracked zone slze is slightly
smaller for mortar than it is for concrete. However,
considering the scatter in these results, this diffe-

rence is mot significant.

Alexander? found the average micro-cracked zone
depth for concrete beams tested in his work to be
0,463 h and further found that beams of a large depth
had larger relative nicro-cracked zone sizes than
beams of a small depth, It is significant that the
overall average for the tests conducted in his wurk is
very clese tc that obtained in this work. Alexander?
found no correlation between micro-cracked zone size

and notch/depth ratio.
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Size of the micro-cracked zone at the start

of main erack growth (concrete beams)
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CONCRETE BEAMS

THE SIZE OF THE MICRO~CRACKED ZONE IN

BEAM GEOMETRY MICRO-CRACKED ZONE NUMBER OF
DEPTH (AVERAGE) SPECTMENS
4 = 200 mn 0,540 h
co/d = 0,4 6,520 h 2
0,500 h
d = 300 mm 0,508 h
Co/d = 0,4 0,504 h 2
0,500 h
d = 200 mn 0,279 h
Co/d = 0,2 0,309 h 3
0,339 h
d = 300 mm 0,302 h 3

co/d = 0,2




ki LR A ikt

. e
'
-197- P
; .
TABLE 6.3 THE SIZE OF THE MICRO-CRACKED ZONE IN
MORTAR BEAMS
BEAM GEOMETRY MICRO-CRACKED ZONE NUMBER OF v
DEPTH (AVERAGE) SPECIMENS
d=200mm | 0,325h .
Gofd = 0,4 0,397 h 0,260 h 2
0,358 h
0,295 h
3
d = 300 mn 0,470 h 0,398 4 ¢
-~ 5
Co/d = 0,4 0,500 h
.
0,330 h
N
d =200 mn 0,562 h 0,512 b 2 .
i
co/d = 0,2 0,463 h h
vy
§.5  CONCLUDING DISCUSSION .
The following general conclusions may be drawn from .
the Qiscussion in Chapter 6. It must be emphasised !
that the £ollowing comments vefer to conditions at the
start of main crack growth.
1. Both concreca and mortar beams show unequal sizes
of compression and temsion zones during fracture. 5
For concrete, the size of the compression zone is
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56% of the size of the tension zone, while for mor-

tar the size of the compression zone ls 60% of the ' r ,

size of the tension zone. These relationships can

be as a material stic at the .

point of initiation of main crack growth. It is
to be expected that these materials behave in a
non-linear fashion since they are quasi-ductile
and have a stress distribution affected by the pre-
sence of a micro-cracked zone. It should be noted
that the relationship for mortar lies slightly

closer to an jdeal linear - elastic brittle rela-
tionship (equal tension and compression zone ~
sized) than the relationship for concrete. While
this difference is slight, it is to be expected o
since mortar more closely approximates a linear \

\
elastic waterial than concrete does. N

2. Plots of progressive micro-cracking up to the
point of initiation of main crack growth showed "
that several of the beams had their starting . N

points (first or second cycles) lying on the line

for a perfectly linear - elastic materfial, thereby
indicating equal compression and tension zone

sizes.  As these tests progressed and significant
micro-cracking occurred, the zone sizes deviated
from this until they reached the situation de-

seribed in point 1. above.
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Plots of the neutral axis position at the point of
initiation of wmain crack growth showed that, at
this stage during fracture, the neutral axis lies
above the nctoh tip, about two thirds of the dis-
tance betwe: the notch tip and the upper face of
the beam. (This is true for both concrete and mor-

tax)

Distortion of t -plane displacement profile of
the beams was used to determine tho size of the mi-
crocracked zone in 16 beams. This was found to be
about 42% of the residual ligament depth for con=
crete and about 41% of the residual ligament depth
for mortar. A difference in results for beams of
different geometry was evident, but due to the
limited amount of data it was diffienlt to deter-
wine whether this was du: to scatter or an actual
trend,  These results compare well with those of
Alexander? who found that (for concreva beams of
a similar nature to those tested in this work) the
micro-cracked zone size vus about 46% of residual
ligament depth. Refsring again to the difference
in results for beams of different geometry, the
trend (bearing scatter in mind) for the concreta
tests seems to show that beams with smaller notch
depth ratios have a smaller micro-cracked zone

size than beams with larger notch depth raties.

i
'

Ty
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7. DISCUSSION, CONCLUSIONS AND RECOMMENDATIONS FOR
FUTURE WORK

The purpose of this chapter is to summarise the conclu-
sions drawn in earlier chapters and o present an over~
all view of the work carried out for this disserta-
tion. The objectives are ocutlined, a summary of expe-

rimental results is given and finally conclusions and

recomnendztions for further work are presented.

the main objectives for this work were prompiad by the
revommendations for future research given by Alexan- i
aer? in his eariier thesis. The most important
message that came across from Alexander's work was the
need for a fracture parameter at the point of initia-

tion of wain crats growth and characterisation of

fracture henaviour =2t this point. A literature stady :

confirmec this need and most researchers agreed that

one of the nest difticult aspects of a fractura test '
is to ldentify the point of change-over from micro-

crueking to main crack growth in a test.

