
3 .3 .1  C R IT IC A L S TRESS-INTENSITY  FACTOR

The stress-intensity factor K describes the elastic stress field 
in the vicinity of a crack tip. It is a single parameter measure
of the mechanical properties of a material in the presence of a 
crack (in much the same way that stress characterises the mechanical 
properties of a material witnout a crack). The distribution of 
stresses in the vicinity of a crack are governed predominantly by 
the geometry of the crack itself, since the surfaces of the crack 
are stress-free boundaries of the body near the crack tip. Remote 
boundaries and loading forces affect only the intensity of the crack 
tip stress field (i.e. the value of K) and not its form. The higher 
the value of K the more severe the crack, and when a critical value 

is reached. the crack will extend. may therefore be regarded 
as a measure of a material's fracture toughness or resistance to 
brittle fracture.

In general terms, K can ba written as: -

K * ao/(-sc) (3. 1)

where a is a geometric correction factor, a is the applied global 
stress, and c is the flaw or crack size. K thus has units of stress 
x length* Cag- MPa/®).

In appropriate circumstances, K could be used to calculate the load 
that, a structural member containing a flaw of known size could 
sustain without fracture. An important property of K is that the 
total K value due to superimposed stress t ieIds is a linear addition 
of the K values of the individual stress fluids. It thus has ap­
plication to problems involving a combinaiton of loadings.

Investigators in the metallic field have recognised that the ex­
perimental evaluation of K assumes a high degree of elastic con­
straint to plastic flow of the material at the crack tip. This 
implies that provided yielding and other non-linear effects such 
as microstvucturaI irregularities are confined to a small region
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at the crack tip, the elastic stresses outside this region are only 
slightly affected, and the stress-intensity factor still provides 
a reasonable description of the crack tip stress field. A plastic 
zon# size factor is used as a criterion for this condition. Wher# 
lower constraint o,.curs such as in a thin plate, the effective 
toughness of the material can be substantially greater than . 
This is basically a plane stress/plan# strain problem, and the 
fracture toughness for metallic materials can alter enormously ac- 
cording as the elastic-plastic stress field ahead of the crack ap­
proximates to plane stress ot plane strain conditions. implies
plane strain conditions, i.e. a heavy section with adequate dimen- 
aion#, and gives a lower limit to the fracture toughness. Most 
investigators in the non-metal 1ic field have assumed plane strain 
conditions exist during tests on notched specimens. It appears that 
this problem has not received much attention, but Hillerborg4* 
states that plane strain is the prevailing condition in normal tests 
on cemented materials.

F O R M U L A  F O R  K c

The methods of obtaining an expression for K Cl.#, a K calibration) 
are based either on experiment, in which measurements are made of 
compliance (reciprocal of stiffness) of a specimen with a crack 
incrementally extended between successive measurements, or on 
mathematical stress analysis in which a mathematical model is con­
structed to suit the specimen design. The mathematical technique 
involves a boundary value collocation procedui in which a suitable 
stress function x is formed which satisfies the biharmonic equation 

and the boundary conditions at a fini:e number of points along 
the boundaries of the specimen. The resalts may be expressed in 
polynomial form that permits calculation of the stress-intensity 
factor in terms of applied load and specimen dimensions. Alterna­
tively, finite element techniques may be employed to derive a K 
expression.

Brown and Srawley** have reported a relationship between K and the 
specimen dimensions and loading for a centre-notched beam in pure



bending (four-point bending) and in three-point bending, as fol­
lows : -

K - Y (3.2)
bd2

where Y = (c/d ' (  c / d 2 (c; d )1 *A, ( c / d) (3.3)

M is the bending moment in three-point or four-point bending, and 
b,d are specimen braaIch and depth respectively.

K is a function of a fourth-degree polynomial in the notch depth 
ratio c/d. K is accurate to within 0,2 per cent for all values of 
c/d up to 0,6. The coefficients A are given in table 3.1, the 
values being dependent on the type of bending in the specimen.

Tabic 3.! Values of the coefficients A for calculating Y

*0 A, '■2 *3 *4

Pure bending * 1.99 - 2.47 * 12.97 - 23,17 * 24.80

%
Thr#«-poinc:

5/d*8 * 1.96 - 2.75 * 13.66 - 23,98 * 25.22

S/d"4 * 1.93 - 3.07 * 14,53 - 25.11 * 25,80

(S - major support span)

Strictly, the expression for K in (3.2) above refers to beams which 
are rectangular in elevation and of constant section. In the 
present tests, beams which had constant and variable sections were 
used, and uetai is are given in chapter 4. A constant ratio of 
span/depth (at mid-span) of four was used throughout. Figure 3.2 
shows a constant section beam of the type used in the tests, to­
gether wi'' the expression for K.
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Figure 3.2 Edge-notched constant section beam 
leaded in ihree-pomc Lending

The depth of the variable section beams used in the test# varied
along the beam length, and was theiefore necessary to consider 
whether a modification of the K expression for a suitable effective 
span/depth ratio for these beams was required. Reference to table 
3.1 will show that the difference between the value# of Y for the 
different conditions of sending are small amr ting to about 3 per 
cant between S/d * 8 and S/d = -. This is consistent with an earlier 
remark that K will be very little affected by specimen geometry and 
loading but critically affected by the geometry of the crack itself. 
It was therefore considered unnuc.issary to perform an entire stress 
analysis for the variable section beams which had a variable 
span/depth ratio. Since the stress analysis procedure for obtain­
ing K is based on determining the deformations of the specimen in 
the presence of a crack and under given loading, it was considered 
that the best estimate for an effective span/depth ratio of the 
variable section beams could be obtained by calculating the depth 
of a constant section beam which woula exhibit the identical de­
formation (i.e. deflect lor behaviour as that of e vari -h) section 
Learn. This depth could then be considered as the r tive depth 
of the variable sect ion beam, from which an effective span/depth 
ratio could be obtained. This procedure was carried out and the 
effective span/depth ratio for the variable section beams was found 
to be 5,45 (see appendix F.). Using this value together with a 
linear interpolation between A values for S/d 3 4 and 8, it was 
found that the difference between Y values for S/d - * and 5,45 was 
only 1,3 pyr cent f for c/d = 0,4). In view of this very small

t ,



difference, it was decided to use the K expression for S/d = 4 for 
the constant and variable section bwams used in the tests. It might 
be noted chat use of span/depth ratios e^ual to or greater than four
avoids a deep beam condition. (Details of the dimensions used for 
the test beams can be found in chapter 4 (figure 4.1}).

Note that equation (3.2) ie no longer valid for c/d > 0,6. A useful 
solution for this condition has been proposed by Mai et al*1 , based 
on work by Virme and Wundt*1. According to later equations (3. 19) 
and (3.20), K can be expressed as:-

where o is the net stress at the root of a notch or crack, 

and h * d-c, termed the residual ligament depth.

Values for f(c/d) are given in later figure 3.5 (fro® w'inne and
Wundt**), from which it can be seen that for deep notching (i.e.
c/d > 0,5), f(c/d) tends asymptotically to a value of 0,521.
Equation (3.4) then reduces to:*

K « [h-v') 0.521]* ».:)
a ?

Since v (Poissonfs ratio) for concrete is typically about 0,15, the 
(l-va)^ term above equals unity for practical 
equation (3.5) reduces to:*

K » 0,72 (3.6)
h*

In order to compare equation (3.6) with the Brown and Srawley 
equation (3.2) , the latter equation can be expressed in the fol­
lowing form:-
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K = Y 6M c- 
bd'

= Y a

where a = 6M is the nominal stress based on gross section area, 
bd*

The relationship between is:-
0 » o_ /hi1

d.

Therefore, we can express equation (3.2) as 

K » Y c* a /d-c)'

o q (d-c)
Y (d-c)^

Y c ' fd-c
d I d

F in a l ly

(3.7)

Equations (3.7) and (3.6) are plotted as functions of (c/d) in 
figure 3.3. The Brown and Srawley solution begins to reduce rapidly 
at c/d > 0,6, while the Vinne and Wundt solution is still well above 
the more accurate Brown and Srawley solution at c/d * 0,5 There­
fore , a modified solution as shown in figure (3.3) is proposed, such 
that for c/d values greater than 0,5, the stress intensity ex­
pression becomes:-



0,194 c + 0,528 (3.8)

i r i i ? i r™
Winne and Wundt solution^

Modified solution: K / ( a n h z2) 
=  0,194 (c/d) -r 0,528

Brown and Srawley solution

0 0,1 0,2 0.3 0,4 0,5 0,6 0,7 0,8 0,9 1.0

Crack depth ratio c/d

Figure 3.3 Solutions for stress-intensity 
factor in notched beams

Equation (3.8) can be used to infer effective Y values for direct 
use in equation (3.2). From equation (3.7):- 

-.1
c\* i-c
d! t Z

(3.9)

and subsv ituting from equat ion 3.8:-

0.194(c/d) + 0,528 (3.10)



Hence, Y values can be found from equation v 3 . 3 J for c/d 1 0,5 using 
coefficients for three-point bending from table 3.1, and from 
equation (3.10) for c/d > 0 ,5 . For c/d > 0,8, Mai et al*1 point 
out that end effects will adversely influence results, and there- 
fore equations (3.8) and (3.10) should be regarded a: valid for 0,5 
< c, d < 0,8. The two equations for Y are shown plotted in figure 
3.4, for the particular test geometry that was used.

3 .3 .2  C R IT IC A L STRAIN ENERGY RELEASE RATE

The use of this fracture parameter G is based on evaluating the 
rate of strain energy re lease at the point of fracture. Irwin62 
originally argued that if the fracture process was essentially 
similar for different loadings and geometries, the fracture event
would occur when the strain energy re lease rate reached a critical
value, that value when energy release more than compensated for 
energy demand from fracture surfaces. This critical value could 
be regarded as a material property to be determined by a fracture 
test. Irwin also suggested that the critical strain energy releast- 
rate could be interpreted as a force, defined as the irreversible 
energy loss per unit area of newly created surface. The critical 
value of this force G is denoted G^, and applies when the crack 
starts to propagate. Referring to figure 2.2, the strain energy 
released by the crack in advancing to a length of c is:-

U * wo'c* (3.11)
E

The rate of release of strain energy with crack advance is

3U , denoted G, i.e.
3c

G « 2iro1c (plane stress) (3.12)
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Note that the uni: » of G are either F<- i> per unit length, or Work 
per unit. area.

At the critical point of unstable crack propagation, G becomes G^, 
^he critics! st rain energy release rate, or the crit ica: 
crack-extension force. G is thus regarded as the driving force 
behind crack extension. The relationship between G and G is the 
same a: chat between K and K : 3 is primarily a function of loading 
and geometry, while G is a material property.

FORMULA FOR Gc

A relationship for in a notched beam can be produced by stress 
analysis, resulting in a mathematical relationship in terms of the 
specimen dimensions, depth of crack, applied load and modulus of 
elasticity. G^ is then the value of G in the test at that stress 
level which causes rapid crack propagation.

