ions, provided a volume is being considered of size suffi-
tireasonable average values of material perameters can be

The problem is therefors one of scale.

cament paste, mortar and concrete progressively range from
‘homogeneous to a highly heterogeneous material. How-
eity is a function of scale, and even hardened cement
terogeneous at a ricroscopic level. Concrete is full
flaws and microcracks before any load is applied, and
‘ovére planes of weakness in the interfaces between paste
egate;” Under flexural tensile loading, the stress field
the erack will be highly distorted by the presence of these
‘#cross which stress will often not be transferred, and
; by the ‘fact that the various phases have different stiffaesses.
Mﬁnﬂy. when speaking of a parameter such as K,  which
characterises the stress field in the region of the notch, this
tharscterisation can only be thought of in broad global terms, and
the stress field at any particular point may vary significantly from

that d. C quently, notching in small concrete specimens
will teni not to influence the stress distribution markedly.
Failure will be governed by the inherent flaws in the material, with
the net failure stress varying little from that in an unnotched
section. In fact for small specimens the aggregate size actually
represents the typical flaw size and notching will have very little
effect. This would be true of the 100mm deep beams in the present
tests, where the nominal ratio between maximum aggregate size and
specimen depth was 0,2, but could frequently have been as high as
0,25 or 0,3 due to elongated and larger aggregate particles. While
the corcept of K can still be applied in broad terms, the concept
of a critical value Kc is not valid. However, K can still be viewed
as the driving force behind crack propagation. In larger specimens

with correspondingly larger crack depths for a given c/d, the in-

fluence of ¢ becomes more important. Hence the net stress at
failure reduces markedly leading to a condition of
notch-sensitivity. In mor2 homogeneous materials such as mortar

and hcp, the inherent flaw sizes are far smaller and therefore the

notch controls the failure more readily.
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assumptions, provided a volume is being considered of size suffi-
cient that reasonable average values of material parameters can be

assigned. The problem is therefore ore of scale.

Hardened cement paste, mortar and concrete preogressively range from
a relatively homogeneous to a highly heterogeneous material. How-
ever, homogeneity is a function of scale, and even hardened cement
paste is heterogenecus at a microscopic level. Concrete s full
of inherent flaws and microcracks before any load is applied, and
contains severe planes of weakness in the i1 -erfaces between paste
and aggregate. Under flexural tensile loading, the stress field
ahead of the crack will be highly distorted by the presence of these
interfaces across which stvess will often not be transferred, and
also by the fact that the various phases have different stiffnesses.
Consequently, when speaking of a parameter such as KI which
characterises the stress field in the region of the notch, this
characterisation can only be thought of in broad global terms, and
the stress field at any particular point may vary significantly from
that assumed. Consequently, notching in small concrete specimens
will tend not to influence the stress distribution markedly.
Failure will be governed by the inherent flaws in the material, with
the net failure stress varying little from that in an unnotched
section. In fact for small specimens the aggregate size actually
represents the typical flaw size and notching will have very little
effect. This would be true of the 100mm deep beams in the present
tests, where the nominal ratio between maximum aggregate sjze and
specimen depth was 0,2, but could frequently have been as high as
0,25 or 0,3 due to elongated and larger aggregate particles. While
the concept of K can still be applied in broad terms, the concept
of a critical value KC is not valid. However, K can still be viewed
as the driving force behind crack propagation. In larger specimens
with correspondingly larger crack depths for a given c¢/d, the in-
fluence of c¢ becomes more important. Henca the net stress at
failure reduces markedly leading to a condition of
notch-sensitivity. In more homogeneous materials such as mortar
and hcp, the inherent flaw sizes are far smaller and therefore the

notch controls the failure more readily.




One final point concerning the fracture behaviour of unnotched
beams is appropriate. Tor such beams, the inherent flaws associdted
with the aggregate-paste interfaces control the failure. There is
also a very large number of cross sections available for potential
fracture, leading to a different practical situation from that of
notched beams. Therefore, higher values of fracture parameters are
measured, which was noted in ref. 23. This is due to damage oc-
curring in a highly stressed zone which is larger than in a notched
beam. A marked instapility conditien also occurs at maximum load,
usually resulting in catastrophic final fracture. Theretrore in
practical terms we must differentiate between fracture in notched
specimens where the failure section is predetermined, and in
unnotched specimens where the fracture zone is larger and fracture

phenomena are more catastrophic.

9.3 ESTIMATION OF CRACK GROWTH FOR CALCULATING
FRACTURE PARAMETERS

It was demonstrated in chiapter 6 that actual crack advance generally
occurred before maximum load in fracture beams. To ignore this
crack growth means that fracture parameters will be underestimated.
For series F3 it was pecssible to obtain reasonable experimental
relationships between beam compliance and visible crack depth (see
figures 6.3 and 6.8), although the scatter involved in testing cf
this type of material is always & problem. The advantage of the
experimental relationships was that a mean curve could be plotted
through the experimental points; this curve sssentially "smoothed

out”

the wxperimental scatter and allowed better estimates of crack
growth to be obtained using measured compliances. Thus the results
of all beams of a given size were combined to produce an exper-
imental relationship that, in turn, gave greater confidence in de-
termining crack growth for individual beams. Therefore, for series
F3, the approach to estimating crack growth during a test is to use
messured compliances and the mean experimental compliance-crack

depth curve for the particular beam size. In this case, the crack
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depths are referred to as experimental crack depths. The reloading
compliance curves were used since they were considered more reli-
able than the conventional compliance curves. These curves are

given in figure 6.8.

For series F1l and F2, no direct measurements of crack depth were
made, and an experimental compliance-crack depth relationship was
not obtained. The problem of estimating crack growth before maximum
load can partially be solved by noting from figure 6.9 that observed
crack growth at maximum load was similar to crack growth predicted
using the conventional ¢~ oliance relationship (i.e. apparent crack
growth, according to 6.7.2). Unfortunately this procedure is not
entirely satisfactory, particularly for smaller beams. Figure 6.9
shows that for beams 300mm and deeper, visible crack growth and
apparent crack growth at maximum load had similar values. Sibject
to the limited results, this did not appear to be the case for 100mm
and 200mm beams, where observed crack growth was less than apparent
crack growth. Therefore it might be expected that for these smaller
beams, use of apparent crack growth would cause overestimation of

fracture parameters.

To further investigate this problem, the experimental crack depths
at maximum load (cc) for series F3 were plotted against apparent
crack depths. Results are shown in figure 9.2, and confirm that a
serious overescimation of apparent ¢, ocecurs for the small 100mm
beams (+32 per cent on average compared with experimental Cc)

Apparant <. values for deeper beams may also be overestimated, but
on average by only about 10 per cent. Nevertheless it will be shown
later that even a 10 per cent overestimate of <. nas a marked in-
fluence on fracture parameters. Note that use of experimental crack
depths (which essentially are an improvement on visible crack
depths) in figure 9.2 has shown that . for 200mm beams can be ad-

equately estimated.

Apparent crack growth prior to maximum load for series Fl and F2
beams is obtained . i the theoretical compliance curves in figure
6.2 using measured conventional compliances. Irrecoverable defor-

mations ﬁp prior to maximum load sre small (see figure 6.6), thus
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substantiating this approach. However, the tendency to overesti-
mate ¢ using apparent crack depths must not be forgotten, partic-
ularly for the 100mm beams. This will also influence results shown
previously in figure 6.10, causing the 100mm beams to be out of

phase with the deeper beams.
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Legend see figure.lll 1 /
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Figure 9.2 Comparison of apparent and experimental

co values for beams of series F3

9.4 SUMMARY (PRELIMINARY CONSIDERATIONS)

1. 7The application of fracture mechanics principles to concrete
is not simple. This is due to its non-linear behaviour and
heterogeneity. LEFM leads to a relation for minimum beam depth
to ensure notch-sensitivity, which is a necessary condition for

application of fracture mechanics. The question that arises
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is whici value of critical stress-intensity factor K'C should
be used in the LEFM relation. The most common value of K'C is
that calculated at the point of maximum load instability, Kc

However, this point is not unique relative to the fracture
process. The LEFM relation indicates that a K'C value of ap-
proximately 1,0MPavm fits the notch-sensitivity results for the

present beams.

An  impcrtant point for application of fracture mechanics is
that a valid condition of crack instability should occur.
Failure to achieve this will result in fracture parameters

differing from those measured at instability.

Crack growth can be estimated from specimen compliance. How-
ever, using theoretical (conventional) compliance relations can
lead to an overestimate of crack depths. The effect is most
serious for 100mm beams, when crack depths at maximum load can
be overestimated by about 30 per cent relative to exper-

imentally derived compliance-crack depth relationships.
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DIVISION 2 LINEAR ELASTIC FRACTURE MECHANICS
PARAMETERS

9.5 INTRODUCTION

The LEFM approach to concrete fracture has been criticised in recent
years due to conflicting results being obtained. A full discussion
of the issues involved hds been given previously in 2.3 and 3.3.
Neverthaless there would be ccnsiderable advantages in retaining
this approach if possible, even though in the end it may prove to
be lacking in complete accuracy or genaral applicability. Its major
advantage is its simpliciry, since it provides a single parameter
measure of concrete toughness. Thus, resistance to fracture may
be characterised by a parameter such as Kc, where the subscript c
refers t some clearly defined condition of fracture instability.
It is precisely the simplicity of the method that has led to its
rapid acceptance and development for other materiais such as metals
and ceramics. Use of LEFM also provides a unified basis for ana-
lytical procedures, and allows results of different materials to
be compared immediately. There is still no universally accepted
test for obtaining an LEFM parameter for concrete, simply because
there is not agreement on LEFM validity for concrete. The conten-
tious issue of how to account for slow crack growth prior to in-
stability has also not been resolved. In a fairly recent paper
Saouma et al'®® tacitly made a plea for more serious consideration
of LEFM paramsters. “They attempted to show that certain previous
analyses were incorrect in deducing that LEFM was not applicable
to concrete. It therefore seems that the LEFM approach cannot
simply be dismissed. However, there are a number of thorny issues
that continually occur which prevent the ready acceptance of LEFM.
For instance, the size effect is very critical im relation to con-
crete fracture testing, and this will be demonstrated in the ex-
perimental results that follow. The presence of extensive

non-lineas fracture zones in notched beams must also irfluence pa-
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9.5 INTROD'CTION

The LEFM approach to concrete fracture has been criticised in recent
years due to conflicting results being obtained. 4 full discussion
of the issues involved has been given previously in 2.5 and 3.3.
Nevertheless there would be considerable advantages in retaining
this approach if possible, even though in the end it may prove to
be lucking in complete accuracy or general applicability. Its major
advantage is its simplicity, since it provides a single parameter
measure of concrete toughness. Thus, resistance to fracture B4
be characterised by a parameter such as Kc, whare the subscript ¢
refers tn some clearly defined condition of fracture instability.
It is precisely the simplicity of the method that has led to its
rapid acceptance and developaeni for other materials such as metals
and ceramics. Use of LEFM also provides a unified basis for ana-
lytical procedures, and allows results of different materials to
be compared immediately. There is still no universally accepted
test tor obtaining an LEFM parameter tor concrete, simply because
thers is not agreement on LEFM validity for concrete. The conten-
tious iasue of how to account for slow crack growth prior to in-
stability has also not been resolvad. In a fairly recent parar
Sacuma et al'®® tacitly made a plea for more serious consideration
of LEFY parameters. They attempted to show that certain previous
analys:s ware incorrect in deducing that LEFM was not applicable
tn corncrete. It therefore seems that the LEFM approach cannot
simply be dismissed. However, there are a number of thorny issues
that continually occur which prevent the ready acceptance of LEFM,
For instance, the size effect is very critical in relation to con-
crete fracture testing, and this will be demonstrated in the ex-
perimental results that follow. The presence of extensive

non-linear fracture zones in notched beams must also influence




rameters based on assumptions of ideal linear behaviour, and this

will be the major barrier to the adoption of LEFM.

9.5.1 LEFM PARAMETERS AND VARIABLES CONSIDERED

Three possible conditions of fracture instability were referred to
previously in 9.2.2. 0f these, two are appropriate for the con-
sideration of LEFM parameters:- the condition of fracture initi-
arion, and the point of maximum load. For each of these conditions,
the parameters of stress-intensiily factor (KO or Kc respectively)
and strain energy release rate (GO or Gc respectively) were calcu-
lated. These conditions have been defined as valid points of "ine
stability” (although the actual fracture process represented by
each will be very different), and hence the measured parameters may
be regarded as "critical”, i.e. they may be investigated a&s poten-
tial criteria for fracture. The relevant formulae for calculation
of the parameters are given in chapter 3 (equations (3.2) and
(3.19)) (Since the main analytical emphasis for LEFM was on the
stress-intensity ‘factor K, values of G were only calculated for

series F! and F2 beams).

1aree primary variables were examined for their influence on meas-

ured parameters. These were:-

1. Concrete compressive strength. Since cube strengths ranged
from 28,5MPa to 43,5MPa taking all three series together, the

rasults were examined for influence of compressive strength.

2. Initial notch depth ratio CO/d' For a paramster to be valid
as a fracture criterion, initial notch depth ratio should es-
sentially have no influence on results. However, it shoulu be
borne in mind that notch depth fundamentally influences frac-
ture instability (in the sense of spontaneous crack growth),
and consequently also the fracture process. Unnotched beams

have a different fracture instability condition from notched
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will be the major barrier to the adoption of LEFM.

9.5.1 LEFM PARAMETERS AND VARIABLES CONSIDERED

Three possible conditions ¢ :racture instability were referred to
previously in 9.2.2. 0Of these, two are appropriate for the con-
sideration of LEFM parameters:- the condition of fracture initi-
ation, and the point of maximum load. For each of these conditions,
the parameters of strass-intensity factor (KO or Kc respectively)
and strain energy release rate (G0 or GC respectively) were calcu-
lated. These conditions ha.e been defined as valid points of "in-
stability”" (aithough the actual fracture process represented by
each will be very different), and hence the measured parameters may
be regarded as "critical”, i.e. they may be investigated as poten-
tial criteria for fracture. The relevant formulae for calculation
of the parameters are given in chapter 3 (equations (3.2) and
(3.19)). (Since the main analytical emphasis for LEFM was on the
stress~-intensity factor K, values of G were only calcalated for

series F1 and F2 beams).

Three primary variables were examined for their influence on meas-

ured parameters. These were:-

1. dConcrete ccmpressive strength. Since cube strengths ranged
from 28,5MPa to 43,3MPa taking all three series together, the

results were examined for influence of compressive strength.

2. 1Initial notch depth ratio co/d. For a parameter to be wvalid
as a fracture criterion, initial notch depth ratio should es-
sentially have no influence on results. However, it should be
borne in mind that notch depth fundamentally influences frac-
ture instability (in the sense of spontaneous crack growth),
and consequently also the fracture proccss. Unnotched beams

have a different fracture instability condition from notched
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beams, implying that fracture processes are different. Deeply
notched beams (i.e. co/d 2 0,5) experience no true fracture
instability, implying again that fracture processes are dif-
ferent. Theref .e the influence of notch depth ratio should
be considered over that range of notch depths where {-acture
processes are reasonably similar. It is suggested that thr:e
different fracture processes can be identified for notched

beams. These are:-

1. the unnotched beam condition, fnr which spontaneocus crack

growth genmerally occurs,

b. a notcted beam condition where a degpree of spontaneous

crack growth occurs (i.e. shallow to medium notch depths),

¢. a notchod beam condition where no unstable crack growth
occurs (i.e. deep notching). For the tests, it was found
that over the range of aotch depths used (co/d = 0,2 to
0,5), a8 degree of sponiwieous crack growtn occcurred for
co/d = 0,2 to 0,4, but not for cO/d = (,5. Therefore the

influence of notch depth ratio is considercd only for ¢ /d

o’
= 0,2 to 0,4. The deeply not~hed beams vill be considered

later in 9.14.1 under the subject of fracture energy.

3. Absolute beam depth. Results frow all three series over the
full range of beam depths, i.e. 100mm to 8CO0mm, will be con-

sidered.

The LEFM parameters X and G for the two conditions of fracture in-
itiation and instability are shown in tables 9.1(a) and (b). Also
shown are the crack depths c. 8t maximum load, calculated according
to the methods given in 9.3, and ratios of K*(1-v)?/EG for series
Fl and F2 beams.

