It should be noted that some inaccuracy in compliance measurements
has been introduced by the fact that firstly the load was not alwavs
removed immediately the peak load for the cycle was achieved (i.e.
some additional crack growth could have occurred before unloading)
and secondly 5p was influenced by creep during the time taken to
record strains. Both of these effects can be noted in figure 6.1

The effect of these inaccuracies is to cause conventional compli-
ances to be slightly underestimated, and to somewhat increase the
area under the load-deflection curve. The magnitude of the inac-
curacies were consideiad to be small relative to the scatter of

results.

6.7 SLOW CRACK GROWTH IN FRA( TURE BEAMS

The compliance method outlined previously may be used to assess slow
crack growth during a test. However, in cemented materials the
problem exists of defining exactly what is meant by crack growth.
This might be visible crack growth, or development of a microcracked
zone, or increase in effactive crack depth (where effective crack
depth is the sum of stress-fres crack depth and the depth of the
microcracked zone). At this point, we do not yet have a 1easonable
estimate of the depth of the mjicrocracked zone, and therefore it
's proposad to use the concept of "appareat” crack depth introduced
in 6.6.2. TLis {s the crack depth inferred from the conventional
compliance relsi.onship using measured compliance changes. This
apparent crack depth will generally b; longer than the visible crack
depth but shorter thar the effective crack depth, as was shown in
figure 6.4. Accepting this limitatjon, it is nevertheless true that
the apparent crack depth will give some physical measure or the
extent of crack growth during a test, and will allow us to compare

the behaviour of different beam sizes.

In this section, the apparent crack ygrowth occurring at maximum load
will be examined, since this po.nt is often used to assess fracture

parameters. Many investigators have assumed that no crack g-owth




occurs prior to maximum load, but the beams of series F3 have
clearly shown this assumption to be erronecus. It has also been
suggested that crack growth in larger specimens will be less than
in smaller specimens, thus causing larger specimens to yield more
valid estim.tes of LEFM parameters. Results of the present tests
show, however, that while relative crack growth in larger beams may

be less than in smaller beams, it is by no means negligible.

For the purposes of this section, the apparent crack growth prior

to peak load will be termed Ac, so that at maximum load:-
c = c.  + Ac (6.3)

where <. is trn. pparent critical crack depth at maximum load and
g is the initial notch depth. we may also define the initial
residual ligament depth as:-

h, =d - ¢

o (6.6)

0

6.7.1 VISIBLE CRACK GROWTH AT MAXIMUM LOAD (SERIES F3)

The beams of series F3 generally showed visible crack growth during
the maximum load cycle. In those beams in which no visible crack
growth could be observed at maximum load, it was also noticed that
compliances were somewhat less than tnose experienced by beams with
visible crack growth (see for instance figure 6.3(a)). In view of
the difficulty of detecting crack growth visually in smaller heams,
it was debatable whether crack growth had occurred in these or not.
However, the weight of evidence seems to suggest that main crack

extension did occur before maximum load.

Crack growth at maximum lcad was detecred in 14 of the 23 baams of
series F3 that were monjcored for crazk growtin. The results are

shown in figure 6.9 in the forw of bar diagrams giving the range
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of crack growth values for the particular beam types. A scatter
of results is again in2vitable, but the general trend is that of
increasing crack growth with increasing beam size. Ultimately it
is not the absolute crack growth that is important, but rather the

relative crack growth, and this will be discussed below.
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Figure 6.9 Crack growth at maximum load (series F3)

6.7.2 APPARENT CRACK GROWTH AT MAXIMUM LOAD (SERIES
F1, F2, F3)

Apparent crack growth (4c) using the compliance method was assessed
for beams of all three series. ({(Note that the 100x100x850mm (0,5)
beams of series F2 were excluded sirnce certain of the beams had
initial linear portions that were unrepresentative of true
behaviour, and the definition of the peak load as the point of
fracture instability was questionable due to the flat peaks and
obvious absence of any degree of spontaneous crack growth). These
results are presented in bar diagram form showing absolute 4Ac in
figure 6.9, and in graphical form showing relative values

(i.e.Ac/cO) in figure 6.10. Comment on the figures is as follows:~-
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FIGURE 6.9

As might be expected, the absclute value of crack extension At
maximum load increases as beam depth increases, Subject to the
limited number of results for larger beams (500mm and B0Omm)}, the
general trend is that crack extension for any beam size is inde-
pendent of initial notch-depth ratio. Since the compliance curves
(figure 6.3) are continursly increasing, this implies that com-
pliance changes at waximum load will be larger for deeper notched
beams than shallower notched ones. Visible and apparent crack
growths can also be compared in figure 6.9. It is interesting that
for those !00mm and 200mm beams where visible crack growth covld
be detected, this is less than apparent crack growth. This crit-
ically affects calculated fracture parameters, as discussed later
in chap-er 9. For the larger beams, however, the visible crack

growth roughly matches the apparent crack growth.

FIGURE 6.10

Whereas absolute crack growth reduces with beam depth, the opposite
trend is shown for relative crack growth (Ac/co).This trend is
consistent for both shallow and deep notching. For the 500mm beams,
Ac/c0 values are about 0,2 for co/d = 0,4, whereas in the
shallow-notched small beams these values are as high as 1,0, indi-

cating that the inicial notch depth is doubled prior to maximum

load. However, it will be shown in chapter 9 that crack growth for
100mm beams can be seriously overestimated using conventional come
pliance relationships. Figure 6.10 is essentially a reflection of
figure 6.5; the greater compliances of the smaller beams may be

interpreted as being due to lower restraint in the fracture zone.

Figure 6.10 also explores the possibility of a relationship between
slow crack gr .wth Af‘/cO and initial residual ligament depth hO' A
fairly ciear trend is evident in wnich Ac/c0 may be considered to

depend more or less lineirly on hO' with different relationships
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depending on initial notch depth ratio. Insufficient results are
available for co/d = 0,25 to suggest a. relationehip for this notch
depth, For the material tested, slow crack growth may be assessel
simply from a knowledge of beam and notch dimensions (i.e. g and
ho)A This procedure in itself would simplify the compliance ap-
proach and give at least a first estimate of jikely crack growth

which would be useful in assessing fracture loads.

Th~ figure also shows that the sensitivity of slow crack growth to
beam “ire .ecieases as the notching becomes deeper i.e. a greater
degree of relative crack growth for any beam size will occur if the
beam has a shallow notch. This implies that structures such as
concrete road slabs where the startar flaws may be fairly small will
experience considerable crack growth prior to final failure. Fig-
ure 6.10 also indicates that, since less relative slo. crack growth
occurs in deep beams, the condition >f a vruly brittle Griffith-type

material is more closely approached for these beams.

Many researchers have argued that Jeep sections are required for
obtaianing valid fracture parameters, but frequently such arguments
have ignored the effects of slow crack growth prior to instability.
Clearly in such cases, tests on larger beams will produce fracture
parameters closer to "true' values simply because slow crack growth
is reduced in these beams, and the consequences of ignoring this
effect will be less serious than in small beams. Nevertheless in
spite of the deep sections tested here, slow crack growth was not
negligible, and amounted in relative terms to as much as one-quarter
of the initial notch depth. This is clear evidence of the impor-

tance of assessing slow crack growth in cemented materials.

6.8 CONCLUSIONS

1. Compliance relatio ships fur cemented materials are complicated

by the presence of a microcracked fracture zone in which
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crack-closing stresses operate. Theoretical relationships that

ignore this effect are thereforn not entirely valid.

Using experimental load-deflection curves, it is possible to
define two compliances:- the conventional compliance which is
simply the inverse slope of a line joining the origin to the
point (F.8) in question; and the modified compliance which is
a reloading compliance obtained from the i.serse of the slope
of the lineir portion of the reloading curve in any load cycle.
The presence of the microcracked zone as well 34s irrecoverable

deformation influences these compliances.

Initial no:ch compliances of the fracture beams agree well with

theo: This is before any non-linearity and damage occurs.

Considerable irrecoverable deformation occurs, resulting from
resistance to crack closing which is due to p- vious aggregate

pull-out and crack surface disintegration.

Experimental compliance relationships based on visible crack
growth show that the fracture beums are more compliant than
theory would predict; this is <o Le expected due to the devel-
opment of a microcracked zone which reduces the stiffness of
the beam. Larger beams have experimentsl compliances very much
cloger to theoretical values than smaller baams. This is
thought to be due mainly to the greater relative deformations
cxperienced by the smaller baams resulting in greater
crack-surface rotation and aggregate pull-out in the fracture
zone; this in turn {s thought to result in smaller crack-closing

stresses.

Using the conventional compliance relation an "apparent” crack
depth can be detarmined, whirh will generally be greater than
the visible crack depth. Analysis of slow crack growth prior
to maximum load shows that absolute values of apparent crack
extension are greater in larger beams compared with smaller
bear however on a relative basis (i.e. crack growth/initial

notch deoth) the larger beams experience less slow crack




crack-closing stresses operate. Theoretical relationships that

ignore this effect are therefore not entirely valid.

Using experimental load-deflection curve ‘s possible to
define two compliances:- the conventional compliince which is
simply the inverse slope of a line joining the origin to the
point (F,8) in question; and the modified complian-= which is
a reloading compliance obtained from the inverse of the slope
of the linear portion of the reloading curve in any load cycle.
The presence of the microcracked zone as well as irrecoverable

deformation influences these compliances.

Initiz]l notch compliances of the fracture beams agree well with

theory. This is before any non-linearity and damage occurs.

Considerable irrecoverable deformation occurs, resulting from
resistance to crack closing which is due to previous aggregate

puli-out and crack surface disintegreation.

Experimental compliance relationships based on visible crack
growth show that the fracture beams are more compliant than
theory would predict; this is to be expected due to the devel-
opment of a microcracked zone which reduces the stiffness of
the beam. Larger beams have experimental compliances very much
closer to theoretical values than smaller beams. This is
thought to be due mainly to the greater relative deformations
experienced by the smaller beams resulting in greater
crack-surface rotation and aggregate pull-out in the fracture
zone; this in turn is thought to result in smaller crack-closing

5T resses.

Using the conventional compliance relation an "apparent” crack
depth can be determined, which will generc¢lly be greater than
the visible crack depth. Analysis cf slow crack growth prior
to maximum load shows that absolute values of apparent crack
extension are greater in larger beams compared with smaller
beams; however on a relative basis (i.e. crack growth initial

notch depth) the larger beams experience less slow crack




growth. Slow crack growth prior to maximum ! ad is nevertheless
appreciable even in large beams, aid can amount to between 10
to 25 per cent of initial notch depth. It therefore cannot be
ignorad in fracture calculations. There appears to be a linear
relationship betwean crack growth and initial residual ligameat
depth (ho), crack growth reducing as ho increases. This should
be useful for preliminary analysis of fracture parameters.
However, f=r the notch-insensitive 100mm deep beams, it will
be shown later that crack growth can be seriously uverestimated

using apparent values.
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7 FRACTURE ZONE CHARACTERISATION USING STRAIN
MEASUREMINTS

7.1 INTRODUCTION

Concrete fracture {s complex due to the heterogeneous nature of the
material. Cracking wmay comprise cleavage within the material
leaving relatively stress-free crack surfaces. Alternatively
cracking may be more incipient in that a zone of microcracking de-
velops in those areas where tensile stresses are high, particularly
due to stress concentrations. Such microcracked zones will be
characterised by microscopic interface cracking between aggregate
particles and matrix, and nccasionally cracking within the matrix
itself. Stress transfer across the microcracked zone will, in
general, still be possible, and will reduce as the total displace-
ment across the zone increases. These concepts have been introduced
previocusly in 3.3.1 and figure 3.9; the intention of this chapter
is to develop these concepts reiative to fracture in beams, and to
present experimental data on the measurement of fracture zones,
using a strain garge technique. .he following chapter will preseuc
results of fracture zone measurements using an ultrasonic tech-

nique.

Four distinct stress zones may be identified in a notched fracture

beam. With reference to figure 7.1 th.se are:-

1. A destressed zone characterised by a stress-free crack of depth

c.




A microcracked zone, also called a fracture zone, which in-
cludes a zone of aggregate pull-out, and extends immediately
ahead of the main crack tip. Tensile stress transfer may occur
in this zone due to aggregate interlock and remaining matrix

ligaments.

An intact tension zone, in which the material is essentially
undamaged and stress-strain relationships are reasonably lin-
ear. The stress at the limit of this zoue approaches the bulk

tensile strength of the material.

A compression zone above the neutral axis in which the material
is also essentially undamaged and stress-strain relationships

are reasonably linear.
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Figure 7.1 Definition of stress zones in 2 concrete

beam during fracture

Figure 7.1 shows that the total tension zone comprises the micro-
P

cracked zone and the intact tension zone. The residual ligament

depth is defined as the difference between the beam depth d and the

stress-free crack depth ¢. It is within the depth h that stress

transfer of one form or another can occur.