The strain energy release rate for plane strain conditions due to 
a surface crack propagating from a free surface is:-

For shallow notches (c << dj , o may be regarded as the maximum 
tensile bending stress at the extreme fibre of the beam.
Thus, for a rectangular beam of width b:-

G * t (l-va)qac 
E

(3.13)

o * 6M (M “applied moment) (3.14)
bd1

The net stress at the root of the notch is:-

°n * 1SL 
bh1

3.15)



where h = d-c. Therefore:
a2 * o^2 hfc f3, 16}

7“

Substituting in (3.13) gives:-

G = n l - v ?) 0n2 c h_" (3.1?)
E d"

Sow, h = d-c, and so we can express this as follows:-

chk * c (d-c)4 * c jd-c)*
d' d% Id

* c /d-c\ !l-c V

* h c /1-c V
;  i ;

(3.18)

Therefore, G may be written as:-

G *  (1-v*) o * h wc /l-c\1

L - '  - i j

or G * (l-v*) 0 * h f /c |_  i j (3.19)

where f /c \ * it c /l -c V
U j  d d/

This formula only applies to shallow notches of c/d < 0,15.
For deeply notched beams, the effects of the reduc# i cross-section 
and the non-uni fortuity of stresses must be taken into account. The 
most useful solution for this is the f(c/d) curve proposed by Vinne 
and Wundt* 1 . This curve is shown in figure 3.5. It is seen that 
for deep notching, i.e. c/d > 0,5, f(c/d) tends to % value of 0,521.
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0 0.1 0.2 0.3 0.4 0.5 0.6 0.7
Notch depth ratio c/d

Figure 3.5 Curve for calculating G for notched 
b e (from ref. 61)

RELATION BETWEEN K AND G

Irwin originally showed that crack growth occurring at a critical 
value of K was equivalent to satisfying the two necessary conditions 
for fracture discussed in section 2.2, viz. energetic desirability 
for crack propagation, and molecular mechanism of crack growth.
Hence, it can be shown for LEFM that there is a simple relationship
between K and G:-

K* * EG (plane stress) (3.20)

K* * EG (plane strain)
(1-v2)

where E is Young's Modulus and v is Poisson's Ratio.
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Examination of the Griffith equation (equation (2.2)) and equation 
(3.13) reveals that for LEFM, a relationship also exists between 
the surface energy ? and G, viz.

G = 21 (3,21)

This relation strictly holds only for brittle elastic materials 
which fracture catastrophically at first crack propagation*1.

Both K and G were evaluated in the present tests, c c ^

3 .4  SLOW CRACK GROWTH AND BEAM COMPLIANCE

One of the prima '• differences between fracture testing of metals 
and cemented materials is the degree of slow stable crack growth 
from a notch prior to rapid crack propagation. The greater the 
degree of slew crack growth the more removed does the test become 
from the assumption of LEFM and the Griffith approach. To counter 
this, the standard plane strain fracture toughness test for metals 
of the American Society for Testing and Materials (ASTM E-399),e 
specifies that the difference between the maximum load in a fracture 
test and a load obtained by the intersection of the test record 
(usually a load vs. crack mouth displacement record) and a line 
with an offset slope of 5 per cent from the initial linear portion 
of the record should not exceed 10 per cent. For cemented materials 
this requirement is usually ..ot met. except possibly in the case 
of hardened cement paste. For mortar and concrete, the difference 
between the two loads mentioned above may be of the order of 30 to 
40 per cent. This is due primarily to slow crack growth which is 
extensive in these types of material . In addition, it is possible 
by deep notching to create an entirely stable fracture in which no 
true spontaneous or rapid crack propagation occurs. Hence the 
problem of slow crack growth is inherent in cemented materials, and 
cannot be ignoie In fact, Cook and Crookham"" boldly state that 
the majority of t. =• reported fracture wcrk on concrete suffers from



the shortcoming of not allowing for slow crack growth J'-oin the tip 
of the notch before maximum load is reached. Failure to jc-.ount 
for this will cause the calculated fracture parameters to be 
underestimated.

Having established the import •-’ce of accounting for s low crack 
growth, the question is how is this done? While the question is 
simple enough, tha answer is vary much more difficult, due to the 
complex and tortuous nature of cracking in cemented materials. It 
is possible to use a microscopic technique3* to follow the progress 
of cracking, but crack branching and tortuosity as well am material 
opacity will affect the result, and microcracking ahead of the 
visible crack tip cannot readily be observed. An alternative 
technique is the compliance method, which will be discussed in more 
detail here. However, it is true to say that to date no really 
satisfactory method of assessing slow crack growth easily, quickly, 
and accurately has been devised, and there is ex en the question of 
whether this will ever be possible in view of the heterogeneous 
nature of the materials involved.

The compliance technique for monitoring slow crack growth has its 
origin in an experimental method derived by Irwin and Kies** to 
determine K or G. The relevant equation is:*

G “ i  F* (3.22)
2 dc

where X is defined as the compliance of the specimen 
in the presence of a notch,
F * 1 6 (i.e. the reciprocal of stiffness 

X
and F ,6 are specimen load and deflection * spectively

The method cf finding G in this case invoV ..tsasurmg specimen 
compliance with notches of varying depth: „xpry_<iag the compli­
ance as a function of crack depth and then obtaining the derivative 
of this function with respect to crack depth The finite width 
notch is used to simulate a crack during the initial linear elastic



behaviour under load. Welch and Haisman2 1 reported that for mortar 
and concrete beams there was no significant difference between the 
compliance of beams with wide sawn notches and those with notches 
cast with rubber formers or special razor blade inserts. They 
concluded that the initial compliance of the linear elastic portion 
of a load-deflect ion curve for cemented materials is independent 
of notch .harpness, and a general relationship exists between ccm- 
pliance and notch depth, in the absence of slow crack growth.

However, mai.y researchers have pointed out that the cumpllance of 
a natural crack of given depth will not be the same as that of a 
finite width notch of the same depth. This is due to the influence 
of the microcracked zone ahead of the crack tip and to traction 
resistance which exerts a closing stress across the crack faces. 
Researchers seem divided as to the seriousness of the error intro­
duced by assuming that artificial notch compliance equals natural 
crack compliance. This error will also vary with the type of ma­
terial, and is likely to be greater in fibre-reinforced and polymer 
concretes where considerable rlosing stresses can be exerted on 
crack faces by fibres and polymer inclusions spanning the crack tnan 
in plain concrete where the traction effects may be expected to be 
smaller. Thus, Velazco et alie found that crack lengths observed 
in fibre reinforced concrete using m microscope-micrometer were 
considerably larger than those predicted from a theoretical com­
pliance curve based on a model that did not account for traction 
effects. On the other hand. Brown1* and Cook and Crookham*1* have 
maintained, on the basis of experimental work, that a theoretical 
compliance - notch depth relation appears to be a valid means of 
determining crack depth up to a notch depth ratio of about 0,35. 
However, the latter authors appear to be somewhat 
self-contradictory by stating that a cast notch does not adequately 
represent * natural crack and therefore fracture toughness meas­
urements will vary with specimen geometry. Another set of workers, 
Swartz et a l "  , endeavoured to determine the suitability cf the 
compliance calibration method to monitor crack growth in plain 
concrete beams subject to cylie loading, and concluded that the 
method was suitable. They based this conclusion on the fact that 
there was only a small difference (max. 9 per cent) between their
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experimental curve and a theoret: :ai curve deduced from finite el­
ement analysis. However, their experimental curve was obtained 
from tests on beams notched with a diamond saw and in which no na­
tural crack growth occurred prio- to measuring compliance. There­
fore the ef f e ot crack closing stresses was absent in their tests, 
making this conclusion somewhat questionable. Finally, Hi 1lemeter 
and HiIsdorf12 in tests on hardened cement paste, aggregates, and 
aggregate-paste interfaces used the compliance technique to suc­
cessfully calculate crack length for various cycles of load. In 
these tests, the fracture behaviour of the material was far more 
brittle than is the case in composite cemented materials, implying 
that crack-closing stress effects were small. The we.^ht of evi­
dence would seem to indicate that the compliance technique is useful 
and accurate for assessing the critical crack depth at failure in 
materials that fracture in a brittle fashion, where slow crack 
growth prior to failure is limited. However, the heterogeneity of 
multi-phase materials such as mortar and concrete induces consid­
erable crack grow. prior to failure, and this cracking is itself 
complex and heterogeneous. Therefore the compliance resulting from 
an artificial notch or a natural crack of riual depths in these 
materials will differ. An attempt has b*»en made in this thesis 
(chapter 6) to quantify this difference and to examine its signif­
icance.

The compliance technique has been well covered by Brown1* , and will 
b - briefly summarised here. The method assumes that the difference 
between the compliance of the initial linear portion of a 
load-deflection record and the comoliance at, say, maximum load as 
measured by the inverse of the slope of the straight line joining
the origin to the point of maximum load is due to the slow crack
growth occurring from the notch prior to maximum load. The method 
can be extended to measure compliance at any stage during the test 
and infer crack depth at this stage, and can be coupled to a
load-cycling technique in which the crack is slowly advanced
through the specimen. Using a compliance-crack depth relationship, 
changes in compliance can be corverted into increments of crack 
growth. This compliance-crack depth relationship can be obtained 
theoretically or experimentally. Brown14 and subsequently Cook and

i

i



<

71

Crookham'*k obtained experimental relationships, and found that for 
beam depths of 100mm there was very little scatter of results and 
that the two relationships were very close tc one another. However, 
once again the et feet of crack-cIo*m g  stresses was absent from 
these relationships. Brown's method of calculating irack depth was 
to measure the change in compliance between the first cycle of load 
with its known notch depth and the subsequent cycle, anti then to 
use the theoretical compliance relationship to obtain the increment 
of crack growth. Adding this to the initial notch depth gave a 
value of total crack depth for use in the expression for K Brown 
also stated that the non-linearity of the load-displacement plot 
made the measurement of compliance the least satisfactory part of 
the analysis. He used a linear approximation to the most nearly 
straight part of tb ; load-disp 1 acament plot for his compliance. 
In essence, Br / s setnod has been used for the present tests. 
However, the conw:^ ional compliance as defined and discussed above 
has '..-een differentiated from a reloading compliance, which is ob­
tained from the slope of the reloading curve at the start of a new 
cycle of load. Such a compliance accounts for the effe of 
crack-closing stresses. Experimental conventional and reloading 
compliance relationships have been derived, and compared with the­
oretical relationships. (Details of the derivation of the theore­
tical comp1iance-crack depth relationships can be found in appendix 
E).

To conclude this section, it is necessary to account for slow crack 
growth in fracture beams of cemented materials. The compliance 
technique offers one possible method of doing this, although the 
difference in behaviour between artificial notches and natural 
cracks remains a thorny problem. To quote from Cook and 
Crookham*4:- "The dependence of fracture toughness parameters upon 
crack length and specimen size appears to vary with the test ar­
rangement and the method ot analysis applied The determination 
of slow crack growth and its necessary incorporation in the analysis 
should help to clarify this dependence."



3 .5  NON-LINEAR FRACTURE MECHANICS (NLFM) PARAMETERS

Since Kaplan17 first measured fracture parameters of concrete more 
than twenty years ago, the body of experimental evidence has in­
creased enormously. Many studies have used the LEFM parameters
defined above, and have investigated the influence of aggregates,
c/w ratio and other mix ratios, air content and pore size, amongst 
others, on the fracture parameters. As data became available, it 
became increasingly obvious that the application of LEFM to ce­
mented materials was not without its problems. Great variability 
in -esults occurred between different workers, and frequently LEFM 
relationships appeared invalid. One of the more obvious reasons 
for this was the fact that the size of the non-linear zone ahead 
of the main crack was not small in relation to the size of the
members being tested, and this alone would render the purely T£FM
approach questionable. In addition to the question of member size, 
other particular problems had to do with the effects of specimen 
type, and ratio of notch depth to specimen depth. The entire 
question of the applicability of LEFM to cemented materials has been 
thoroughly and admirably reviewed by a number of authors, and the 
papers by Mindess11, Swamy** and Ziegeldorf11 might be referred to 
amongst others. The main questions revolve around aspects such as 
notch-sensitivity and the minimum size of specimen and ratio of flaw 
size to specimen size that is required before a fracture test can 
be considered to be valid. The fact that concrete departs markedly 
from the normal LEFM assumptions of a single crack in a homogeneous 
isotropic medium further complicates the issue. Mindess has 
pointed out that certain of the experimental discrepancies can be 
resolved by accounting for the differences in experimental tech­
niques that were used, eg. the effect of slow crack growth and 
different machine stiffnesses. However, a full resolution of the 
difficulties does not appear possible at this point, and therefore 
increasing attention is being focused on another set of fracture 
parameters arising from work in the metallic and ceramic fields on 
materials that manifestly exhibit non-linear fracture behaviour. 
For present purposes, these parameters are termed non-linear frac­
ture mechanics (NLFM) parameters, and certain encouraging results



have been obtained to date. This is particularly so for 
fibre-cemant and polymer composites, where the application of LEFM 
is fraught with uncertainty due to excessive non-linear behaviour.