Before considering stress-intensity factors in greater detail, it
is instructive briefly to compare the K and G results in table
9.1(a) on the basis of equati~- (3.20). For a perfectly

elastic-brittle material obeying tue ‘:éws of LEFM, equation (3.
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Table 9.1 (a) LEFM parameters for fracture beams of Series F1 and F2

2 2 2 2

5 - 9 G KE{l-y
Specimen Ko Co ko<l V) ‘e kc, c c( )
identification (MPavm) (N/m) EGO (m) (MPavm) (N/m) EG

F2/1 (800/0,2) 1,09 40,4 0,8 0,218 1,93 134,8 0
F2/2 (800/0,4) 0,68 18,7 0,77 0,373 1,37 76,9 0
F2/3 (800/0,4) ©,71 18,4 0,77 0,380 1,69 105,9 O,
F2/4 (800/0,4) ©,69 17,7 0,77 0,403 1,81 124,2 0,7

F1/1 (500/0,2) (0,69) (15.5) (0,86) (0,143)(1,71) (102,1) (0,81
F1/2 (500/0,2) 0,6% 15,5 0,8 0,138 1,61 91,9 0,79
F1/3 (500/0,4) 0,91 29,6 0,77 0,259 1,67 101,8 0,77
Fl/4 (500/0,4) 0,82 24,3 0,77 0,262 1,9 139,4 0,77

0,8 0,107 1,88 142,3 0,78

F1/5 (300/0,2) 0,52 9,7
4,6 0,86 0,104 1,91 145,8 0,78

F1/6 (300/0,2) 0,82 2

F1/7 (200/0,4) 0,40 6,7 0,77 0,102 1,10 52,5 0,77
F1/8 (2n0/0,4) 0,49 10,2 ©,77 0,115 1,30 72,5 0,77

F1/9 (100/0,25) 0,40 5,8 0,82 0,040 1,10 46,2 0,78
F1/10(100/0,25) 0,44 7,1 0,83 0,040 1,07 44,5 0,78
¥1/11(100/0,25) 0,51 9,3 0,83 0,045 1,63 104,64 0,76
¥2/5 (100/0,25)(0,63) (14,3) (0.83) (0,034)(1,08) (43,8) (0,79
F2/6 (100/0,25) 0,53 9,9 0,83 0,041 1,30 65,8 0,76
F2/7 (100/0,25) 0,51 9,7 ©,83 0,041 1,40 78,9 0,78
F2/8 (100/0,25) 0,57 12,4 0,83 0,045 1,61 107,060 0,75
F1/12(100/0,4) 0,56 12,2 0,77 0.054 1,76 124,3 0,76
r1/13(100/0,4) 0,43 7.3 0,77 0,052 1,06 44,3 0,77
F1/14(100/0,4) 0,68 18,5 0,77 0,052 1,5 96,5 0,77
F2/9 (100/0,4) 0,59 12,7 0,77 0,057 1,53 85,3 0,78
¥2/10(100/0,4) 0,62 14,2 0,77 0,053 1,26 59,6 0,75
Z F2/11(100/0,4) 0,56 11,7 0,77 0,053 1,12 47,8 0,77
F2/12(100/0,4) 0,59 13,1 0,77 0,053 1,61 98,5 0,77
F2/13(100/0,4) 0,40 5,9 0,77 0,058 1,60 96,4 0,77
F2/14(100/0,4) 0,33 4,2 0,77 0,056 1,22 55,3 0,78
F2/15(100/0,4) 0,46 8,0 0,77 0,058 1,42 74,4 0,79

Note. Results in parentheses indicate the measured fracture record
was considered unreliable.

- L - "



Table 9.1 (b) LEFM parameters for fracture beams of Series F3}

. K X S
Specimen o < c

identification (MPavm) (MPavr) (m)

F3/1 (500/0,2 0,60 1,52 0,160
F3/2 (500/0,2) 0,88 1,48 0,125
F3/3 (500/0,4) 0,66 1,70 0,275
F3/4 (500/0,%) 0,62 1,90 0,285
F3/5 (300/0,2) 0,75 1,71 0,132
F3/6 (300/0,2) 0,46 1,25 0,099
F3/7 (300/0,15) 0,60 1,01 0,087
F3/8 (300/0,25) 0,52 1,24 0,111
F3/9 (300/0,25) 0,43 1,63 0.126
F3/10(300/0,4) 0,66 1,22 0,138
F3/11(300/0,4) Q,47 1,34 0,162
F3/12(300/0,4) 0,50 1,13 0,150
F3/13(200/0,2) 0,61 1,79 0,084
F3/14(200/0,2) 0,52 1,65 0,082
F3/15(206/0,4) 0,54 1,32 0,106
F3/16(200/0,4) 0,63 1,24 0,096
F3/17(100/0,2) 0,46 0,91 0,024
F3/18(100/0,2 0,60 1,14 0,026
F3/19(100/0,2) 0,28 1,08 0,035
F3/20(100/0,2) 0,47 0,75 0,020
F3/21(100/0,2) 0,52 (1,23 (0,039)
F3/22(100/0,2) 0,60 (1,25 (0,034)
F3/24(100/0,25) 0,45 0,70 0,025
F3/25(100/0,4) 0,43 1,25 0,052
F3/26(100/0,4) 0,56 0,80 0,040
F3/27(100/0,4) 0,36 (1,78) (0,061)
F3/28(100/0,4) 0,48 (1,22 (0,056)
F3/29(100/0,4) 0,57 (1,09) (0,048)

Resuits in parentheses indicate unreliable result due to inaccurate
estimate of crack depth at max. load (obtained from "apparent” crack
depth).




i.e. K = EG/(i-v?), should hold. Table 9.2 shows mean results
for the various beam sizes of series F1 and F2, expressed as a ratio
K2(1-»2?)/EG. Values of the ratio are less than unity, implying that
ideal LEiM behaviour is not occurring. This fact is already well
established for concrate, and what is perhaps more striking at first
glance is that values fairly close to unity are achieved. This is
true pirticularly for the shallow notched beams. Previous work by
the suthar?'on cement mortar beams showed that values of the ratio
were approximately 1,0 for CO/d =0 {i.e. for unnoctched beams), 0,92
for co/d = 0,125, 0,86 for cO/d = 0,25, and 0,82 for co/d = 0,50
Hence, the LEFM condition is more truly approached as notch depths
and maximum aggregate size are reduced., Table 9.2 also indicates
that the ratio is closer to unity for the fracture initiation con-
dition as compared with the maximum load condition. These remarks
indicate that application of LEFM to mortar or concrete beams is
not simple, and will depend on the material, the type of test, and

the degree of notcihing (i.e. on the fracture process).

Table 9.2 Comparison of experimental relationships between K and G
(series F1 and F2)

Mean values

B?am depth Ké(l-\)z) Ké(l-\)z)
m)/co/d —cE—G-;——- —EE—:—-
800/0,2 0,86 0.81
800/0,4 0,77 0,77
500/0,4 0,77 0,77
500/0,2 0,86 0,79
300/0,2 0,86 0,78
200/0,4 0,77 0,77

100/0,4 0,77 0,77

100/0,25 0,83 0,77

ey ————— - o ——



9.6 CONDITION OF FRACTURE INITIATION

KO values were calculated using notch depths, since no main crack
advance had occurred at fracture initiation. (Note that "fracture
initiation” should be taken to mean the condition for which appre-
ciable development of microcracking ahead of the notch tip begins.
It therefore represents the first advance of the effective crack,
which comprises the stress-free crack and the microcracked zone,
It is the first identifiable point at which fracture occurs, and
this fracture initiates 4t points of maximum stress concentration,
which will usually be at interfaces between matrix and coarse ag-

gregate).

Before fracture parameters are discussed, an examination of the
effect of beam depth on net stress at the root of the notch is in
order. Net siresses % (based on the net section depth bo = d-co)
were calculated using the load at fracture initiation for all beams,
and expressed as ratios of the relevant modulus of rupture fx" Mesn
values of cn/fr for all beams of a given depth and initial notch
depth ratio were calculated, and plotted against co/d. Results are
shown in figure 3.3. There is u ~lear trend of reducing an/fr with
increasing beam depth. Fracrure is initiated in larger beams at
significantly lower notch root stresses. This is tantamount to
re~stating the notch-sensitivity condition, and figure 9.3 can be
compared with the conventional notch-sensitivity curves in figure
5.6. The main difference between theé two diagrams is that the net
failure stress reduces with increasing notch depth ratio in the case
of figure 5.6, while the net stress at fracture initiation remains
approximately constant and independent of co/d in the case of figure
9.3. (The trend for the B800mm beams in figure 9.3 should be viewed
with caution sirce only one result was available for co/d = 0,2).
It is evident from figure 9.3 that a criterion for fracture initi-
ation other than net stress at the notch root is required. [ ,r this

reason, K, is considered below.
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9.6.1 EFFECT OF COMPRESS!VE STRENGTH ON Ko

To consider the effact of compressive strength on Ko, the effect
of the other variables (co/d and beam depth) have to be eliminated.
Nominally identical mixes and materials were used for the present
tests, und variations in strength were ascribed to possible vari-
ations in cement quality, curing conditions, and effects of bleed-
ing. (See 5.2 and appendix C). Therefore, compressive strength
was not considered to be a variable during the design of the tests.
For proper investigation of the effect of compressive strength, &
full range of strengths would have to be selected and other vari-
ables such as beam size and notch depth ratic kept constant. The

compressive strengths for only the [00mm beams and the 500mm beams
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varied over a reasonable range, and discussion of strength effects
must therefore be limited to these beams. {(Note that for this
section, 100mm beams with co/d values of 0,2 and 0,25 have been
grouped together, since these two notch depth ratios are suffi-

ciently close to result in virtually identical fracture processes).

Walsh®® has reported a relationship between K_ and fcyl for notched

concrete beams as follows:-

= Sv§ SRS T 5
K = 5‘/‘cy1 (Nmm ) 9.7

where K was the critical stress-intensity factor measured at
<

maximum load, and fc was the cylinder compressive strength

(N/mm*).

vyl

According to equation (9.7), ratios of Kﬂ for concretes of the same
materials bur different strengths shou1$>be equal to /(fl/fz) whare
fl and f2 are different compressive strengths. Assuming cube
strengths and cylinder strengths are related by similar constants
for the present concretes, and noting from table 5.1 that cube
strengths for the present tests could be divided broadly into a
30MPa and a 40MPa group, the relative values of stress-intensity
factors for the two groups should be equal to about V(40/30) = 1,15.
This figure will he compared with results quoted below.

The 100mn and 500mm beams had cube strengths ranging from approxi-
mately 29MPa to 44MPa. The variables of co/d and beam depth ware

eliminated from the results as follows:~

1. For any particular co/d (i.e. 0,2/0,25 or 0,4) the mean KO value
for 100mm or 500mm beams for all series was found. This valie
was denoted Ko(co/d,d) where co/d referred to the particular
aotch depth ratioc, and d to the beam depth.

2. Results for a particular beam size and co/d. and for which a
mean cube strength was available (i.e. results from a consist-
ent batch of concrete), were averaged, and this average divided

by the relevant Ro(co/d,d) (retaining consistency o. co/d and

v
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varied over a reasonable range, and discussion of strength effects
must therefore be limited to these beams. (Note that for this
section, 100mm beams with CO/d values of 0,2 and 0,25 have been
grouped together, since these two notch depth ratios are suffi-
ciently close to result in virtually identical fracture processes).
Walsh®® has reported a reiationship between K_and fCyl for notched
concrete beams as follows:-

1,5

KC = S/fcy (Nme 3 (9%.7)

1

where K was the critical stress-intensity factor measured at
<

maximum load, and fcyl was the cylinder compressive strength

(N/mm?).

According to equation (9.7), ratios of K for concretes of the same
materials but different strengths shouls'be equal to /(fx/fz) wiere
fl and f2 are different compressive strengths. Assuming cube
strengths and cylinder strengths are related by similar constants
for the present concretes, and noting from table 5.1 that cube
strengths for the present tests could be divided broadly into a
30MPa and & 40MPa group, the relative values of stress-intensity
factors for the two groups should be equal to about v(40/30) = 1,15.

This figure will be compared with results quoted below.

The 100mm and 500mm beams had cube strengths ranging from approxi-
mately 29MPa to 44MPa. The variablas of CO/d and beam depth were

eliminated from the results as follows:-

1. For any particular co/d (i.e. 0,2/0,25 or 0,4) the mean KO value
for 100mm or 500mm beams for all series was found. This value
was denoted Rb(co/d.d) where co/d referred to the particular
notch depth ratio, and d to the beam depth.

2. Results for a particular beam size and co/d, and for which a
mean cube strength was available (i.e. results from a consiste
ent batch of concrete), were averaged, and this average divided

/d and

by the relevant Ko(co/d.d) (retaining consistency of <,
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d). In this way. the particular effect of compressive stength
could be isolated.

3. The KO ratios (relative KO) referred to in 2. were plotted

against mean cube strength fcu

Results are shown in figure 9.4.

Legena | Cw/d [100mm |500mm T
1.2 020250 O | @ o ® -
o 04l ® 44 45
@ o
. e |
ook * -

L o
@ c )

0.8} + Py -
Relative K, = 0,0084 fg, + 0.715

Relative Ko { KO/Ko(cof‘d, d))

il i I
0.6 50 35 20 15

Msan cube strength ?cu (MPa)
Figure 9.4 Lffect of compressive strength
on Ko

Note the following from figure 9.4:-

1. The results appear independent of co/d and beam depth, as ex-
pected.

2. Despite the scatter, particularly for the 100mm beams, a slight

3 o trend of increasing (O with compressive strength emerges. The
linear regression relationship gives that KO for 40MPa concrete
is approximately 9 per cent greater than KO for 30MPa concrete.

et o This value i{s lower than the 13 per cent quoted previously from
Walsh's work. However, following the same reasoning as in ap-

pendix C concerning elastic modulus and cube results, it could

j . be expected that fracture parameters would not be as greatly
affected by apparent compressive strength variztions when such

variations are induced by possible bleeding effects.
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Although ti ffect of compressive strength on the present results
was small, i. was decided initially to divide the concretes into
two breoad groups:- the first comprising a strength group of ap-
proximately 29 to 35MPa, and the second a strength group of ap-
proximately 40 to 44MPa.

9.6.2 EFFECT OF INITIAL NOTCH DEPTH ON KO

The procedure for eliminating effects of compressive strength and

beam depth from the KO results was as follows: -

1 For any particular beam depth and strength group, & mean value

4 i Fd s
of KO for co/d = 0,4 was found, i.e. KO(O,A,d,Acu).

2. Retaining consistency of beam depth and stength group, indi-
vidual K, results for all co/d ratios were divided by

Q
KO(O,L.d,f ), to give a relative KO value.

cu

3. These relative KO values were plotted against c¢,/d.

0
Since figures 5.6 and 9.3 had shown that the 100mm beams were
notch-insensitive, it was decided to plot these results separately
from rasults for beams of depth 200mm or greater. Results are shown
in figure 9.5, with the 100mm beam results shown in an inset in the

figure.
Note the foliowing from figure 9.5:-

1. For beams of depth greater than 100mm, there is no clear trend

of increased Ko for co/d = 0,2 or 0,25 when compared with KO
at co/d = 0,4, if results for co/d = 0,2 and 0,25 are taken
together. There are insufficient results for co/d = 0,25 to
state definitely that lower Ko values occur in comparison with
results for co/d = 0,2, and it would appear to be better prac-

tice to take results for these two notch depth ratios together.
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(Later results for KC will confirm this). In this case, the
shallower notched beams have KO values about 8 per cent higher

than the deeper notched beams.

16 ‘ ,
¢ Resuilts for 200mm, 300mm,
500mm and 800mm beams
| Legend see figure 111 .1
1,44 : 3 2 -
t Mean value &
tar 1.13 | T
4 |
| 1,00
- 10F v 095 -
iy + *
o g .
< 08- ‘ ' i
3 ot |
| 1,4 T T
§ 0.6 Results for 100mm beams -
;g ! F 1,24 é -
g 10,963 0.96 1,00,
g 0,4 r 10r }4———— °4——— - b
o ’ 8
o 0.8+ i ° *
0,2+ 0.6- ; | ~
A
5203 5.3
0 1 i i 1
0.2 0.30 0,40

Initial notch depth ratio cg/d

Figure 9.5 Effect ~f initial notch depth ratio on KO

It should be remembered that it was usually not easy to deter-
mine with ccuplete accuracy the precise point of departure from
linearity on the load-deflection record. For example, there
o = 1,56 at co/d = 0,2

(800mm deep beam). This result corresponds with the peint in

is one very high result of relative K

figure 9.3 for 800mm beams, co/d = 0,2, which appeared out of
phase, 4nd should therefore be treated with caution. This

single result raises the mean relative K, value for co/d = 0,2

0




304

from 1,07 to 1,13, and for co/d = 0,2 and 0,25 taken together
from 1,03 to 1,08.

3. Although the shallower notched 100mm beams (co/d = $,2 and 0,25)

have slightly lower K. values than the deeper notched beams

G
{cq/d = 0,4) the differences are considersd small enough to be

inconsequential for practical purposes.

In view of the above (and later KC resuits) it was decided to con-
sider tne influence of COM on KO as being very small if not neg-
ligible. This allowed all results for & given beam depth and

strength group to be taken together, irrespective of co/'d.

Before considering the effect of beam depth on KO’ it will be
helpful to consider certain Kc results. KO and Kc results can then

be compared and contrasted where necessary.

9.7 CONDIT.ON OF MAXIMUM LOAD INSTABILITY

KC values were calculated for all three series, using crack depths
¢, at maximum load given in tables 9.1(a) and (b). As explained
in 9.3, these . values were oblained from thesretical compliance
relationships for series Fl and F2, and from experimental compli-
ance relationships for series F3  Due to slow zrack growth before
maximuz load, the point of maximum load does not assume the same
relevance or importance for concrete as it does for metallic mate-
rials under plene strain conditions. This will be further demon-
strated in 9.13 where it will be seen that the point of maximum load
does not represent a unique fracture condition, but is merely a
point during the fracture process that can be conveniently defined
on the load-deflection record. In general, this condition does not
represent the maximum fracture toughness that can be developed by
concrete. There is no doubt that part of the reassn why differing

results for KC have been obtained by different investigators is
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because the point of meximum load will be significantly influenced
by loading rates and machine-specimen interaction, which in turn

will influence slow crack growth.