7.2 SUMMARY OF EXPERTMEWTAL WORK

B total of 30 notched, rectangular beams of constant
width 100mm and with depths of either 20Cmm or 300mm
were tested. The spss o depth ratio was kept

constant at 3:1. Notch/dejth ratios used were either




~201~

0,2 or 0,4 21d all notches were cut after casting
using a diamond tipped saw blade. Beams of concrate
and mortar were tested. The fracture tes’y invelved
the use of a compression machine to load the beams in
bending which rested on supports made as frictionless

as possible.

Load cycling was carried out to induce stable crack
growth. Deflections and loads at midspan were measur-
ed. LVDTs were used to monitor the surface displace-

ments across the face. ultrascnic

pulse measurements were vecorded for each load cycle.

Materials control tests shows that, except for two
beams in which the cube strength was slightly low,
good  quality control was achieved throughout the
testing. Cube strengths varied from 36 MPa to 43 MPa
for concrete and from 32,5 MPa to 41 MPa for mortar
Elastic nmodulus values ranged from 33,5 GPa to 36,9
GPa for concrete and from 27,0 GPa to 29,7 GPa for

mortar.

7.3 SUMMARY OF RESULTS

7.3.1 IDENTIFICATION OF THE POINT OF INITIATION OF
MAIN CRACK GROWTH

The piacing of instrumentation should be carefully con-

sidered. Possible interference from in-plane micro-
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cracking may have caused the strain profile irregulari-
ties discussed in section 5.2. A wider gauge length

should be considered.

The J-integral proved to be useful for identifying the
enset of wmain crack growth. The J-integral, calcula-
ted for each oycle and plotted against the surface
displacement across the notch tip, reached a peak for
every fracture test carried out. This peak was inter-
preted as the start of main crack growth (as explained

in section 5.4)

The use of ultrasonic pulse velocity measurements when
plotted against the J-integrel, provided a back-up for
the results determined from the J-integral plotted
against the surface displacements across the notch

tip.

The use of an ultrasonic pulse velocity technique

utilizing the e of

damage to iden-
tify the start of wain crack growth proved to be of
limited value due to a low success rate in achieving
conclusive results.  fThose results that were conclu~
sive did, however, compare well with the results

cbtained using the J-integral technique.

The J-integral, calculated as a cumulative oyclic
valile up to the point of initiation of main crack

growth, can be thought of as a fracture parameter
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cracking may have caused the strain profile irvegulari-
ties dliscussed in section 5.2. A vider gauge length

should be censidered.

The J-integral proved to be useful for identifying the
onset of main crack growth. The J-integral, calcula-
ted for each cycle and plotted against the surface
displacement across the notch tip, reached a peak for
every fracture test carried out. This peak was inter-
preted as the start of main crack growth (as explained

in section 5.4)

The use of ultrasonic pulse velocity measurements when
plotted against the J-integral, provided a back-up for
the results determined from the J-integral plotted
against the surface displacements across the notch

tip.

The use of an ultrasonic pulse velocity technique
utilizing the principle of permanent damage to iden-
tify the start of main crack growth proved to be of
Linited value due to a low success rate in achieving
conclusive results.  Those results that were conclu-
sive dia, however, compare well with the results

obtained using the J-integral technigue.

The J-integral, calculated as a cumulative cyclic
value up to the point of initiation of main crack
growth, can be thought of as a fracture parameter

Jg
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Bearing in mind the inherent scatter present in the
results (coefficients of variation of 28% for concrete
and 23% for mortar), it was concluded that the average
J, for concrete was essentially the same as the

average J, for mortar.

The J-integral, calculated according to the ASTM~813
method?®, produced a fracture parameter J; at the
start of wmicro-cracking. Bearing in mind the scatter
present in the results (coefficients of variation of
303 for both concrete and mortar) the average J; for
concrete is essentially the same as the average J;
for mortar. J; is about 40% of J, for both
concrete and mortar.