In the present tests, neutral axis position was determined from

strain profiles, and an estimate of the stress-free crack depth was

obtained from the visible crack depth. It was desirable to try and
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measure sizes of the microcracked zone, since generally up to now
these have had to be infer.ed from theoretical models. An estimate
of fracture zone size would also allew the material to be

characterised relative to its fracture behaviour.

"Demec" strain targets at mid-span anc covering the beam height were
fixed to one side of all beams of series F3 on a 1.0mm gauge length.
Details of the mechanical gauges and their positicns have been given
in 4.4.3. Strains were gecerally read as close to the peak of each
load cycle as possible. Data involived four =train readings,
mid-span load and deflection, and visible crack depth for each cy-
cle. Strain or displacement profiles .cross the mid-span section
could then be plo.ted. Strain readings were converted to dis-
placements within the crack once the crack had intersected the
relevant strain measuring position. This allowed crack widths and

crack opening displacements (COD) at :rack tips to be measured.

This section 1. concerned with presenting the strain and crack
displacement results, and interpreting these results in terms of
the effect >f notches on beams, crack opening displacements at
crack tips, the relation betwesn compression and tension zones in
a beam during fracture, development of microcracked zones, and use

of strain profiles to assess rone sizes.

7.2 STRAIN AND DISPLACEMENT PROFILES

The development of very large tensile strains during the early
stages of loading indicated that microcracking and actual crack
advance occurred early on. Visible crack advance was usually pos-
itively identified during the maximum load cycle, and cycles imme-
diately thereafter resulted in substantial crack advance.
Therefore the majority of the strain readings for the maximum load
and subsequent cycles had to be interpreted as displacements across
crack faces. Displacements were found by multiplying "strain"

values by gauge length and expressing the results in micron uni's




(i.e. m X 10-6 = um). For the sake of consistency in the diagrams,
the strains in the "intact"” portions of the beam were alsc expressed
as equivalent displacements o<ross the gauge length (Fur the 100mm
strain gauge used i(n the majority of the readinys, lum of dis-

placement represented 10 microstrain units).

Typical displacement profiles for the range of beam sizes of series
F3 are shown in figures 7.2, 7.3, 7.6 and 7.7. Results for beams
with initial notch-depths of 0,2 or 0,4 were very similar. Profiles
for the maximum load and sub: equent cycles are shown. A osunber of

interesting points emerge from the fijures, as follows:-

F'GURE 7.2 (F3/1 (500/0,2))

1. The profile for the lower part of the beam is remarkably linear
at all stages. The linearity of the overall profile improves
as the test progresses. In early cycles there is a marked

discontinuity in the profile.

2. The values of COD at the visible crack tip were found by drawing
a8 horizontzl line from the position of the visible crack tip
to intersect the relevant profile line. These values varied
from 537um to 72um for this beam (see insert table in rfigure
7.2). The overall variation including results from other 500mm
beams was 38um to 94um, with the 0,4 notch-depth beams generally
showing smaller values. The variation in COD values indicates
that the exact position of the crack tip was not always easy
to determine visually. However, for any one beam, the range
of COD values was fairly limited, indicating consistency dur-
ing a single test. The most probable reason for the deeper
notched beams giving smaller COD values is that the deeper notch
generated a4 more distinct crack. The insert table shows that
COD values for this heam reduced as the crack grew dur g the

cest, although this was not always evident in all the ucams.




216

It was noted on occ.sions that when strain readings at a particular
position were well in excess of 100‘10.6, the visible crack tip had
not yet intersected this position. Concrete in tension can be ex-
pected to crack when the strain reaches approximately 100.10-6,and
the deduction is that microcracking occurred in these cases but
was not clearly visible to the naked eye. These strain readings
were therefore interpreted as opening displacements.
3. There is a rapid rise in the neutral axis (N.A.) position during
the test (see inset table). Even at the peak load cycle (cycle
2) the N.A. has moved well up in the beam, indicating the de-

velopment of an extensive microcracked tension zone.

4. Maximum crack mouth displacements (CMD) that were measured
during the last cycle before final fracture varied from about
1,2mm to 1,9mm, for 500mm beams. These values were measured

at position 1.
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Figure 7.2 uisplacement profile for beam F3/1(500/0,2)




FIGURE 7.3 (F3/6 (300/0,2))

1. The linear profile in later loading cycles is very evident in
this figure. The maximum load cycle (cycle 2) has a distinct
discontinuity in the profile. Compariscn of the profile for
cycle 4 in this figure with that for cycle 4 in figure 7.2 shows
that, for a similar ratio of CMD to beam depth, the 300mm deep
beam sppears to have a4 more linear profile. A similar trend
may be noticed by comparing profiles for cycles 2 (300mm beam)

and 3 (500mm beam).

2. The neutral axis position shifts up very rapidly, and then more
or less stabilises as the residual ligament depth h becomes
small. Between cycles 4 and 5 there is nominally no change in
neutral axis position, and this is mirrnred by the small change
in visible crack depth. It can be concluded that the neutral
axis experiences rapid change in position in the early stages
of loading, with rapid increase in crack depth and development
of a microcracked zone; at this stage there is only limited
increase in crack width. In later stages of loading, the crack
depth and neutral axis position change slowly, but the crack

width begins to increase enorm--sly.

The relationship between crack depth and crack width is shown in
figure 7.4, where crack width is expressed as values of CMD divided
by the load at the relevant cycle. (Division by the load ensures
that the points from the various beams can be compared). Initially

a microcracked zone develops with increase in CMD but no increase

in ¢. This is true for both init: h Jepth ratios shown in
the figure. Thereafter a per’ - crack grewth occurs,
while crack width increases ste well. When crack depth
exceeds about 60 per cent of beam . _ .., the rate of increase in

CMD/F becomes very large so rthat ultimately for very little crack

growth there is an enormous increase in crack width. This effect




of increase in crack width without significant crack growth was

frequently observed during the tests.
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Figure 7.3 Displacement . -=file for beam F3/6(200/0,2)

Cther interesting featurus toc note from figure 7.4 are that curves
for the two initial notcn depth rat s merge within the steady crack
growth region and follow & sing'e « .rve for any particular beam
size. Initial notch depth thereioire z2ffects only the development
of the initial microcracked zone in respec. of its size, but later
cracking is unaffected by initial notch deptn. «ithin the steady
crack growth region there is a differentiation between curves for
different beams, smaller beams showing larger CMD/F values. [uis
is consistent with the argument in 6.6.3 and figure 6.7 where it
was shown that smaller beams experienced greater crack-face ro-
tations from a consideration of irr. wverable deformations. If
typical values of load F are taken for 100mm and 500mm beams at a

given ¢/d value it can be shown from figure 7.4 that crack rotarions
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in 500mm beams will be between two to three times as great as those

in 100mm beams, which agrees with the figure »f 2,5 given in 6.6.3.

The mean lines in figure 7.3 have been replotted in natural scale
in figure 7.5.to produce compliance curves, which mirror the curves
in figures 6.5 and 6.&. It appears that compliance measurements
based on CMD give & smaller separation between mean curves for

different beam sizes than compliance based on deflection.
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FIGURE 7.6 (F3/13 (200/0,2))

[~

Cycles immediataly following maximum load have virtually linear

profiles.

COD values vary from !5um to 50um, with values decreasing higher
in the beam. Since gauge position & was approximately st the
neutral axis position for later load cvcles, any inaccuracy in
strain readings at this point would critically affect the COD
values. The proximity of this gauge position to the neutral
axis alsoc recalted in difficulty in defining the profile above
thi: »oint. For instance, cycle 5 shows a COD value of 0,
whereas in reality the profile should steapen beyond this gauge
postion in order to accommodate a tension and compression zone

in the remaining "intact” region of the beam.
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Figure 7.6 Displacement profile for beam F3/13(200/0,2)
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FIGURE 7.7 (F3 19 (100/0,2)})

Linear profiles beyoud maximum lcad cycle dre again apparent.

CCD values at crack tips are similar to those for 20Cmm beams.

The problem of gauge position beiug ar the neutral axis position
mentioned for the 200mm beams js accentuated here. Cycle > has
a crick depth above the nominal neutral axis position which
must indicate that the strain profile changes in the upper in-
tact portion of the beam, becoming considerably steeper and
shifting the neutral axis “urther up. Assuming a critical COD
at the visible crack tip of bewween 10 to 20 um, the likely

extension to the profile for cycle 5 has been drawn on the di-

agram.
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Figure 7.7 Displacement profile for beam F2/19(100/0,2)
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7.3 COMPARISON OF COD YALUES

A crucial question in assessing crack depths and COD values is that
of determining the point at which crack faces are truly stress-free.
This will be a function of a critical COD value, and the question
also arises whether such a value varies with beam depth. The COD
values at visible crack tips were analysed for three 500mm beanms,
four 300mm beams, three 200mm beams, and three 100mm beams of series
F3. The results are shown in figure 7.8. A large spread of results
has occurred, but there is a clear irend of COD increasing with

increasing beaw depth.
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Figure 7.8 Mean values in. spread of results for

COD at visible crack tip (series F3)

The values in figure 7.8 are interesting when compared with ana-

lytical values or critical COD at the limit of a stress-free crack

suggested by Wecharatana and Shah*?. They daduced ¢ .alue of about

25um for concrete which is somewhat smaller than the present values.

The initial residual ligament length of Wecharatana and Shah'y

double cantilever beams was it 500mm, making them comparat’a
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with the large beams of series F3. They quote results of COD for
a polymer material (PMMA) as being between 2 to 3 um. Thus, the
COD will depend on the particular material being tested.
Wecharatana and Shah applied their critical value of 25um to esti-
mate microcracked zone size by a theoretical anzlysis of the work
of other investigators. Applying this value as the critvical limit
of a stress-free crack (and hence the limit of the tension zona)
to, say, cycle 4 of beam F3/6 (f.jure 7.3), we get & crack depth
of 242mm (as opposed to observed visible crack depth of 221mm)

The following analysis then applies:-

Crack depth = 221nm N.A. height = 275om
Compression zone = 300-275 = 25mm

Tension zone = 275-421 = Simm

The compression zone is smaller than the tension zone beczuse in
the tension zone, and in the microcracked zone in particular, the
stresses are decaying and a longer tension 2one is required for

internal force equilibrium.

From later section 7.6, an estimate ¢’ microcracked zone size for
h = 300-221mm (i.e. 79mm) would be 37mm. Therefore the "intact"
tension zone is 54-37mm = 17mm. This value appears reasonable

relative to compression zone size of 25mm.

Crack depth = 24imm N.A. height = 275mm
Compression zcne = 300-273 = 25mm (as above)

Tension zone ®  275-242 = 33mm.

Assuming the microcracked zone size is now about 27mm ({rom section
7.6 with h = 58mm), the "intact” tersion zone is 33-27 = émm. This

value is unrealistic relative to compression zone size.

The above argument indicates, at this stage at least, that estimated
COD values at the tips of stress-free cracks are critical in ob-

taining correct solutions.
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with the large beams of series F3. They quote resulits of COD for
a polymer material (PMMA) as being between 2 to 3 um. Thus, the
COD will depend on the particular materia: being tested.
Wecharatana and Shah applied their critical value of 25um to esti-
mate microcracked zone size by a theoretical analysis of the work
of other investigators. Applying this value as the critical limit
of a stress-free crack {(and hence the limit of the tension zone})
to, say, cycle & of beam F3/6 (figure 7.3), we get a crack dapth
of 242mm (as opposed to observed visible crack depth of 221mm).

The following analysis then applies:-

Crack depth = 22lmm N.A. height = 275mm
Compressicn zcne = 300-275 = Q25mm

Tension zone = 275-221 = S5i4mm

The compression zone is smaller than the tension zone because in
the tension zone, and in the microcracked zone in particular, the
stresses are decaying and a longer tension zone is required for

internal force equilibrium.

From later sectioa 7.6, an estimate of microcracked zone size for
h = 300-221mm (i.e. 79mm) would be 37mm. Therefore the "intact"
tension zone is 54-37mm = [7mm. This value appears reasonable

relative to compression zone size of 25mm.

Crack dept! = 242mm N.A. height = 275nom
Compression zone = 300-275 = 25mm (as above)

Tension zone = 275-242 = 33mm.

Assuming the microcracked zone size is now about 27mm (from section
7.6 with h = 58mm), the "intact” tension zone is 33-27 = 6mm. This

value is unrealistic relative tc compression zone size.

The above argument indicates, at this stage at least, that estimated
COD values at the tips of stress-free cracks are critical in ob-

taining correct solutions.
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7.4 EFFECTIVE STIFFNESS OF FRACTURE ZONES

The displacement profiles described above have indicated that in a
notched and fracturing cross-section, plane sections do not remain
plane, particulariy during the early stages of loading when the main
crack is extending rapidly. At later loading stages, the linearity
of the profile is again re~established. The progress of cracking

may be described as follows: _

1. At onset of loading when loads are small, the section remains
plane and acts essentially as an ordinary beam with a flexural
rigidity corresponding to the notched cross-section. This
condition is maintained until stresses at the notch root ap-

proach the tensile strength of the material.