9.7.1 EFFECT OF COMPRESSIVE STRENGTH ON Kc

This effect was checked for 100mm and 500mm beams by following the
same procedure as outlined previously for KO. Relative Kc values
were obtained which were plotted against mean cube strength, and
results are shown in figure 9.6. Clearly this figure shows a very
similar trend to that of figure 9.4, with the following differ-

ences: -

1. There is a significantly lower scatter of results. It appears
theretore that determination of KC values are less liable to
experimental scarter than KO values. This is true for both the

100mm and 500mm beams.

2. There is on average only a 2,7 per cent increase in ‘c values
when comparing 40MPa concrete with 30MPa concrete. This dif-
ference is so small as to be virtually negligible,and is con-
sistent with remarks made earlier that only smalil variations
of fracture toughness might be expected when compressive

strength variations are partially induced by bleeding effects.

It should be noted that KC values for 100mm beams in figure 9.6 were
based on apparent crack depths at maximum load, i.e. crack depths
inferred from the theoretical compliance relationship. Therefore,
100mm beams of series F3 where crack depths were obtained from the
experimental compliance relationship were not included. This en-

~sured that results for use in figure 9.6 were obtained consistantly.

Figure 9.6 confirms the fact that fracture strengths for the present
concretes were essentially unaffected by variations in compressive

strength. The two strength groupings were retained for checking
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the effact of co/d on Kc below, but thereafter all results were

taken together when considering fracture toughness.

Legend || Co/d | 100mm [T 500mm T

12k az?fs 8 ‘;‘:i B

Relative K, = 0,0027 T, + 0,903

Relative K (K /K, (co/d. )
5
1
’k
[
|
)
ls
(o]
O
i

O,R do L L
30 35 40 45
Mean cube strength T, (MPa)

Figure 9.6 Effect of compressive strength on Kc

9.7.2 EFFECT OF INITIAL NOTCH DEPTH ON Kc

The same procedure as outlined for KO was followed for eliminating
beam depth effects and any small influence of compressive strangth
on Kc, Resu.ts for 100mm beams were plotted separately from results
for the deeper beams. Results for the 100mm beams were also grouped
into Kc values obtained using the apparent crack depths (i.e. series
F1 and F2 mainly) and those obtained using experimental crack depths
(..e. series F3 mainly) since it will be shown later that a basic
difference existed between these two sets of results. Results are
shown in figure 9.7, with the 100mm resmlts shown in an inset in
the figure. A slight trend of decreasing Kc with deeper notching
may be evident from the figure, for beams of depth 200mm or greater.
10l wing the same approach as Ko of taking results for co/d = 0,2
and 0,25 :ogether, the shallow notched beams have approximately 8

per cent higher Kc values than the deeper notched beams. An oppo-
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site tread is shown for the 100mm beams, where slightly lower KC

values occur for shallow notchiag.

Legend See tigure i1l .1

14 Results tor 200mm, 300mm,
500mm and 800mm beams
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Figure 9.7 Effect of initial n>tch depth ratio on Kc

Comparison of figures 9.5 and 9.7 will show that overall trends for
the two different beam size groupings are consistent. For beams
of depth 200mm or greater, there is a slight tendency for fracture
toughnesses to incregse as notch depth ratio is reduced from 0,4
to *,2. Note also that for these beams a lower scatter of results
oczurs for co/d = 0,4 8s compared with co/d = (,2/0,25, while the
opgosite trend occurs for 100mm deep beams. The tendency for in-
creasing K valies with decreasing co/d is consistent with earlier
remarks concerning the fundamental difference between fracture of
notched and unnotched beams. As notching becomes shallower, the
suress intensity effect in the fracture zone increases, leading to

a greater intensity of microcracking. This in turn activates ad-
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ditional energy absorbins mechanisms. The entire fracture process
also bec-mes more unstable (in the sense that the tendency for
spontaneous crack growth increases) as notching becomes shallower.
Hence, the mincr trends for the deeper beams shown in figures 9.5
and 9.7 are consistent with our understanding of fracture processes
in concrete beams. The fact that the influence of notch depth in
the range co/d = 0,2 to 0,4 is small implies that the fracture
processes in concrete beams with co/d values within these limits
are very similar. This is also borne out by measurements of frac-
ture zone size reported in chapters 7 and 8. It was noted there
that initial notch depth had no influence on fracture zone size for
the same depth of visible crack. As will be shown later in 9.14.1,
there does appear to be a fundamental difference between fracture
behaviour of beams with co/d £ 0,4 and co/d 2 0,5. Within the
range 0,2 S co/d S 0,4 there is only a minor influence of cO/’d on
fracture toughness which c¢an probably be ignored for practical

purposes.

Finally, note from figures 9.5 and 9.7 that 100mm beams do mnot
follow the same trends as the deeper beams, and if anything there
is no influence of co/d on K values. This nught not to be inter-
preted as indicating that K values measured _or these beams repre-
sent a valid fracture criterion. Rather these results confirm the
notch-insensitivity of these beams, and the fact that failure is
governed by net stresses at the notch root. The different trends
between the 100mm beams and the deeper beams indicates that LEFM
concepts are strictly not applicable to notch-insensitive speci-

mens .

9.8 EFFECT OF BEAM DEPTH ON K VALUES

It has been shown that inital notch depth ratio within the range
0,2 to 0,4 has a minor influence on K values. For the present
tests, compressive strength variations alsc had a very minor in-

fluence or K. It was therefore considered unnecessary vo adjust
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results so as to eliminate these effects when investigating the
influence of beam depth on K. Therefore results for all the con-

cretes and all the initial notch depth ratios were taken together.

In crder to show the spread of rasults and compare K values for

different beam depths, the following procedure was followed:-

1. All results for the three series werz taken together irrespec-
tive of co/d or fcu' The mean value for KC (KC) or KO (KO) was

thus obtrined.

2. Individual beam results ‘or Kc or KO were expressed as ratios
of i; or Eb respectively, ~ 1 grouped together according to beam

depth.

3. The K ratios, or relative ¥ values, were expressed in bar dia-

gram form as a function of beam depth.

See tigures 9.8, 9.9 and 9.10.

FIGURE 9.8. EFFECT OF BEAM OEPTH ON Kc VALUES FOR
VARIOUS TEST SERIES

Results have been grouped according to series and beam size. A
large spread of results is apparent. Kc values were obtained using
e values from apparent crack depths for series Fl, F2 and five of
the 100mm F3 beams, and from experimental crack depths for the
balance of the series T3 beams. The consequences of this procedure

are briefly analysed below, using 1igure 9.2 as a basis.
500mm ANY 300mm BEAMS (SERIES Fi)

Five beams are represented in figure 9.8, with & mean relative Kc
value of 1,29. Figure 9.2 indicates that, for 500mm and 300mm
beams, the average overestimate of e, using apparent crack depths
rather than experimental crack depths is abont 10 per cent. As-

suming that this overestvimate also appliss to the 300mm and 300mm
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Fl beams, a more true value of relative KC can be estimated using

the following ratic, obtained from equation (3.2):-

Yexp Cexp\i (9.8)
ape capp
where ¢ , © dre the experimental and apparent values of ¢
exp app [
respectively, and Yexp’ Y&pp are Y values from figure 3.4, using
d ¢ respectively. Taking the 500mm and 300mm Fl beanms

cexp an app
together by way of simplification, the mean cc/d ratio based on
apparent ¢ is 0,41 (from tabla 9.1(a)) for which Yapp =2,l. Ao
estimate of the experimental Cc/d is 0,41/1,1 = 0,37 for which Yex

P
= 1,99. Therefore, the ratio (9.8) becomes:-

1,99 10,37 ¥ = 0,90
2,1 10,41

Hence, it is feasible that Kc values fcr 500mm and 300mm beams of
series Fl may have been overestimated by about 10 per cent, due to
use of apparent e values. This also helps to explain partially
why Kc values for series F3 beams (300mm and 300mm) are lower than

those for the corresponding F1 beams.
100mm BEAMS (SERIES F1 AND F2)

Jixteen beams are represented in figure 9.8, with a mean relative
Kc vaiue of 1,00. Figure 9.2 shows that for 100mm F3 beams, the
average nvarestimate cf . using apparent rather than experimental
crac.. depths was 32 per cent. Assuming that this also applies to
the 100mx F1 and F2 beams, a more true value of relative Kc can be
estimated using the procedure outlined above. In this case, the

value of the ratio (9.8) becomes:-

2,0 1 L 0,76

2,5 1,32

Applying this to the mean relative KC value of 1,00 given above, a

revised value of 1,00x0,70 = 0,70 is obtained. This value accords
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very closely with the value of 0,68 for the 100mm F3 beams obtained

using experimental crack depths.

1.4

= 13g 1 T T T T
1,25
1’2 1,221 M Resuits from
1.18 Apparent
1.07 Crack d?p!h
1.0 0,98§1.01 Experimentai
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| 0,86
0.8 { Range of u ]
0.6k results Resuits based on experimental crack depth 0'68_
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’ for all F1, +2  .ms, and five F3 (100mm) beams
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Figure 9.8 Effect of beam depth on Kc for various series

The above analyses indicate the critical importance of accurate
estimates of <. for obtaining proper Kc values. The theoret”’ al
compliance relationships may provide a first estimate of Co For
greater accuracy, experimental relationships basad on asctual crack
extension in the material should be derived; these relationships
will incorporate crack-closing stresses and microcracking effects.
The small 100mm beams have suffered severely ir this regard since
the experimental compliance relationship is considerably removed
from the theoretical relationship (see figure 6.5(a)). This leads
to a serious overestimate of <. if v.e theoretical relationship is
used. The problem is compounded for deepe:r notch depths, since Y
values begin to increase very rapidly for c/d values exceeding 0,4
(see figure 3.4).
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FIGURE 9.9 EFFECT OF BEAM DEPTH ON Kc’ COMBINED RE-
SULTS

Results from figure 9.8 have been combined on the basis of beam

depth to produce figure 9.9. Note the following:-

1. There is a geraral trend of Kc reducing with beam depth. How-
ever, the use of apparent BN valuaes for Fl and F2 has affected
the results. For instance, 500mm and 300mm beam results for
Fl and F2 could be expected to reduce by about 10 per cent with
use of lower . values according to previous discussion. It
is probable that the 800mm results for F2 woula also reduce by

a similar amount.

2. The 300mm beam results have been affected by some rather low
Kc values measured for the F3 beams (see table 9.1(b) and figure
9.8). There is no obvious explanation for these lower values,
except possibly that the load-cycling technique has influenced
maximrum load. The 500mm and 2C0Omm results for series F3 do not
seem to have suffered in the same way. Further testing may in
fact show that there is very little difference between 300mm
and 500mm beam results, and a hint of this is given by the 300mm
results for series F! (figure 9.8). Results for 200mm beams,
according to figures 9.8 and 9.%, are not very much different

from those for 300mm beams.

3. The remarks in 1. and 2. above imply that there is a measurable
influence of beam depth on Kc. but that within the range of beam
depths from 200mm to B800mm, the difference between average Kc

values might amount to about 10 or 15 per cent.

4. It must be re-iterated that results for 100mm beams using ap-
parent crack depths are invalid, and better KC values are given
by results using experimental crack depths. On this basis,
there is a very marked reduction of KC for the 100mm beams, and

they do not conform to the general trend of figure 9.9.
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Figure 9.9 Effect of beam depth on Kc‘ combined results

FIGURE 3.10 EFFECT OF BEAM DEPTH ON KO' COMBINED RE-
SULTS

The KO results for the different series were combined on the basis
of beam depth to produce f.gure 9.10. KO values are calculated
using initial notch deptls which removes much of the uncertainty
concerning crack depth that has been discussed relative to figures
9.8 and 9.9. The relative KO values shown on figure 9.10 can
therefore be regarded as representing the fracture initiatior con-
dition. There is a clear trend of KO decreasing with beam depth,
such that the average KO for the 800mm beams is approximately 50
per cent higher than that for the 200mm beams, and 60 per cent

higher than rhat for the 100mm beams.
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Figure 9.10 Effect of beam depth on KO’ combined results

It is interesting to note that figure 9.10 is in contrast with re-
sults obtained by Mai et al*’ using notched asbestos cement beams
of varying depth . Mal et ] fournd that, above a minimum beam depth
of 50mm, the fracture initiation condition was characterised by a
constant value of KO. An examination of their results, however,
shows that the point of departure from lircarity was very much
closer to the maximum load point than .n the present tests. This
point was generally between 55 to 60 per cent of maximum load for
the concrete beams, and about 85 per cent for the asbestos cement
beams. Hence the reinforced matrix of the asbestos cement beams

comformed more closely to & linear brittle material than concrete.
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It therefore appears that for a material like concrete which ex-
hibits extensive non-linearity before max = load, the fracture
initiavion toughnesses are dependent on beam depth. There is a
possibility that plane stress/strain effects are influencing the
fracture initiation results considerably more than the Kc results,
out this is an aspect that will require further investigation. The

basic conclusion from figure 9.10 is that K, does not appear to be

0
a suitable fracture criterion for notched concrete beams.

A fina. nlot 3 presented in figure 9.11, where corrected beam
stresses at maximum load based on the gross section (i.e.ch) are

plotted against critical crack depths at maximum load.

T T T T
Legend See figure 111.1
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Figure 9.11 Mean K values for beams of all three

series taxen together (unmodified)
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According to equation (3.2), the curves in figure 9.11 should give
the experimental value of Kc' Results are plotted without any
modification for overestimate of <. and KC. Results frem all beams
of a given depth are taken together o determine a mean Kc for that
beam size, and the values are shown on the figure. Results for
100mm beams are excluded, since KC has no true fracture significance
for these bcams. It can be seen that, despite experimental scatter,
results conform to the theoretical trend suggested by equation
(3.2). The size effect can also be seen, although this is magnified

due to overestimation of ¢_ as explained above.

The discussion in this section has centred on experimental meas-
urements of LoLiM parameters, and the various influencing factors.
However, it is necessary to critically examine the r=sults with a
view to determinip~ the applicability of LEFM to notched concrete
beams. While some of the results may appear encouraging, the in-
fluence - ¢ the microcracked zone must be corsidered. The following
section will attempt a critical review of the results relative to

LEFM principles.

9.9 CRITICAL DISCUSSION AND SUMMARY OF .EFM (K)
RESULTS

The results presented above have hopefully shed some light on the
applicability of LEFM to a material such as concrete ir the form
of notched beams. Results at first glance may appear encouraging
and yet the: show up certain limitations. On tha positive side,

there are two aspects which might be considered. They are:-

1. The broad concepts of fracture mechanics can be applied to
concrete. This is shown by the fact that the material is
notch-sensitive, provided a minimur size of specimen is used.

The pres t KO and Kc results can be interpreted in the light
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of figure 9.1. It was stated that a critical K value of
1,08MPavm appeared to suit the e: "t ntal notch-sensitivity
results. A mean value of KC for t. "' m beams uf series F3
using experimental crack depths was © {t «/m, whereas a mean

value for the deeper beams was 1,53MPAVm. “herefore the meas-~

ured KC values conform well with the predicrions of figure 9.1

based on notch-sensitivity results.
The critical K value of 1,08%Pa/m falls between measured KO and KC
values for the deeper beams. Obviously KO does not represent a
condition of "true” fracture instability (in the sense of unstable
crack growth), while KC probably lies beyond the first occurrence
of crack insta.ility. This implies that somewhere between KO and
KC lies a point where true crack instability commences. If this
is true, then the predictions of figure 9.1, based on LEFM, hold

up well relative to measured K values.

2. It appears that initial notch depth ratio has a minor effect
on K values, for shallow to intermediate notching (i.e. 0,2 <
CO/d < €,4). This is not necessarily true for unnotched beams
or for deeply notched beams. The effect of notch depth is re-
lated to the fracture process, which changes as notch depths
become progressively deeper. In essence, this gquestion of
fracture process is what distinguishes cemer ‘ed materials from,
say, metallic or ceramic materials. The extven. and intemsity
of microcracking in the fracture zone will profoundly influence
wha: is measured by way of load, deflection, etc. in the test.
This in turn will influence the parameters that are calculated
from the fracture record. Concrete fracture is complex, and
what is (mmediately apparent is rhat fracture parameters must

be closely related to the fracture process in hand.