(It might be noted that use ot" the term "non-linear fracture me­
chanics" is preferable to the more common term "e lasto-p1ast ic 
fracture mechanics" when cemented materials are being considered,
since these materials do not conform to the typical elasto-plastic 
behavionv of metals. The consequence of this is that approaches 
developed for metallic materials are not always directly applicable 
to cemented materials).

Three m a m  fracture parameters are considered in this section:- 
they are Crack Growth Resistance Curves (R-Curves), the J-integral, 
and the effective surface energy I'. R-curves and T ' were evaluated 
in the present tests. I ' and J-mtegral are somewhat related, as 
will be snown in chapter 9, In addition, the question of the size 
of the non-linear zone ahead of and surrounding the crack in ce­
mented materials was investigated.

3 .5 ,1  CRACK GROWTH RESISTANCE CURVES (R-CURVES)

R-curve analysis was originally developed in the metallic field** 
from fracture mechanics principles to help deal with situations of 
plane stress where slew stable crack growth is often extensive. 
Historically, the method dates back to the 1950 ’ s and the work of 
Irwin and Kies and others1 ‘1' *1 ’ * “, but its applicat ion to cemented 
materials is relatively new. The method can be used for making 
instability predictions from determinations of a critical fracture 
stress as a function of flaw size; it is also used extensively to 
characterise the resistance to fracture during stable crack growth.

The method involves the continuous measurement of load and slow 
stable crack growth. The load values are converted to K values (or 
other suitable values such as G or T* ) for the particular loading



and structural configuration. These K values (normally K_ values) 
can also be thought of as crack growth resistance values, or R 
values. The resulting plot of K (or R) versus crack growth at the 
K values is the R-curve.

Returning to the Griffith energy balance equation given in figure 
2.2, unstable crack advance occurs when

3_iu-s) & 0 (3.23)
3c

where u is the energy re lease and s is the energy requirement for 
crack advance.
Now 3u/3c can be recognised as G , the strain energy release rate, 
and 3s/3c can be thought of as the resistance to crack growth, or 
R. Hence we can re-write equation (3.23) as:

G-R 2 0 (3.24)

which is the criterion for crack advancement. This equation can 
equally as well be written as K-R 2 0 if R is expressed in terms 
of stress intensity units. Figure 3.6 shows schematically the 
variation of K with crack depth under different applied stress 
levels, o. Also show* is a typical R-curve for a given initial 
crack depth c^. Applying the condition for crack extension (K-R 2 
0) to the condition in figure 3.6, crack extension will occur with 
increasing stress level, h • will be arrested when K = R, i.e. when 
the K and R curves intersect. However, for the K (°max) curve a 
point of tangency is reached between the K and tl curves, represented 
by a critical crack extension &rc - Any extension of the crack be­
yond this point will result in unstable crack propagation as K > R 
from this point onwards.

R-curve analysis is based on the postulate that for a given material 
and thickness there is a unique relationship between crack growth 
and the applied stress-intensity factor, this relationship being 
characterised by the R-curve. The point is made by Heyer6 7 that 
it is a useful test method applicable to the more ductile materials.



R-curve is a function of crack growth, Ac, rather than the absolute 
crack depth, and can extend well above the plane strain 
value84 . The K values calculated from the test represent the 
driving force required to produce stable crack growth prior to in- 
acability, which occurs when the K and R curves reach a point of 
tangency.
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Figure 3.6 Principle of R-curve showing eventual imbalance 
of stress-intensity factor over resistance to 
crack extension with increasing stress (o)

On the assumption that the R-curve is a function of crack growth 
Ac rather than absolute crack depth, it is possible to shew sche­
matically the influence of initial notch depth on . Figure 3.7, 
taken from ref. 42, indicates that will tend to increase with 
increasing initial notch depth for materials experiencing slow 
crack growth prior to ultimate instability. It is interesting to 
note that Brown1* found that increased with increasing crack
growth for mortar beams, while for paste beams there was essentially 
no variation of with crack growth, This is consistent with the 
expectation that slow crack growth would be more extensive in more 
"ductile" non-linear mortar beams than in brittle paste beams. 
Unfortunately, Brown does not quote what his initial notch depths 
were, and therefore a direct interpretation of his results in the 
light of figure 3.7 is not possible. Figure 3.7 also jhows that



there should be a greater amount of slow crack growth in more deeply 
notched beams chan in shallow notched beams.

K

R

Co

Figure 3.7 Effect of initial notch depth on 
value of (from ref. 42)

It is interesting to note the differences in interpretation cf an 
R-curve for the metal 1ic and non-metal lie cases. In metallic ma­
terials , increasing K is necessary to cause the crack to grow under 
plane stress conditions, and hence the plate thickness will also 
affect K. In cemented materials (non-metal 1ic) , increasing 
toughness occurs with crack growth primarily due to increase in the 
zone of microcracking ahead of the crack tip, and to crack-stopping 
mechanisms. In addition, it is unlikely that a plane stress con­
dition is occurring in the relatively thick specimens used for ce­
mented materials*'. Hence, the micro-mechanisms represented by 
R-curves for metals and cemented terials are very different.

It is also interesting to note that the concept of an R-curve as 
shown in figure- 3.6 is very similar to the Glucklich model presented 
in figure 2.5. Gluck 1 ich arrived at his model by considering the 
increasing resistance to crack growth occurring in a heterogeneous 
multi-phase material. Hence the concept of an R-curve as repres­
enting increasing resistance to crack growth fits in w-... 11 with our



understanding of the fracture process in heterogeneous cemented 
materials.

Velazco et a l "  state tha: R-curve analysis assumes a relationship

independent of s);».:imen dimensions and initial crack depth, but 
certainly for metals the thickness of the specimen will affect th#
calculated K values. There is still some controversy as to whether 
R-curves are sensitive to specimen geometry. The method appears 
to characterise the behaviour of plain and fibre-reinforced con­
crete very well, as shown by Shah, and co-worKerm 
Referring specifically to fracture of plain concrete, Shah and 
co-workers have shown that it is important to account for the size 
of the non-linear zone ahead of the main crack in the production 
of R-curves. This is because the size of this zone can be of sim­
ilar magnitude to the depth of the visible crack. From results of 
tests on double torsion and double cantilever specimens, they 
showed that failure to account for the non-1 inear zone caused 
R-curves to be specimen-type dependent whereas R-curves became 
characteristic of the material itself when this zone size was in­
cluded in the slow crack growth term. This is shown in figure
(3.8), taken from ref. 69.

A - Curves for cement mortar 

Mix 1 2 0.6 (C Sand W)

d os

0.2
X U  Double Cantilever Beams 

Double Torsion SpecimensI
0 0 2 4 6 8 10 12 14

Crack extension, A c ^ .  (in )

Figure 3.8 Specimen-type independent R-curves for 
cement mortar (from ref. o9)
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Further summarised details of the work of Shah and co-workers fol­
low : -

1. Extensive slow crack growth occurs in cemented materials. Us- 
ing laboratory specimens with a single main crack, an extensive 
zone of microcracking also develops ahead of the visible crack 
tip. Aggregate interlock and pull-out occurs in this zone, 
(termed the "process zone"), which is the non-linear fracture 
zone in the specimen. fhis has led to the concept of two dis­
tinct crack depths:- the stress-free crack depth Cc) in which 
crack surfaces are sufficiently displaced from one another to 
allow no stress interaction between them, and the effective 
crack depth (c^^) which includes the stress-free crack and the 
non-linear zone ahead of the stress-free crack. If the size 
of this non-linear zone is termed z ., then:-

Within z ^ , a stress distribution occurs equivalent to the 
crack-closing pressure, and is dependent at any point on the 
separation between the effective crack faces. At the point 
where the closing stress is zero, a characteristic separation 
occurs between the crack faces, termed the critical crack-tip 
displacement for critical crack opening displacement COD). The 
crack will extend when this critical value is equalled or ex- 
( led at the tip of the crack. The above concepts are illus­
trated in figure 3.9.

These authors found that was a function of specimen type 
and geometry. For their double torsion specimens, was ap­
proximately 2 5mm while for the double cantilever beams was 
approximately 75mm, for cement mortar. However, the point is 
made that the magnitude of is critically dependent on tha
value of GOD, and will increase as COD increases.
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Figure 3.9 Illustration of concepts of effective crack
depth and crack-closing pressure (from ref. 69)

Fracture resistance is measured in terms of a modified strain 
energy re lease rate term . This term accounts for inelastic 
effects at the crack tip which lead to an additional component 
of energy characterised by the increase in permanent deflection 
of a specimen during a test. For load-cycling during a test 
when the load is progressively cycled between zero and a vari­
able maximum value, the G_ term can be interpreted as the area 
enclosed by the load-deflect ion curve during a load-cycle. In 
this respect the term is identical to the i' term introduced 
in 2.4. Tne authors h<we pointed out that without this mod­
ification of Gg, the effects of, for instance, aggregate addi­
tion are not apparent in the experimental R-curves.
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The general conclusion of Shah et a 1 was that R-curves can be used 
to characterise the resistance of cemer t iti o u s materials during 
slow crack growth provided the ordinate value is modified to in­
clude for inelastic energy and the abscissa value is modified to 
account for the non-linear zone size. The concepts of their work 
were used and further extended in the experimental part of the 
present work.

The technique used to calculate R-curves for the present tests is 
elaborated in chapter 9

3 .5 .2  J- INTEGRAL

The J-integral was fi -st described by Rice7*, and has been proposed 
as a failure criterion for metals exhibiting elastic-plastic 
behaviour. Subsequently, researchers in the cemented materials
field have investigated the use of J as a fracture
criterion*1‘1 *’1’ in the hopes of overcoming some of the difficul­
ties inherent in LEFM. The J-integral in its fundamental form is 
a path-independent energy line integral resulting from integration 
of strain energy density along a closed path around the crack. This 
fundamental definition is illustrated in figure 3.10, For a
non-linear elastic body, J may be interpreted as the energy avail­
able for crack extension; for the linear case, J is equivalent to 
G.

In more practical terms, J may be considered as the potential energy 
difference between two identically loaded bodies having differing 
crack lengths. Drawing on a technique used in the metallic field, 
Mindess et al*1 evaluated the J-integral by testing cracked and 
companion uncracked specimens in order to compare their 
load-deflection curves. For their case of a beam in pure bending 
(third-point loading), the expression was:-

F d6c (3.26)

0



where b ~ beam width
h * ancrackad ligamant depch 

F * total load

6 * vertical displacement of the load point due to the 
crack only.

n

-#^X

du

Where f  =  Path of integration, taken
counterclockwise around the crack tip;

W= Strain energy density; 
T= Traction vector defined by the outward 

normal vector n on the path ( ;  
0= Displacement vector; and 
s= Arc length along the path f, 

ds1 =  dx2 ♦ dy2.

Figure 3.10 Crack tip geometry and energy line 
integral (from ref. 36)

Hence, J is evaluated as the difference between the areas under the 
load-deflection curves of cracked and uncracked specimens. 
Strictly, these areas should be evaluated up to the point of crack 
initiation, but due to the difficulties of assessing sub-critical 
crack growth, this procedure is not always followed. Mindess et 
al11 calculated J to the point of maximum load, as illustrated in 
figure 3.11. However, Mindess himself states:- "To be strictly 
valid, where deformation is not reversible, the J-integral rafers



to crack imziA^ion r.ithcr Lhmr. crack prupa^ation. Thus wc only 
lock at the critical vilup ol  ̂ at the point of crack Initiation, 

." It appears therefore that in this ro%ard, J has the same 
fundamental limitation as or G . A further difficulty in
adopting J as a frict.ir? criterion is the variability In determi­
nations reported by investigators".
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behavior 
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u

Deflection 
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1. Fabricate beam specimens, including some with sawed notch.
2. Determine load-deflection curves for beams with notch 

(P vs. 6 t) and unnotched beams (P vs. 8 U)
3. Graphically determine A, and Au.
4. J = ^  (A, — Au] (8 is specimen width; b = unno'.ched depth of

notched specimen).