3, was found, on average, to increase for an increa-
se in beam depth and to decrease for a decreasing
notch/depth ratic.

3; was found, on average, to increase for an increa-
se in bpeam depth and to decr.ase for a decreasing
notch/depth ratio.  These findings support those of
Alexander? who found the micro-cracked zone size to

be larger for beams of greater depth.

The notch tip displacement at the start of main crack
growth (COD) was found to be approximately the same
for mortar as it was for concrete. The average for
concrete was 0,032 wm while for martar it was 0,046

mm. The scatter in the results was larger for concrete
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(coefficient of variation 30%) than it was for mortar
(coefficient of variation 20%). This was thought to
be due to the hetercgenecus nature of concrete when
compared with mortar. The notch tip displacement can
be thought of as a fracture parameter at the start of

main crack growth.

In 80% of the tests, peak load occurred before the
initiation of main crack growth. This indicates that
there can be a reduction in load carrying capacity dus
to the presence of micro-cracking only.  This
reduction varied up to 27% for concrete and up tc 17%

for mortar.

7.3.2 MATERIAL (HARACTERISATION FROM FRACTURE ZONE
SIZE MEASUREMENTS

Both concrete and mortar beans showed unegual sizes of
compression and tension zones at the point of ini-
tiation of main crack growth during fracture, For con-
crete, the size of the compression zone was 56% of the
size of the tension zona, while for mortar the size of
the compressien zone was 60% of the size or the ten-
sion zone. It is thought that these relationships can
be regarded as a material characteristic. The rela-
tionship for mortar was found to lie closer to the per-
fectly linear elastic material relationship than that
for concrete.  This was expscted since mortar more

closely approximates a linear elastic material than
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concrete does. Plots of progressive micro-cracking up
ta the point of initiation of main crack growth showed
that several of the beams had their starting point ly~
ing on the line for a perfectly linear - elastic mate-

rial.

Plots of neutral axls position at the start of main
or- sk growth showed that the neutral axis lay above
the notch tip, about two thirds of the distance be-
tween the notch tip and the upper face of the beam,

for both concrate and mortar.

In-plar sment measurements across the cracking
face .8 were used to determine the size of
the micxe . .ed zone at the start of main crack
growth. This was found to be about 42% of the resi-
dual ligament depth for conorete and about 41% of the

residual ligament depth for mortar.

7.4 MAJOR CONCLUSIONS

1. Results from a total of 28 notched concrete and
mortar beams of width 3100 mm and with depths of
either 200 wm or 300 mm have been presented
About 30% of these raesults could not be used for
surface displacement results due to the probable
interference of surface micro-cracking with
instrumentation clamps. A remedy for this problem

is thought to be the use of a wider gauge length.
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2 !L.“, 2. Both aisplacement and ultrasonic pulse velccity
5
Tt measurements proved to ba useful techniques for
B detecting the initiation of main crack growth,

although the reliability of providing clear re- s
sults was not as good as was hoped for with the X

ultrasonic technigue.

The J-integral, calculated from an envelope curve .
joining the maximum load points of each cycle up

to the start of main crack growth, can be thought . E

of as a fracture parameter Jo.  J, was found ]
to be essentially the same for mortar as for R \‘ L
concrete. ’,
The OJ-integral, calewlated according to the \'

ASTM-B23 method’®, can be thought of as a frac- ‘ i ‘

ture paramster at the start of micro-cracking i -

7j. 3y was found to he essentially the same ;

for mortar as for concrete. ! RN

Both J, and J; were found to increase for an
increass in beam depth and to decrease for a de-
crease in notch/depth ratio for both the concrete

and the mprtar beams.

The notch tip displacement (COD) can be thought of
as a fracture parameter at the start of main crack
growth.  The COD for concrete was approximately . R

the same as the COD for mortar.
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It was found that a reduction in the load carrying
capacity of both concrete and mortar is possible

due to the presence of micro-cracking only.

8. Displacement measurements showed that relation-
ships between compression and tension zone sizes
at the start of main crack growth can be thought
of as characteristic of material behaviour. Both
concrete and mortar were shown to depart from the
ideal linear - elastic condition, with mortar be-
ing slightly closer to this condition than con-
crete.  The tension zone was roughly twice the

size of the compression zone in both cases.