It is obvious that the effect ol beam depth is significant. For
instance, the 100mm deep beams were notch-insensitive, and very
much lower Kc values were measured. There was a clear division
between Kc results for the 100mm beams, and those for the deeper
beams. Kc values for 100mm beams do not represent a valid fracture

criterion. For such beams KC only has the significance that it
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provides a measure of the stress field ahead of the notch, but
cannot be regarded as a material parameter. For the deeper beams,
there is a trend of K_ increasing with beam depth. However, pro-
vided the effect of using experimental rather than inaccurate ap-
parent crack depths at maximum load 1is accounted for, the
diffe 'encas are not large, amocunting to about 10 per cen: between
20Cam deep beams and 800mm deep beams. There are many tests on
coacrete where such a variation is accepted as being characteristic
of material behaviour. For instance, it has been shown by the au-
thor that elastic modulus values can vary by up to 12 per cent de-
pending on whather tests are done on larger concrete cylinders or
on smaller concrete beams®®. Diferences in compressive strengths
between cubes of different size are accepted. Up to 100 per cent
difference can occur for tensile strengths depending on the type

of test'’.

A serious limitation of LEFM for concrete beams is that tne fairly
small variation in KC with beam depth is probably fortuitous due
to the nature of the beam test itself. It has been shown in chapter
7 that the relationship between microcracked zone size and residual
ligament depth does not differ greatly for beam depths between 200mn
and 500mm. Therefore, the influence of the ralative microcracked
zone size will be very similar in all beams where the depth is
sufficient for valid fracture phenomena to occur. The very presence
of a non-linear zone which is large relative to beam or crack depth
must of necessity render the pure LEFM approach questionable, if
not invalid fur concrete beams. The implication of this is that
the meas: racture parameters will depend largely on the nature
and size o. cthe non-linear zone; for the present fracture beams the
non-linear zone had a similar effect on all beams greater than 200mm
in depth, and rherefore Kc values were similar. For other specimen
types where the nature end size o0 the non-linear zone differs from
that in notched beams, the probability is that very different values
of fracture parameters will Fe measured. Hence, any variable that
will affect the microcracked zone, such as specimen type or nature

of the material, will influence the measured fracture parameters.
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Returning again to the notched beams, fracture toughnesses (KC) are
somewhat higher for deeper beams, despite the net stress at the
notch root being lower for these beams. The effect of the greater
crack depth (i.e. vYc in equation (3.2)) more than outweighs the
lower net stress. Interpreting this in terms of the effect of the
microcracked zone on fracture, the higher Kc values may be thought
of as resulting from higher average stresses in thi microcracked
zone during fiacrure which impart a greater fracture resistance to
these beams. This point will be discussed in further detail in 9.11

below.

The cverall assessment must be that LEFM is limited in its appli-
cability to notched concrete beams, due primarily to the presence
and appreciable influence of a relatively large non-linear micro-
cracked zone. For any particular specimen type, it might appear
that Kc values are reasonably independent of notch depth and scale
effects, but this is true only if the relation between the
non-linear zone size and specimen size is more or less constant.
(It is also true only for specimens of size large anough to be
notch-sensitive). A change in the nature or size of this non-linear
zone will influence LEF“ parameters, which can therefore nut be
regarded as fundamentally valid. Unfortunately, only notched beams
were tested in the present work, which prevented this contention
from being investigated. The LEFM approach, due to its simplicity,
may prove valuable in a practical way, provided the type and size
of specimen, and nature of the fracture process is accounted for.

General applicability would, however, be limited.
To briefly summarise, noce the following:-

1. Cowmpressive strength variations were found to have 3 very minor
influence on KO and virtually no influence on KC. This was
attributed to these variations being due primarily to bleeding,
which will adversely affect cumpressive strength obtained from

cube tests.

2. Initial notch depth ratio has a very minor influence on KO and

Kc within the range 0,2 < co/d % 0,4. Differences between pa-
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somewhat higher for deeper beams, despite the net stress at the
notch root teing lower for these beams. The effect of the greater
crack depth (i.e. vc in equation (3.2)) more than outweighs the
lower net stress. Interpreting this in terms of the effect of the
microcracked zons on fracture, the higher Kc values may be thought
of as resulting from higher average stresses in the microcracked
zone during fraccture which impart a greacer fracture resistance to
these beams. This point will be discussed in further detail in 9.11

below.

The overall assessment must be that LEFM is limitea in its appli-
cability to notched concrete beams, due primarily to the presence
and appreciable influence of a relatively large non-linear micro-
cracked zone. For any particular specimen type, it might appear
that Kc values are reasonably independent of nectch depth and scale
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may prove valuable in a practical way, provided the type and size
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General applicability would, however, be limited.
To briefly summarise, note the following:-

1. Compressive strength variations were found to have a very minor
influence on KO and virtually no influence on Kc, This was
attributed to these va..*tions being due primarily to bleeding,
which will adversely affect compressive strength obtained from
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Kc within the range 0,2 $ cojd $ 0,4. Differences between pa-




rameters measurec at the extremes of this range were generally
less than 10 per cent on average, with shallower notches giving
higher values. However, 100mm beams show slightly opposite

trends.

KO does not appear suitable as a fractur: criterjon for notched
concrete beams. Differences of up to 50 per cent on average
occurred between 800mm and 200mm beams. The reason for thas
is not clear at this stage, but possibly a plane stress/plane
strain effect for the condition of fracture initiation is oc~

curring.

Values of Kc differed by 10 to 15 per cent between 800mm and
200mm beams, provided experimental crack depths were used at
the point of maximum load. 100mm beams gave Kc values roughly
40 per cent lower than the larger beams, thus confirming their
unsu. ability for fracture testing of this type. These rasults
may appear encouraging for applicability of LEFM. However, it
is consideved that the more or less constant relation that the
size of the microcracked zone bears to beam depth has resulted
in results being consistent between difterent beam depths.
For other specimen geometries where relative microcracked zone
sizes may be substantially different from those in notched
beams, different Kc values may be measured. This requires
furthe. substantiation. The presence of the microcracked zone

cannot be ignored.

The somewhat higher KC values measured in the larger beanms
relative to smaller beams may be interpreted as the influence
of higher crack-closing stresses in the microcracked zone which

impart a greater fracture toughness. This aspect will receive

“further attention in the following sections.

With regard to the beam test in particular, this test suffers
from the critical dependence of K on crack depth, and hence on
beam compliance. This fact, coupled with the basic

heterogeneity of the concrete being tested, causes an unfortu-
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nataly large scattar of results, which is a disadvantage of this

method.

In view of the limitationms for LEFM discussed above, non-linear
effects in fracture beams were also investigated. The following

sectjons deal with this aspect of the fracture problem.
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DIVISION 3 NON-LINEAR EFFECTS IN FRACTURE BEAMS

9.10 INTRODUCTION

The presence of extensive zones of microcracking in concrete frac-
ture beams has been demonstrated and discussed in cnapters 7 and
8. These zones are not swall in ralation to specimen size, and must
therefore exercise an imnportant influence on concrete fracture.
This was evident in, for instance, the measurement of beam compli-
ances {see chapter 6). Experimental compliance relavionships dif-
fered markedly from theoretical relationships, due primarily to the
restraining influence of c¢rack-closing stresses which, it was pos-
tulated, depended also on beam depth. In this section, non-linear
effects will be dealt with:- firstly by considering stresses in
fracture zones using & simplified stress model; secondly by apply-
ing an R-curve approach to fracture using a stress-intensity factor
KR; and thirdly by discussing effective fracture surface energies

in fracture beams.

9.11 STRESSES IN FRACTURE ZONES

One of the main problems with the application ¢ rricture mechiauics
principles to cemented materials is that of the existence and size
of the non-linear microcracked zone shead of the wmain crack tip.
The behaviour of the material in this zone is characterised by
strain-softening in which the crack-closing pressure or stress de-
cays as the displacemenc between the crack surfaces increases. By
making assumptions about the form of the stress-displacement curve,
it is possible to estimate the magnitude of the stresses in the
non-linear zone and incorporate these intc fracture calculations.

However, this also requires knowledge of the extent o) the micro-




cracked zone ahead of the crack tip. A number of authors (for ex~
ample Wecharatara and Shah*®, and Reinhardt®') have used assumed
forms of displacement fields and stress distriburions to arrive at
theoretical estimates of the size of the non-linear zone. Reinhardt
was able to verify his theoretical approach from experiment. In
the present work, the approach is somewhat different in that
non-linear zone sizes have been measured, and characteristic re-
lationships between zone sizes and a geometrical beam parameter (h)
have been derived experimentally. Knowing non-linear zone sizes
allows reasonable estimaz:s of stress states in fracture beams to
be made. This in turn permits calculations of external beam loads
as a function of crack depth. As will be shown later, the
crack-closing stresses can also be considered to contribute a com=-

ponent to the stress-intensity factor at the zrack tip.

9.71.1 BASIC ASSUMPTIONS

The basis for estimation of stress states has been discussed pre-
viously in 3.5.1 and 7.1. To briefly summarise, four distinct
stress zones may be identified in fracture beams, and these are
shown in figure 7.1. The zones are a desrtressed zone around the
main stress-free crack, a mic cracked zone extending ahead of the
main crack, an intact tension zone immediately below the neutral
axis, and a compression zone above the neutral axis. Stress
transfer is possible within the residual ligament depth of the beam,
which comprises the sum of the depths of the compression zone, in-

tact tension zone, and microcracked zone.

In order to analyse beam str- he fcllowing assuuptions are
made: -
1. The beam is considered tu .-ain a crack of effective depth

Coff which {s the sum of the stress-free crack depth ¢ and depth

“t

of the non-linear zone zh The stress-free crack might be

the initial notch depth or it might be the visible crack depth

#




measured during a test. Figure 9.12 shows an effec ive crack

in a beam.
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Figure 9.12 Effective crack and assumed stress distri-

butions in concrete fracture beams

2. The beam is acted on by external loads such that a bending mo-
ment M exists at the cracked section. The influence of shear

on the cracked section as well as on the deformations of the

beam as a3 whole is ignored, since the presence of a notch or
crack dominates the localised stress distribution and the

overall deflection of the beam.

3. Within the non-linea: ‘“ne there is 3 closing stress distrib-

ution p{x)} such the . ; = 0 aL x = 20 at which point a

critical crack opening displacement (COD) occurs. The stress

p(x) is & function of th+ displacement between crack faces v{(x)
and hence of x. The cvac» extends when v(xaznl) equals or just

exceeds the critical COD, which itself will be a function of

specimen type and size of aggreg. *ta2.

The closing stress distribution p(x) can be obtained from measure-
ments of the strain distribution coupled with an a.%v ! form for
p(x), the requirement being that internal force and moment equi-
libriam is maintained. Various researchers have tackled this
problem'®', on the assumption  at inelastic deformations in this
zone are concentrated in a narrow band around a single major crack.
This allows the width of the crack to be equated to the inelastic

deformazion. On this basis, the relation between the tensile stress



and the width of the crack is assumed to be identical tu -he closing
pressure versus crack opening displacement (COD) relationship. In
the work done by Shah et al*' on double torsion and double
cantilever specimens, it was also assumed that this relationship
could be obtained from results of uniaxial tests in which the full
stress-deformation curve is obtained. For notched beam specimens,
it would probably be better to obtain this relationship from
flexural <csis since Hdsu et al® have shown that strain gradients
can markedly affect the stress-deformation relation. However, the
work of Shah et al has also shown that the estimation «f non-linear
zone size is very little affected by the assumed form of this re-
lationship. For instance, they compared results using a quadratic
form for the stress-displacement curve suggested by Evans and

Marathe'®!

with results using a uniform average stress, and found
the resuylts were virtually identical for both relations. Since the
entire analysis is based on the simplifying assumptions under dis-
cussion, it would seem that refinements at this stage are unjusti-
fied. The simplest form for this relationship is an average uniform
stress independent of x, i.e. p

9.12.

avg’ and this is shown in figure

4. The stress distribution across the notched section is assumed
to be a combination of a linearly varying and uniforin stress,
as shown in figure 9.12. The assumption of a linearly varying
stress across the elastic per.ion of the beam is not strictly
true, as shown in ref. 86. . !otvever, in the compression zone,

the stresses are a fairly sm:.1 proportion of the compressive

strength, and therefore s :vrir stress distribution is rea-
sonable, while in the tens: . oare the overall compliance of
the specimen will be ver . le affected by a somewhat

curvilinear stress distribi- 12 2+ opposed to a purely linear
distribution.

5. During fracture or extenszior .f the crack, the valuve of the
maximum tensile stress ar ithe boundary between linear and
non~linear zones is assumed to equal the characteristic tensile

strength of the material, in this case the modulus of rupture

Air “r -
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fr. This has also been adopted by other investigators, for

example Reinhardt®®.

9.11.2 CALCULATION OF AVERAGE STRESSES

Using the above assumptions, the fracture zone stresses were cal-
culated by calibrating the neutral axis position derived from the-
oretical considerations against the experimental neutral axis
relationship. The theoretical reutral axis position cen be found
from applying conditions of internal force equilibrium, i.e. by
equating the total compression force to the total tension force at
the notched cross-section. The simplified stress distribution

shown in figure 9.12 is used. The resulting expression is:-

N 2 { - -
4" = di*c .. ce£f¢22nl/pavz( d ) 2d (9.9)
X r Coff
d'“eff*‘nz{pavg
T

1 :
where d' = d dNA (see figure 9.12).

Equation (9.9) can be re-arranged to provide an expression for

pavg/fr:-
Pavg = (Cupe @) (Copemdt2d ) (8.10)
r “a1 ceff-d+d )

From the gecmetry of the stress distribution, an

expression for oc/fr can also be found:-

= q’ (9.11)
- '.
(d-d'-c

g
-4
£

T ff)
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where o is the extreme fibre compressive stress. If we define
z ) = ky(d-c), and d' = k (d-c), then equations (9.10) and (9.11)
become: =

pavg = (ko-l)(k0~1+2k1) (9.12)
and

i& = k1 _ (9.13)

fr 1-k1'k0

T -efore the average stress in the microcracked zone and the ex-
treme fibre compressive stress are funcuions only of the relation-
ships between zone size, neutral axis depth and residual ligament
depth, and are directly proportiocnal to the rodulus of rupture of

the material. The relevant k values from figure 7.14 are:-

500mm and 300mm beams, ko = 0,470
200mm beams, ko = 0,446
100mm beams, ko = 0,401
All b ams, kl = 0,316
(ko and kl are termed the fracture zone size coefficient and neutral
axis position coefficient respectively). Values of pavg/fr and
Oc/fr are calculsted from equations (9.12) and (9.13) and are shown
in table 9.3.
. f
Table 9.3 Relative values of stresses in fracture beams
Beam depth (mm) 500 and 300 200 100 !
|
. /f 0,269 0,204 0,087 i
avg' r
T /f 1,477 1,328 1,117
¢ e i




The va ies for pavg/fr given in table 9.3 are highly significant
in the light of previous qualitative conclusions concerning stress
states in fracture beams. In chapter ¢ (6.6.3), a tentative con-
clusion was made that averdge stresses in 100mm beams would be lower
than in larger beams, on the basis of rotations of crack faces.
For the same c¢/d, 100mm beams experienced considerably greater
crack face rotations than larger beams, leading to greater aggre-
gate pull-out and disruption of stress-carrying ligaments. In
chapter 7 (7.5.3), limits to the size of microcracked zones were
inferred from the characteristic relationship betuween compression
and tension zone depths in a beam during fracture. It was shown
that the vpper limit was based on a condition in which the micro-
cracked zone provides ail the tension component, while the lower
limit gave the condition in which the microcracked zone prov les
zero stress transfer. Consequently, the positions that measure-
ments of microcracked zone size occupy relative to these limits
indicate the degree of stress transfer in this zone. The fact that
results for 100mm beams lay very much closer to the lower limit than
results for larger beams indicated that lower average s.resses oc-
curred in the microcracked zone of these beams. The values in table
9.3 bear out these conclusions, and show that average microcracked
zore stresses of 100mm beams are only about one-third of those in

larger beams.

The lirits of validity of the simplified stress distribution shown
in figure 9.12 require some examination. Equation (9.12) indicates

that pavg/ft increases as ko increises. The relationship is roughly

linear up to ko

rapidly with increase in ko (see figure 9.13). The average stress

= 0,5, and theresafter Pavg/fr increases fairly

in the microcracked zone for ko = 0,368 iy zero, which accords with

the lower limit in figure 7.12.

Figure 9.13 shows that pavg/fr =1 for ko = 0,61; in this case the
uniform stress in the microcracked zone is sustained at a level
equal to the modulus of rupture, fr' Such behaviour is character-
istic of o material whose stress-strain relationship is iritially
linear up to a limiting or "yield” stress, followed by a plateau

value of the yield stress with increasing deformation, i.e. an
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elastic-plastic material (eg. mild steel). This is essentially the
condition described by the Dugdale®® model for such materials.
However, concrete is not an elastic-plastic material, but has a
stress-deformation relationship in the post-pcak region which can
be described as strain-softening, i.e. a reduction in stress with
increasing deformation. Therefore, a condition of pavg/fr = 1 (ko
= 0,61) for the assumed stress model of figure 5.12 is impossibie
for plain concrete (slthough a fibre-reinforced material may ap-

proach this cordition).

1.0 T i T T 7
Neutral axis position: /

Ky =
08k 1= 0,316 .