Figure 3.11 Experiments 1 procedure tc determine J i from ref. 36)

3 . 5 . 3  E F F E C T IV E  r A A C TU R E  SURFACE ENERGY (WORK OF  

FR A C T U R E )

The work of fracturn method can be used to give the effective 
fracture surface ene.:gy %' of cemented materials . The formula used 
is: -



where  ̂ equals the area under the load-deflection curve, and Af 
is the area of new fracture surfaces, conventionally taken as twice 
the cross-sectional area A I* is tnus defined as the work done 
to create unit area of n«--v £racture surface, ignoring irregulari- 
:ies on the fracture face. t' s not necessarily the same at all 
stages in the fracture process.

It is important to point out that an evaluation of i* for any par­
ticular test specimen is -ritically dependent on the measured area 
under, and hence the shape of, the load-deflection curve. This 
depends on aspects such as test machine stiffness and sensitivity 
response time of the recording devices. This is very much an 
instrumentation problem, since for those beams which fracture cat­
astrophically when maximum load is reached, the transient effect 
of rapid .rack growth and drop in load after failure is difficult 
to measure. Stable and semi-stable fractures can be created by 
notching, in which case a tail portion to the curve exists even when 
a nominally brittle material is tested. Unless the area under this 
tail portion is included in the term g, Tl may be substantially 
underestimated. The self-weight energy of the beam should also De 
included in the energy term, particularly for larger specimens. A 
component of self-weight energy after the machine load has dropped 
to zero also exists, and it is this energy which causes the re­
maining ligament in the specimen to be fractured by its self-weight.

i' can be interpreted as the energy absorption of crack propagation, 
and equation (3.27) immediately relates it to both the surface free 
energy plus any other energy-absorbing processes that may be 
inseparably connected with fracture. In an ideal brittle material, 
the fracture surface area would equal twice the cross-sectioncl 
area of the specimen. However multiple microcracking occurs in the 
highly stressed zone of concrete specimens, as well as meandering
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crack paths. Therefore the true fracture surface area may be many 
times larger than the effective surface area represented by the 
cross-sectional area. In the present work, a modified form of the 
parameter i ' is introduced which gives some measure of the true 
fracture surface area.

Blight1* presumed that I' comprised two components:- the true free 
surface energy of the material, and the plastic work component re­
quired to cause fracture. He included the following factcts in the 
plastic work component:-

1. Work unaccounted for by the inability to accurately measure the 
true surface energy of the ^racture surfaces.

2. Work done in dilatency and particle reorientation near failure.

3. Work done in producing microcracks that do not form part of the 
visible fracture surface.

4. Actual plastic deformation of the material.

Blight also suggested that the true fracture surface energy of a 
cemented material is represented by the surface energy of the ce­
menting component. The effective fracture surface energy T' thus 
exceeds the true surface energy i by the amount of plastic work 
required to cause fracture. The engineer invariably requires i* 
for his calculations, as long as I' represents the failure mode 
likely to be experienced in practice. This means that testing 
procedures must be linked to actual service conditions for the ma­
terial .

Another set of authors* * have pointed out that the work of fracture 
method gives the effective fracturr- r.urface energy over the entire 
fracture process. Thus I' will decrease with increasing notch depth 
as the fracture process becomes more controlled. Mai71 has also 
used the effective fracture surface energy concept to analyse m s  
tests on fibre-reinforced cements. Another development has bee., 
reported by Gurney and Hunt72 who suggested a quasi-static method

i
%



of fracture toughness testing (basically a load-cycling method) 
where cracks can be made to grow in a controlled manner. They 
measured the work required to spread the crack per unit of nominal 
new crack area by means of a quantity R , as illustrated in figure 
3.12. This method is similar to that of Shah and co-workers dis­
cussed previously” 1, except that the method of Gurney and Hunt does 
not account for inelastic effects (i.e. irrecoverable defor­
mations) .

Crack
initiation

\  P, (Crack Area A,)

P, (Crack Area A2)

R ' = Area OP,P;

Displacement

Figure 3.12 Principle of quasi-static method of fracture 
toughness testing (from ref. 72)

For perfectly elastic brittle materials (i.e. LEFM) there 
equivalence between Z' and G , viz -

1 Gc (3.28)
T "

For this ideal case, T is also equivalent to the I of the Griffith 
equation (2.2). At the critical point of unsr e ci.nck propa­
gation , the Griffith equation assumes that the . .ored elastic en­
ergy is just sufficient to cause full failure of the specimen, i.e. 
the onset of crack growth is synonymous with fracture. Hence, the 
critical rate of release of strain energy with crack advance (G ' 
becomes equivalent to the surface energy demand of new fracture 
faces. Needless tc say, for non-ideal materials such as concrete, 
the above LEFM relations seldom apply. for thir mi , I' has been 
regarded as a NLFM parameter, since it acco ; ..e inelastic,
behaviour of cemented materials during fractu:• -umber of dif­
ferent I' determinations have been made in tiia present tests, in
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an attempt to identify their suitability to describe the fracture 
process.

It is interesting to note that a proposed standard test for the 
fracture of concrete based on the work of fracture method has been 
proposed by RILEM technical committee 50-FMC’1. The test is de­
signed to measure the fracture energy G_, defined as the amount of 
energy necessary to create one unit of area of a crack (i.e. the 
same as 11 ) . This test has been arrived at following the work by 
Hi 1lerborg and others at the Lund Institute of Technology, Sweden, 
and appears to be an attempt to bypass the problems encountered in 
determining LEFM parameters on small specimens. Originally, 
Hillerborg7*' argued that concrete specimens with ligament depths 
of la and m o n  would be required to obtain valid fracture parame­
ters. However, the question of slow cracK growth had been ignored 
in this assessment. Subsequently, Hillerborg has reverted to the 
use of small specimens for ease of handling and testing in the 
laboratory. However, the problem of small specimen size necessi­
tated the use of a fracture parameter that was essentially 
non-linear.

According to the proposed ML E M  test, beams of size 100x100x800 am 
with an initial notch depth ratio of 0,5 are tested in three-point 
bending. Notches should preferably be sawn, and the number of 
specimens is increased as the maximum aggregate size increases. 
The specimen and notch sizes are intended to satisfy the conditions 
that the fracture should be stable and that damage is 1imited to a 
small zone along the ligament depth. Output from the test record 
should be the area under the load-deflection curve (Wq) the maximum 
Reflection at final failure i.e. when t' •• . utd on the machine drops 
to zero C6q) , and the mean a w a  of tha initially uncracked ligament 
(A^g)- The fracture «nergy Gp is then evaluated as

GF ” WQ + mg60 (3.29)

where mg is the total weight of the beam

i c r



Note that thj i' expression in equation (3.27) accounts for two new 
fracture surfaces, and hence Gp should be double the value of Y' .
The term incorporating 6 in ' <->ove expression is meant to allow
for the fracture energy due '.n he self-weight of the beam. A
simple analysis will shew that., ,f 6 is the beam deflect ion when
the applied (machine) load drops to zero, the contribution of the 
self-weight to the fracture energy at this point is mgd /2. 
Therefore the self-weight term in (3.29) assumes chat the de­
flection at zero machine load is one-half the ultimate deflection 
when total separation of fracture surfaces finally occurs. This 
assumption has been tested in the present work, and the Gp values 
of a number of specimens according to the RILEM proposal have been 
obtained (as I' values}. One further point should be mentioned: 
the test proposal states that it is acceptable to measure the de­
formation as the movement of the machine crosshead, although it is 
preferaole to measure deflect ion relative to the support points. 
A proviso is added that if crosshead movement is measured» 
non-elastic deformations must have a negligible influence on the 
total measured energy. It would appear from the present and pre­
vious tests by the author 21 that localised crushing over the sup­
per- rollers can account for up to 50 per cent of measured 
deflection, and the use of crosshead measurements is somewhat 
questionable. Finally, it should be mentioned that other proposals 
for a standard test method are being made, and the one by Jenq and 
Shah 1 might be referred to.

3 .6  CONCLUDING REMARKS

The fracture mechanics parameters discussed fbove, while repres­
enting the nmjerity of the common parameters that are available, 
are by no means an exhaustive list. A full discussion of all 
available parameters would be beyond th.i scope of this section. 
Suffice to say chat other researchers have also presented tech­
niques and parameters for characterising fracture in cemented ma­
terials , and reference might be made to th... word of Bazant, and



Hil lerborg and colleagues, reviewed by Mindess in ref. 28. Fur­
thermore , Reinhardt1** has presented an interesting approach to 
fracture, and his work has servad as a ha^ls for some of the ana-
lyses presented in this thesis. Finally, the work of Shah and 
col leagues*6,71 might also be mentioned. The fact that so many 
methods have been proposed indicates the complex nature of concrete 
fracture.

It is clear that as long as researchers are interested in the 
fracture phenomenon, and since the structure and behaviour of con­
crete are highly complex, there will be new approaches presented, 
argued over, accepted, modified or rejected. Unfortunately, not 
all these proposals will be able to be thoroughly tested. However, 
this interaction represents an essential part of the scientific 
method, and it is to be hoped that the concrete fracture field will 
develop to s point where, not only will test data be able to be 
properly analysed, but also measured paransete.s will be useful 
tools in advancing the analysis and design of concrete structures.



PART II EXPERIMENTAL FRACTURE WORK

The background to concrete fracture testing, based on a literature 
survey and presented in th# previous part, has served to highlight 
aspect* that require furthwr study. Amongst these are fracture 
processes in notched concrete beams, including the presence, ex- 
cent, and influence cf microcracking; the effects uJ specimen depth 
and notch depth on fracture, and the evaluation of fracture param­
eters in the light of these aspects. An experimental programme was 
therefore designed to address these questions. Three series of 
tests spanning a period of three years wera carried out on notched 
concrete beams of variable sections and depths. Test apparatus and 
instrumentation were designed, constructed and assembled. Chapter
4 will describe details of specimen#, mixes and material#, test 
equipment and testing procedures. Chapter 5 will deal with results 
for materials control tests, and certain basic aspects of the 
fracture test results such as notch-sensitivity of fracture beams, 
the influence of support roller friction on loads and deflection#, 
and characteristic shapes of load-deflection curves.



4 TESTING OF FRACTURE BEAMS

4.1 INTRODUCTION AND OBJECTIVES

An MSc(Eng) dissertation (1974) by the author31 examined the prob­
lem of plane strain fracture testing of cemented construction ma­
terials. In that work die aim was to study the fracture mechanisms 
of a portland cement mortar and apply the results to the development 
of tentative criteria for fracture testing. It was recognised that 
an understanding of fracture mechanisms and their influencing fac­
tors is the first step towards applying fracture tests in the de­
velopment of new and improved materials, and towards applying 
fracture principles in design and analysis. The effects of specif ion 
dimensions, testing machine stiffness, and rate of loading on the 
LEFM parameters G , and on the NLFM parameter i', were studied. 
It was found that all these variables profoundly influenced the 
measured fracture toughness as well as the post-cracking behaviour 
of the notched beams. The results for the MSc(Eng) work are briefly 
summarised below.

4 .1 .1  EFFECT OF SPECIMEN GEOMETRY ON LEFM PARAMETERS 

NOTCH DEPTH RATIO

Fracture toughness of unnotched beams were considerably higher than 
those of notched beams, and a basic difference existed between the



modes of fracture of these two types of specimen. This difference 
was related to the amount of st .n energy stored in the specimen 
at the point of fracture, and to the volume of highly stressed ma­
terial in which energy-absorbing mechanisms could operate, both of 
which were greater in the case of the unnotched beams. This was 
also borne out by the fact that strain rate had a more marked effect 
on the failure load of unnotched Beams, since at low strain rates 
a greater degree of stable microcrack growth from the surface of 
the beam could occur than at higher strain rates. For a notched 
beam, the critical crack initiated at the notched section and 
microcracking was limited to th is section.

BREADTH/DEPTH tb /d j  RATIO

While it appeared that narrow beams (b/d 5 0,5) gave higher fracture 
toughnesses than flat slabs (b/d > 2), the effect of absolute 
specimen epth tended to obscure the results, since it was also the 
deeper sections that gave the higher toughnesses. It would appear 
from the results that plane strain conditions predominate in the 
testing of cemented materials, and that the effect of absolute depth 
is  more important than that of b/d ratio. Nevertheless, this effect 
of plane stress/plane strain was recognised as requiring further 
experimental study.