9. Displacement across the cracking face

were used to determine the size of the micro-crack-
ed zone at the start of main crack growth., This
was 42% of the residual ligament depth for con—
crete and 41% of the residual ligament depth for

mortar,

=
13

Scatter was a problem in all of the results. This
meant that specific trends were difficult to iden—
tify and only general conclusions could be drawn
It is the opinion ©Of the author that fracture
tests on heterogeneous materials euch &s Goncrete
and mortar are of questionable value (dQue to
scatter) if performed using a small number of

cycles (less tham 20). It is suggested that, due
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to the prasence of large irregularities and flaws
across the fracturing section, the change of beha-
viour from one cycle to the next can be drastic -
with a grey area between. A method of testing
involving a larger number of cycles (from 20 to
several thousand) may, through the induction of
gradual damage, help te reduce scatter such as
that encountered in the tests carried out for this

dissertation.

In

in

OVERALL EVALUATION AND DISCUSSION

spite of the considerable inherent scatter present

the results obtained for this dissertation, and the

limited amount of data available, it was possible to
identify general trends which were consistent, in most
cases, for ULoth concrete and mortar. Agreement with
results obtained by Alexander® was also apparent.
From the literature survey conducted, it was clear,
nowever, that there 1is very little agreement amengst
researchers in the field of fracture mechanics for

cemented materials.

It is quite possible that the effects of specimen type
and testing methods, could greatly affect the results
obtained for a particular material. What is required,

is a isation for both type

and testing method and subsequent comparison of re-

sults cbtained by various researchers.
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Even with this standardisation, however, the hetercge-
necus nature of cemented materials will continue to
introduce con= Jerable scatter into the results
obtained for any test. Until a complex £2t of frac-
ture models has been developed to explain the fracture
processes in these materials, fracture mechanics for
cemented nmaterials will remain an academic rather than

an englneering pursuit.

7.6 TONS FOR FUTURB

1, Pursuit of the use of ultrasonics as a neans of
detecting the degree of micro-cracking and the

anset and degree of main crack growth.

2. Investigation inte the surface spreading of the

micro-cracked zcne.

w

Investigation of the development of more than one

main crack during cyelic loading.

-

Investigation into testing methods which, by their
nature, reduce experimental scatter to a point
where accurately conclusive trends can be identi-

fied.
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APPENDIX A

DETAILS OF CONCRETE MIXES AND PRODUCTION PROCEDURES

FOR FRACTURE TESTS.

ALl MATERIALS

A.1.1 CEMENT

oOrdinary Portland cement, obtained during May 1986 in
a single batch from the Anglo-Alpha cement factory in

Roodepoort, Transvaal.

The cement was obtained fresh from the mill and placed

in s2aled bins on arrival.
A.1.2 AGGREGATES

sToNE

Crushed Reef quartzite of nomimal 10 mm single-size.
The average properties of this stone, according te

Davis®?, are:-

Relative Density (R.D ) - 2,71
Loose Bulk Density (L.5.D.) = 1330 -1350 kg/m®
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This stone falls, geologically, into the rocks of Wit-

watersrand Supergroup.

Mortar shrinkage is, on average, about 0,055% with a

maximum measured of 0,069%.

Reef Quartzite Crusher Sand was used for both the con-
crete and the mortar. The average properties, accor—

ding to Davis®?, are:-

R.D. = 2,70

Fineness Modulus (F.M.) = 2,94

The mortar shrinkage for this sand is low and varies

between the limits 0 047% and ©,069%.

A.2 BATCHING AND MIXING

All the materials were weig hed using

an accurate laboratory scale., They were air dried in

the 1 y (average 20°C, average

relatlive humidity 55 per cent) and stored dry.

The dry solids were placed in a 40 litre capacity hori-
zontal pan mixer wita the water being introduced over
a period of about 30 seconds. Mixing was then continu-

ed for a further 90 seconds. The slumps of the con-
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crete and wortar varied from 30mm to 50mm and 40mm to
60nm  respectively which allowed placing by hand and

moderate mechanical vibration.

A3 CASTING AND CURING

A:3.1 MOULDS

The four inch cubes and four inch ¥ eight inch Youngs

modulus prisms were cast in standard steel moulds.

The fracture beams were cast on their sides on shutter-
poard on the floor. The sides of the moulds were made
from 100mm deep shutterboard sections bolted onto rece
tangular double-angle steel frames.  Spacer boards
were used to form the ends of the beams and were held
in position by carpenters clamps. The side shutters

were clamped at each end with threaded rods.