0.6 / -

Pavg .
" ol / n
'
0.2 oA
0 1 | , lose | jos

0,35 0,40 0.45 0.50 0,55 0.60 0.65
Ky (zone size coefticient)
Figure 9.13 Dependence of average stress in

microcracked zone on zone size

A more realistic upper Jumit for plain concrete would be a condition
of pavg/fr = 0,5 for which ko = (,54. (See also Reinhardt**). In
this case the stress distribution in the microcracked zone could
be considered as triangular, ranging from p(x) = fr at x = 0 to p(x)
=0 at x = Z.1: The upper limit of ko = 0,61 in figure 9.13 must
be considered as applying only to those materials which can develop
and sustain very high stresses in the microcracked zone, such as
fibre-reinforced materials. Furthermore, the simplified stress

model of figure . is no longer valid for ko > 0,61 &and e d_f-

i
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ferent form for tie stress distributicn would be required for such

materials.

Figure 9.13 is valid only for plain concrete bzams where the neutral
axis positicn during fracture is given by k1 = 0,316. Other mate-
rials will in all likelihood have different relaticnships for the
neutral axis position. [{gure 9.13 is nevertheless valvable in
indicating the variations of average fracture zone stresses with
zone size. Notve also that the theoretical upper limit of ko = 0,684
in tigure 7.12 can apply only to strain hardening materials where,
with additional sctrain, scresses higher than an initial yield
stress can be developed. This is virtually impossible for cemented

materials as we know them at present.

The 300mm and 500mm beams with ko = 0,47 have results which indicate
that average microcracked zone stresses are about one-half of the
maximum stresses which could be developed in plain concrete beams.
On the other hand, 100mm beam: with KO = 0,40 develop relatively
low stresses in the microcracked zone. This is entirely consistent

with other abservations on 100mm beams, viz.

1. There is very little distortion of strain profiles, indiceting

a small influence of the microcracked zone.

2. Compliancezs for 100mm beams are considerably higher for a given
c/d than compliances for larger beams, indicating very little

restraint on deflections from crack-closing stresses.

3. 100mm beams are notch-insensitive, implying that failure is
controlled by the net section stress. If fr.cture zone stresses
are small, they will exercise little influence on beam failure,
and the maximum tensile stress (i.e. fr) will govern the fail-

ure.

However, the average stresses in fracture zones also appear to be
a function of the progress of cracking during a test. This is

discussed helow.

&
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8.12 RESISTING MOMENTS IN FRACTURE BEAMS

The simplified stress model shown previovsly in figure 9.12 can be
used to calculate the moment of resistance (MR} developed by a
fracture beam Taking moments of the compression and tension furce

components about the neutrzl axis, the expression for MR is:-

- Y . "o . _ ' 14
MR (Ceff d) (ceff d+3d") X'Sznl(ceff d)(ceff d+2d") (9.14)
T 6(d-d -Ceff)
Substituting in equation (9.14) using the relationships z = kO
(d-c) and d' = k, (d-c), we have:-
= (dec)? (1- H . ¢
MR (d-c)? (1 ko)(ko +ko+6kl 2) (9.15)
fr LZ(l-ko—kl)

Equation (9.15) expresses a relationship between the moment of re-
sistance, beam dimensions, crack depth, and modulus of rwpture.
The characteristic relationships for sizes of stress zones (i.e.
ko and kl values) also influence MR'
against results for the fracture beams of series F3. For each cycle

Equation (9.15) was checked

of load, a crack depth was obtained from the reloading compliance
curve {figure 6.8). The applied beam moment at the point of meas-
urement of strain and crack depth could be calculated and the
self-weight moment added. Hence experimental relationships between
MR/bft and (d-c)? could be plotted, knowing b (100mm) and fr (from
table 5.1). By drawing straight lines on the graph representing
different ko values, the curve for any beam could be interpreted
in terms of average stress in the fracture zone. (A constant value
of k1 = (0,316 was used in equation ({9.15) - see figure 7.11). This
procedure was carried out for all the beams of series F3, and re-
sults for 300mm beams are shown in figure 9.14. Results for other

beam sizes were very similar to those in figure 9.14.

The relationship for any particular beam is shown by the lines
(either dashed or solid) joining experimental points, and the ar-

rows indicate the direction followed as the test progressed. Max-
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imum load points, and a broad dashed line differentiating between

c/d values less than or greater than 0,5, are also shown.

4

T T T /kr
/

M/bf, (mmz X 103)

]

—— -=— —Before max load
After max load

e / (@ denotes max. load point |
N
k, = 0,316
0 A L e i L i
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(d-¢)? {mma2 X 103)
Figuce 9.14 Moment of resistance relationships

for 300mm fracture beams

Note the following from figure 9.14:-

1. The figure indicates that k., values vary during a test, gener-

0
ally increasing as crack depth increases. Thus, for points

before maximum load, 44 values are between about 0,43 and 0,52
for 300mm beams. (Corresponding values for 500mm beams were
0,41 and 0,51). After maximum load, ko values up to approxi-

mately 0,6 for 300mm beams (and approximately 0,55 for 500mm




beams) occur. These results ippear %c¢ indicate that non-linear
zone sizes increase with the progress of cracking, leading to

higher average stresses in thess zones.

2. Values of ko from the point of maximum load up to ¢/d = 0,3 vary
from about 0,45 to 0,55. These vdalues can be compared with the
mean ko value of 0,47 indicated in figure 7.14 for 300mm and
500mn beams. Values are similar, despite the difference in
methods used to obtain typical values. The moment of resistance
method tends to give somewhat higher ko values than the strain
and ultrasonic methods. However it is important to note that
load cycles used in the latter method to obtain measurements
of microcracked zone depth invariably had c¢/d values less than
0,5. Load cycles prior to maximum load were also not used on
the grounds that the microcracked zone size was not yet fulily
developed, a point slsc illustrated by the dashed lines in
figure 9.14. It is strictly correct to compare ko values from
the various methods only for experimental points at or beyond
maximum load, and for c¢/d less than 0,5 Figure 9.14 helps to
explain the scatter of results shown in figure 7.14, since ko

values appear to vary during a test.

The variation in ko valuas for 200mm and 100mm beams using the mo-
ment of resistance method were similar to those quoted above for
500mm and 30Umm beams. At first glance, the fact that the 100mm
beam results were similar to those for the larger beams might appear
contradictory to the trend shown in figure 7.14. However the aspect
of roller friction must be considered. This has been discussed
previously in 5.5, and receives further attention in 9.14. Suffice
to say that results for the 100mm beams of series F3 appear to have
been significantly affected by roller friction, which will tend to
increase measured besm loads and moments. Using beam loads reduced
according to the mean value for the coefficient of friction of 0,5
suggested in 9.14 (see later), the ko values for the 100mm beams
were reduced by about 10 per cent. This reduction is comparable
to the difference in ko values between 100mm beams, and beams larger
than 100mm (figure 7.14). The difference in ko values obtained from

the various methods highlights the difficulty of measuring
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non-linear zone sizes in concrete. Values given by the
strain/ultrasonic methods are considered to be superior to those
given by the moment of resistance method, since the latter method

is affected by extranecus influences such as roller friction.

3. The ko values given in figure 9.14 should be viewed in the light
of the suggested limit of ko = (3,54 given in figure 9.13, The
fact that some ko values exceed 0,54, particularly for the 300mm
beams, might again be attributed to effects of roller friction.
However, equation (9.15) is very sensitive to changes in the
value of kl‘ aad for deep cracking when the size anc influence
of the microcracked zone is small, the kl value tends to in-
crease to a value above 0,316, This fact was mentioned in 7.5.2
and figure 7.1i shows that for (d-¢} < 50mm, kl -+ 0,5. Applving

this reasoning to figure 9.14, a line with k, = 0,40, and ko =

0,45 has been drawn in. For the 300mm bea;s, results during
the final stages of fracture cluster abcut this line, and would
tend to fall entireiy below the line had roller friction been
absent. (In the case of the S00mm beams, all results fall well
below this line)., Therefore, the dual effects of roller fric-
tion and an increase in the value of kl (i.e. a relative low-
ering of the neutral axis position) provide the most likely
explanation for the experimental points representing final
stages of cracking in figure 9.14. Note also that applying
k1 = 0,40 and ko = 0,45 to equations (9.12) and ’9.13) show that
pavg/fr z 1,0 and oc/fr = 2,7. This indicates that in the final
stages of cracking when the microcracked zone size is small in
an absolute sense, the entire zone is highly stressed and the
condition of an elastic-plastic material is approached. How-
ever, considering only 500mm beam results, a line passing
through the experimental points during the last stages of
fracture would have k. and k, values which would give values

of pavg/fr less than éiity. ;his would conform more with cur
understanding of the behaviour of concrete in the fracture
zone. Hence, where roller friction has affected resulrs as in
the case of 300mm beams, results for conditions approaching the

final stages of fracture should be treated with caution.




9.13 R-CURVES USING KR

The concept of crack growth resistance curves (R-curves) was in-
troduced in chapter 3. An R-curve shows the resistance of a mate-
rial to crack propagation. This crack growth resietance may be
measured in terms of o stress-intensity factor. The R-curve tech-
nique was developed to deal with the problems of plasticity and
non-linear fracture behaviour, and therefore takes into account
those factors influencing such behaviour, such as size of micro-
cracked zone and specimen shape. The technique has also become a
very useful tool for characterising fracture of materials, and this
is examined in this section. The R-curve can also be used to assess
the fracture strength of a specimen, provided the R-curve is related
ts the particular s~~cimen geometry and fracrture prouess. This
section will dea. oriefly with the calculation of R-curves for the
present tests, based on a stress-intensity parameter KR A later
section (9.14.2) will deal with R-curves based on a fracture energy

parameter.

9.13.1 STRESS-INTENSITY PARAMETERS

Limitations in avrlying LEFM to concrete fracture beams have been
discuased earlier in 9.2 and 9.9. The non-linearity introduced by
the microcracked zone indicates that a non-linear type of fracture
parameter might be more appropriate. It is possible tc express a
material's resistance to crack growth by means of a
stress-intensity factor. The approasch adopted here is to accept
the non-linearity of the material, and account for this by using
the effective crack depth, Coff (see figure 9.12). Wecharatana and
Shah*® were able to show that by using this parameter,
specimen-type-independent R-curves from tests on double cantilever
beams and double torsion specimens could be drawn. Use of Coff has
the advantage of characterising aspects of the fracture process

that would nct be obvious if only the stress-free crack depth ¢ was
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used. Jence, stress-intensity factors are calculated in the normal
way, excespt .hat Coff 1z nsed in place of ¢. The work on fracture
zone sizes presented in chapters 7 and 8 can the-efore be used.

Referring to a typical load-deflection record (see figure 4.6(a)),
the following stages in the fracture process can bo identified.
Each stage has a characteristic effective crack depth and

stress-intensity factor:-

1. An iritial linear portion, which terminates at the point of
departure from linearity. This point has been defined earlier
in 9.2.2 as the point of fracture initiation, or the point where
non-linear behaviour begins. It is taken as the point at which
significant onset of microcracking and damage in the zone ahead
of the notch begins. The characteristic crack depth and stress

intensity factor are ¢, {(initial notch depth), and K, respec-

0 0

tively. KO has been given previously in table 9.1.

2. A porvion beyond the point of fracture initiation, and gener-
ally terminating before the maximum load point. During this
stage, there is no visible crack advance, but the microcracked
zone develops to its full extent. At the upper limit of this
portion, there is ipitiation of main (stress-free) crack
growth. The characteristic crack depth and stress intensity
factor are c = C

eff 0
znl(max) is the maximum depth of the microcracked zone, and Ki

+ znl(max) and Ki respectively, where

represents the maximum ability of the material to resist frac-

ture without main crack extension.

e

The portion beyond that described ir 2. above. This portion
generally includes the maximum load point and is characterised
by main crack advance. During this fracture stage, the stress
intensity calculated -t the tip of the effective crack rises,
and depending on the aepth of the beam, achiever a plateau

value. The characteristic crack depth is ¢ =c + Ziy0 where

eff
¢ is increasing and Z0 is decreasing due to decreasing h, and

the characteristic stress—intensity factor is KR, which re-
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presents the ability of the material to resist fracture during

crack extension. KR is therefore a functicn of crack extension.
The fact tiat stress-intensity factors are calculated at the tip
of the effecti.a crack implies that the influence of closing
stresses in the microcrackad zone are accounted for. These closing
s>-esses essentially contribute an additional component to the
stress-intensity factor at the crack tip, as noted by Lenain and
Bunsell®? and Reinhardc“'. For the present work therefore, K, will

R
be considered to include the effects of crack-closing stresses.

9.13.2 CALCULATION OF R-CURVES

KR-curves were calculated for the beams of series F3 only, since a
confident assessment of crack growth had been obtained. Results

are therefore limited, and conclusions should be regarded as ten-
tative. It was hoped that the feasibility of the KR-curve method
for beams could be investigated, and further work could then be
undertaken based on these results. KR-curves were aot calculated
for 100mm beams since previcus sections have shown that fracture
principles cannot be applied to these beams. The method of calcu-

lating R-curves was as follows:«

1. K0 was obtained from the initial notch depth and the load at
the point of departure from linearity. Ko values have been
given previcusly in table 9.1(b). The effective crack ¢ .th
for KO was cg.

2. Ki was esvimeted from one of the earlier load cycles immediately
vefore main crack advance was observed. The depth of the
microcracked 2zo.. was therefore a maximum, {i.e. znl(max) =
koho, where ko is the fracture zone size coefficient and ho is
the initial residual ligament depth. The aeffective crack depth

was therefore ey * zﬂl(max). Ki was calculated from aquation
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(3.2), using Y values based on Ce , and obtained from figure

3.4.

ff

3. KR values were calculated using the loads at which strain
readings and crack depth readings were taken. These loads were

approximately the peak cycle loads. The effective crack depth

was calculated using equation (3.23), i.e. Cott = c + ko (d-c).
KR valtes were calculated from equation (3.%), using Y values
based on Coff? and obtained from figure 3.4.

4. The R-curve was produced by plotting K values agsinst their
respective Caff values., The maximum effective crack depth ra-
tio (i.e. ceff/d) used was 0,8, for reasons outlined in 3.3.1.
(Note that beam self-weight was included in the K calcu-

lactions).

KR curves are shown in figure 9.15 for the 300mm beams of series
F3. (Beam F3/5(300/0,2) was omitted due to a scarcity of exper-

imental points). Note the following:-

1. Curves for beams with various initial co/d values ars shown,

a5 well as points representing KO’ K,, and KR at the point of

i
maximum load.

2. Ko values ave generally consistent for the different ¢, values,

with & mean value of 0,52MPavm. Thus the point of Oftactute
initiation is independent of initial notch depth within the
range co/d = 0,2 to 0,4, Ki values are more erratic than RO
values, with a mean of 2,31MPa/m. This value represents the
maximum effective fracture toughness of the material without
crack extension. KR values at maximum load are very erratic,
indinating that this point has no real significance relative
to the fracture process {except possibly that it represents a
condition of crack instability). K., generally continues to

R
increase beyond KR at maximum load.
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Figure 9.15 KR-curves for 300mm beams of series F3

There is a general trend of tle slope of the curves increasing
after Ki' The signifi..nce of this will be discussed later.
The curves for co/d = 0,4 are also generally steeper than those
for co/d = 0,2 or 6,25. Resistance to crack growth therefore
increases at a faster rate with effective crack growth for
deeper notching. The curves for co/d = 0,2 or 0,25 generally
continue past the peint of maximum load, whila those for co/d
= 0,4 generally terminate at the point of maximum load. Th.s
i{s partially because KR values were plotted only up to a

ceff/d ratio of 0,8. It also indicates th. for the deeper




notched beams, there is .nsufficient beam depth for crack
growth resistance to achieve higher values.

4. A plateau value for K, is not evident in figure $.13, due to

R
the jusufficient beam depth condition discussed above. Figure

5.16 that follows shows that a plateau value may possibly exist.

Figure 9.15 is typical of KR-curves that were obtained for series
F3 beams. It is necessary to show curves for the full range of beam
depths (i.e. 200mm tvo 500mm), since specific features were more
noticeable particularly in the larger beams. A preliminary inves~
;igation of the KR-curves showed that the basic shapes of the curves
were similar for all beam sizes. However, the average slopes dif-
fered, being flatter for the larger beams and steeper for the
smaller beams. A roughly size-independent KR-cutve could be ob-~
tained by plotting KR values against the relative crack advance of

the effective crack, given by

TR (9.16)

d -c

This procedure was carried out for the 200mm, 300mm, and 500mm beams
of series F3, and results are shown in figure 9.16. {Note that
preliminary KR-cutves based on visible crack depth ¢ were also
plotted; however there was a far greater scatter than that shown
in figure 9.16, and less consistent trends). Note the follewing
from figure 9.16:-

1. A rather large scatter of results occurs. This seems to be a
consistent feature of fracture testing of heterogeneous mate-

rials like concrete.

2. KO’ Ki’ and K.R at maximun load are shown. The scatter increases
with increase of K values.

3. Results from all bpeams have been grouped together, and general
trends drawn through the points. Thase trend lines intersect

the mean values of KO and Ki‘ It can be seen that the material




develops very signifizant additional fracture resistance before
main crack extension begins (i.e. from KO to Ki)' This occurs
over a relatively small portic.. of the load-deflection curve.
(Intermediate points between KO and Ki have not been plotted
since it was not possible tc assess the extent of the micro-

cracked zone as it developed from KO to Ki)A

The relative effective crack depths at which Ki values are
plotted reflect the characteristic relationship between the
microcracked zone size and h, i.e. the kO value. The values
shown are 0,47 for 300mm and 500mm beams, and 0,45 for 200mm

beams .