4 .1 .2  EFFECT OF STRAIN RATE

This variable was shown to have an important influence on measured 
load-deflection curves and on fracture parameters. Failure to 
control the strain rate at consistent values during tests led to 
excessive var- '>ility and scatter of results, mainly due to the 
creep component of deflection. It was found that failure compli­
ances of beams could more than double when very slow strain rates 
were used, while the corresponding effect on a parameter such as 

was to reduce its value by about 25 per cent. Provided the



strain rate, measured in terms of deflection of the load points, 
exceeded 1 um.'s, the measured fracture parameters could be consid­
ered to be independent of the deflection rate. Thj s aspect has 
application in fracture testing of materials to be used in situ­
ations where deformations and loadings are time-dependent, such as 
road pavements.

4.1 .3 EFFECT OF TEST MACHINE STIFFNESS

Post-cracking behaviour was profoundly affected by the stiffness 
of the loading system, and unrepresentative load-deflection curves 
were obtained when the system could fsad energy back irto a specimen 
at the critical point of unstable crack propagation. The importance 
of a stiff test set-up was therefore clearly recognised.

This previous experimental work allowed tentative test criteria for 
cemented materials to be suggested. The most important involved 
specimen size requirements. Fracture toughness calculations are 
based on a mathematical model of the stress/strain field ahead of 
a crack tip, and the reliability of the calculated parameters de­
pends on the accuracy of the model. Provided tne size of the ine­
lastic zone is small in relation to specimen dimensions, the 
concepts of LEFM can be applied. To evaluate this, a pseudo-plastic 
zone size parameter R' was defined, which is analogo-'s to the pa­
rameter R which measures the size of the plastic zone in metallic 
specimens. Limiting values of ratios involving R ' were suggested 
as being necessary to ensure that valid fracture parameter's were 
measured. It was also suggested that a fracture specimen should 
fall In a stable or semi-stable fashion if valid lower-limit pa­
rameters were to be obtained. This implied that notched sp«cimens 
ought to be used While notching was necessary, initial notch 
depth ratios equalling or exceed-ng about 0,5 were undesirable 
since m  true spontaneous crack propagation occurred and large er­
rors were introduced into the fracture calculations. Referring to



the requirement of stable or semi-stable tractor it was important 
that" the balance between the energy stored . ie loading system 
and the strain energy in the specimen at the point of failure be 
considered, since this balance governed the interaction between 
loading system and specimen during crack propagation. If energy 
could be fed back into the specimen, an unrepresentative 
load-deflection curve was obtained and catastrophic fracture could 
result.

Part of the MSc(Eng) work involved use of a ioad-cyc!ing technique 
to obtain stable crack growth. This technique, in which the beans 
was loaded until the critical point of fracture instability was 
approached and the load then rapidly removed before instability 
could occur, allowed a crack to be extended in stable increments 
through the beam until final failure. With each successive load 
cycle, there was an increase in compliance and permanent set; re­
sistance r.o crack closing and re-opening was also present. What 
was especially significant in the load-deflection record was that 
eaih reloading cycle gave a markedly linear portion of the curve, 
indicating an elastic-type deformat ion during the early stages of 
loading when the crack was accommodated within elastic sur­
roundings .

To suBJuarise, the MSc(Eng) investigations identified and isolated 
those r.est variables which significantly affected measured fracture 
parameters. Two LEFM parameters we/e evaluated (K^, ) as well
as the NLFM par meter of effective fracture surface mergy (T1 ), 
using tests on notched beams. Geometrical and dimensional ratios, 
strain rates, and testing machine stiffness influenced the results. 
Notched beams had lower fracture toughnesses than unnotched beams. 
It was recognised that the questions of absolute specimen size and 
the plane stress/p lane strain effect required further investi­
gation. Nevertheless, the general conclusion was that the concepts 
of strain energy release rate and fracture toughness were applica­
ble to cemented materials. However, non-1 inear and extensive 
post-cracking behaviour gave to these materials a quasi-ductile 
fracture that would require modifications to ha basic fracture 
formulations.



fhe present im^nis •> <• designed with this previous work as
background, but also dr .ng :;pon the progress that had been made 
in the field of elas’ ast ic fracture. It was obvious that the 
application of these new principles to cemented materials snould 
be tested. Nevertheless, the LEFM formulations were also retained 
In view of the testing of very large fracture specimens to which 
they might conceivably apply. The overall framework within which 
fracture studies on cemented materials are carried out should al­
ways be kept clearly in view if meaningful results are to be ob­
tained. This framework comprises, inter alia, the development of 
a design methodology based on fracture mechanics principles, the 
establishment ot criteria and procedures for valid fracture test­
ing. the studv of fracture processes and mechanisms, and material 
characterisation. With these observations in mind, it was possible 
to define specific objectives for the present fracture testing
programme. Thes* objectives were:-

1. To extend previous work done ac the University of the 
Witwatersrand by the author21 and others’*’77 on the fracture 
properties of concrete# The work ^one at Wits has centred on 
macroscopic fracture behaviour in t.ne sense that fracture of 
.jncrete and cemented materials has been studied on normal 
laboratory slzud specimen'-, nnd the matc-iai has been considered 
as A composite.

2. To investigate fracture processes by careful study, 
characterisation and analysis of load-defleetior curves ob­
tained during fracture tests. Other experimental techniques 
of strain and ultrasonic pulse velocity measrrements w«re also 
used to study fracture process* ..

3. To investigate the effect of specimen size on linear elastic 
(LFFM) and non-linear (NLrM) fracture mechanics parameters.

this end concrete beams covering u range of depths from 100mm 
to 800mm, spans from 400mm to '’200mm, and ligament depths from



4 2 DETAILS OF SPECIMENS

Two series of fracture tests on concrete specimens of varying sizes 
and shapes were conducted during 1982, and a furth#- ' series during 
1965. Series FI comprised prismatic constant section beams with 
major support spans varying from 400mm to 2000mm, and depths from 
100mm to 500mm respectively. In all cases a constant span/depth 
ratio of four and beam width of 100mm were used. Series F2 com­
prised firstly prismatic constant section beams with span/depth 
ratio of either four or e: ght, but with constant overall depth of 
100mm; secondly large beams of span 3200ram ?nd depth 800mm were 
tested, and these beams were triangular in elevation with variable 
sections to reduce their mass. Series F3 comprised both constant 
and variable section beams with a ratio of span/depth ac mid-span 
of four. Beam depths varied from 100mm to 500mm, and the 300mm and 
500mm aeep beams had a variable section to reduce mass. Seal 1 
vertical ’steps" were cast on the sloping faces of these beams to 
accommodate ultrasonic test probes. '"Demec" strain targets at 
mid-span and covering the beam depth were fixed to one side of all 
beams on a 100mm gauge length. Cast-in central notches with notch 
depth ratios of 0,2, 0,25, 0,4 or 0,5 were used. Four 100mm deep 
beams of series F3 had notches cut by a diamond-tipped saw-blade. 
A summary of the various specimens is given in table 4.1, in which 
it can be seen that r. total of 69 fracture beams were tested, 
figure 4,1 shows details of the constant and variable section beams. 
Figures 4.2(a) and (b) show photographs of large variable section 
beams immediately before being placed on a test bed. (Note the 
vertical "steps" on the beam in figure 4.2(b)).

For all series, control cubes (101,6mm) for compressive strength 
were cast. For series FI control unnvtched beams
(101, 6x101,6x610mm)for modulus of rupture and flexural elastic



Table 4.1 Summary of tracture beams, Series FI, F2 and F'3

Ove r.i 11 Initial nit\al Number
not(_h U'adin% Ii/ament of

Spec imen dimensions depth span deoth IwamsSeries number (mm) rat io (mm) (mm)

bxdxL c /d S hoo

FI FI/1,2 100x500x2100 o,: 2000 400 2
(cast
and Fi/3,4 100x500x2100 0,4 2000 300 2
tested
during Fl/5,6 100x300x1200 0,2 1200 240 2
June,
July, FI/7,? 100x200x800 0,4 800 120 2
August
1982) Fl/9,10,11 100x100x400 0,25 400 75 3

Ft/12,13,14 100x100x400 0,40 400 60 3

1. All FI beams had constant sections. Sub-Total FI 14

2. Be axis with L*S in above table were
tested on loading spans slightly less than those given above, the
difference howevet never exceeding 2,5%. This nominal change to
the loading span was not considered to have materially affected
the fractx.re data.

F2 F2/1 100x800x3400 0,2 3200 640 1
(cast
and F2/2,3,4 100x800x3400 0,4 3200 480 3
tested
during F2/5 - 8 100x100x450 0,25 400 75 4
October
November F2/ - 100x100x450 0,4 400 60 7
1982)

F2/16 - 26 100x100x850 0,3 800 50 11

1. teams F2/1 - 4 had variable sections. Sub-Total F2 26
Beams F2/5 - 26 had constant sections.



Table 4.i (Continued)

Specimen
num ber

Ovcral1

d imens i ons
(mm)

b xd xL

notch 
depth 
rat io

c ^ /d

I.oudinz

(mm)

S

i n i t i a l  
1i^ament 
denth 
\.nmu)

Hn

N unher
o f

F3 F3/1.2 1 00 x500x212 5 0 ■> 2000 400 2
(cast
and F 3 /3 .4 100x500x2125 0 2000 300 2
tested
during F 3 /5 ,6 100 x300x12  75 0 2 1200 240 2
March,
April, F 3 / 7 , 8 ,9 100 x300x127 5 0 25 1200 22 S 3
May
1985) F 3 / 1 0 , l l , 1 2 100 x300x127 5 0 4 1200 180 3

F3/13.14 1 0 0 x200x850 0 2 800 160 2

F 5 / 1 5 , 16 100 x2 0 0 x3 5 0 - 800 120 2

F 3 /1 7  -  23 1 0 0 x100x450 0 2 400 SO 7

F 3 /2 4 100 x1 0 0 x4 5 0 0 25 400 75 1

F 3 /2 5  -  29 100x100x450 0 * 400 60 5

1. Beams F3/1 - 12 had variable sections. Sub-Total F3 29

2. Beams F3/13 - 29 had constant
sections. Total F1.F2 4F3 69

3. Beams F3/21 - 23 and F3/29 had sawn 
notches.

4. One beam (200/0,2) was fractured by accidental overdrive of the 
test machine. No results obtained.
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modulus values were cast, while for series F2 control prisms 
(100x100x200mm) for compressive elastic modulus were cast. Series 
F3 had control prism.i C 100x100x200mm) for compressive elastic 
modulus, and control beans (100x100x4 0mmi for modulus rupture
(MR) tests. A number of these control beams were unnotched to ob­
tain conventional MF values, while others were notched to va-ying 
initial depths in order to investigate notch-sensitivity of the 
material. For all three .series, a total of 162 control specimens 
were cast and tested to provide basic material propenies.

4 .2 .1  SPHCiMEN ID E N TIF IC ATIO N

For clarity, fracture specimens are identified according to the 
following system:-
F series/beam no.(depth/initial notch depth ratio) where "F" refers 
to fracture tests, "series" refers to series number, "beam no." and 
"initial notch depth ratio" are as given in table 4.1 and "depth" 
refers to the depth of the beam in millimetres. Thus, for example, 
series 3, beam number 1 was 500mm deep with an initial notch depth 
ratio of 0,2; it is referred to as F3/1(500/0,2).

4 .3  CONCRETE MIXES

The mix proportions used for the tests are shown in table 4.2. 
Details of the materials, mixing, casting and curing are given in 
appendix A. From table 4.2, mix ratios by mass were:- 
1:0,53:2,07 : 2,80 (cement:water:sand:stone).

Slumps for series Fi and F2 varied from 30 to 60mm, . j.d for series 
F3 from 80 to 130mm. (See 5.2.3 and appendix C for discussion on 
effect of slump on material properties).