2. As load is increased, the not-h begins to exercise a dominating
influence on :the tension zone, with the very rapid development
of & microcracked non-linear zone ahead of the notch. Once this
microcracked zone reaches a limiting (maximum) value, the main
crack begins to extend causing the microcracked zone to further

extend.

3. The effect of the microcracked zone is to create a "centre of
rotation” or point of discontinuity in the beam. Above the
zone, the material is "intact” and retains its nrormal
stiffness, while the zone extending behind the main crack tip
is effectively destressed. In the microcracked zone itself,
the material is suffering "damage’ by the effect of the stress
concantration, and therefore the effective stiffness of the

zone decreases®’.

4. As the main crack extends higher in the beam, the microcracked
zone reduces in size, and its effect as a centre of rotation
also reduces. Ultimately when the crack closely approaches the
upper face, the stress concentration effect is lost and the
remaining "intact” portion of the beam acts once again accord-

ing to classical beam theory, with a normal material stiffness.




[
o
@

(Note that the possibility of the strain profiles being distorted
due to a deep beam (shear) effect for the present beams has been
excluded on the grounds that a deep beam is normally defined as one
with span/depth $ 2 (see for example the recommendations of CEB-FIP
(1970)*®). The present profiles with two distinct linear regions
also differ from a norral shear-distorted profile which would be

markedly non-linear).

It was noticed from the displacement profiles that shallower beams
seemed to suffer less from the distortional effect than deeper
beams . This was presumably because shallower beams were less
notch-sensitive, which, interpreted in the light of displacement
profiles, implies that the notch had a less marked effect in
producing non-planar sections. To test this hypothesis, use was
made of simple classical beam thecry applied to the strain profiles
measured in the tests. The theory states that the slope of the
strain profile is proportional to curvature, and hence to applied
moment divided by flexural rigidity. It was possible to measure
slopes of strain profiles, and infer an effective stiffness of the

fractured zone. The development of the method is given below.

From classical beam theory,
M = 0
B Ey

t (7.1)
y

where M is the applied moment, EI is the flexural rigidity (E and
I having their normal meanings) and ¢/y is the slope of the strain
profile. For the present beams, M = F$/4, where F is the mid-span

applied load, and § is support span. Therefore we can write:-

F§ =

t (7.2)
4EI y

Re-arranging. we get:-

o




1e = § (7.3)

Fy 4EI

Since § = 4d for the teams, and using an I value

equivalent to the cracked section, we get:-

e = 4d 1 (7.4)

¥ 4E (bh'/12)

3 I

where h = 4 c.

This finally reduces to

2

= 2 d (7.35)
Fy Z h

where Z = the full section modulus (bd?/6).

The only unknown in equation (7.5) is the elastic modulus or
stiffness of the material. This can be evaluated since all other
terms can be calculated from the experimental recurd. The resulting
E value is termed the "effective stiffness”, Egep
The profiles in figures 7.2, 7.3, 7.6 and 7.7 indicate that the
effective stiffness found from equation (7.5) will vary in the depth
of the beam, particularly for profiles from earlier stages of
loadirg. For later loading cycles, the profiles become vi-tually
linear. The degree of non-linearity of a profile can therefore be
assessed by comparing the slope of, say, the lowest secticn with
the overall mean slope. For a perfectly linearly el astic material
the overall profile slope will be uniform and represent the
stiffness E of the material. It is therefore convenient to express

the slopes referred to above as ratios of E to the measured E

values for the beams (see table 5.4). We c::fthus plot ratios of
Eeff/E for the lowest portion of the profile and for the profile
as a whole, against crack depth ratio c¢/d. The differences between
the two curves can be taken to indicate the magnitude of planar

distortion.
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Figures 7.9(a) to (d) show the effactive stiffness plots for the
four beam sizes of series F3. (Each figure was produced by plotting
the results for three beams of any one size, except the curve for
the 100mm beams. Sec later comment). The Eeff reduces rapidly on
initial loading, before any visible crack growth occurs. This is
shown by the vertical lines at c¢/d = 0,2. Thereafter, the E ratio
reaches & minimum with a relatively small degree of crack growth,
and then increases with further crack grewtn. The curve for the
overall profile (curve 'A') lies above the curve for the lowest
portion of the profile (curve 'B') as expected. The following

points should be noted:-

1. The results for the 100mm beams had a very wide scatter and it
was thought best to plot results for two beams representing
extreme cases (i.e. F3/17 and F3,/19, both 100/0,2}. In the
first co-e, it can be seer that crack growth actually occurred
to 8 c/d value of about U,3 before Eeff reduced. Thereafter
the reduction in Eeff was small, and with increasing crack
growth the E ratioc approached unity again at ¢/d = §,7. There
was essentially no difference between the overall strain pro-
file slope and the slcpe of the lowest portion, i.e. the section

remained plane. In the sacond case, Ee reduction was larger.

£f
lay slightly above curve 'B', but over a relativel
y

Tt

Curve 'A
short period of crack growth. The maximum vertical separation
between the two curves w~as limited. This indicated that the

profile did not deviate much from linearity.

2. Mean "trend" curves for the 200mm beams were plotted; these
curves are very similar to the curves for F3/19 discussed above.
However, the minimum value of the £ rati, was substantially
lower than for the 100mm beams. This indiczted that the crack
had a more severe effect in reducing the effective material
stiffness (i.e. the distortion of the plane section was more
severe). The maximum separation between curves 'A’ and 'B' was
slightly greater than for F3/19, indicating a greater degree
of non-linearity; this effect also occurred over only limited

crack growth,
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3. The curves for the 300mm beams indicite that on first loading
there wis an immediate reduction ir Eeff for the lower portion
of the beam, and the degree of non-linearity of the strain
profile was greater than for the shallower beams. The
distortional effect was very markad for these beams, as wit-

nessed by the total E reduction and the maximum separaticn

eff
between curves 'A' and 'B'. This effect persisted over a
greater portion of crack growth than for the shallower beams.
These remarks also hold true for the 500mm beams, although to
an even greater Jdegree. In these beams, planar distortion
achieves its greatest effect which is also sustained for the

longest portion of crack growth.

The curves in figure 7.9 illustrate the marked difference in frac~-
ture behaviour between various beam sizes. They also confirm the
notch-sensitivity curves in figure 5.6. In smaller beams, devel-
opment of a microcracked zone is restricted by overall depth lim-
itation, and plai.e sections are very little distorted during
fracture. The overall beem stiffness will reduce but not to the
same degree as for deeper beams, and as cracking progresses the
stiffness guickly approaches its conventional value again. In cs-
sence, the notch has a very limited effect, and the specimen is not
really nntch-sensitive. Conversely, for deeper sections a marked
non-linear strain profile occurs which is sustained for the major
portion of crack growth. The effect of the notih is to severely
rediuce effective beam stiffness below the neutral axis, thus indi-
cating a large rotatjonal distortion. These beams are therefore
notch-sensitive. The trends in figure 7.9 confirm that

notch-sensitivity increares with increasing beam depth.

7.5 COMPRESSION AND TENSION ZONES IN BEAMS DURING
FRACTURE

In order properly to analyse fracture in a notche’ beam, it is

necessary to know the extent of the compression and tensiop zones.




During fracture, linear stress distributions no longer apply due
to the dominant influence of the notch or crack (provided the ma-
terial is, of course, notch-sensitive). For cemented materials in
particular, the zone below the neutral axis will consist of three
regions, which have been discussed in 7.1. In the microcracked
region the concept of average strain begins to break down, and de-
formation is more in the form of displacements arising from crack
cleavage. The de-stressed region behind the main crack tip will
consist of material damaged by the process of crack growth. For
plain concrete, a fracturing beam will have tension and compression
zunes that will not be equal in depth due tn the limited ability
of the concrete to carry tensile stresses. {n other words, for
internal equilibrium of forces, the tension zone must be decper than
the compression zone. In this section the results of the st-ain
measurements are analysed (o obtain a characteristic relation be-
tween tension and compression zone sizes for the beams of series
F3.

Referring to figure 7 1, the compression and tension zone depths

are described by the following simple equations:-
Compression zone depth = d.dVA (7.6)
Tension zone depth = dNA-c a.n

where dV; is the height of the neutral axis above the lower face
of the beam. The de-stressed zone of length ¢ behind the main crack

is therefore not included in the tension zone.

The measuring of strains i{n the beam cross-section has allowed
confident determination of dNA' The relation between compression
and tension zone depths, with c as the measured visible crack depth,
could therefore be plotted. This has been done in figure 7.10 using
the results of thirteen beams from series F3 (three x 500mm, four
x 300mm, three x 200mm, and three x 100mm beams). Two character-
istic straight lines have been plotted on the figure:- a 43° line
r rasenting an equal compression and tension zone size a~d a line

giviig the experimental relationship for the beams. Th'~ ' 'ne has
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an equation obtained by linear regression of the fifty experimental
points {and which has been cistrained to pass through the origin)

as follows:-

(d=d, ) = 0,4611dy, ) (7.8)
200 e gy 500/0,2 —
Legend See figure i1l 1, -
7 ~ J
1801 - . . - ~
Initial points for different beams

160~ Path followed during early N
T stages of crack growth _ ) 500/0,4
E 1401 | ing representing equal i

compression and
‘?5120— tension zone sizes. 300/3:2; 0.2
© Perfectly brittie '
£ 400 — elastic
3 material 300/0.4
] - 200/0.2 04
§ 80 NN
§ eoF 200/0.4 \p \ . "\,  Line for concrete boams. |
7 \} o ~w®l -3 ¢ Tension zone > compression zone
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Figure 7.10 Relationship between compression and tension zone

depths in concrete beams during fraciure

Note the following from fiture 7.10:~

1. Results from all beam sizes fall essentially along one straight
line - the characteristic line for the particular concrete
beams tested. The fracture process follows a similar course

for all beams.

e




2. On initial loading, experimental points actually fall on the
45° line indicating that, before any damage or crack extension
has occurred, the classical condition of eygual compression and
tension zones applies. The i.itial points for the different

beam types can be seen on the 45° line.

3. During early stages of loading, there is rapid development of
the tension zone at the expense of the compressicn zone, shown
by the dashed lines of negative slope which eventually curve
around to meet the characteristic line at different points de-~
pending on beam size. This path is followed as a zone of
microcracking is developed and due to initial crack advance
which forces the neutral axis up in the beam. It was not always
possible to obtain experimental points along dashed lines, and

these should therefore be regarded as trend lines.

4. The full development of the microcracked zone occurs at the
points of tangency of the curved dashed lines with the charac-
teristic line. During intermediate and later stages of load-
ing, beam behaviour follows the characteristic line backwards
towards the origin. The relationship between tension and com~
pression zone sizes remains constant during crack growth. The
zones are therefore reducing in size, but at a constant ratio.
According to equation (7.8), this ratioc is 1/0,461 = 2,17, in-
dicating that the size of the tension zone is slightly mcre than

twice that of the compression zone.

7.5.1 MATERIAL CHARACTERISATION FROM
TENSION/COMPRESSION ZONE SiZE RELATION

The characteristic straight lines in figure 7.10 represent specific
types of material behaviour. The 45° line represents an ideal
elastic-brittle material, since fracture occurs at some limiting
tensile stress without development of a microcracked zone and the

stres~ distribution is linear, i.e. the compression and tension




zone sizes are equal throughout the fracturing process. The char-
acteristic line for the concrete beams is well removed from the
"ideal"” brittle material line, indicating a material that is
quasi-ductile dre to the presence of a microcracking zone which
prevents truly brittle behaviour from occurring. There is also
considerable non-linearity in strain and stress profiles. It mav
therefore be postulated that the further the characteristic lin
of a material falls below the 45° line, the less idea
elastic-brittle is the material. The converse is also true;
therefore a material like hardened cement paste can be expected to
have a line falling very much closer to the 45° line than the con-
crete line, with mortar falling between the paste and concrete
lines. The line representing the simple relationship between com=
pression and tension zone sizes in a beam during fracture may
therefore be regarded as chavacteristic of material fracture

behaviour.