A.3.2 CASTING PROCEDURE

The beams were all cast in a horizontal position on
the laboratory floor. Great care had to be taken to
ensure that the mould kese was horizontal so as to
eliminate any twist in the beams. The moulds were
filled from drums brought from the pan mixer. A smal:
poker vibrator was used to ensure proper compaction.

vecy little bleed was detactable for any of the beams.
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Control cubes and elastic modulus prisms were compact-
ed by placing the moulds on a vibrating table for
apout one minute. Moulds were stripped one to two

days after casting.

A.3.3 CURING

Immediately after cuasting, the spacimens were caverad

with plastic sheeting for about twenty four hours.

The moulds were then stripped, and the beams and their

control were placed in a pile under
damp hessian cloth and plastic sheeting. The hessian
was kept damp until testing time, All of the curing
took place in a high humidity room with the tempera-

ture held at about 23°C.

b
{
|
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APPENDIX B

DETAILS OF EXPERIMENTAL APPARATUS .

B.1 DEFLECTION RIG

The deflection riy to support the midspan deflection -
WOT was originally fabricated by Alexander®, but
needed modification for use in the experimental work

for this thesis.

The rig was manufactured primarily from 25 x 3mm stesl -
angle and 20 x 3m flat steel strip. Other components

included threaded rods to act as spacers or support N Ty

pins. The entire rig was bolted together, and was ful-

ly adjustable for different sized fracturs beams. This

was achieved by having movable end puppports. FIG B.1

shows The rig set for a 900mm long beam, The modifica-

s,

tion to the rig consisted of an “"L-shaped® adjustable .

stiff steel tubing which was attached to the top of 1 *

the rig, The L-shape was arranged in such a way that

a single IVDT could be supported directly underneath

the centre of the beam in order to measure midspan

deflection. This can be seen in FIG B.1l.
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rig

Deflection measuring

long bean.

FIG B.1
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B.2 ELECTRONIC TRANSDUCERS AND POWER SUPPLY MODULES

B.2.1 ELECTRONIC LOAD CELL
Made

Japan.

Type:

series No:
Ccapacity:
Bridge Voltage:

output Voltage Sensitivity:

by Kyowa Electronic instruments Co. Ltd, Tokyo,

Kyowa strain gauge based
load cell, compression /
tension.

LLI-2TR

20kN

10,0 V.D.C.

2mV/V + 0,2%

B.2.2 LINEAR  VARTABLE DEFFERENTIAL  TRANSFORMERS
(LVLYs)
Made by RDP Electronics Ltd, Wolr UK.

Transducer length:
Transducer diameter:
Linear Range:
Linearity:

Excitation:

53mm ) Type D2/200A
21mm )

+ 5,0mn

Approx 0,25% full scale

6.0V D.C
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B.2.3 POWER SUPPLY MODULES

separate power supply modules were used to power the

load cell and the LVDTs.

Type: Regulated DC pover supply

modules. 0-20V; 0-12

Made by Metronix Corporation, Tokyo, Japan.

powered by 220V A.C. Mains Voltage.

B.3 RECORDING EQUIPMENT

B.3.1 XY RECORDER

Made by 77 Lloyd Instruments Ltd, Southhawpton, UK.

Type: PL 2500
serial No: 775
Effective writing area: 240mm (¥ scale)

360mn (X scale)

Recorder also had a chart drive motor with variable

snecd drive.

Linearity: > 0,1% £,5.d.




MULTI CHANNEL RECORDER

Linearcorder Mark VII WR3101, Made by Graphtec Corp.,

Tokyo, Japan.

Six channels of varying paper widih, electronic heat

pens.

Accuracy:

sensitivity:
Variable Chart Speed:

~218~

within + 0,5% over fill
scale
+ 2,5V/cm,

14 Speeds

B.3.3 ULTRASONIC PULSE EQULPMENT

Type:

Natural freguency of
Standard transducers:
Frequency response:

Transducers (pulse trans-

br Steinkamp Ultrasonic

Tester, BP IV.

40~50 Hz
20~200 Hz

nitter and )

3 1 type
1iquid crystal display of

transit time in ps.
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APPENDIX C
RECORDS OF TEST RESULTS

Tables C.) and C.2 show the results for all the tests

carried out for this dissertation.

FIGs C.1 to C.4 show the plots of the J-integral
versus surface displacement at the notch tip, the
J-integrel versus cumulative difference in peak ultra-
sonic pulse transit time, and linear regressien to

evaluate J; according to the AsTM-8137C method.
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FIG C.1 Plots of the J - integral versus surface dis~
placement at the notch tip for the concrete
beams, and linear regression according to the
ASTM-B13 method.
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