Mater iaIs Mix proportions in kg/m*,
(Dr materials)

Cement: Ordinary For11 and 175

Stone: Crushed nominal 
single-sized

1050

Series Fl and F3: R e e f quartzite
Series F2: Reef quartzite and

Halfway House granite

Sand: Reef quartzite crusher 
sand

775

Water: Potable tap water 205

4 .4  TEST EQUIPMENT

Instrumentation for the tests involved the use cf e load cel 1 and 
LVDT transducers to measure mid-span load and f c _ion Variuus 
recorders received the load cell and tra- ur outputs and 
autographically plotted the results. The primary output f r o m the 
tests was load-deflection plots. However, tests for ser.es F3 in­
cluded assessment of crack growth and size of non-linear zone ahead 
of the m a m  crack, by means of ultrasonic pulse measurements, strain 
measurements across the fracturing section, and visual observation 
of crack depths. The majority of tests for series FI and F2 had 
simple monotonically increasing deflections during the tests, with 
the load rising to a maximum and then gradually dropping to zero 
as the beam continued to deflect. (Note:- since the testing ma-
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chines v;ere very stiff compared to the specimens, the tests were 
effectively deflection controlled). Most of the tests for series 
F3 used a load-cycling technique described earlier in 4.1, and a 
small number of tests for series Fl and F2 also used this technique.

The apparatus and recording equipment will be described fire*, 
followed by details of the testing procedure primarily for series 
F3 since these tests were more complex than those of series fl and 
F2.

4 .4 .1  DEFLECTION - MEASURING RIG

Mid-span bean deflections were measured using a number of different 
arrangements depending on the size and shape of the specimen. Ex­
traneous deflections were excluded from the measurements sincn it 
had been found earlier21 that these could seriously affect the ac­
curacy of whe results. A basic deflection rig and specimen clamp 
were designed, and the rig was adjustable so as to accommodate all 
the constant section beams. With modification it could also be used 
for the variable section beams. The rig was supported on the hor­
izontal upper face of the beam over the two end supports thus 
eliminating the recording of deflections due to localised crushing 
over the support rollers. M: span deflection under the loading
roller was measured using a device that clamped onto the Specimen 
at a distance of either 10mm or 20mm below the roller. The two 
screw-clamp portions of this device supported the moving cores of 
two linear variable differential transformers (LVDTs), the barrels 
of which were clamped in the deflection rig Photographs showing 
the rig and clamp are shown in ficures 4.3 (a) to (d). Features 
to note are the load cell Is, the loading roller with
centralised steel ball, a .-point support for the de­
flection rig. Details of tin. given in appendix B.

Extraneous deflections due to localised stress and strain concen­
trations under the loading roller were also investigated. The







magnitude of these deflections was a maximum of about 1C per cent 
of the total deflect ion measured at maximum load. An analysis of 
the effect on compliance and fracture parameters showed that errors 
of about 10 per cent might be induced in the former, but only about
5 per cent in the latter. It was impossible to assess these de­
flect ions for every beam. Since the error induced in estimating 
slow crack growth from compliance measurements would be greater 
than the error associated with these deflections, this effect was 
not included in analyses, particularly since calculated parameters 
were so little affected. Measurements such as areas under 
load-deflection curves would be affected hardly at all since the 
load returned to zero at the end of the test. Details of measure­
ments of these extraneous deflect ions are given in appendix B .

4 .4 .2  ELECTRONIC TRANSDUCERS  

LOAD CELL

This was used for all tests except beams F3/17-20 and F3/24-26. 
The cell had a capacity of 2GkN, and was calibrated using the Amsler 
testing machine (see later) and a digital millivoltmeter, or di­
rectly onto the recorders. (See appendix B for further details of 
the load cell).

LINEAR VARIABLE D IFFERENTIAL TRANSFORMERS (L V D T s)

The deflection rig supported two LVDTs, one on either side of the 
specimen, in order to obtain the mean deflection. The outputs of 
the LVDTs were electrically averaged before being fed to the re­
corders .

The LVDT cores were attached to the arms of the specimen clamp using 
plasticised modelling clay. Calibration was carried out by con­
necting the LVDTs in parallel, and mounting them on a small bed in



which a ii.icrometer gauge was used to vary the deflection. A number 
of calibrations was carried out using a millivoltmeter or directly 
onto the recorders. t'See appendix B for further details of the 
LVDTs.)

4 .4 .3  RECORDING EQUIPMENT

Three types of autographic load and deflection recording equipment 
were used.

XY RECORDER

‘This recorder had an effective plotting area of 360mm (X scale) x 
240mm (Y scale). (Two independent Y channels were available). It 
had been found previously21 that a fracture beam experiencing rapid 
crack propagation produced a load-deflection trace that could not 
be adequately followed by an 30 recorder due to the relatively large 
inertia of its moving parts. This was also true for the present 
recorder, but fortunately all the beams except a single 800mm deep 
beam fractured in a stable or semi-stable fashion and the post-peak 
portion of the curve could be recorded. It was also important to 
record the extreme tail portion of the curve, and ir particular that 
portion when machine load was no longer being applied to the beam 
and the beam was failing under its own weight. The energy for this 
final portion of fracture is a significant component of the total 
fracture energy. The XY recorder was unable to record this portion 
and a further recorder w*. used as detailed below.

STRIP CHART RECORDERS

TV0-PEN RECORDER
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Output from most of the tests of series FI and F2 was also fed to 
this record r. 1.0 measure the zero- load extreme tail portion of the 
curve, ano. to . heck the XY record. The recorder had two moving pens 
with a faster response time than the pens of the XY recorder, and 
which recorded load and deflection on a moving paper chart which 
could be driven at various speeds. As will be shown later in
chapter 5, maximum pen speeds were insufficient to record beam de­
flect ions at or near ultimate fracture accurately and therefore a 
different recorder was used for series F3.

MULTI-CHANNEL RECORDER

Output from series F3 tests was fed to this recorder in addition 
to the XT recorder. Preliminary tests to determine pen speeds of 
the recorder showed that it could adequately measure the extreme 
tail portions of the load-def1ection curves. (See later 5.5). The 
paper chart was normally driven at lOmm/min or 25mm/min, but the 
speed was increased to lOmro/s or 25mm,s for the final portion of 
the record approaching ultimate failure.

See appendix B for further details of recorders and power modules. 

ULTRASONIC PULSE EQUIPMENT

The tests of series F3 incorporated an ultrasonic pulse recorder 
in an attempt to monitor the progress of cracking and damage as the 
crack grew through the beam. The recorder comprised transmitting 
and receiving probes linked to a central control unit which auto­
matically measured the pulse transit time between probes and dis­
played it on a digital meter. Preliminary tests showed that the 
transit time of a pulse emitted at 40kHz was sensitive to crack 
growth and non-linear zone extension if the pulse was transmitted 
longitudinally through the beam, but insensitive if the pulse was 
transmitted across the width of the beam at mid-span. For this 
reason, the variable section beams of series F3 had vertical "step.," 
cast on the sloping faces to accommodate the probes at vanouc 
heights above the lower face. For the constaut section beams, the
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probes were placed at various heights on their vertical end faces . In 
this way, the progress of cracking could be monitored by noting the 
increase of the transit time at any particular position as the test 
progressed. Figure 4. u snows the positions for ultrasonic meas­
urements for the beams of series F3. Appendix B contains further 
details of the ultrasonic equipment.

STRAIN EQUIPMENT

In order to estimate non-linear zone size, strains in the intact 
region of the beam ahead of the main crack tip as well as crack 
width were measured during series F3 tests. Four pairs of "Demec" 
strain targets at mid-span and covering the beam height were fixed 
i i one side of all F3 beams . The targets were positioned such that 
pairs 1 and 2 coincided with the lower edge and tip of the 
pre-formed notch respectively, while pairs 3 and 4 coincided 
roughly with the initial position of the neutral axis and a point 
initially within the compression zone of the beam respectively. 
Two strain gauge instruments with 100mm and 200mm gauge lengths were 
used. The IQCmm gauge was used for the lower three sets of readings 
on each beam, while the 200mm gauge was occasionally used for the 
upper set of readings where the dial of the smaller gauge tended 
to interfere with the deflection clamp. Details of the heights in 
millimetres above the lower edge of a beam at which strains were 
measured are given in the list below:-

(Cg/d ® initial notch depth ratio)
Baam depth 100mm:- 10 100c /d 60 80
Beam depth 200mm:- 10 200c /d 120 180
Beam depth 300mm:- c0/d-0,2 10 60 150 250
Beam depth 300mm:- c0/d*0,25 10 30GcQ/d 180 245

nr 0,4 (or 265)
Beam depth 500mm:- c0/d*0,2 10 100 300 445
Beam depth 500mm:- t /d=0,4 10 200 350 445

It was assumed that the strain readings -epreaented average strain 
across the gauge length ■ are the crack had traversed the gauge
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500mm beams

— _____________________ j / X
Direct paths of ultrasonic 0^ ^------ ------ --pulses-S--

300mm beams

200mm beams

100mm beams

All 25

NOTE: Only one-half of beams shown, due to symmetry. 
Ultrasonic pulses were transmitted longitudinally (i.e. horizontally) 
from one end of the beam to the other.

Figure 4.4 Positions for ultrasonic measurements (series F3)



position, and crack width after the crack had passed the gauge po­
sition. These two assumptions are reasonable, in particular, de­
formation across a cracked section can be assumed to be concentrated 
in the crack with the tones on either side of the crack being ef- 
fe c tiv e ly  destressed. Appendix B contains d e ta ils  of the s tra in  

equipment.

4 .4 .4  TESTING MACHINES

Three hydraulic testing machines were used. The machine for series 
F I and most of series F3 was an Amsler type 103 compression machine 
which was manually operated and had a maximum capacity of 2000kN. 
Specimen loads were measured by the load cell which was clamped to 
the upper machine platen. The machine could accommodate beams up 
to 2000mm span on a stiff beam bed. The beams for series FI were 
supported on the beam bed using 50mm diameter half-round steel 
rollers, which ran on hardened steel cylinder-bearing races. 
Spreading of beam ends was thus allowed. For series F3, the beams 
were supported on the beam bed rollers, which were generally free 
to  move laterally (see later section 5.5). Figure 4.3(c) shows a 
test set-up of the Amsler machine with a 300mm variable section beam 
in position.

The machine for series F2 was a Macklow-Smtth compression testing 
machine, manually operated, of maximum capacity 1750 kN. This ma­
chine could accommodate up to a 3500mm long beam on a very stiff 
beam bed situated in a floor well. The load cell was fixed to the 
top platen. The small fracture beams of this series were supported 
on the roller/bearing supports described above, but the large var­
iable section beams were supported on the beam bed rollers. These 
rollers could be released immediately prior to a test, thus allowing 
spreading of beam ends. Figures 4.3(a) and (b) show details of the 
arrangement for series F2.



.iint : :n' x« .'I-

: '.y, r !, : -,f kith 

I !.« r.' ir - te d

ii":: : '.̂id
I-: ' ! i r c

» - ! 'r.iTr. :ri
T  i : T:i' \ c r ; r s r") )

Tlif IT;. : 1:1 «- i f 
Lfmrr;: i"i n , r : 11 
1 ; m : l s 1 r.r .irv 
m.ir!, ; ii.d ! ; i I -
c,f f !.r : i- i .m. I i,T t
oi ! .r j ( n.x f
tf; : /ic'-<- is;;*' : \ '
: l is || )S , I I, 1 r :
I ,js!i: (jn ill: 

t '' I i" I 
(,l « t iv-

i  ; ! : : f - s  t  .1 : : i : . & , i ' r i r : ; (  : i .  : ; . i .  U n  r  I  r  s  :  : : u f

: still .iri i i ^ r n r n t .

: i . !  i : : i - ! x \  s t T  i l l .  s t . ' i r d  i n  t h e

v : ' ''mvil s .i t I i .1 in:,' I i ,.,n . I'.n I
i .;,ii is Li i :i..-vi' .1 sî il.l: dlcc.t
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per cent of machine capacity, it was possible in all but one case 
to obtain complete test records (i.e. stable to s .mi - stab 1e frac­
tures) .