7.5.2 POSITION OF BEAM NEUTRAL AXIS DURING FRACTURE

Equation (7.8) was derived from the experimental relation between
compression and tension zone sizes in fracturing beams. The sizes
of these zones depend upcn the neutral axis position, and it is
possible to obtain a relationship between neutral axis position and
some other convenient geometrical parameter of the beam; the most
convenient parameter is the residual ligament depth h (= d-c¢), which

allows comparison between results of different beams.
From equation (7.8), we can develop the following:-~

d-dNA = 0,461 (d‘

or
(_d'c)-(dNAr-c) = 0,461 (dNA-c)
Therefore:-
(dNA'C)(I,%l) = (d-c)
Finally:-




4. .c = -c
dea [ (d-¢)
1,461

= 0,684 (d-c) (7.9)

This relationship has been plotted in figure 7.11, together with
fifty-one experimental points from the thirteen beams of series F3
mentioned earlier. Equation (7.9) is effectively the linear re-
gression equation between (dNA'c) and (d-c¢) since the governing
equation (7.8) was obtained by linear regression. It should be
pointed out that figure 7.1l represents conditions in a beam during
fracture i.e. while crack growth is 1 progress. A dashed line is
drawn in figure 7.11, representing neutral axis position in an ideal
elastic-brittle material. This position is the lower limit that
can be adopted by the neutral axis, and represents equal compression
and tension zone sizes. In the case of figure 7.11, the higher the
experimental line falls abcve the theoretical lower limit line, the

more removed the material is from the simple "ideal” case.

It is possible to re-arrange equation (7.9) to express the neutral

axis position directly as:-
dVA = 0,684 d + 0,316¢c (7.10)

This predicts that in an unnotched beam (c=0) at the point of in-
cipient fracture, the neutral axis should lie roughly two-thirds
of the way up the height of the beam. In fact the neutral axis will
lie at a position above the crack tip roughly two-thirds of the
distance between the crack tip and upper face of the beam.

The striking aspects of figure 7.11 are the small scatter of results
and the fact that experimental points from beams with overall depths
from 100mm to 500mm all lie along one straight line. The corre-
lation coefficient for the linear regression line has a value of
0,996 indicating very strong correlation and an excellent fit of
experimental results. However, it should be noted that for h less
than about 50mm, the results tend to lie more along the lower limit
line, indicating that for these very shallow beams the zone of

microcracking is extremely small and does not influence the re-
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This relationship has been plotted in figure 7.11, together with
fifry-one experimental points from the thirteen beams of series F3
mentioned eariier. Equation (7.9) is effectively the linear re-
gression equation between (dNA-C) and (d-c) since the governing
equation (7.8) was obtained by linear regression. It should be
pointed out that figure 7.1l represents conditions in a beam during
fracture i.e. while crack growth is in progress. A dashed line is
drawn in figure 7.11, representing neutral axis position in an ideal
elastic-brittle material. This position is the lower limit that
can be adopted by the neutral axis, and represents equal compression
and tension zone sizes In the case of figure 7.11, the higher the
experimental line falls above the theoretical lower limit line, the

more removed the material is from the simple "ideal’ case.

It is possible te re-arrange equation (7.9) to express the neutral

axis position directly as:-
d\lA = (0,684 d + 0,316c (7.10)

Tais predicts that in an unnotched beam (c=0) at the point of in-
cipient fracture, the neutral axis should lie roughly two-thirds
of the way up the height of the beam. In fact the neutral axis will
lie at a position above the crack tip roughly two-thirds of the

distance between the crack tip and upper face of the beam.

The striking aspects of figure 7.1l are the small scatter of results
and the fact that experimental points from beams with overall depths
from 100mm to 500mm 21l lie along one straight line. The corre-
lation coefficient for the linear regression line has a value of
£,994 indicating very strong correlation and an excellent fit of
experimental results. However, it should be noted that for h less
than about 50mm, the results tend to lie more along the lower limit
line, indicating that for these very shallow beams the zone of

microcracking is extremely small and does not influence the re-




sults. This is again tantamount te saying that, for the present
material, such beams will be notch-insensitive due primarily to the

restraint of overall size.

_ 300 T T T ! T T _
g Legend See figure 111 1
5 -
‘< Experimental N.A. position
Z .
o . (dya — C) = 0,684 (d-c) * -
2 200 ~ -
© . . -~
§ = ~ ]
o
3 Y
5 100 -~ Theoretical fower limit  —
= for N.A.
8 > ~ (dya — ©) = (d-c)
< - g 2
pd

I ! | | L L |

0 100 200 300 400
Residual ligament depth h = (d-Cc)(mm) .

Figure 7.11 Dependence of neutral axis position on residual

ligament depth in beams during fracture

7.5.3 LIMITS TO SIZE OQF MICROCRACKED ZONE

The experimental relationship between compression and tension zone

sizes (equation 7.8) can be used to obtain lower and upper limits

for the size of the microcracked zone in & beam during fracture.

Given the definition of zone sizes in figure 7.1, the main concept
to be borne in mind is the assumption that some degree of stress
transfer occurs -“thin the microcracked zone, which is the rasason

for its inclusion within the tension zone. Considering cemented




materials such as concrete, the following argument can be advanced

to develop an expression for a lower limit to the microcracked zone

size in a fracturing beam:-

During initial stages of loading, the neutral axis remains
halfway between the notch root and the extreme fibre of the
compression zone. As scon as tensile stress at the notch root
axceeds tensile strength, the neutral axis shifts rapidly up-
wards and a zone of microcracking develops. This process occurs
under increasing load. Since the intact tension zore can carry
only limited maximum stress the microcracked zone is required
to provide an overall additional tensile force for moment

equilibrium.

The greater the ability of the intact tension zone to carry
tensile stress, the less additional tension is required from
the =icrocracked zone. Assuming that the microcracked zone,
due to its state of damage, can effect only limited stress
transfer, than the size of this zone will reduce as the intact
tension zone carries more stress. Conversely, for an intact
tension zone that can effect only a limited maximum stress
transfer, the microcracked zone will exhibit its smallest depth
when the intact tension zone is carrying its maximum stress.
For cemented materials, this occurs when the value of the stress
at the limit of the intact tension zone equals the tensile

strength.

The limiting condition for cemented materials will occur when
the force in the intact tension zone balances the force in the
compression zone. The microcracked zone then no longer carries
any stress, and will be at {ts minimum size.In the limit the
microciacked zone can therefore be regarded as a direct exten-

sion of the stress-free crack.

The above argument implies that the lower limiting size for the

microcracked zone (mcz) will equal the total tension zone depth

minus the compression zone depth. Referring to figure 7.1:-
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Lower limit to mcz = (dNA-C)-(d_dNA) (7.11)

Substituting for (d'dVA) from equation (7.8) and for (dNA‘C) from

equation (7.9), this reduces to:-

Lower limit to mcz = 0,684(d-c)-0,461 (0,684)(d-¢)
0,368(d~c)
0,368 h (7.12)

it

it

An upper limit to the microcracked zone size can be found from the
fact that this zone cannot extend above the N.A. position. In this
limiting case, the microcracked zone comprises the entire tension
zone. Practically, this would require strain profiles with extreme
slopes which are unlikely to occur in plain concrete. Thus we can

write the following, from equation (7.9):-

Upper limit to mecz = 0,684 (d-c) (7.13)

Equations (7.12) and (7.13) provide a framuwork within which ex-
perimental results or theoretical calculations of the microcracked
zone size can be evaluated. Figure 7 12 shows the two limits
plotted as functions of residual ligament depth. Note that the
lower limit gives the condition in which the microcracked zone has
zero stress transfer, and the upper limit the condition in which
the microcracked zona contributes the tension component entirely.
Therefore the positi'ns that experimental results or other pred-
ictions occupy relative to these limits will indicate roughly the
degree of stress transfer in the microcracked zone. In this sense
the experimental lines are again characteristic of the particular
mc-arial; for instance fibre reinforced materials with considerable
stress transfer can be expected to have results which lie close to
the upper limit, while hardened cement paste will have a charac-
teristic line close to or coincident with the lower limit. (The
question of limits to microcracked zone size will be further exam-
ined in chapter 9 relative to stresses in fracture zones. It will

be shown there that, in fact, it is impossible for normal cemented
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materials to achieve the upper limit condition described in

equation (7.13)).
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Figure 7.12 Limits to microcracked zone size as

functions of residual ligament depth

7.6 MICROCRACKED ZONE SIZE DETERMINED FROM DISTORTION
OF STRAIN PROFILES

The strain (or dieplacement) profiles discussed above have intro-
duced the concep® of distortion of plane sections occurring within
a fracturing cross-section. The strain profile consists of two
sections with differing slopes. The two slopes are separated by a
point of discontinuity which exists because of development of a zone
of microcracking ahead of the main crack tip, and within which the
material is suffering damage. The microcracked zone is bounded at
one end by the stress-free crack tip and at the other by the tran~
sition from "damaged" to "intacr” material. Depending on the state

of internal damage, the material will exhibit a characteristic




stiffness; this will vary from the normal stiffness of intact ma-
terial to very much reduced stiffness of fully microcracked mate-
rial. Within the micvocracked zone, the stiffness is being
continually lowered as the microcracking extends, until & limiting
lower value is reached. This is generally when the zone has reached
its fullest extent at any particular point in the section. Con-
sidering such a point which has become fully microcracked, further
advance of the main crack will cause the point to lie behind the

peint of discontinuity and exhibit low stiffness.

The above description of the cracking process suggests that two
distinct stiffnesses can be identified in a fracturing section:- a
high stiffness of intact material, and a low stiffness of damaged
material. Separating these two extremes is the zone in which
microcracking is occurring. It should therefore be possible to
identify the limit of the microcracked zone in a cross-section by
measuring strains, drawing strain profiles in the section, @2ad then
defining the point of discontinuity. This point will be the
intersection between two lines with slopes represerting "intact”

and "damaged" material

This hypothesis is illustrated in figure 7.13 which depicts the
experimantsl strain profile for the initial loading cycles of beam
F3/2 (500/0,2). A description of the construction to determine the

limit of the microcracked zone follows:-

1. The slope of the strain profile in the lowest portion of the
beam (in this case between measuring positions 1 and 2) is used
as representing the "fully damaged” state. The line with this
slope (line A in figure 7.13) is extrapolated upwards towards

the zero strain axis.

2. Provided strain at the upper measuring position (position 4)
is compressive, or does not exceed approximately 100,10.6 of
tensile strain, it is assumed that such a point lies within
intact material. To obtain the slope of the strain profile for
intact material, equation (7.5) is used together with the E

value for intact material given in table 5.4 for the ‘evant
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beam size. The right-hand side of equation (7.5) is evaluated
using the experimental h value, and then multiplied by the load
maintained during the reading of the strains. The resulting
value is the required theoretical slope of the strain profile.
A line (line B in figure 7.13) with this slope is drawn down-
wards from the upper experimental strain point, to intersect
line A. This intersection point is then teke: as the point of
discontinuity, representing che upper limit of the microcracked

zone.

Between measuring points 3 and 4, lines of flatter slope than
the theoretical lines B are shown. It is suggested that within
the intact zone the theoretical line is the characteristic
strain profile, which experiences a point nf discontinuity with
associcted rapid change in slope at the upper limit of the
microcracked zone. Therefore the profile given by lines B and
A intersecting at the point of discontinuity is suggested as
being more truly representative of the profile. The fact that
only four strain measuring positions were used has probably
masked the form of the strain profile, particularly in the upper
portion. This is corroborated by observing tensile strain
values (ct) of the intersection points in figure 7.13. These

6, 50.107%, and 65.10°%, and represent

are approximately 55.10°
lower limits to quoted tensile strain capacities for concrete.
Above these points the material will have suffered no damage,
and the strain profiles would therefore be represented by lines

Also shown in figure 7.13 are positions of visible crack tips
for the relevant loading cycles. The difference in height be-
tween the crack tip and the limit of the microcracked zone is

the depth of this zone.

This method cannot be applied when t' & upper strain value no

longer indicates an intdact material, generally taken at between
-6

100.10

of view, the method cannot be applied when the upper strain

to 130.1().-6 for concrete. From an experimental point
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point falls on a line of uniform slope for the balance of the

profile.

The strain profiles of fifteen of the fracture beams of series F3
(three x 50Cmm, four x 30¢ =, four x 200mm, four x 100mm beams) were
analysed to assess microcracked zone depths as functions of resi-
dual ligament deptii h. Results are plotted in figure 7.14. For
completeness, results from the ultrasonic tests are included in the
figure, since they were found to conform to the same trends as the
strain profile results. Chapter 8 gives details of these results.
Also shown on the figure are the lines for theoretical upper and
lower limits, transposed from figure 7.12. The following details

apply to the results:-

1. A total of thirty-nine points (including ultrasonic results)
representing the condition after visible crack growth had com-
menced are included. Points when the microcracked zone was
still developing to its maximum size hefore the start of slow

crack growth were excluded.

2. The majority of points come from the 300mm and 500mm beams.
The strain profiles of smaller beams were more linear than those
of larger beams, making assessment of microcracled zone size
more difficult in these beams. In the case of 100mm beanms,
limited results were available because the str.in profile was
approximately linear and conformed to the theoretical value
based on elastic modulus. The significance ¢f this is that

there was essentially no influence of the microcracked zome.

3. One experimental point falling below the lower limit is shown,
but this has been excluded from the analysis on the grounds that
it does not conform to the general trend. The presence of this
point highlights the major difficulty with this method, which
is the inaccuracy arising from & limited number of strain

measuring positions.