After Ki' there is an increase in the rate of development of
fracture resistance with effective crack grewth. This is very
significant when interpreted in the light of figure 9.14, which
showed that average stresses in the microcracked zone increased

with crack growth. In moving from K. to Ki’ the microcrackeu

zone is developing to its maximum sige, and average stresses
are fairly low. After initiation of main crack growth (i.e.
after Ki)’ average microcracked 2zone stresses increase
throughout the fracture process. The flatter initial slope in
figure 9.16 therefore reprasents the initial build-up of
stresses during the development of the microcracked zone; the
steeper slope represents the furthev increase in fracture zone
stresses that has been indicated in figure 9.14. The KR-curves
therefore confirm the find.ngs from analyses of fracture zone
stresses performed earlier. (Note that the KR cuives are based
on constant values of ko = zul/h‘ Figure 9.14 indicates that
ko also increases during crack growth. This wouid tend to
slightly flatten the steeper curve in figure 9.16. An analysis
was carried out which showed that the maximum reduction in siope
would be about 15 per cent, which does not affect the general

trend shown in figure 9.16).

Figure 9.16 shows that generally KR values near the termination
of the test increased for the deeper beams. This implies that

szallower beams, and in particular the 200mm deep beams, have
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insufficient depth to allow the fracture resistance of the ma-
terial to develop fully. The 500mm beams may possibly have been
deep enough to allow full development of fracture resistance,
i.e. a plateau value possibly exists for these beams at a KR
value of between 53 to 5,5MPavm. This value is relatively high

-

especially when compared with plateau KR values of 6 to 7
MPavmm obtained for asbestos cement by Mai et al®’. There is a
possibility that the high KR values near the termination of the
fractura test may be influenced by additional uncharacteristic
fracture processes coming into pl.y. These extraneous proc-
esses would be associated with the beam tes: itself; further

discussion is given later in 9.14.2.

7. The general conclusion from figure 9.16 is that the existence
in a concrete beam of a microcracked zone that can develop
significant crack-closing stresses imparts a considerable
toughening effect to the material. Where a microcracked zone
does nor develop, fracture behaviour is less tough. Also, where
stresses in the microcracked zone are small, as in the present
100mm beams, the resistance to crack growth is lowered, and a

lower fracture toughness results.

It should be stressed that the plotting of R-curves based on Catf
and the conclusions drawn therefrom are exploratory rather than
definitive at this stage. One of the important questions that still
requires resolution is the validity of the assumption that the full
a1l = koh, should be included

in Cogf” Wecharatana and Shah*’ suggest that this is true for ce-

depth of the microcracked zone, i.e. 2z

ment mortar, but Lenain and Bunsell®? suggest that, for asbestos
cement specimens, about one-third of the microcracked zone depth

can be included in ¢ Obviously, the answer will depend on the

type of material andeiée type of specimen. Further analytical end
experimental studies will be required to resolve this. However,

there are advantages in adopting the principle that non-linear zone
effects ought to be included in fracture formulations, since as-
pects of the fracture process are thereby revealed. For instance,

estimates can be made of the stress-intensity factor (Ki) required

g




to develop the microcracked zone,; the apparent change in the slope
of the KR-;urve after Ki helps to shed light on mechanisms of
fracture toughness. To conclude, the intention of this section on
R-curves using KR was to explore the feasibility of the method for
characterising fracture and providing a measure of fracture
strength, and encouraging results have been obtained. Further work

is needed, and the scatter of results remains a major problem.

9.14 EFFECTIVE FRACTURE SURFACE ENERGY

The effective fracture surface energy ¥' has been defired in chapter
3 as the average energy consumed by the creation of new fracture
surfaces over the full fracture process. True free surface energy
as well as energy - pended due to other mechanisms (for instance
damage due toc microcracking, 4ggregate interlock and pull-ocut,
creep, thermal, and anoustic energy) are included in ¥'. ¥' may

"

therefore be regarvded as a "global" measure of fracture tocughness,

without regard to particular mechanisms of energy dissipation.

The method of determining ¥' involves measuring the total work of
fracture, usually represented by the area under a load-deflection
curve. It is necessary to include work done by specimen self-weight
if specimens are laryge. Since ¥' includes non-linear and
irrecoverable effects, it may be regarded as a non-linear fracture
parameter. However, conceptually it cannot be easily related to
other parameters (except possibly Jc)‘ This is because ¥' 1s based
on the energy approach to fracture, whereas a parameter such as K
is based on a stress-intensity approach. In LEFM, it can be shown
that there is a direct equivalence between the energy and
stress-intensity approaches (see 2.2). For highly heterogeneous
and non-linear materials such as concrete, the concept bresgks down.
Thus ¥' embraces mechanisms of crack initiation as well as propa-
gation, and can be related only to the average condition occurring
during crack growth. On the other hand, stress-intensity factors

can be related to specific points during the fracture process, and




are normally related to the point of instability. The fact that
¥' includes for conditions of instability and later conditions
where crack growth is stable and requires extermal energy for its
continued occurrence, makes any fundamental relation between ¥' and
K a very tenuous one. The two diffarent types of parameter should
rather be regarded as describing different fracture phenomena, and
use of one or the other will depend on the particular problem in
hand.

The use of ¥' has been proposed as a fracture criterion (see for
instance recommendat. s of RILEM for a standard fracture test'').
This is not a new concept, since it has been applied to other ma-
terials such as ceramics®, PMMA'®?, and fibre-reinforced cement’'®.
However, it should be appreciated from the outset that for cemented
materials, the use of ¥' as a fracture criterion will depand on the
energy-absorbing mechanisms that are mobilised by virtue of the
test method. This becomes very obvious when, for instance, the
degree of microcracking is limited due to deep notching, as will
be shown below. Therefore, ¥' is unlikely to become a "universal"
criterion for a material like concrete, since the type of fracture

occurring will influence the parameter.

This section considers ¥' 4s a possible fracture criterion in two
ways:~ firstly the use of ¥' representing the total work of frac-
ture, i.e. the average value over the full fracture process; and
secondly the use of ¥' in the form of a crack growth resistance
curve (R-curve). For this case, ¥' will be referred to as ¥_.

R
These two aspects will be dealt with in order.

9.14.1 EFFECTIVE FRACTURE SURFACE ENERGY FROM TOTAL
WORK OF FRACTURE

¥' was avaluatec irom load-deflection records for all three series
of fracture beams. Results are shown in table 9.4 in the form of

two ¥' values as follows:=




Table 9.4 Effective fracture surface energy results

5 Vs ) 5 ¥ )
m m 1" 0
Bean (mm) (8/m) (mm) (N /m)
F1/1 (50070,2) Incomplete record
F1/2 {500/0,2) 1,088 85,2 2,176 101,2
F1/3 (500/0,4) 1,186 91,7 2,372 114,9
F1/4 (500/0,4) 1,509 130,0 3,018 159,6
F1/5 (300/0,2) Incomplete record
Fi/6 (300/0,2) 1,465 116,4 2,930 129,3
F1/7 (200/0,4) 1,029 101,1 4,058 117,0
F1/8 (200/0,4) 1,934 85,0 3,868 100,2
F1/9 (100/3,45) 2,104 95,3 4,208 102,1
F1/10(100/0,25) 1,991 73,4 3,982 79,9
F1/11(100/0,25) 2,380 126,2 4,760 133,9
F1/12(100/0,4) 1,836 127,8 3,672 135,2
F1/13(100/0,4) 1,722 81,5 3,444 88,4
FL/14(100/0, %) 1,398 81,7 2,796 87,4
F2/5 (100/0,25) Beam damaged
F2/6 (100/0,25) 1,241 79,8 2,482 81,8
F2/7 (100/0,25) 1,804 94,2 3,608 100,0
F2/8 (100/0,25) 1,825 104,6 3,650 110,5
F2/9 (100/0,4) 1,213 66,3 2,426 71,2
F2/10(100/0,4) 1,509 82,2 3,018 88,3
F2/11(100/0,4) 1,184 59,2 2,368 64,0
F2/12(100/0,4) 1,747 107,1 3,494 114,1
F2/13(100/0,4) 1,919 100,2 3,838 107,9
F2/14(100/0,4) 2,654 98.3 5.308 109.0
F2/15(100/0,4) 1,719 75,8 3,438 82,7
F2/16(100/0,5) 1,833 67,5 3,666 84,8
F2/17(100/0,%) 1,108 29,2 2,216 35,6
¥2/18(100/0,5) 0,963 32,0 1,926 41,0
F2/19(100/0,5) 1,742 65,8 3,484 82,1
F2/20(100/0,5) 0,573 25,9 1,146 31,3
F2/21(100/0,5) 1,079 43,0 2,158 53,2
F2/22(100/0.5) 1,050 48,6 2,100 58,4
F2/23(100/0,5) 0,945 35,8 1,890 44,7
F2/24(100/0,5) 1,957 73,9 3,914 92,3
F2/25(100/0,5) 1,556 55,6 3,112 70,3
F2/26(100/0,5) 1.910 72.9 3,820 90.8




Table 9.4. Effective fracture surface energy results (Continued)

s v (8 ) 3 ¥ (5 )
Beam " " 4 N
(mm) (N/m) (mm) (N/m)
F3/1 (500/0,2) 1,253 101,3 1,754 106,8
F3/2 (500/0,2) 1,297 104,0 2,506 117,2
F3/3 (500/0,4) 0,902 (60,1) 1,304 (68,9)
F3/4 (500/0,4) 1,403 81,0 2,945 103,4
F3/5 (300/0,2) 1 108,4 114,6
F3/6 (300/0,2) % 02,2 * 108,4
F3/7 (300/0,25) 2,410 115,7 3,360 122,3
F3/8 (300/0,25) 116,6 123,2
F3/9 (300/0,25) (153,8) (160,4)
F3/10(300/0,4) 2,017 114,9 2,506 119,2
F3/11(300/0,4) 2,763 89,0 3,759 97,7
F3/12(300/0,4) 2,443 89,5 3,822 101.6
F3/13(200/0,2) 3,252 136,9 4,010 141,4
F3/14(200/0,2) 2,512 122,8 3,759 130,2
F3/15(200/0,4) 2,318 125,7 3,527 135,4
F3/16(200/0,4) 2,851 (157,0) 4,010 (16,3}
F3/17(100/0,2) (161,4) t (165,9)
F3/18(100/0,2) % (182,0) N (186,5)
F3/19(100/0,2) 2,240 92,8 3,730 97,3
F3/20(100/0,2) 3 106,0 } 110,4
F3/21(100/0,2) 1,886 99,0 3,884 105,0
F3/22(100/0,2) 3,114 138,7 4,573 143,0
F3/23(100/0,2) (~-420) t (~420)
F3/24(100/0,25) . 127,2 * 131,9
F3/25(100/0,4) 2,24C 118,5 3,730 124,5
F3/26(100/0,4) 4 110,0 { 116,0
F3/27(100/0,4) 2,362 133,9 3,759 139,5
F3/28(100/0,4) 1,604 81,6 3,007 87,2
F3/29(100/0,4) 2,218 119,7 3,446 124,86
1. éu for Series Fl and F2 is assumed equal to 2 x 5m (from ref. 73).
2. Results in brackets indicate "outliers" i.e. regarded as unre-
presentative.
3. Result for F3/23 was excescive, due to unusual crack pattern,
4. *These values are mean values from beams of the same size using

free rollers. They are used in place of recorded values which
were affected by the use of fixed rollers for these beams.




1. 1 (5m) based on the total area under the load-deflection curve
(AF,5)’ plus a component of beam self-weight resulting from the
maximum mid-span deflection av zero load, i.e. Gm' (Values of
6m are also shown in the table). This value of ¥' was adopted
for twc reasons:- firstly, it allowed direct comparison becween
results for all three series, since 6m was measured with rea-
sonable accuracy for all beams; secondly it was found that the
incremental ¥' value over the last stages of crack growth, and
prrricutlarly during the stage immediately bpefore ultimate
fracture, became very large and appeared to be unrepresentative
of the majority of the fracture process (sece later discussion).

Evaluating ¥' up to only 6, minimised this effect.

2. v (5u) based on the total area under the load-deflection curve
(i.e. AF,G up to 6m) plus tlhe component of beam self-weight
resulting from the ultimate mid-span deflection, i.e. 6u. For
reasons discussed later, this value is not considered truly
representative of the majority of the fractire process. Nev-
ertheless, it is included specifically to show the increase
brought. about by the use of 6u as opposed to 6m. Note however
that 6u was measured accurately only for beams of series F3.
For series Fl and F2, 6u has been assumed to be equal to twice

the value of § , based on a RILEM recommendation’’.

(Note also that:- (a) results for 800mm beams of series F2 are
omitted from table 9.4 as 6m values could not be measured accu-
rately, and (b) beams F3/21-23 and 29 had sawn notches which do not
appear to have influenced results in comparison with cast-notch

beams) .

Table 9.4 contains deflection values based on use of free support
rollers under beam ends. Fixed rollers can cause appreciable in-
crease in fr.cture energies, since additional external load is re-
quired during fracture to overcome frictional resistance, and beam
deflections also increase accordingly. All beams of series Fl1 and
F2 had free rollers; a number of beams of series F3 had fixed
rollers, and for these beams table 9.4 shows that mean deflection

values from beams of the same size with free rollers have been used




to cilculate fracture energies. The influence of frictional re-

sistance on ¥' will be discussed in more detail later.

A number of results from series F3 are placed in parentheses in
table 9.4, since they were deemed excessively high or excessively
low. These values were tested using the statistical "T"-test to
determine whether they were outliers®?. In all cases they were
found to be outliers on the basis of the mean values from the bal-
ance of the results. However, these values are very significant
in view of this type of testing where a large spread of values oc-
curs. The values should not be regarded as invalid in themselves,
but rather as representing extreme types of fracture behaviour in-
duced by different mechanisms c¢f energy absorption. Of the six
beams thus deemed unrepresentative relative to surface energy cal-
culations, it is significant that only one had a very low ~ilue
(F3/3), indicating possibly some prior damage in this bsam. The
rest had excessively high values. In the case of F3/23 only an
estimate of ¥' could be obtained due to an incomplete test record.
This beam alsoc had excessively high values of Fm&x and Gm‘ and the

estimate of ¥' ® L20N/m shows how exceptional this beam was.

High ¥' values indicate the occurrence of additional energy mech-
anisms, such as highly tortuous and irregular cracking, crack
branching, and extensive microcracking. This is illustrated in
figures 9.17 and 9.18, showing fractured beams F3/17(100/0,2) and
F3/26(100/0,4) respectively. In both cases tortuc'z and multiple
cracking is evident. However, F3/17 yielded a very high ¥', while
¥’ for F3/25 seemed reasonable relative to other beams. Therefore,
high values of ¥' should not necessarily be expected when fracture
surfaces such as those in figures 9.17 and 9.18 occur. Where high
¥' values do occur, however, this is evidence of unusually large

energy absorption in the fracture zone.

The self-weight energy component is calculated by considering the
mean distance through which each half of the beam moves  (Consid-
ering the sketch in figure 5.10 this mean distance is ~-al to

one-half of the mid-span deflection, assuming a straight-li. _eam



Figure 9.17

Figure 9.18

o

Cracking pattern at failure for beam F3/17(100/0,2)

Cracking pattern at failure for beam ¥3/26(100/0,4)

we
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profile betweer supports and mid-span, which 1s reasonable when 6m
is being approached. Therefore, the self-weight componen® is:-
Self-weight energy = 2

(9.17)

where mg is total weight of the beam (between supports) and 8 is
mid-span deflection. The fact that a self-weight term mgé is sug-
gested by RILEM™" implies that the ultimate deflection is twice the
value of the maximum deflection at zero leoad. For variable section
beams, the same approach to calculation of self-weight energy is
used, except that the “eam is considered as a series of rectangles
and triangles whose centres of gravity move through distances which
are related to the mid-span deflection by beam geometry. Table 9.5
summarises the factors by which mid-span deflection is multiplied
in order to obtain the self-weight term, assuming a unit weight of
concrete of 23,9kN/m? (see table 5.1). (Note that the short ex-
tensions of the beam beyond the supports have been ignored in table

9.5, as they have a negligible effect on self-weight energy).

Areas under load-deflection curves (external load energies) were
obtained by discretizing the experimental curves using approxi-
mately ten points, and calculating areas using various forms of the
trapezoidal rule. Areas for the load-cycled beams of series F3 were
calculatad as the slanted areas be:iween s.iccessive reloading curves
(see figure 6.1). These were used to obtain ‘R values for incre-
ments of crack growth. The incrementsal values were than summed for
calculating ¥' values. Incremental self-weight energies were also
calculated by using th2: incremental ép values for each cycle.
Finally, ¥’ values were obtained by summning external load energies
and self-weight energies, and using equation (3.27), i.e. dividing

the total energy by twice the nominal cross-sectionsl area.