4 .5  TEST PROCEDURE

The procedure described below applies primarily to the fracture 
tests of series F3 which used a load-cycling technique. However, 
the principles of the procedure also applied to series FI and F2 
where monotonically-increasing deflection was generally used in the 
tests. Ultrasonic pulse and strain measurements, and visual esti­
mate of crack depth, were only made during series F3 tests.

4 .5 .1  SPECIMEN PREPARATION

All beams were damp-cured, generally under moist hessian and plas­
tic sheeting (see appendix A for details). About 24 hours before 
testing, beams with section depths greater than 100mm were raised 
off their casting beds into a vertical position, taking care not 
to cause tensile stresses at the notch root. Strain targets were 
glued to one vertical side of the beam, symmetrically about the 
mid-span. An area approximately 100mm wide about the mid-span on 
both vertical faces was painted with white PVA paint, to allow ob­
servation of visible crack growth. During casting, these surfaces 
had been made smooth using perspex sheets. The specimens were then 
covered again with damp hessian and plastic sheeting until the test. 
All specimens were saturated at the time of test. Beams were placed 
on the machine bed for testing, if necessary using a small mobile 
crane and hooks locating in cast - in lifting rods (see figure 
4.2(b)). After positioning the specimen clamp, loading roller, and 
deflection rig, the LVDTs were zeroed and a thin layer of petroleum 
jelly applied to the surfaces where the ultrasonic probes were to
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be placed. Initial readings of ultrasonic pulse transit time and 
strain gauge divisions were taken. In most cases the beam support 
rollers were then released to all ;w spreading of the beam ends 
during the test.

4 . 5 . 2  LO ADING

A load-cycling technique to create stable crack growth was used as
follows:-

1. Generally one to two cycles were applied before maximum load, 
followed by between six to eight cycles after maximum load.

2. On any particular cycle, the deflection at maximum load was 
maintained as far as possible without inducing additional de­
flection, to allow strain readings to be taken. Maintaining 
this deflection was not easy, particularly near the maximum 
load portions of the record, since stable slow crack growth 
tended to occur. If crack growth as observed by the movement 
of the XY recorder pen threatened to become unstable (in the 
sense of rapid crack growth), a small amount of load was rapidly 
"dumped" before attempting the strain readings. For the shal­
low notched beams in particular, the record invariably showed 
some load reduction (of the order of up to 20 per cent of the 
cycle's maximum load) accompanied by a limited increase in de­
flection (see later figure 4.6). In addition to strain readings 
taken at or near maximum cycle load, the depth of the visible 
crack was observed by very careful examination of the beam 
surface with the naked eye, and the position of the crack tip 
marked on the beam on both opposite vertical faces On occa­
sions, strain readings were also taken at the end of a cycle.

3. Ultrasonic pulse transit times were measured after unloading 
on any particular cycle. Preliminary trials had shown that the 
pulse time was relatively insensitive to whether measurements



were taken at maximum load during a cycle or at zero load after 
a cycle.

4. For the final test cycle, when the crack was usually very close
to the upper surface of the beam, the beam wcs loaded at a

uniform rate of deflection until ultimate fracture. This was 
represented by the rapid falling of the two fractured portions. 
As ultimate fracture was approached, the chart speed on the 
multi-channel recorder was increased to produce an accurate 
record of ultimate fracture.

5. After the test the fractured faces of the beam were inspected
for any unusual features, and the depths of the cracks for the
various load cycles were measured on both faces.

A typical est therefore produced two independent load-deflection 
records as well as i.tor series F3) strain/crack width readings, 
ultrasonic pulse measurements, and depths of visible cracks. This 
basic data was analysed to produce crack growth and compliance data, 
fracture energies, and other fracture parameters. For a non 
load-cycled test, continuous load-deflection curves were available.

The points described above are best illustrated with reference to 
portions of an actual test record, shown in figures 4.6(a) and (b) 
for the XY and multi-channel recorder respectively. The relevant 
beam is F3/15(200/0,4).

FIGURE 4 .6 (a )

The first three and a half cycles of the test are shown in this 
figure. Note the fol lowing:-

1. Two cycles were achieved before maximum load. The peak for 
cycle 1 shows that some stable crack growth occurred while the 
strain readings were being taken at this point.
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2. Cu chr . . . I — load cycle (cycle 2) loading was stopped at the

ap-cx o: he cycle . 7h is was immediate ly followed by an in '.rease 
in deflection accompanied by load reduction due to the unstable 
nature of crack growth near maxim is lead. Hence, the descending 
portion of the curve at th is  point may be regarded as stable  

spontaneous crack growth. On occasions, the maximum load point 
would be followed by rapid crack growth leading to a large in ­

crease in deflec tio n  and reduction in load. This condition was 
regarded as unstable spontaneous crack growth.

In order tc arrest the stable spontaneous crack growth following 
maximum load, i t  was necessary to rapid ly  unload the beam from point 
A to point B , where stra in  readings could be taken before unloading.

SCO ^ Stable Crack Growth 
Au - Rapid Unloading 
0  "  C yde  numbers

Load ing  y

f  Unloading

0 0.05 0 10 "0 15" 0 20 " 0 25 0.30 0.35 0.40 0.45
Beam Centra!  de f lec t ion  (mm)

Figure 4.6(a) Port ion of XY test record for beam 
F3/1 X200/0, .

3. Similar features as noted for cycle 2 vtn by seen for cycle 3. 
However, the tendency for spontaneous crack growth reduced as 
the test progressed.



4. Permanent plastic set 6^ occurred at. the end of each load cycle.
This irrecoverable deformation increased as the test
progressed, and was due to resistance to crack closing brought 
about by fragmentation behind the crack tip and crack bridging 
by dislodged and wedged aggregate particles. The irrecoverable 
deformation profoundly influenced the assessment of beam com­
pliances and fracture energies, as will be shown later.

5 .  On cycle 6 ,  the s e n s it iv ity  of the X scale was halved.

FIGURE 4 .6 (b )

This shows the multi-channel record corresponding to the XY record 
of figure 4.6(a). Note the following:-

1. The various load cycles can be clearly seen. The deflection
record experienced very little displacement at this stage,
since the sensitivity for this record was set such that the much 
larger deflections at or near ultimate fracture could be meas­
ured .

2. The load record for cycle 2 clearly shows load reduction under 
spontaneous crack growth followed by rapid unloading.

3. The periods of zero load represent the time during which ul­
trasonic readings were taken.

4. A portion of the record for beam F3/ V 500/0 ,2) is shown as an 
inset in figure 4 .6 (b ) to illustrate more c le a rly  the effect 
of unstable spontaneous crack growth which is very rapid, as 
shown by the nearly v e rtic a l lines in the inset.

A final i l lu s tra t io n  from he tests, given in figure * . 7, is a 

photograph of the face of a 500mm deep beam (F 3/1i 5 Q 0/0 , 2 ) ) showing 
the progress of the main crack with the numbers of the load cycles 
marked on the beam. The initial starter notch can also be clearly
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Two final points bear mention here. The first concerns the question 
of drying of the beams during test, particularly for se :ies F3 when 
the tests could run for up to thirty minutes or more. This effect 
was not investigated in the present work, but it was .ons idered that, 
since oncrete as opposed to pure hardened cement paste was being 
tested, and that since the drying effect in thirty minutes could 
not have deeply penetrated the beam surfaces, the effect was prob­
ably not large. For the non load-cycled beams where failure oc­
curred within two to three minutes, the effect was in al) likelihood 
negligible. The second point was that it was realised that a more 
precise observation of the tip of a visible crack could have been 
achieved with the use of a small microscope, but unfortunately the 
test arrangement prevented this since there was insufficient space 
between the test machine columns and the specimen to insert a mi­
croscope . To compensate at least to some degree for this defi­
ciency , spotlights were placed roughly one and a half metres from 
the beam and focussed on the painted surfaces, and great care wms 
taken to observe the crack tip from as close as possible. The 
problem is really one of scale, since the observable depth of a 
crack will depend on the magnification being used and the surface 
condition of the specimen. For very fine work, high magnifications 
and polished surfaces are really required. In the context of the 
present work, however, fracture was being investigated in rela­
tively large "macro-specimens'’ as opposed to small 
"micro-specimens" in which an error in crack depth determination 
would obviously be more serious. In addition, the use of st-ain 
readings at various distances above the lover face of a beam allowed 
the determination of a crack profile at each stage of loading, and 
it was possible to use this profile to assess the position of the 
crack tip, as well as the crack opening displacements at various 
points. This, it was felt, helped in overcoming the problem of 
crack depth measurement.
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4 .6  CONCLUDING SUMMARY

This chapter has provided details of the carrying out of fracture 
tests and related materials control tests. A total of 69 notched 
concrete beams of width 100mm and depth ranging from 100mm to 800mm 
were tested. Three series of tests were performed. Most ci the 
beams were prismatic with a constant span/depth ratio of four. A 
number of the larger beams had variable sections to reduce mass. 
Small vertical "steps" were cast on the sloping faces to accommodate 
ultrasonic probes (for series F3 tests). The ratio of span/depth 
at mid-span was also four for these beams. "Demec" strain targets 
at mid-span and covering the beam height were fixed to one side of 
all beams on a 100mm gauge length for the final test series. 
Cast-in central notches with notch depth ratios of 0,2, G ,25 v 0,4 
or 0,5 were used. Materials were ordinary port land cement, 
quartzite crusher sand (Fineness modulus = 3,1 to 3,25) and 20mm 
crushed quartzite stone. Mix ratios by mass were 1 : 0,53 : 2,07 
: 2,80 (cement : water : sand : stone).

Beams were loaded at mid-span and load-cycling was used to create 
stable crack growth. A load-cell and LVDT transducers produced 
continuous output of load versus mid-span deflection on an XY 
plotter, and on an independent strip-chart recorder. For the final 
test series, strain and ultrasonic readings were taken normally at 
the peak of each load cycle when visible crack depth was also very 
carefully observed



5 BASIC TEST RESULTS

This chapter reports on two sets of test results: the first c  
prises the results of tests for the materials parameters that w 
used either for control purposes or for use in the fracture calcu­
lations; the second comprises basic results from the fracture tests 
such as load-deflection data, summary tables of maximum loads, 
certain relevant deflections, and areas under load-deflection 
curves. A discussion of notch-sensitivity, effects of beam support 
friction, and shapes of load-deflection curves is also included.

5.1 MATERIALS CONTROL TESTS

These tests were conducted to obtain material parameters, and as 
controls on material quality. A minimum of three 101,6mm cubes were 
cast simultaneously with each individual batch of fracture beams, 
and crushed at the same age as the companion beams, this age being 
between 28 to 30 days after casting. Modulus of rupture (MR) beams
were cast fcr the batches of series FI and F3. Certain MR beams
for series F3 were notched in order to assess notch-sensitivity of
the material. A "modified MR" could be obtained from these notched
beams. In series FI the MR beams were also used for measuring a 
flexural modulus of elasticity E. No MR beams were cast for series 
F2; elastic moduli for this series were obtained by cutting prisms 
(100x100x200mm) from the two ends of a failed 250mm long fracture 
beam, and testing these prisms in compression. Elastic moduli for 
series F3 were measured on 100x100x200mm prisms in compression; 
these prisms were cast together with the other control specimens 
for each batch used for fracture beams. However, in the end E
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values f o r  t h i s  s e r i e s  were i n f e r r e d  from t h e  f r a c t u r e  beams th e m ­

s e l v e s ,  for r e a s o n s  d i s c u s s e d  i n  5 . 2 . 3 .

5 .1 .1  CUBE COMPRESSION TESTS

These tests on 101,6mm cubes were carried out in accordance with 
SABS Standard Method 8b371 . The rate of loading was 15 MPa/min. 
The cubes, which were cured m  the same way as the fracture beams, 
were first weighed before being tested in a saturated condition on 
either the Amsler or Tinius Olsen testing machines.