4. The major disadvantage of the method is the sensitivity of re-

sults to the selection of a value fc On nccasions, it was
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found that to assess c from the mean compliance relations was

better than using the visible crack depth.

5. A best-fit straight line to all the results through the origin

has the following relationship:-

Micrccracked zone depth = 0,463 h (7.14)

6. While equation (7.14) represents all results taken together,
figure 7.14 shows that results for smaller beams tend to lie
closer to the lower limit than those for larger beams. Results
were therefore analysed to detect whether there was a signif-
icant difference between beam sizes. It was found thet 300mm
and 300mm beams behaved essentially in an identical manner,

with the following mean relationship:=

Microcracked zone depth = 0,470 h (7.15)
The 200mm beams had the mean relationship:-

Microcracked zone depth = 0,446 h (7.18)
The 100mm beams had the mean relationship:-

Microcracked zone depth = 0,401 h '(7‘17)

At first glance the difference between the beams does not appear
to be large. However, when interpreted in terms of average stress
transfer in the microcracked zone, the smaller beams have lower
average stresses than the larger beams since their results lie
closer to the lower limit. The results for the 100mm beams in
particular are an interesting corroboration of the intuitive con-
clusion that was made in 6.6.3. It was stated there that the in-
fluence of closing stresses in the microcracked zone would be very
much less for smaller beams than larger beams, dire to the greatar
rotations and crack surface separations occurring in smaller beams.

The microcracked zone depth relationships therefore confirm this
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conclusion when viewed in terms of the theoretical lower limit which
is based on a condition of zero stress transfer. In fact, the av-
erage stresses in the microcracked zone are critically dependent
on the relationship between zone depth and residual ligament depth;

this aspect is more fully covered in chapter 9.

7.7 CONCLUDING REMARKS

To briefly conclude, the simple technique of strain measurement
across a notched section may allow a reasonable estimate of the
sizes of various fracture zones, and in particular the size of the
microcracked zone. The position of the line showing the relation-
sh.p between the microcracked zone size and residual ligament depth
relative to upper and lower limits is characteristic of the fracture
behavicur of the material. Stress transfer occurs in the micro-

cracked zone and its magnitude will depend on beam depth.

The following chapter presents an entirely independent technique
to determine microcracked zone size - the use of ultrasonic pulse
velocity measurements across a section during fracture. General
conclusions from chapters 7 and 8 will be drawn at the end of

chapter 8.




8 FRACTURE ZONE CHARACTERISATION USING ULTRASONIC
MEASUREMENTS

8.1 INTRODUCTION

The tests for series F3 involved the use of an ultrasonic techunique
to mouitor the effects of crack growth on pulse transit time and
to assess the extent of microcracking. The measurements also served
as a check on microcracked zone sizes obtained from strain profiles.
The ultrasonic technigue for concrete has been well documented.

For instance Bungey’®

referring to the use of ultrasonics in con-
crete statas {p.35): "If properly used by an experienced operator,
a considerable amount of information about the interior of & con-
crete member can be obtained........ Furthermore, since it is the
elastic properties of the concrete which affect pulse velocity, it
is often necessary to consider in detail the relationship between
elastic modulus and strength whan interpreting results". (Italics
mine). Bungey's comment about the elastic modulus (E) affecting
the pulse velocity is interesting, since the previous chapter has
shown that the microcracked zone is characterised by a low
stiffness, or a low E value. This is the basis on which the method
has been used to detect microcracking in the present work.
Blight®’ also used the technique to study cracking in concrete
caused by alkali-aggregate reaction. He found the technique ex-
cellent for detecting damage such as microcracking or the presence
of voids, although the ability of the method to determine th.
strength of the concrete was gquesticnable. For the present tests

strength was not the issue, and the method was used primarily to
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see whether it was sensitive to development of fracture zones in a

beam.

Details of the equipment and method of measuring transit times have
been given previously in 4.4 and 4.5, The ultrasonic test data
comprised longitudinal pulse transit times t (in microseconds) at
the various measuring positions for the load cycles during a test.
Figure 4.4 gives details of the “casuring positions. Preliminary
tests siowed that the technique was insensitive to pulse measure-
ments across the beam width, and that greater consistency couid be

maintained by measuring at the end of any load cycle.

The ultrasonic test results were used in two ways:- firstly to as-
sess the development of microcracked zones ahead of the main (vis-
ible) crack tip, and secondly to assess crack growth by means of
increase in pulse transit times. These two aspects will be dealt

with in order.

8.2 DEVELOPMENT OF MICROCRACKED FRACTURE ZONES

The ultrasonic measurements were analysed and are presented in
figures 8.1 to 8.4. These figures were intended to explorc the
ability of the method to detect development of microcracked zones.
The ordinste axis represents the depth of the visible crack (in-
cluding the initial notch depth), while the abscissa axis repres-
ents the change in pulse transit time At during a test (i.e. the
initial transit time differenced from the succeeding times measured
during a test). In this way, influence of crack growth on transit
time could be studied, from which changes in concrete microstruc-

ture could be inferred.

The figures show the same general trend of steadily increasing rate
of change of transit time with increasing crack growth. The curves
are for the different measurement positions, shown on the diagram.

The curve for position 2 has been omitted for clarity, and because




it is very similar to that for position 1. Only experimental points
for certain measuring positions have been shown, other points being
omitted again for clarity. For any given position a scatter of
results has occurred. This is to be expected when the ultrasonic
technique is used to assess fairly small changes in transit time
due to changes in the internal state of the concrete. For instance,
changes in transit time varied from 2,5 per cent to 8,3 per cent
of initial readings, with the greatest changes occurring at the
lower measuring position 1. Clear trends were evident which allowed
curves to be drawn, but the limitations in making quantitative de-

ductions should not be forgotten.
The following prints may be noted:-

1. There is no distinction between experimental points with re-
spect to initial notch depth, since it was clear during plotting
that curves were independent of notch depth. The initial points
for & more deeply notched beam began nigher up, but fell along
the same curve as the points for shallower notch depths.
Therefore a visible crack at any particular height was having
the same effect on concrete microcracking irrespective of the
proportion of the crack depth made up by the notch. It could
therefore be expected that the extent of microcracking shead
of the visible crack would be dependent only on crack aept'h for

a particular size of beam.

2. Referring %o measurement positions initially above the notch,
the figures show that the change in transit time is sensitive
to the approach of a microcracked zone. Considering the curve
for positinon 6 in figure 8.1, there is little change in transit
time initially as the main crack propagates upwards from the
notch. This 1is followed by an increasing rate of change of
transit time with crack growth indicating that the approaching
crack is exercising an effect due to the zone of damage or
microcracking that has developed ahead of the main crack. Re-
garding position 5, the crack exercises a significant effect
at this fairly high posi~ion at an early stage during the load

cycling. These curves deviate from the vertical axis at posi-
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tions well below the respeactive measuring positions which in~

dicates the approach of a microcracked zone.

Referring to measurement positions initially below the notch,
for example position ! in figure 8.2, there is a rapid change
in transit time during initial loading with very little or no
change in visible crack depth. This is shown by the horizontal
lines at notch positions of 75mm and 120mm, and indicate: again
the development of a zone of micrecracking. Once the crack
starts growing, the change in transit time (At); will indicate
change in crack depth since At will be much more sensitive to
a change in stress-free crack depth across which a pulse caanot
transmit than to a change in size of a microcracked zone across
which pulse transmission can still cccur. Hence, it might be
expected that & curve such as that for position 1 will be useful
for estimating the stress-free crack depth. This point re-
ceises further attencion in 8.3 below, where the guestions of
influence of crack width on transit time and ability of the
microcracked material to rransmit an ultrasonic pulse are also
considered. Suffice to say at this point that a damaged mate-
rial can still transmit pulses even though they are somewhat

attenuated.

The increasing rate of change of pulse time t with crack depth
¢ shown in the curves indicates that a given increment in ¢
initially has a small effect on t, particularly for measuring
positions higher in the beam. The visible crack is well below
the measuring position, and th- oulsc is sensing a small change
in the degree of wmicrocracking. Near the end of the curve,
however, a given increment in « has a large effect on t. The
crack has intersected the measuring position and pulse time is
critically affected by the relatively large increase in pulse
path langth, caused by increase in crack depth. As the crack
approaches the upper face of the beam, transit time is alsc
affected by the rapid reduction of the area of "intact"” material

through which the pulse can travel.
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5. Points called "intersection points” are alsc shown on the
curves, i.e. thete points when the visible crack crosses over
or intersects the measuring position. The locus of inter-
section points shows that the total At generally increases as
the measuring position moves downwards from the highest posi-
tion in the beam. Assuming the advance of the stress-free crack
tip itself wiil reduce the pulse time at a measuring position
by an »qual emount irrespective of that position, then the total
change in transit time &t any intersection point must be a
mea:ure of the intensity of microcracking. Interpreting this
for the intersection points in {igure 8.2, the sketch in figure
8.5 gives a schematic representaction of microcracking at the
various measuring positions. The intensity of microcracking

and zone size are greater fo: osition 3 than for positions 4

or 5.
Represents relative intensity and
Ultrasonic size of microcracked zone at
measuring different positions
o al

positions

Figure 8.5 Schematic representation of microcracking at

ultrasonic measuring positions, 300mm beam

Ex mination of the locus of intersection points in figures 8.1 and
8.2 also indicates that the points for curves 1 and 2 (although
curve 2 has been omitted) would lie closer tc the ordinate axis than
the point for curve 3. This means that for these positions relative
to the notch depths, the microcracked zone is not able te reach its
maximum potential size before the main crack starts growing. If
the notch depths had been shallower, or even zero, the curves for
these positions would have shifted outwards from the ordinate axis.
Since the stress-intensity factor (and hence the intensity and size
of the highly stressed zone) is & function not only of applied load

but also of crack depth, it is feasible that the microcracked zone
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5. Points cailed “intersection points” are also shown on the
curves, i.e. those points when the visible crack cr~sses over
or intersects the measuring position. The locus of inter-
section points shows that the total At generally increases as
the measuring position moves downwards from the highest posi-
tion in the beam. Assuming the advance of the stress-free crack
tip itself will reduce the pulse time at a measuring position
by an equal amount irrespective of that position, then the total
change in transit time 4t any intersection point must be a
measure of the inrensity of microcracking. Interpreting this
for the intersection points in figure 8.2, the sketch in figure
B.3 gives a schematic representation of microcracking at the
various measuring positions. The intensity of microcracking

and zone size are greater for position 3 than for positions &

or 5.
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Y Progress of main
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Figure 8.5 Schematic representation of microcracking at

ultrasonic measuring positions 300mz beam

Examination of the locus of intersection points in figures 8.1 and
8.2 also indicates that the points for curves 1 and 2 (although
curve 2 has been omitted) would lie closer to the ordinate axis than
.he point for curve 3. This means that for these positions relative
to the notch depths, the microcracked zoue is not able to reach its
maximum potential size before the main crack starts growing. If
the notch depths had been shallower, or even zero, the curves for
thesa positions would have shifted outwards from the ordinate axis.
Since the stress-intensity factor (and hence the intensity and size
of the highly stressed zone) is & function not only of applied load

but also of crack depth, it is feasible that the microcracked zone




grows to a maximum in size and intensity before main crack growth
occurs, and then reduces again as the residual ligament depth re-
duces. A vider range of shallow notch depths should be studied to

further corroborate this.

6. A measure of the vertical depth of a microcracked zone can be
obtained from the ordinate scale distance between any partic-
ular measuring pusition and the point below at which the re-
spective curve deviates significantly from the urdinate axis.
The problem here is to det>»rmi..e the change in transit time that
actually represents significant onset of microcracking. Re-
sults for highest positions in the beams showed that At fluc-
tuated about the zero position during initial crack greowth, and
these fluctuations were random and not significant. At some
point during crack growth, At became significant as the zone
of microcracking began to develop at the measuring position.
The rardom At fluctuations were about 0,5 us, and the assumption
is therefore that a value above 0,5 us can be taken as signif-

icant.

The problem of determining significant At was investigated by
testing three elastic modulus prisms from seriez F3 in uniaxial
compression. Ultrasonic pulss .imes were noted across the two
horizontal axes at mid-height during the tests. The prisms were
loaded it a steady rate of about 2,5MPa/min. Results were expressed
in terms of stress as percentage of failure stress and mean change
in ultrasonic pulse transit time At; see figure 8.6. Note that the
type of fajlure induced at mid-height of the yrism was vertical
cracking, and therefore was similar to the type of microcracking

occurring in fracture beams.

It is generally accepted (see for instance Illston et al'') that
significant change in ultrasonic pulse time occurs at about 70 to
80 per cent of uniaxial compressive failure stress for normal
strength concrete. From figure 8.6 it can be seen that the critical
At is between about 0,5us and lus (although one prism gives a value
at 80 per cent in excess of 2 us). Taking the two prisms with

similar results, a significant At of 0,75us is selected. This also
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Applying this critical value to the results shown in figures 8.1
to 8.4, wizrocracked zone depths can be deduced. The analysis is
presented in table 8.1. Figure 8.7 presents the results in terms

of the residual ligament depth.