Self-ueight energies shculd not be neglected since they can com~
prise appreciable proportions of total fracture energy.- This is

shown in table 9.6, where self-weight energy is expressed as a




Table 9.5 Factors for calculating self-weight energies

Self-~weight energy for beam mid-

Beam depth (mm) : 1 type span deflection of &(mm)
{Nm)

500 Coastant sgection 1,19 £
Variable section 0,87 ¢

300 Constant section 0,43 4
Variable section 0,31 35

200 Constant section 0,19 3

100 Constant section 0,05 3

(400mm span)

100 Constant section 0,10 ¢

(800umm span)

Table 9.6 Seli-weight energies of fracture beams

Self-weight energy as percentage of total
fracture energy (%)

(up to § )
Beam type "
Constant Section Variable Section

500/0,2 20,6 13,5
500/0.¢ 24,0 21,6
300/0,2/0,25 11,3 13,6
300/0,4 - 21,3
200/0,2 13,2
200/0,4 15,4
100/0,2/0,25 6,0
100/0,4 7,9
100x100x
800/0,3 26,3




fraction of total energy, using mean values for any particular beam
size, and based on energies up to Gm. Self-weight energies become
more imporrant ds beam size (depth and/or length) and notch-depth
ratio increase. Thus, the 800mm span 100/0,5 beams have the largest
fraction of self-weight energy (26,3 per cent), with the 400mm span
100/0,2 beams having the smallest (6,0 per cent). The effect of a
variable section is to reduce mass and therefore the magnitude of
self-weight energy. Self-weight energy is significant even for the
smallest beams tested, and can rise to as much as 26 per cent of
the total fracture energy in large beams or where span ard

notch depth ratio increase simultaneocusly.

Analysis cf table 9.4 (serjes F3) shows that ratics of 6u/6m vary
from 1,39 to 1,74, with no definite trend relative to beam size.
This value is somewhat smaller than the value of 2,0 suggested in
the RILEM recommendations’’. These recommendations also specify
use of an 800mm span beam with 100mm square cross-section and co/d
= 0,5. Self-weight energy is very appreciable for these beams, and
an overestimate of Gu will therefore aggravate the situation. It
would appear to be bettar to use smaller span/depth ratio beams
where any errors in estimating Bm will be minimised. (Refer also

to 5.5 for problems associated with measuring Gm and Gu).

EFFECT OF COMPRESSIVE STRENGTH ON ¥’

It was found previously that compressive strength had a very minor
influence on the LEFM parameters KO and KC, and this influence was
small enough to be neglected when considering the influence of beam
depth. It was therefore expected that compressive strength would
have a minor or negligible influence on ¥' values. This was checked
by following the same procedure as outlined in 9.6.1 for eliminating
effects of beam depth and notch depth. Only the 500mm beams of
series Fl1 and F3, and the 100mm beams of series Fl and F2, were
analysed. These beams had a sufficient range of compress‘ve
strength to provide a trend if one existed. The 100mm beams of

series F3 were excluded since it was found that the effects of




roller friction had resulted in unrepresentatively high ¥’ values.

This is discussed later in this section.

The plotted results for effect of compressive strength on ¥' have
not been shown. The correlation coefficient for a linear regression
done on the 1l points used in the analysis was =0,213, indicating
poor correlation. There was a slight negative trend of ¥' with
compressive strength, but the scatter was large, and essentially
no definite trend could be defined. Hence these results were con-
sistent with those for K, and Kc' The influence of compressive

0
strength could therefore be ignored for the balance of the analyses.

EFFECT OF INITIAL NOTCH DEPTH ON ¥’

To test whether initial notch depth ratio co/d had any appreciable
effect on ¥', the results in table 9.4 were processed using the same
procedure as outlined in 9 6.2 for eliminating effect of beam depth.

Briefly, this prncedure was:-

1. For any particular beam depth, a mean ¥' value for beams with
cg/d = 0,4 was obtained (¥'(0,4, d)).

2. For the same beam depth, ratios of individual ¥' values to the
mean value described above were calculated, for all the iritial

notch depth ratios.

3. These rarios were plotted against co/d. and results are shown
in figure 9.19. Results for 100mm beam depths are plotted
separately from those for deeper beams, since 9.6.2 and 9.7.2
had shown these small Dbeams exhibited different fracture
behaviour. Series F3 100mm beam results were also kept separate
from those of series 'l and F2, due to effects of roller fric-
tion, to be discussed later. Results for the deeper beams are

shown in an inset in figure 9.19.
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Figure 9.19 Effect of initial notch depth ratio on ¥’

Note the following from figure 9.19:«

1. The figure is based on ¥’ values calculated using 51’:@' For any
particular co/d ratio, a fairly large scatter of results has

occurred. Mean values for all results at a given co/d are shown

on the diagram. Referring to cO/d values .ess than 0,4, it
appears that ¥' values are nominally higher than those at CC/d
= 0,4, but the trend is neot very marked. In the case of the
100am beams of series F3 with co/d = 0,2, a nominally lower
value of ¥' occurs. It is interesting that this follows the
same trend as for Kc in figure 9.7. The overall impression is
thact ¥' is very little affected by notch depth ratios between
0,2 and 0,4 and this is consistent with earlier results for Kc

and Ko.
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2. A very different picture from that above emerges for results
from the 100x100x800mm beams with co/d = 0,5 of series F2.
Average ¥' values for these beams were considerably lowar than
those from smaller span/depth and notch depth ratio oeams, the
reduction being on average about 40 per cent. The scatter of
results for these beams, however, is similar to that for other

100mm beams (refer to results at co/d = 0,4).

The reason for the very marked reduction in ¥’ values for the longer
span 100mm beams of series F2 is not immediately apparent, but is
considered to depend primarily on the larger notch depth ratio.
Deeper notching results in fracture behaviour that does not exhibit
a true instability condition, implying that strain energies are low
and the Griffith energy balance for fracture is never achieved.
Consequently crack propagation occurs at low overall stress levels,
and energy-absorption by damage in the fracture zome is limited.
Low ¥' values for these beams therefore represent a less intense
fracture process when compared with the shallower notched beams.
This highlights the importance of linking fracture testing with the
mode of failure and likely energy-sbsorbing mechanisms to be en-

countered in practice.

It should be nc.ed that previous work by the author?? had shown that
¥’ was higher in unnotched beams when compared with notched beams.
Results from ref. 23 for mortar beams with support span of 610mm
loaded at the third points have been reworked in order to compare
them with present results, and are also shown in figure 9.19. In-
itial notch depth ratios of 0, 0,125, 0,25, and 0,5 were used, and
results have been processed such that mean values at co/d = 0,25
have been matched. A similar trend to the present results is evi-
dent, with unnotched beams showing markedly higher ¥' values, and
deeply notched beams markedly lower values. Within the range of
co/d from 0,125 to 0,25, ¥' is influenced only minimally or not at
all by notch-depth. The different results between the unnotched
and deeply notched beams is again indicative of different fracture

processes,
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Values of ¥' based on 6u (i.e. series F3) were also compared for
effects of notch depth. It was found that there was a negligible
(1 per cent) increase in mean ¥ for co/d = 0,2 compared with co/d
= 0,4. Only three results were available for co/d = 0,25, and the
increase of 14 per cent in the mean ¥' value that was obtained for

this notch depth should therefore be treated with caution.

To summarise:- for shallow to medium notch depths (i.e. 0,2 € co/d
< 0.4), it appears that ¥' {s independent of notch depth, for
practical purposes. Unnotched beams show markedly higher ¥’ val-
ues, while deep notching (co/d = 0,5) results in very much lower
¥' values. The most likely reason for this is the varying inten-
sities of fracture processes operating at the two extremes of notch
depth when compared with intermediate values of notch depth. The
different ¥ values are simply representative of different fracture
conditions, and can be regarded as valid for those particular cone«

ditions.

EFFECT OF BEAM SIZE

The problem of the dependence of fracture parameters on specimen
size and geometry has been discussed previously in 3.3 and 9.8.
Once it had been established that shallow to medium notch depths
had a small if not negligible influence on ¥', it was possible to
combine all ¥' values for a beam of given depth in order to compare
them with results from other beam depths. The comparison has been
made on the basis of ¥' calculated using 6m. Results are given in
bar diagram form in rigure 9.20. The number and range of results
and mean values for each set are also given. (Note that results
for the 100mm deep 800mm span beams (co/d = 0,5) of serjes F2 are

excluded). Comments are as follows:-

1. A total of 46 results are represented in the figure. A limited
number cf results are available for 200mm and 500mm beams, but

they are nevertheless sufficient to establish a general trend.
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For series F3, there is possibly a slight trend of ¥' increasing
with decreasing beam depth. This will be discussed later with
reference to roller friction. The 200mm beams have shown par-
ticularly high ¥' values,. However, limited results are
available for 300mm and 200mm beams of series F3. Therefore
the mean values for these beam sizes must be viewed with cau-

tion.
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Figure 9.20 Effect of beam depth on effective

fracture surface energy

For series F1 and F2, a slight reverse trend to that of series
¥3 occurs. Note that the 200mm beams have a limited number of
results and a lower mean value which is in contrast to the
200mm beams of series F3. There is no great significance in
the single fairly high result for the 300mm beam, except to note
that it {s within the range of 300mm beam results for series
F3. F¥or 100mm beams, results for series F2 are somewhat lower

than series F1, and substanticlly lower than serie~ F3.

il
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4. The overall impression from figure 9.20 {s apparently one of
little or no practical dependence of ¥'on beam size. Howsver,
the spread of results increases with decrease in beam size.
This is to be expected in testing of concrete beams of fairly
small cross-section in which aggregate size is an appreciable

proportion of specimen dimensions.

It has been mentioned above that support roller friction has af-
fected the results of particularly the 100mm beams of series F3.
This will influence the apparent trends shown in figure 9.20. This

subject is discussed below.

EFFECT OF FRICTION OF SUPPORT ROLLERS ON ¥’

The significantly higher ¥' results for the 100mm beams of series
F3 compared with values for similar beams of series Fl and F2 should
be interpreted in the light of support roller friction that was
known to act on the F3 beams. The effect of friction was to in~
crease the applied load for any given increment of crack growth,
due to a restraining moment applied by the frictional forces.
Consequently the area under the load-deflection curve was increased
by the action of friction. Note from table 9.4 that there was es-
sentially no difference between ¥' values of fired and free rollex
100mm beams of series F3. (Table 5.6 gives details of support
roller conditions). This is part’y since 6m and Bu values for fixed
roller beams were taken from mean values of free roller beams.
Despite this adjustment it appears that similar restraint condi-
tions have been Operating on all 100mm beams of series F3. In the
light of ¥' results and results for moments of resistance discussed
in 9.11, roller friction was considered to he the most likely cause
for the higher ¥' results for series F3 '00mm beams. An estimate
of the mean coefficient of friction _u‘ for the fixed roller 100mm
beams of series F3 can be obtained by considering the influence on
applied moment of the frictional forces acting at the supports.
This has been done in appendix F, and ; was found to be approxi-
mately 0,5. The estimate is based on the ratio of mean ¥' for 100mm

beams of series F!1 and F2, where roller friction would have been

&
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very small, to mean ¥' for 100mm beams of series F3. From table
9.4:-

Ratio of mean ¥' values = 88,9 (Seriss F1,F2) = 0,79 (9.18)
(10Cmm beams) 112,7 (Series F3)

Since u will vary from zero at the start of a test to a value of
approximately one in the final stages of fracture (see 5.3), the

average value of 0,5 appears reascnable.

COMBINED ¥ RESULTS FOR DIFFERENT BEAM SIZES

Figure 9.20 suggests that ¥' results can be combined for any par-
ticular beam sizea. This is shown ia figure 9.21, using results
directly from figure 9.20. However, results for i0Umm beams for
series F3 have also been reduced according to equation (9.18) to
account ior effects of roller friction. The revised resv.ts are

pletied as dashed lines, with mean values in parentheses.

Results for 300mm beams have also been revised, since beams F3/3-9
hac fixed rollers. The revised resulits are plotted by simply ig-
noring results for fixed roiler beams. Results for 500mm and 300mn
beems appear very consistent, with smaller beam enerally showing
a wider scatter of mean and extreme values. There is a trend of
¥' reducing for 100mm beams, but the trend is not as marked as it
was for Kc (see figure 9.9). Therefore it appears that ¥' is not
as seriously affected by the fact that fracture mechanics princi-
ples cannot be applied to the 100mm beams as Kc. This again high-~
lights the fundamental difference between the total work of
fracture approach (¥') and the stress-intensity approach (KC)‘
However, the consistent reduction of both KC and ¥' for the 100mm
beams is significant:- a lower stress-intensity factor implies that
the fracture process is 'milder" and that  damage will be re-
stricted. Therefore it was to be expected that ¥' which measures

the amount of energy absorbed in fracture would also be lower.
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Figure 9.21 Combined results for effective fracture

snrface energy from all series

It is probable that the effects of roller friction are highly var-
iable, and may differ for different beam sizes. Therefore, con-
clusions based on effects of roller friction can only be regarded
as tentarive. For this reason, KR values dealt with in 9.14.2 below
have not been revised. The effects of roller friction discussed
above and elsewhere emphasize again the need for attention to detail

in fracture testing.

RELATIONSHIP BETWEEN ¥ AND Gc

e
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For LEFM, equation (3.28) indicates that an jdeal elastic-brittle
material should have GC = 2¥'. When applied to concrate, we clearly
do not have an ideal Griffith material, and the condition inherent
in equation (2.28) that f{racture osccours spoucaneocusly at first
crack extension does not apply generally to notched concrete beams.
Consequently, raties of GC/!' have values very much less than the

idezl value of two, as shown below for the present beams:-

500mm beams, mean GC/X‘ = 1,07
300mm beams, mean Gc/t' = 3,81
200mm beams, mean Gc/l' = 0,72

100mm beams, mean Gc/l' = 0,45

Mean GC values above were obtained from beams of series Fl, F2

and F3 by a combination of results in tables 9.1(a) and (b) and
table 9.2; mean ¥' values were obtained from figure 9.2 ; for 100mm
beams, effects of using apparent N values and effects of roller
friction were excluded). By way of comparison, GC/!' values for

100mm mortar beams from ref. 23 were:~

Mean for unnotched beams:- 2,06

Mean for rectangular notched beams:- 1,16

The fundamental difference between the two types of parameter is
highlighted by the ratios given above. It is interesting to note
that the more homogeneous and brittle mortar beams from ref.23 gave
higher ratios that the present concretes, aud for the unnotched
condition where fracture was spontanecus gave a virtually ideal
ratio. These comments serv. to emphasize the difference between
fracture processer for different cemented materials and specimen

types.

!m!!gﬁ*
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9.14.2 CRACK GROWTH RESISTANCE CURVES USING EFFECTIVE
FRACTURE SURFACE ENERGY

The concept of crack growth resistance curves (R-curves) has been
discussed previously in 3.5.1 and $.13. The crack growth resistance
parameter may be formulated eitler in stress-intensity terms, or
in energy terms. Considering the energy formulation, crack advance
will cccur when the rate of strain encvrgy being released by the body
equels or exceeds the energy required to create new fracture sur-
faces. This is basically Griffiths's energy balance criterion.
The basic premise of the R-curve is that for a given material and
thickness there is a unique relationship between crack growth and
resistance to that growth. In terms of figure 3.6, this implies
that as stress level rises, additional energy-absorbing mechanisms
come into piay to resist crack growth, until the energy balance is
favo vrable for crack extension. Whether the material will then
fract ‘e catastrophically by means of spontaneous crack propagation
or not, will depend on whether further resisting mechanisms can be

mobilised to prevent crack growth.

In this section R-curves are expressed in terms of a parameter 'R
defined later, which was obtained from beams of series F3. The
method of producing !R-curvus involved pletting incremental values
-3 !R against crack extension vazlues. The incremental energy terms
were measured using the area on the load-deflection cur. bounded
by any two successive reloading compliance lines, the abscissa
axis, and the envelope curve of the fracture record. (see figure
6.1). This was done for each cycle of loading, and could be related
to cyclic crack growth. Wecharatana and Shah®‘ have pointed out
that use of cyclic fracture energy is sensitive to the particuler

material behaviour and the influence of, say, aggregate addition.

For cemented materials where 1 considerable microcracked zone de-
veleps, the problem arises of exactly which terms for effective
fracture surface energy and crack growth shouid be used for con-

structing the lR~curve. The simplest approach would be to use ¥

R
calculated as incremental cyclic fracture energy (including incre-
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mental self-weight energy) divided by incremental stress-fiee crack

growth for the cycle. (This ¥_ would therefore be conceptually

R
identical to the Jdefinition of ¥' in the previous section)., This
was done for 300mm beams of series F3, and the KR values plotted
against experimental crack depth ¢. The resulting plot showed that

there was an excessively large scatter in ¥, values, making it very

R
difficult to define any meaningful relationship. Considering the
heterogeneous nature of the material, the results were not entirely
surprising. Where !R is measured for incremental crack growth, it
is pnrssible to visualise crack growth resistance varying widely
from increment to increment as vacying degrees of microcracking,
aggregate interlock and crack tortuosity due to the aggregate are
encountered. A more homogeneous material such as mortar or hardened

cament paste could be expected to have far less cyclical variation.