5 .1 .2  MODULUS OF RUPTURE TESTS (FLEXURAL STRENGTH) 

SERIES FI

A single unnotched beam (101,6x101,6x6tOmm span) fro® each batch 
of fracture beams was used to obtain a flexural modulus of 
elasticity and a modulus of rupture. The tests were carried out 
in accordance with the general principles of SABS Standard Method 
864?', using third-point loading but with modifications as outlined 
in ref. 80 which is included in appendix C. The modifications in­
volved using a beam with a span/depth ratio of six as opposed to 
the normal value of three, and instrumentation to measure the 
load-deflection relationship for the beam. The span/depth ratio of 
six was used to improve the sensitivity of the deflection readings. 
Two preliminary cycler, of load were applied up to a maximum extreme 
fibre stress of about one-third of the estimated MR. A standard 
rate of loading and unloading of 1,5 MPa, min (extreme fibre 
stresses) was used. Corrections for the Soewald effect* 1 and 
self-weight of the beam were applied to the results. The beams were 
tested in a saturated condition. The corrected formula for MS 
(third-point loading) used was:-



121

MR (MPa) = 1,0145 F, S + 0,75. I0'° W S! (5.1)
bd1 d

where V is the unit weight of the concrete ikS/m*)
and S and d are beam support span and depth respectively (mm).

(In the above, the factor 1,0145 is the Seewald correction factor, 
and the second term is the self-weight term. Ref. 81, included in 
appendix C, contains details of the Seewald effect, which accounts 
for local stress distortions in the vicinity of a concentrated 
load).

A different geometry for the MR tests was adopted, and 
101,6x101,6x450mm beams were cast with each batch of fracture 
beams. These were tested in centre-point loading on a 400mm span. 
It was considered desirable to test MR beams of the same span/depth 
ratio as the small fracture beams so as to have a direct assessment 
of the notch-sensitivity of the material. Additional notched beams 
were also cast and tested together with the conventional MR beams. 
The initial notch depth ratios used were 0,2, 0,25 and 0,4. The 
net tensile stress at the root of the notch was calculated using 
the maximum load, including the self-weight. Notch-sensitivity was 
assessed in the same way for the larger fracture beams and the in­
fluence of specimen size was determined.

For the conventional MR beams, the Seewald effect (see appendix C) 
and self-weight were included in the formula as follows:-

SERIES F3

MR (MPa) - 0,956 3 P S + 0,75.lo"* W S' (5.2)

(For notation, see under equation (5.1)).



For the notched MR beams the Seewald effect was ignored since it 
was negligible in comparison with the stress concentration effect 
of the notch. (Note also that the self-weight effect is small and
is frequently neglected in this type of calculation;.

5 .1 .3  MODULUS OF ELA S TIC ITY  TESTS

SERIES FI

These tests used the MR beams to also obtain flexural modulus of 
elasticity values from load-deflection measurements on a beam using 
third-point loading. The method of test is outlined in appendix 
C. Both shear and Seewald corrections were applied to the results . 
The formula used was:-

£ = 23 F
1296 6 I

1+216/d
115 S

.052 (5.3)

where F/6 is the slope of the best-fit straight line drawn 
through the initial portion of the load-deflection curve (S/mm), 
I is the second moment of area of the section!mm'), 
and the other symbols have their previously assigned meanings.

(The factor 1,052 is the Seewald correction factor, while the ex­
pression in square brackets accounts for the shear deflection. See 
appendix C).

SERIES F2 AND F3

Prism compression tests were used for elastic modulus values. 
Prisms for se-’ies F2 were cut from the two ends of a failed 850mm 
long fracture ueam, and end faces were ground smooth on a facing 
wheel. The two prisms were kept saturated and the elastic modulus
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Fi gure  5.2 Pr i sm compression t es t  f o i  r h i s i i n  modulus 

,iTid I 'oissOTi 's TATlo s e r i e s  FJ)

5.2 R E SULTS FOR M A T ERIALS C O N T R O L  TESTS

The r e s u l i s  (o r  the m n l r r i w l s  " r s t s  nre g i ven in t n h l e  S. ]  such t h a t  

t he f r a c t u r e  heams assoc i a ted  k i t h  the p a r t i c u l a r  m a t e r i a l s  t e s t s  

can he i d e n t i f i e d .  (The r e s u l t s  I n i  the note l ied MK beams f o r  as ­

sessment o f  n o t o h - s e n s i t i v i t v  a i e  g i ven l a t e r  i n 1 . 4 ) .

5 . 2 .1  COMPRESSIVE STRENGTH 

SERIES FI  AND F2

Scr i es  Fl  and F2 c omr c ' tes  were , as t  in l une/ . l u l y  and October  o f  

11H2 r e s p e c t i v e l y .  Specimens were cast  and cuted on the l a b o r a t o r y



Table 5.1 Results lor nacerials ancrol tests
(al Series Fl

Specimei. 
idtnci icaci m

Age
uL
CesC
(d )

zuncrcce 
dens i[y

( k g / m 1)

s rengchs
(MPa) /MPa)

Mudu]us
o f

(CP a)

F l  /  I ( 5 0 0 / 0 , 2 ) 28 24 50 19 2 3 4 . 4 7 3 3 ,4 2
2 ( 5 0 0 / 0 , 2 ) 41

39
37 
4 3

4 0 ,0 1

3 ( 5 0 0 / 0 , 4 ) 29 24 35 40 Q* 3 4 , 5 0 33 ,2  7
4 ( 5 0 0 / 0 , 4 ) 4 0 , 9 8

4 0 , 7 540 50

5 ( 3 0 0 / 0 , 2 ) 28 2406 32 65 " 2 4 ,4 0 2 3 6 , 0 0
6 ( 3 0 0 / 0 , 2 ) 31 97 —

33 13 3 2 ,61 1
33 03 2
32 26 s m0 ,4  4
32 65

B
7 ( 2 0 0 / 0 , 4 ) 28 2405 42 "5 3 .9 4 ^ J 2 . 0 9
8 ( 2 0 0 / 0 , 4 ) 30 32 X "

26 93 2 8 , 6 9 %
28 7 7
28 68 s - 1 . 3 5
30 03 o

9 ( 1 0 0 / 0 , 2 5 ) 28 2406 34 88 5 . 2 7
10(100/0,25) 34 88 3 5 ,3 4
1 1 ( 1 . 0 0 / 0 ,2 5 ) 34 39

37 20 s-1,26

12(100/0,4)
13(100/0,4)
14(100/0,4)

24s5 7 1 .3 5
68.98
6 4 ,1 1

5 , 6 8

6 9 . 8 5

38.78



Table 5.1 (Continued)

(b) Series F2

Spec in&n
identification

of

id)

‘’can 
concrete 
Jena i tv 
(kR/m')

(utie
atrenytlis

(XP.l)

Xodulus 
o f 

rupture 
(XPm)

Modulus 
of

e 1 ast ici ty 
(CPs)

F2/H800/0.:)
5(100/0,25)
6(100/0,25)
16(100/0,5)
17(100/0,5)

28 2451 37.10
42.92
45,05
57,88
39,82
39,62

40,40
a-3.04

32,25
28,33 30,29

2(800/0.4)
7(100/0,25)
8(100/0,25)
18(100/0,5)
18(100/0,5)

28 2500 35,17
35,65
36,04
34,39
37,88

35,82
».1.30

.32,87
32,07

5(800/0,4)
9(100/0,4)
10(100/0,4)
20(100/0,5)
21(100/0,5)

28 2497 44.27 
40,69 
42.33 
45,73 
,4.66

43,54
a-2.01 8

4(800/0,4)
11(100/0,4)
12(100/0,4)
22(100/0,5)
25(100/0,5)

28 2481 42.24
39,33
39.23 
41,56
42.24

40,92
,.1.52

30,63
32,32 31,47

15(100/0,4)
14(100/0,4)
15tl00/0,4)
24(100/0,5)
25(100/0,5)
26(100/0,5)

28 2422 40,78
41,08
40,59
42,24

41,17 
s-0,74

31,63
28,91
31,68

30,74



Table 5.1 (Continued) 
(c^ Series F3

Specimen
icent iff. cat: ion

Age
at

test
Cube

(d) (kg/m3 (MPa)

F3/1(500/0,2) 28 24 39 29 90 _
2 ( 5 0 0 / 0 , 2 ) 30 15 x »

32 16 30,53
30 77
29 36 * "
30 32 0'*'

XoJu1U3 
of 

rupCure
(MPa,

lodul ua
of

elasficicy 
(Poiaeon'a 

rafio)

, 73
,73 4.80 (0.164)

20.56
(0,135)
22,46
(0.173)

22,75
(0.157)

3(500/0.4) 28/
4(500/0.4) 29

0 2  _
,15 x * 
.01 31.15 
.36
.93 ' '
.32 1.20

H.54
!5.09
14.18

21.82 
(0.150) 
24.98 
. 147)
25,93 

.(0.155)
(0,151)

5(300/0.2) 28/
6(300/0.2) 30
7(300/0,25)

2443 31.10 x -
31.10 30,59 
29,38 a .
30 . 79 0 , 82

54,64
%4.53
..4.52 4.56 a (0.157) 

g 16,36
3 (0,201)
*26.38 
g (0.159)

21,67
(0.172)

8(300/0.25)
9(300/0,25)
10(300/0,4)

28 2428 29,91 x - 
30,13 29,85 
29,42 , - 
29.94 0,30

,73
.67
.99 .80

,23,88

(0.125) 
18,77 
(0.137)

141)

11(300/0.4)
12(300/0,4)
27,28.29
(100/0,4)

28 2440 30.17 x - 
31,84 31,20 
32.01 a - 
30,77 0.88

4,44 23,56
(0,166)
22.32 
(0.170)
22.32 
(0.145)

22,74
(0.16W

13(200/0.2)
14(200/0,2)
15(200/0,4)
16(200/0,4)
21,22,23
(100/0,2)

29 2439 31,06 x " 
31,10 30,84 
29,64 a - 
31,55 0,83

28,94
(0.164)
23,80
(0.119)
18,85
(0.136)

23,86
(0.140)
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Fa h i e  5 . 1  ( .C on t in ue d^

( c )  S e r i e s  F ]  ( C o n t i n u e d )

apdcmen
iden:if tesc Jcnaicy 

(d) (ka/m^) (XP.D
fMPa)

eLiscicicy 
(P o i s .s o n '  a 

r a t i o )

22 60
(0 241)
22 89
(0 146)
21 28
(0 153)

28 OS
(0 1861
30 26
(0 228)
27 43
(0 188)

F3/17.18.19,20 
(100/0,2)

24(100/0.25) 29/ 
25(100/0,i) 30 
26(100/0,4)

31.72 x - 4
31.46 31,13.. 4
31.37 s " §««
29.98 u.;a 55

;]5 32.30 % - -k.5
32.36 31.9721,5 
33.13 , - 2:]
30.09 1.31 -a

,.81'

22.26
(O.18O)

28.59
(0.2G0)

Note x refers cn che nfjn of a get of results
s refers Co the sample standard deviation (only 

four or more results were available
iven where



floor since the fracture beams were generally too large to place 
in a curing tank, and since it was impossible to move the large 
specimens until they had gained strength. They were therefore 
subject to fluctuating temperatures in the laboratory. Mean labo­
ratory temperatures during June July (series FI) and during October 
(series F2) ere about 15°C and 20°C respectively. The results at 
the lower end of the strength spectrum for series FI represent those 
cubes cast during June when the coldest temperature* prevailed. 
This factor is considered to have caused the variability of strength 
result#. (.Mote that, the unusually hi&h results for specimens Fl/12 
to are explained in appendix C. Suffice to say that two batches 
of concrete were cast, the first batch being used for cubes and MR/E 
beams and producing high strengths, and the second batch being used 
for the fracture beams which achieved correct design strength in 
line with other beams of this series)

SERIES F3

TV's series was cast approximately two and a half years after the 
earlier series, using different batches of cement and aggregates. 
The specimens wer; cast and cured on the floor of a curing room 
where the mean temperature was about 20°C, and thert was vary little 
temperature fluctuation. Consequently, the strength values were 
very consistent.

DISCUSSION

Table 5.2 shows the mean values and coefficients of variation i.C.V . ) 
for the cube tests, with the exception of the very high results for 
series Fl discussed in appendix C.
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