Before discussing the results, it should be stressed that the num~
bers given for microcracked zone size are a rough guide, dua to the
spread of results which made it difficult to define the curves in
figures 8.1 to &.4 accurately, and also due to the critical de-
pendence of zone size on the At value selected as being significant.
(Kefer to the very stesp slopes of the curves in the region At =
0,5us to 1lus). Figure 8.7 shows a marked and roughly linear de-
pendence of zone depth on residual ligament depth. The most sig-
nificant aspect of figure 8.7, however, is that it confirms the

results for wicrocracked zone size nbtained from strain profiles.
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Applying this critical value to the results shown in figures 8.1
to 8.4, microcracked zone depths can be deduced. The analysis is
presented in table 8.1, Figure 8.7 presents the results in terms

of the residual ligament depth.

Before discu.sing the results, it should be stressed that the num-
bers given for microcracked zone size are a rough guide, due to the
spread of results ~hich made it difficult to define the curves in
figures 8.1 to 8.4 accurately, and also due to the critical de-
pendence of zone size on the At value selected as being significont.
(Refer to the very steep slopes of the curves in the region At =
0,5us to lus). Figures 8.7 shows a marked and roughly linear de-
pendence of zone depth on residual ligament depth  The most sig-
nificant aspect of figure 8.7, however, is tuat it confirms the

results for microcracked zore size obtained from strain profiles.
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Table 8.1 Assessment of depth of microcracked zones as a function of
residual ligament depth, from ultrasonic measurements
Beam Measuring Visible Depth of h={(d=¢)
depth d position crack microcracked
depth ¢ zrne
(omm) (mm) (mm) ()
500 3 35 170 445
4 163 135 335
5 248 127 252
b 380 70 120
300 3 50 10C 250
4 123 87 177
5 233 17 47
200 3 62 63 138
4 144 Al 55
100 3 58 17 42
a P »

S



(Note that results shown in figure 8.7 have been previouzly shown
in figure 7.14, in order to compare ultrascnic results with strain
profile results). The upper and lower zone limits determined in
7.5.3, as well as the mean line for th2 strain profile results, are
shown on the figure. The ultrasonic results fall within the zone
limits, and the mean line lies close toc the strain profile line,
the difference between the two being about 7 per cent. The mean

line fcr the ultrasonic results has the equation:-

Microcracked zone depth = 0,43%h (8.1)
180 v T r T Y 7T
Legend See figure 111 .1 -
160} /
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o . 7
N .,
1001 - / [} Mean line for
§ Upper limit ultrasonic
8 of zone y results N
g 80k 0,684 h / <\ 0.439 h
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Figure 8.7 Dependence of microcracked zone depth on residual

ligament daepth, from ultrasonic measurements

As mentioned previously, the ultrasonic results are critically de-
pendent on the choice of significant change in pulse transit time.
Had a value less than 0,75us been adopted, the microcrackea zone
size would have been larger. Within the limits of accuracy of the

ultrasonic method, results have been obtained that conform remark-
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abl- well to those obtained using an entirely independent method,

and have shown the value of this technique in fracture studies.

The dependence of microcracked zone size on uncracked ligament
depth h is further illustrated by comparing the total change in
transit time At for similar h values for the 300mm and 500mm beams.
Thus measuring position 5 (500mm beams) has b = 125mm, while po-
sition 3 (300mm beams) has h = 150mm. At these pcsitions, the At
value at the intersection points are 2,6us and 2,7us respectively.
Similarly, position 6 (500mm beams) has h = 50mm and At (inter-
secticn point) = 2,1 J, while the average between positions 4 and
5 (300mm beams) has h = 50mm and At (average between intersection
points) = (1,342,4)/2 = 2us. The correspondence between these
values indicates again the similarity in microcracked zone size for

any given residual ligament depth.

8.3 ASSESSMENT OF CRACK DEPTH FROM ULTRASONIC PULSE
MEASUREMENTS

It has been mentioned previcusly that for an ultrasonic measuring
position below a crack tip the change in pulse transit time is
mainly sensitive to stress-free crack depth (rather than micro-
cracked zone size). The curves for position 1 in figures 8.1 to
8.4 show that, after a small initial At due to microcracked zone
development, the subsequent At values are critically dependent on
visible crack growth ¢ which causes an increase in pulse path
length. This deduction allows an estimate of the stress-free crack
depth to be made from the pulse transit times measured at positions

below the crack tip.

Before the method is discussed, it is necessary to present and
discuss the results of a subsidiary test that was done to confirm
that pulse transit time was being influenced by path length (and

hence crrck depth) and not crack width. Details of this test are:-
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1. One half of previously fractured beam F3/16 (200/0,4) was pre-
pared by facing the fractured end to produce a smooth flat
surface for the ultrasonic probe, and cutting an 8lmm notch in
the centre of the beam. The beam was 412mm long after prepa-

ration.

2. One set of "demec”" strain targets was fixed at wid-heigat of
the beam (i.e. 100mm above the lower face) and straddling the

beam mid-span in order to measure crack width.

3. Ultrasonic readings were taken at two positions i.e. 25mm and
100mm above the lower face of the beam. The readings at the
100mm position were used to check the effect of crack width,
while those at the I53mm position were used to check the effect

of crack depth.

4. The beam was placed on a 2Cmm x 110mm x 450mm steel plate using
an interface or 20mm thick timber chipboard, and loa..d cn a
400mm span using rolle-s set at 100mm loading span. A separate
piece of chipboard was used under each half of the beam, and
this material was used to create an "ultrasonic barrier" be-
tween the concrete beam end the steel plate. The chipboard had
8 density of 676kg/m’ which meant that the pulse world prefer-

entially transmit through the denser concrete. The steel plate

was used to control the fracture of the concrete beam.

5. Once an initial crack had grown from the notch the load was

removed and the crack width increased by wedging open the notch

faces. Thus tne crack was extended in a stable fashion and the

crack width continually increased. When the crack was within
a few milliretres of the upper beam face, a clamp acling through

small timber baearers was used to prevent complete separation

A of the beam halves.

6. Eventually, the clamp was removed in order to allow complete
separation of beam halves, which were gradually moved apart

while readings of "crack width" (i.e. effectively crack face
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One half of previously fractured beam F3/16 (200/0,4) was pre-
pared by facing the fractured end to produce a smooth flat
surface for the ultrascnic | .be, and cutting an 8lmm notch im
the centre of the beam. The beam was 412mm long after prepa-

ration.

One set of "demec'" strain targets was fixed at mid-height of
the beam (i.e. 100mm above the lower face) and straddling the

beam mid-span in order to measure crack width.

'trasonic readings were taken at twe positions i.e. 25mm and
100mm above the lower face of the beam. The readings at the
100mm position were used to check the effect of crack width,
while those at the 25mm position were used to check the effect

of crack depth.

The beam was placed on a 20mm x 110mm x 450mm steel plate using
an interface of 20mm thick timber chipboard, and loaded on a
400mm span using rollers set at 100mm loading span. A separate
plece of chipboard was used under each half of the beam, and
this material was used to create an "ultrasonic barrier" be-
tween the concrete beam and the steel plate. The chipboard had
a density of 676kg/m’ which meant that the pulse would prefer-
entially transmit through the denser concrete. Tha steel plate

was used to control the fracture of the concrete beam.

Once an initial crack had grown from the notch the load was
removed and the crack width increased by wedging open the notch
faces. Thus the crack was extended in a stable fashion and the
crack width continually increased. When the crack was within
a few millimetres of the upper beam face, a clamp acting tarough
small timber bearers was used to prevent complete separation

of the beam halves.

Eventually, the clamp was removed in order to allow complete

separation of beam halves, which were gradually moved apart

"

while readings of " rack width” (i.e. effectively crack lace
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separation) and transit time were taken. The beam halves were

then pushed together and final readings taken.

Results from the subsidiary test and series F3 tests are shown in

figures 8.8 to 8.10.

FIGURE 8.8

This shows the effect of crack width (at mid-height of the beam)
on ultrasonic pulse measurements, as recorced in the subsidiary

test. Three distinct portions of the curve are identifiable:-

1. An inicial portior up to a crack width of about 350um and a
~rack depth of 190mm, in which the change in pulse time is small
(less than about 6us). This indicates that crack width is cs-
sentially having no effect on ultrasuaic measurements. This
port.on of the curve would apply to the tests conducted in se-
ries F3.

(8]

An intermediate portion where a significant “step” in pulse
time occurs, followed by a roughly vertical line (i.e. between
crack widths of 8530um to 6000um, and crack depths of 190mm to
197mm). The important feature here is the close approach of
the cracy to the upper beam surface, leaving very little resi-
dual ligament depth. Due to the large rotation of the beam,
the reﬁaining ligament material would be extensively damaged

and this is considered to be the main cause for :he “step” in
the curve at the beginning of this portion. What is also sig-
nificant, hovaver s the ability of the extensively damaged

matarial to still transmit an ultrasonic _ulse.

A final portion where complete separation of crack faces has
occurred, and change in pulse time becomes very large. This
portion represents the pulse being transmitted from the con-
crete through the chipboard and steel plate uccessively. The
fact that the pulse time increases so dramatically between the

conditions of beam contact and beam separation shows that the
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first two portions of the curve represent the pulse transmit-
ting preferentially through the concrete rather than the timber

or steel.

The final change in pulse transit time at the end of the test when
the two beam halves were pushed together was 9,4ps, which corre-
sponds roughly witn the final condition of portion 2. This again
showed the ability of the pulse tc pass through highly damaged ma-

terial at residual points of contact.

The main conclusion to be drawn from figure 8.8 is that change 1in
pulse transit time is not sensitive to crack width, but is affected
by the state (i.e. whether intact or damaged) of the residual
ligaments through which the pulse has to pass. The question of
dependence of transit time on path length is now discussed with

reference to figures 8.9 and 8.10.

FIC JRE 8.9

This figure shows the relationship between path length and pulse

transit time for series F3, and was produced as follows:-
1. Tha path lengths were computed from the formula:-

r = af(e-pr vy ] 8.2)
where

5

is the ui.s ascnic path length (mm)

o

is the visible crack depth (mm)
y is the height (in mm} of the ultrasonic measuring

position above the lower face of the beam

fal

is the direct horizontal distance through

the beam between the ultrasuaic probes.

The formula assumes a direct triangular path for the ultrasonic
pulse around the visible crack tip. (See the path length shown
in figure 8.5).
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2. The pulse transit times were those directly rocorded in the

tests.

The full range of representative beams of series F3 were analysed
to produce figure 8.9 using the various measuring positions. A
cluster of points therefore represents a particular measuring po-
sition for a particular beam size, and shows increa e in path length
and pulse time occasioned by crack extension. Results for all beam
sizes fall on a straight line, and the degree of fit is remarkably
good. We can conclude that concrete quality for all beams was
consistent, but more importantly that pulse time was directly re-
lated to path length. Crack growth gave rise to increases in path
length and pulse time which plotted directly along the straight line
relationship. The mean pulse velocity from this relationship was

4,508mm/us .

FIGURE 8.10

The figure gives details of results for 500mm beams (and the sub-
sidiery 200mm test beam referred to previously). It is therefore
a8 magnification of the topmost clu.ter of points in figure 8.9, and
reinforces the conclusion that the change in ultrasonin pulse time
resu.ts from a change in path length which itself is caused by crack
extension. The best-fit relationship for the 500mm beams lies very
close to the overall relationship for all the beams. Results for

the subsidiary test follow the same trend as the previous tests.

Results of the main series of ultrasonic tests as well as the sub~
sidiary test show conclusively that pulse transit time is dependent
on peth length rather than crack width. The path length in turn
is affectad by crack depch, and computing path length as the direct
triangular path around the visible crack tip gives good results.
This fact is used below to compare visible crack depths with crack

depths predicted from ultrasonic measurements.
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Figure 8.10 Relationship between change in ultrasonic path

length and pulse time for 500mm beans

Results fer 500mm and 300mm beams of series F3 were analysed to
assess crack depths from ultrasonic measurements. Figure 8.9 shows
that a direct relatvionship exists between path length and pulse
time, but it is instructive to re-work the data in the form of crack
depths inferred from changes in pulse transit times. The basis of
the method has been given above, but is summarised below for clar-

ity. Ultrasonic measurements at position 1 are being referred to.

1. Since there is a geometrical relationship between crack depth

and path length, and a velocity reliationship between path




length and rtransit time, the transit time can be taken as a

measure of crack depth.

An estimate of ultrasonic vulse velocity for any beam is ob-
tained from the initial transit time reading (us) and the known
path length (mm) calculated using the known initial notch
depth. (Using this pulse velocity gave better results than

using the overall mean velocity given in figure 8.9).

Increases in transit time during the test are interpreted in
terms of increased path lengths using the new transit times and
the pulse velocity calculated from the initial reading. " e
increasad path lengths can than be converted directly to crack
depths using the inverse fors of equation (8.2).

An example of a calculation is given below:-
BEAM F3/5(300/0,2) (L = 1275mm)

Initial transit time reading t = 283,3us.

Initial notch depth =  60mm.

Since the probe position is 25mm above the lower face of the
beam, the effective crack dopth for the calculation is 60-25 =
35uam. For this crack depth, the initial pulse path length

(ri, from 2quation (8.2) is:-
£, = 2[(60-25)1+637,52]* = 1276, 9nm

Therefore, the initial pulse valocity vy is

v, ® r, = & ,504mm/us

i i

T

The test results and interpretation are given in table 8.2.
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Table 8.2 Prediction of crack depths for beam F3/5(300/0,2
Load cvele Transit Path length Predicted Measured
time ¢ rev.t crack denth crack derth
i N N
u
(us) (mm) (mm) (mm)
0* 283,53 1276,9 60 60
1 288,2 1298, 1 147 143
3 296,2 1334,1 221 233
) 302,01 1360,7 263 277

* initial reading

(Jote Predicted crack depth = 0,5/1"=L? + 25 (mm) {or measuring
position !, where L=1275mm)

Similar calculations were performed for all 500mm and 300mm beams
of series F3. Results are plotted in figure 8.11. Comments are

as follows:-

1. 4 total of sixty-three experimental points are plotted. The
spread of results was unaffected by initial notch depth ratio.

2. There is a general tendency for the ultrasonic me ! iy over-

predict during early stages of crack growth and to ... rpredict

at later stages. The best-fit straight line (linear re-

gression) has the equation:-

cu(mm) = 0,83¢ + 23,3 (8.3)

where c, is the crack depth obtained from ultrasonic measure-
ments, and c is the visible crack depth. The point of equality
is at c 6= 137mm. In practical terms, this means that for

300mm beams the average overprediction for €0 < ¢ < 137mm 4ill
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Table 8.2 Prediction of crack depths for beam F3/5(300/0,2)

Load cvcle Transit Path length Predicted Measured
cime t rev.t crack denth crack deoth
i
= c
u
(us) (mm) (mm) (mm)
O* 2825 1276,9 60 60
' 288,2 1298,1 147 144
3 296,2 1334, 1 221 233
6 302,1 1360,7 263 277

* initial reading

(Note Predicted crack denth = 0,5/r?-L! + 25 (mm) for measuring
position 1, where L=1275mm)

Similar calculations were pertformed for all 500mm and 300mm beams
of series F3. Results are plotted in figure 8.11. Comments are

as follows: -

1. A total of sixty-three experimental! points are plotted. The

spread of results was unaffected L  initial notch depth ratio.

2. There is a genera! tendency for the ultrasonic method to over-
predict during early stages of crack growth and to underpredict
8 later stages. The best-fit straight lire (linear re-

grassion) has the equation:-
cu(m) = 0,83c + 23,3 (8.3)

where <, is the crack depth obta m uvltrasonic measure-
ments, and ¢ is the visible creck depch. The point of equality
is at ¢, =c= 137mm. In practical terms, this means that for

300mm beams the average overprediction for 60 < ¢ < 137mm will
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be approximately 11 per cent, while the average underprediction
for 137 < ¢ < 275»m will be approximstely 4,3 per cent. The

corresponding numbers for the 500mm beams will be:-

100 < ¢ < 137mm HRd approximately 3 per cent
overprediction.
137 < ¢ < 450mm Hd approximately 6 per cent

underpred.iction.

Hence, the ability of this simple prediction method based on

ultrasonic readings is remarkably good.

The reason for overprediction of crack depth at early stages
of crack growth can be found in the initial development of a
microcracked zone before advance of the main crack tip; the
effect of this zone is to cause an increase in the ultrasonic
pulse transit time. Once the microcracked zone has developed,
the main crick advances and the readings reflect this crack
advance. It would be possible to refine the method to include
for the effect of the microcracked zome, but in view of the

reasonable fit of results this may not be worthwhile practi-

cally.
The reason for underprediction crack depth atr later stages
of crack growth can prcbably o .und in the difference between

the depth of the visible crack observed experimentally, and the
depth of a true siress-free crack, It is feasible that for some
distance behind the visible cr=... tip stress transfer still
occurred, and tie ultrasonic pulse cuild transmit across the
crack behind the visible crack tip. In th:. (-=e, the predicted

crack depth will be less than the observed depth.

The trend of figure 8.11 is actually a magnified reflection of
the points shown in figure 8.9. Thus, the topmost cluster of
points in figure 8.9 generally lie s!igh.ly above the mean line,
meaning that pulse times were slighti. lower than the mean line
would predict. This cluster of points corresponds with the

larger values of crack depth in figure 8.11. Therefore using




the pulse times will cause slight underprediction of crack
depth. Conversely, the cluster of points correspcading to the
lower values of crack depth in figure 8.11 {for the 300mm beams)
is that lying at path length = 1275mm and slightly above. These q
points generally lie slightly below the mean line; applying
similar reasconing this means that using pulse t:mes will cause

slight overprediction of crack depth.
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Figure 8.11 Comparison of measv .. 'ni predicted crack

depths using an ult: .. .. technique

6. The limitations of the method describ:: . ove should be clearly

appreciated. They are briefly:-

a. A small error in pulse transit time measurement will lead
to a large error in predicted crack depth. For instance,

a 1 per cent error in transit time will lead typically to
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a 12 per cent error in crack denth, although the effect of
the error is magnified during the very early stages of crack
growth when an error of 60 per cent in crack depth might
typically result from a 1 per cent error in transit time.
However, it 1is generally possible to read ultrasonic
transit time to within 0,1 per cent which implies thar the
likely errors in crack depth will range from about 1 per

cent to about & per cent.

b. Since the predicted crack depths have been compared with
observed crack depths, the accuracy of the prediction will
depend on the accuracy of crack tip observation. As noved
previously in 4.5.2, this depends very much on the scale
effect of spec ‘men size and on optical equipment. It was
felt that the reasonable correlation between observed and
predicced crack depths .eit considerable weight to the

technique of visual observation of the cracks.

CONCLUSIONS FROM ULTRASONIC TESTS

main conclusions are:

The ultrasonic technique is useful for assessing development
of fracture zones znd for estimating the size of such micro-
cracked zones in fracture beams. Results show good correlation

with those obtained from the analysis of strain profiles.

The technique is able to detect crack growth by the effect this
growth has on pulse path length. The method can therefore be
used to predict crack depth, account being taken of the tendency
to overpredict at smaller depths and underpredict at greater
depths.

The main problems with the ultrasonic method have to do with

the accuracy of the method (i.e. the scatter of results that
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occurs), and the select..n of a suitable value for significant

change in pnlse transit time.

8.5 GENERAL CONCLUSIONS FOR MEASUREMENT OF FRACTURE
ZONES

Referring to discussion in chapters 7 and 8, the following general

conclusions may be drawn:-

1. Distir stress zones may be identified in concrete fracture
beams. For fracture studies, knowledge of the stress states
of these zones, and in particular the microcracked =zone, is
essential. Chapters 7 znd 8 present the results of two exper-
imental techniques - strain measurement and ultrasonic pulise
measurement - that were used successfully to measure fracture

zones .

2. Strain and displacement profiler in notched sections show
marked non-linearity, leading to distortion of plane sections.
This distortion is intensified as beam depth increases and
arises from the development of a microcracked zone ahead of the
stress-froe crack tip. Material behind the upper limit of the
microcracked zone has suffered damage which imparts to it a
lower effective stiffness than intact material ahead of the
zone, [t was found that the effective stiffness (E value) of
deeper beams wa. reduced more than that of shallower beanms,

indicating the greater notch-sensitivity of thase beams.

3. Values of crack opening displacement (COD) at visible crack
tips were found to increase as beam depth increased, being on
average about 37um for the 100mm beams and 64um for the 500mm

beams .

4. The effect of the microcracked zone on neutral axis position

is to cause this position to shift up very rapidly during early
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stages of crack gcowth. A constant relation between tension
and compression zone sizes is maintained during subsequent
crack growth. The neutral axis was found to fall at a position
above the crack tip roughly two-thirds of the distance between

the crack tip and the upper tace of the beam.

The relation between compression and tension zone sizes could
be consideve. characteristic of the fracture behaviour of the
particular material being tested. The present concrete was
found to be jnelastic anu quasi-ductile in the sense that for
the tension 2zone there is considerable non-linearity in strain
and stress profiles and the presence of a microcracked zone

prevents truly brittle behaviour from occurring.

Experimental relationships between compression and tension zone
sizes allow 'theoretical” upper and lower limits for the
microcracked zone as functions of residual ligament depth to

be predicted. These limits are:-

Upper limit = 0,684 (d-c)
Lower limit = 0,368 (d-c)

These limits provide a framework within which to evaluaze

meas;urements and calculations of microcracked zone size.

Distortion of the strain profile can be used to assess the
extremity of the microcracked zone. This was found to be on
average about 46 per cent of residual ligament depth, taking
strain profile and ultrasonic results together. However, it
appeared that the size of the microcracked zone depended on beam
size, 100mm beams having relatively smaller zone sizes. Since
results for the 100mm beams fell close to the lower limit which
was obtained from a condition of zero stress transfer, it is
conclud:d that significantly lower closing stresses exist in
fracture zones of these beams when compared with larger beams.
This has obvicus implications for the notch-senmsitivity cof

small beams.




The microcracked zone size obtained from strain profiles was
confirmed by ultrasonic measurements which gave slightly lower
results - on average the 2one size was about 44 per cent of

residual ligament depth for all beam sizes.

The ultrasonic technique was useful for assessing crack depth
via the effect that crack growth has on pulse patk length.
Increments of path length and pulse time were found to fall
directly along a line describing the mean ultrasonic pulse ve-
locity in the material. Slight overprediction of crack depth
resulted from pulse time measurements at early stoges of crack
growth, and slight underprediction at later stages. Crack
width :ras found to have no real effect on ulirasonic measure-

men.c .




PART IV FRACTURE FORMULATIONS AND CRITERIA

Chapters 9 and 10 form the final part of the thesis. Chapter 9
consists of three major divisions, due to its length. The intention
was to keep together in a single chapter all material dealing wit
the application of fracture mechanics principles. Lirear and
non-linear parameters will be considered in the iight of the test
results. Fracture will be briefly studied using a simple stres=
model which gives information on average stresses in fracture
zones. Fracture toughness in terms of fracture zone stresses will
also be discussed. The differences in fracture behaviour due to
the various beam sizes is & prominent part of the work. Chapter
10 concludes the thesis, and seeks to summarise major aspects such
as research objectives and axperimental results It also seeks %o
assess the implications of the results for roncrete fracture test~

ing, and to suggest future research needs.
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9 PARAMETERS AND CRITERIA FOR CONCRETE FRACTURE

9.1 GENERAL INTRODUCTION

Historicaliy, the study of fracture in concrete has taken two broad
directions:- the first is the study of the physical processes of
cracking and racking mechanisms, the sacond is the
characterisation of fracture by means of suitable parameters, and
use of these parameters as fracture criteria. The interrelation-
ship between these two broad fields needs to be kept continually
in mind, since parameters will tend to describe different fracture
processes with varying degrees of success. This implies that
fracture parameters must be chosen to suit fracture grocesses. In
this context, a "fracture process” is defined as the nature of crack
extension through a specimen, and the degree of damage accompanying
crack extension. Hence, it has to do with the presence, extent,
and intensity of microcracking, which will te influenced by most
of the major factors affecting fracture such as notch depth, spec-

imen size, crack instability, and energy levels.

At present no single fracture parameter has been universally ac-
cepted as being applicable to concrete; indeed it amight be that in
the esd a number of different parameters will have to be selected
in order to cover the various fracture processes and design re-
quirements. The chief object of this chapter is to consider a
number of Iracture formulations and parameters in relation to the
tests, and to investigate the wvalidity of their application to
concrete. The parameters will be critically tested for their
ability to describe concrete fracture, and effects of specimen size
and notch depth will he investigated. Ideally for a parameter to
be accepted as a fracture criterion, it should give a measure of

the fracture resistance of the material which essentially will be




independent of specimen size and geometrical effects. In this case,
the fracture criterion is expressed in terms of a limiting or
critical value of the relevant parameter. This is analagous to,
say, the compressive strength criterion, which is the limiting or
critical value of the ccmpressive stress for a material, However,
the requirements of an ideal parameter may be unrealistic and im-
practical for con-~rete, due to the different fracture processes

that occur.

Detailed review and discussion of fracture mechanics parameters and
their relevance for cemented materials has been given previously
in chapters 2 and 3. Both linear elastic (LEFM) parameters and
non-~linear (NLFM) parameters were discussed. These broad
parametric groups will be dealt with in this chapter, use being made
of compliance and fracture zone relationships given in chapters 6

to 8.

This chapter is divided into three as follows:-

DIVISION 1 deals with the application of fracture mechanics
principles to concrete, and estimation of crack growth for calcu-

lating fracture parameters.

DIVIS!ION 2 is concerned with LEFM parameters, and the influence
of compressive strength, notch depth, and beum depth on these pa-
rameters. Emphasis will be placed on the stress-intensity parame-
ter K (i.e. KI' the opening mode stress-intensity factor).
Non-linear and quasi-plastic effects will tharefore ve ignored, and
the material will be treated as ideal elastic-brittle. The use of
K as a fracture criterion at different stages in the fracture

process will be considered.

DIVISION 3 discusses non-linear effects in fracture beams. The
effects of microcracked non-linear zones, the existence of which
has been well established in the experimental work, will be con-

sidered by an examination of stresses in fracture zones and the
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variation of these zone sizes during crack growth. The
crack-closing stresses in the microcracked zone can be thought of
as contributing an additional component to the stress-intensity
factor at the tip of an effective crack. This concept will be used
in the development of & frscture resistance parameter KR as a
function of crack growth, which is basically the non-linear R-curve
approach to fracture. The final section will consider enerygy pa-
rameters and their possible use as fracture criteria. The effective
fracture surface energy ¥' and a modification of this parameter IR

will be considered, particularly with reference to specimen size.

Each division is concluded with a summary and critical comment,
which are brought together at the end of the chapter for the final

concluding section.




DIVISION 1 PRELIMINARY CONSIDERATIONS

9.2 APPLICATION OF FRACTURE MECHANICS PRINCIPLES TO
CONCRETE

In chapter 2 (2.5 the question of the application to cemenrzd ma-
terials of fracture mechanics principles in general, and LEFM in
particular, was discussed. The two basic problems identified were
those of notch-sensitivity and minimum specimen size. These two
aspects are, of course, related, and this was demonstrated in
chapter 5 (5.4) where the present concrete was shown to be
notch-insensitive for 100mm deep beams, but notchrsensitive for
beams of depth 200mm and greater. Specimen size effects relative
to experimental results will be dealt with in more detail later,
but first it is necessary to demonstrete the relationship between

specimen size, notch depth, and notch-sensitivity.

9.2.1 LIMITING SPECIMEN SIZE

A number of researchers have investigated the relationship between
specimen size and notch-sensitivity, among them Walsh®®, Mai er
al“?, and Ziegeldorf et al’". Walsh was able to show that below a
certain critical depth for a notched concrete beam, failure was
governed by the net section stress reaching the modulus of rupture,
i.e. the material was notch-insensitive; for deeper specimens, be
proposed that the linear elastic fracture criterion of K = RC ap-
plied. Unfortunately, Walsh ignored slow crack growth prior to
maximum load, which is significant even for larger beams (see 6.7).
Consequently, he underestimated the fracture toughness of his con-
crete beams. He suggested that the depth of a notched concrete beam
shoula be not less than 230mm for the LEFM fracture criterion to

apply. Mai et al, working with asbestos cement, used the criterion




of notch-.ensitivity to develop an expression showing that, for
applicability of LEFM to notched beams, the beam depth should be
greater than A(Kc/fr)’ where KC is the critical stress intensity
factor and fr is the modulus of rupture. This gives similar vailues
for minimum depth of concrete heams as Walsh obtained. Ziegeldorf
et al developed an oxpression showing that notch-sensitivity was a
function'of KC, fr, and notch depth. This expressicn was found to
explain the initial reduction in net failure stress of notched
specimens with increasing notch depth, followed by a subsequent
increase as notch depth became very deep. (See figure 2.10;. The
method of Ziegeldorf et al is developed below, but in a different
form in order to demonstrate the important relationship between

beam depth, notch depth, and material parameters.

From the development of equation (3.7) we can write:~

K = [t-ci? Ve ¥ (9.1)
] d
n

where X is the stress-intensity factor
% is the net stress at the root of the notch
Y is the geometrical correction term from figure 3.4

and ¢, d are notch depth and beam depth respectively.

Introducing the modulus of rupture (fr) into equation (9.1) and

re-arranging we obtain:-

K = 1-c\? v
Eooog frrg) ve?

£ f d

r r

-1
ora =K 1-c|? ve ¥ (9.2)

T T

T r

For the condition of notch-sensitivity, and hence the basic re-
quirement for the applicability of fracture mechanics, we have
that: -
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o, <t whi. by substicuting K'C for K

?: in equation (9.2) becomes:-

K< l-c\’ ve ¥ (3.%)
£ 4/

where K'c is some suitable zritical value of stress-intensity fac-

tor, or fracture toughness.

This exprossion can be re-arranged in terms of the required minimum
depth of the beam as follows:-
-2
o> (K" |3 [1-e)?Y (9.4)
—

£ d
4

and since d = ¢ we can write:-

c/d
4> x'c}’ 1 |fi-c\y
T | cdfl q
tl

-1

or d> K’C * g(c) (9.5)
fr n

2

where g(c = c|f1-cl?Y (9.6)
d d d

Equation (9.5) shows that the minimum beam depth required for ap~
piicability of f£. .ture mechanics principles is a function of the
ratio of fracture toughness to the modulus of rupture, and the ge-
ometry of the notched beam. Equation (%.5) can be expressed
graphically by plotting d against ¢/d for various ratios of
(K'c/fr)' Typical values of (K'c/fr) of 0,1, 0,2, 0,3 and 0,¢(
(VYm) were chosen, and results are shown in i{gure 9.1. (Note that

values of Yeff from figure 3.4 were used to produce figure 9.1)
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Figure 9.1 Limiting beam depths for notch-sensitivity

of fracture beams

Note the following from figure §.1:-

The limiting value for beam depth is critically dependent on
the material parameters K'c and fr' and *n increase in K'C or
a decrease in fr will require desper beams to be used. A ratio
equivalent to (K'cift)’ iz in fact used in the metallic field
to describe the plastic zone size in fracture specimens; lim-
iting specimen dimensions are expressed in terms of the ratio,
in order to ensure a valid fracture test. Values of (K.c/fx;)
ranging from 0,1 to 0,4 are not uncommon for cemented materials,
and the figure shows the very . ge beam depths required for
tougher materials.

Notch depth has a marked influence on minimum beam depth. There

is a critical notch depth ratio of about 0,25 giving the




smallest beam depth requirad for validity of a fracture me-
chanics appvoach. However, for notch depth ratios ranging from
about 0,2 to 0,4, there is no great practical variation in

minimum beam depth.

Minimum beam depth increases sharply as notch depth ratio re-
duces below about (.15. The condition where modulus of rupture
will control failure of the beam, i.e. the unnotched condition,
is being approached. Since stress-intensity K is a function
not only of global stress but also of crack depth, the influence
of the crack dirinishes as crack depth reduces. To induce a
valid K'c fracture condition, a deeper beam is therefore re-

quired to rive a reasonable crack depth.

Minimum beam depth increases with increasing notch denth beyond
the critical notch depth mentioned above. This reflects the
fact thai. for deep notching the material becomes less
notch~sensitive as .he net section reduces and a shallow beam
condition is approached. (See figure 2.10). Therefore in order
for a valid fracture condition to apply for deep notching, a
very deep beam is required to ensure sufficient residual beam
depth.

Referring to figure 5.6, beams of depth equal to or greater than
about 200mm were notch-sensitive. Relating this to fignre 9.1,
it appears that an appropriate (K'c/fr) value was approximately
0,22 ¥m (on the basis of LEFM). An overall average value of
ft for all three series was &,9MPa, giving an equivalent K'c
value of 1,08MPavm. This value will be compared with measured
critical K values in a later section. However, this value does
raise the interesting question of exactly which K value should
be used to assess whether failure of the specimen is controlled
by the notch, or merely by the net section stress. This point

is discussed below
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9.2.2 INSTABILITY CONDITIONS IN FRACTURE BEAMS

In addition to the requirement of notch-sensitivity, a fundamental
requirement for valid fracture testing is that a true condition of
fracture instability should occur. This is the inherent require-
ment in Griffith's equation (2.2), and expresses the fact that there
should be a degree of spontaneous crack growth or unstable crack
propagation for the Uriffith fracture criterion to be valid. Ac-
cording to the extension of the simple Griffith model by the
Glucklich model for heterogeneous materials (see figures 2.4 and
2.5), such unstable crack growt: may be arrested mary times during
a test as fracture toughness increases with crack growth. This is
the condition normally applying to concrete where further external
energy is required beyond maxiwum load to induce full fracture.
The point to be stressed is chat measured fracture toughnesses will
di“ier as the condition of crack instability is met or not. For
¢ e¢ply notched beams (say c¢/d 2 0,5) the energies pertaining during
a fracture test are usually insufficient to drive the crack in an
unstable marner. Therefore the measured fracture toughness will
not be the same as when spontaneous crack advance has occurred, such
as in shallower notched beams. This point will be demonstrated
later in this chapter when the effects of deep notching are dis-

cussed.

Referring to a typical test record such as figure 4.6(a), there are
at least three distinct points or regions for which different K

values can be calculated:-

1. The point of departure from linearity, on the initial rising
branch of the load-deflection curve. This is identified as the
point of tangency between the test record and the line repres-
enting the initial compliance \O. Mai et al*! maintain that
for asbestos cement this departure point may be regarded as the
condition of fracture initiation, i.e. that point at which the
first measurable rrack advance occurs. For concrete beams,
this point more likely represents the condition for which ap-

preciabla development of the microcracked zone begins, .nd
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there is no main crack advanc- until some later point on the
record. Nevertheless, whether crack advance occurs in real
terms or as an extension of the effective crack, this point
marks the condition where the fracture process begins. For the

sesent wurk, K evaluated at this point is termed KO.

The point of masimum load, sometimes termed the point of maximum
load instability. This iatter term may be misleading, however,
since true instability (i.e. spontaneous crack propagation) may
or may not occur 4t this point, depending primarily on the notch
depth. For the present tests, beams with co/d = 0,5 were found
to have no true spontaneous crack advance either at this point
or at any other point in the test record. Shallower notched
beams generally exhibited crack instability at this point, the
degree of instability increasing as Co/d decreased. Main crack
advance generally occurred prior to maximum load, and the
microcracked zone had developed to its full extent before this
point. Hence, for beams with co/d = 0,2 to 0,4, this point
could be take:i as representing a true condition of fracture
instability. However, it was not necessarily the first point
at which instability could have been measured. For the present
work, K evaluated at this point is termed Kc, in order to be
consistent with general usage of this term. However, it should
not be confused with the more general usage of K'C in figure

9.1 as some suitable critical value of K.

The general region beyond maximum load, on the descending
branch of the load-deflection record. The load-cycling tech-
nique showed that, particularly for the first few cycles after
maximus load, a condition of crack instability occurred at the
peak of each cycle. Crack extension leading to final fracture
did not necessarily occur at these points, although this did
occur on a number of occasions. Rather, crack instability was
more incipient in that siow crack extension occurred, as also
shown in figure 4.6(a). Sufficient energy to drive the crack
existed at these points, which could therefore be regarded as
representing conditions of true fracture instability. K values

calculated at these points are termed KR for the present work.

i
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Such calculations form the basis of the KR-curve approach.
(i.e. a form of the R-curve) dealt with in more detail in 9.13.
KR values can substantially exceed KO and Km values.

(One further point, the point of initiation of main crack ex-

tension characterised by K., will be defined later in 9.13).

The different K values discussed above illustrate the difficulty
of using a purely LEFM approach to fracture of cemented materials.
Each K value represents a distinct phase within the overall fracture
process. The fact that K values increase with crack growth violates
the purely Griffith approach in which full and final fracture occurs
at initial crack instability. Therefore, a clear understanding is
required of which phase‘cf the fracture process is being examined,
and an appropriate K value selected. Referring to figure 9.1, it
is not easy to decide which K value (i.e. KO, Kc’ or KR) is appro-
priate for substituting for the critical value, K'c. Part of the
problem lies in the fact that figure 9.1 is based on an analysis
which assumes full fracture instability when a critical K value is
reached, which is not true for concrete {(although it may be true
for hardenad cement paste). Therefore we can only use figure 9.1
as a gensral guide in deciding on minimum beam depth for applica-
bility of fracture mechanics. As a first estimate, it is suggested
that the K value for fracture initiation, i.e. Ko be applied to
figure 9.1, although fundamentally a value such as Kc may also be

appropriate. This will be discussed later in the chapter.

9.2.3 INFLUENCE OF MATERIAL HETEROGENEITY

Previous discussion has shown that LEFM is not easily applicable
to concrete beams. It is also necessary to consider how concrete
as a highly heterogenecus material relates to the concepts of
fracture mechanics. LEFM assumas' an elastic, homogeneous and
isotropic medium, from which concrete is far removed. For very
large specimens where aggregate size is small in relation to spec-

imen dimeusions, concrete may be regarded as approaching the LEFM
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