‘n alternative approach is to use parameters which account for the
influence of tle microcracked zone on fracture resistance and crack
growth. Parameters selected for the present work are described

below.

CRACK GROWTH RESISTANCE PARAMETER T

The influencc of the microcracked zone is accounted fo- by using a

parameter !R as foliows:-
IR (N/m) = Tetal cyclic fracture energy (9.19)
2b(Ac+zn1)

cycle

where Total cyclic fracture energy comprises external
load 2nergy plus incremental self-weight energy (Nm),
b is the breadth of the beam (m),
Ac is the cyclic increment of main crack growth (m),
and Z0 is the depth of the microcracked zone

for the particular cycle (m).

(The number 2 in equation (9.19) accounts for the eventual creation

of two new fracture surfaces).
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The above parameter accounts for the creation of new stress-free
crack surfaces and cumulative damage in the microcracked zone.
Figure 9.22 shows that, for any cycle of crack growth, energy is
required to form new fracture surfeces (Ac) as well as to cause a
degree of damage in the microacracked zone. During the subsequent
cycle, further fracture surfaces are formed, and material in the
microcracked zone which in the previous cycle was damaged, is now
further damaged by the latest increment of crack extension.
Therefore curulative damage occurs in the microcracked zone, and

it is necessary to account for this in the XR term.

Zones of cyclic cumulative damage

Microcracked
S A 5‘ — z0ne
E =
z 4
N
1 L A ot
Siress-free p o
crack l ©
Cycle 0 Cycle 1 Cycle 2

Figure 9.22 Schematic illustration of cyclic crack
extension resuiting in cumulative

damage in the microcracked zone

RELATIVE EFFECTIVE CRACK DEPTH PARAMETER

This parameter is identical to that defined in equation (9.16) for
the KR-cutve, i.e.

Relative Cots = Saff S

<y

This parameter has been chosen since i: was observed when plotting

!R versus o .. for any beam size that curves for the individual
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co/d ratios could be made to fall reasonably within a common band

by normalising ¢ ¢ according to equation (9.16).

ef
Results for 500mm, 300mm, and 200mm beams of series F3 were reduced
using eqguations ($.19) and (9.16), and plotted in figure 9.23.
Results for 100mm beams were excluded since the fracture behaviour
of these beams has been shown to differ from that of deeper heams.

Comments are as follows:~

1. A fair scatter of resulls occurred. However, the scatter was
very much less than if the conventional ¥' was used instead of
‘R' Scatter of results remains a problem in fracture testing
of this type of material

A clear trend of

~

:R increasing with relative Cots occurred.
Results for different beam depths fell uniformly within the

scatter band.

3. Values of KR were generally very much smaller than ¥' values.
This reflects the energy consumed in creating damage in the
microcracked zone, over and above the energy required for cre-
ation of new fracture surfaces. The in. .at values shown at
the ko = (0,45 and 0,47 positions represented the energy required
to initially develop the microcracked zone, before any main
crack extension occurred. Thereafter the energy demand rose
&t a more or less constant rate as main crack extension oc-
curred. In this respect, the trend of figure 9.23 was similar
to that for KR in figure 9.16.

4. The slope began to increase markedly at a relative ¢ of ap-

eff
proximatel 0,85. Note that a change of vertical scale occurs
for ‘R > 80N/m, and very large ‘R values occurred at ultimate

fracture. Immediately prior to this condition, ¥, values ap-

R
proached ¥' values, showing that as the size and influence of
the mi:rocracked zone diminished, fracture energy was consumed

almost solely in the creation of new fracture surfaces.
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The rapid increase in ¥, values approaching ultimate fracture is

R
considered unrepresentative of true material behaviour, and is re-
lated to the beam type of test. Near ultimate fracture, only a
small area near the upper face of the beam remains stressed, and
the deflection of the beam becomes very large. Frictional effcuis
from support rollers also become very significant. The main type
of damage occurring in the fracture zone would therefore be that
due to crushing and excessive plastic-type deformation. This would
be unrepresentative of earlier damage when significant residual
ligament depth was available. Hence, additional extraneous mech-
anisms occur as final fracture is approached. In view of this, ¥’
calculated as an average value for the entire fracture test will
tend to be somewhat ove stimated. A rough analysis using mean
values of ¥' in the earlier stages of crack growth shows that
overestimation may amount to about 20 per cent. This would seem
to be 2 major drawback in the normal ¥' test. A load-cycled test
resulting in the plotting of !R curves cculd assist in providing
better values, but the further complication of crack depth moni~

toring arises in this type of test.

3.15 SUMMARY (NON-LINEAR EFFECTS)

1. This section has introduced the concept of the existence of
various stress zones in fracture beams. An effective crack
depth which includes the microcracked zone can be defined.
Crack-closing stresses exist in the microcracked zone. These
zones c¢an be used to construct a4 simple stress m-odel with a8
combination of linearly varying and ccnstant stresses. Using
the condition of internal force equilibrium, and the exper~
imental neutral axis position, avurage stress in the micro-
cracked zone was found to be a function of the relstionships
between zone size, neutral axis depth and residual ligament
depth. Results from the stress model showed that fracture zone
stresses tended to be larger in the larger beams, which con-

firmed earlier qualitative conzlusiuns.
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Using relationships based on the stress model for the moment
of resistance of fracture beams, it was found that stresses in
the fracture zone were a function of crack growth, generally
increasing as the crack extended.

A stress-intensity factor K, calculated at the tip of the ef-

R
fective crack could be defined, which allowed the influence of
crack closing stresses to be accounted for. These KR values
were used to plot KR-curves (a form of R-curve). A particular
value of KR’ called Ki' gave the stress-intensity factor re-
quired to just fully develop the microcracked zome. KR values
were plotted against crack extension, from which it could be
seen that KC values were not unique relavive to the fracture
process, whereas Ki values were. If KR was plotted against a
parameter called the relative effective crack depth for the
different beam sizes, a reasonably size-independent KR-curve
resulted. There was an increase in the slope of the KR curve
after Ki’ which was consistent with the increase in fracture
wone stresses during crack growth predicted earlier by the
stress model. For the 300mm beams, a possible plateau KR value
occurred at approximately 3 to 5,5MPa/m. The relatively high
KR values should be iInterpreted in terms of the contribution
to the stress-intensity facror at the effective crack tip of
the crack-closing stresses in the microcracked zone. Results

are tentative, and further work is required.

The effec.ive fracture surface energy ¥' was evaluated over the
entire frac..re process for use as a possible fracture crite-
rion. Self-weight energy became relatively more important as
beam size or notch deprth increased, and amounted to as much 4s
26 per cent in the case of the 800mm span 100mm deep beams
(co/d = 0,5). It was found rhat the influence of co/d on ¥'
for shallow to medium notching war small. However, for co/d =
0,5, approximately a 40 per cent reduction occurred in ¥' values
relative co shallower nctched beams. Tiis was attributed to
the different intensities of fracture process cperating for the

different co/d raties. ¥’ values for 10Jmm beams were 10 to
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15 per cent lower than those for 300mm and 500mm beams, provided

the influence of support roller friction was accounted for.

w

R-curves were plotted using a modified ZR parameter which ac~
counted for cumulative damage in the wmicrocracked zone.
Size-independent ZR-curves for the different beam sizes were
obtained by plotting JR against the relative effective crack
depth parameter used for the KR-curves. The XR-curves revealed
that the fracture processes approaching ultimate failure were
different frow those of earlier stages due to excessive damage
in the fracture zone. This meant that ¥' valucs which are
normally evaluated over the entire fracture process were over-
estimatec * rough analysis showed chat the overestimation

could amount to approximately 20 per cent.

To conclude this section, there are a number of aspects concerning
non-linear effects that are not entirely satisfactory at this
stage. Amongst these are the fact that stress models require much
further work to corroborate the validity of the basic approach;
effects such as friction of support rollers need to be ‘iminated
as far as possible from tests; the ever-present problem ~f scatter
of results requires investigation; and finally the fact that no true
size-independent R-curve relationships {(in the absolute sense) were
obts ‘'ned implies tnat even this approach may be questionable.
Howeier, the non-linear parameters that were used had the ..stinct
advantage over LEFM parameters of revealing important fracture as-
pects such as the stress-intensity factor required for development
of the microcracked zone, and the characterisation of damage in this

zone using an energy parameter

9.16 CONCLUDING REMARKS

A great deal of material has been prerented in this clapter, all
of which has had relevance to the various parameters and criteria

for concrete fracture. The chapter, due to its leagth, contained




371

three divisions, and each one was concluded with a summary and

critical comment. It is unnecessary to repeat these summaries here

and 9.4, 9.9 and 9.15 should be consulted, A few salient conclu-

sions and cbservations are given below:-

Regavdiny criteria for fracture of concrete, it is becoming
obvious that a single parameter is unlikely to be able to cover
all the various fracture processes that occur. Thus, there
are fundamental differences between fracture in notched and
uiinotched beams, and between the energy and stress~-intensity
approaches. The fracture processes in not-.ued beams alsc dif-
fer in damage intensity as notching is reduced or increased.
Parameters must be linked to fracture processes, which implies
that a number of different parameters will be raquired. Results
presented in this chapter have shown that the presence of an
extensive microcracked zone profoundly influences measured
fracture parameters. This implies that, ultimately, some form
of non-linear parameter will probably suit the concrete frac-

ture problem best.

LEFM parameters calculated without regard to thz non-linear
microcracked zone in concrete beams are reasonably independent
of initial notch depth (for shallow to medium notching) and beam
depth, provided a minimum beam size is used. The present 100mm
beams were unsuitable for fracture testing, being basically
notch-insensitive. However, it is postulated that the influ-
ence of the microcracked zone was similar for all beam sizes
(except the 100mm beams), and this led to the consistency of
LEFM results. Specimen types other than notched beams, and with
different microcracked zone size relationships, may therefore
exhibit different values of LEFM parameters. Despite this
drawback, LEFM fracture criteria may yet prove to be practi-

cally valuable if specimen type is takan into account.

The work on non-linear effects presented earlier is still very
much in preliminary form, and much additional work is needed.
Nevertheless, an analysis of stresses in fracture zones has

shown that experimental observaticns (for example compliances,

w



crack face rotations, and microcracked zone sizes) may be ex-
plained by the average stresses developed in fracture zones.

R-curves using a K, or !R parameter help to reveal tracture

R
processes in the microcracked zone, and are reasonably
size-independent, if & relative effective crack depth is used.
There is much scope for development of the ideas presented in

the text, and for corroboration of preliminary trends.

Other parameters such as Jc exist for the study of fracture.
It was mentioned earlier that JC and ¥ are connected in that
they are both energy-related parameters. However, study of Jc
and other parameters was outside the scope of this thesis. In
ary event, Swamy®* and others have pointed out that there are
fundamental objections to the use of JC for concrete, due to
the strain-softening behaviour of concrete in the fracture zone
as opposed to the more truly plastic behaviour of metals. Tais
also means that fracture parameters developed for use with
metals are not always fundamentally valid for or directly ap-

plicable tc cemented materials.

Finally, it must be acknowledged that no single fracture cri-
terion can be put forward from the present work as the final
solution for the concrete fracture problem! However, the def
velopment of the varicus parameters has assisted, it is felt,
in a better understanding of the fracture processes in concrete
beams. If this is true, then one of the important functions

of fracture parameters has been fulfilled.
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10 CONCLUSION

This chapter is kept as brief as possible. Its purpose is to draw
together the main threads o. the work described in earlier chapters.
Summaries of aspects such as the experimental work and major
results,as well as implications of the results for concrete frac-
ture testing and recommendations for further work will be at-
tempted. The preceding chapters contain concluding summai ies which
can be followed through for the development of the work and the
major conclusions. Critical comments and assessments are also
given in most chapters. These will only be re-iterated brielly,
in order to set the individual parts in their relation to the work
as a whole. Final conclusions will then be drawn, before ending

with some personal reflections.

10.1 THESIS OBJECTIVES

The fracture testing of coucrete had been investigated previously
by the author for an MSc(Eng) dissertatinn®’. This aroused a con-
tinuing interest in the subject. Clearly, the fracture phenomenon
in concrere is one of { s most important behavioural features, due
to the relatively brittle nature of its components, its low tensile
strength, and the ever-present problem of cracking. Also, it seemed
that a better understanding of fracture would shed light on other
properties such as the relation betw en load and deformation, the
interaction between paste and aggregate which i{n turn governs the
basic strength mechanisms, and long-term strength and deformations
which are affected to some degree by ~rack growth. A study of the
literature had revealed that conflicts, inconsistencies, and dis-

crepancies occurred in experimental results. Lack of a uniform
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aporoach to solving the concrete fractu. problem w=s very evident.
It therefore seemed obvious that greater clarity was required on
basic fracture processes, on how to test concrete for its fracture
properties, and on how to evaluate the parameters describing frac-

ture behaviour that were derived from the tests.

Therefore the major purpose of the thesis was to study the fracture
beraviour of plain concrete in the form of notched beams, by means
cf c.-efus .xperiment and analysis. This would specifically in-
volve study of the naturs and development of microcracking during
fracture, tha influence of macro-and microcracking on deformations
(i.e. compliance), material characterisation with reference to the
development and nature of fracture zones, and the examination of
fracture parameters for their ability to describe fracture

behaviour and fracture strength.

Further specific objectives were to carefully aralyse and
characterise load-deflection curv-s from fracture tests; to assess
the influence of testing conditions (eg. support roller condition);
and to investigate the use of strain and ultrasonic velocity meas-
urement technigues for studying fracture processes. An cverriding
objective was to assess the effect of beam size on fracture proc-
esses and parameters, since the general consensus of the literature
was that large concrete beams would be required fou valid fracture

testing.

The experimental work was restricted to notched beams; however,
within this limitation, the scope of the work was kept as wide as
possible, to try and get a broad picture of fracture in these
specimens. During the progress of the work it was realised that
due to the complex nature of concrete, and the fact that its frac-
ture behaviour was critically dependent on the presence of a
microcracked zone, results and conclusions would have to be limited

at this stage to the notched beam type of specimen.

The overall framework 'ithin which the experimental work was con-
ducted is the need to develop practical design methods for use by

engineers in solving daily prohlims ol concrete design and con-




375

struction. Equally as important is the need to establish criteria

and procedures for valid fracture testing.

10.2 SUMMARY OF INVESTIGATIONS AND RESULTS

10.2.1 EXPERIMENTAL WORK

A total of “9 notched beams of width 100mm and with depths ranging
from 100r = to B800mm were tested. Notch depth ratios used were 0,2,
0,25 0,4, 0,5. The beams were loaded at mid-spa. and simply sup-
ported with a span/depth ratic of four. Most beams were prismatic
with constant cross-section along the beam length; a number of the
larg beams were triangular in elevation with variable sections
Lo reduce mass and to accommocdate ultrasonic probes. Thre series
of tests were done, all with nominally the same aggregates; the
final series employed a different batch of cement. Mix ratjos were

kept constant.

The fracture tests involved measurements of asid-span load and de-
flection. Strains across the fracturing section were aiso measured
and used to assess compression and tension zone relationships and
crack widths. Lorgitudinal ultrasonic pulse velocity measurements
a*. various heights above the lower face were also made. The strain
and ulirasonic measurements were used primarily to study the pres-
ence, extent, and intensity of the microcracked zone ahead of the
main c.ack. The main crack itself was visually ouserved. A
load-cycling technique was used to create stable crack growth
through the beams.

Materials control tests were performed as checks on material qual-
ity and to provide basic material pa-ameters for use in the fracture
calcula. sps. These tests involved cube compressive strength,

moculus of rupture, and elastic modulus. Compressive strength
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ranged from 28,7MPa to 43,3MPa, the v “ion teing attriluted to
differences in curing, use of different . batches, and effects
of bleeding. Relationships berween . .essive strength and

modulus of rupture, and compressive strength ard elastic modulus
were consistent with other quoted work. Elastic modulus values for
series F3 were considered unrepresentatively low cue to the influ-
ence of bleeding; consequently E values were inferred directly from
the fracture records. For all three series, elastic mndulus results
were reasonably consistent, and values used for the fracture cal-

culations ranged from 29GPa to 33GPa.

10.2.2 CRACK GROWTH AND FRACTURE ZONE STUDIES

A large portion of the experimental work was devoted to studies of
crack growth duriig fracture tests, the influence of crack growth
on beam compliances, and the presence and extent of non-linear
microcracked zones. These zones also influence beam compliances.
Experimental relationships between compliance and crack depth
showed that initial notch compliances conformed with theory. Once
crack extension commenced, the experimental relationships differed
from conventional theory due to the influences of strain-softening
and closing stresses in the microcracked zone. Beam depth aflected
the experimental relationships, and larger beams conformed more
closely to theory than smaller beams. This was thought to be due
to the greater rustraint operating in the fracture zones of larger
beams; on the other hand, smaller beams experienced greater rela-
tive beam deflections leading to greater crack-surface rotation and

aggregate pull-cut in the fracture zone.

Crack growth during testing was studied using compliance relation-
ships. The resuits showed that slow crack growth prior to ruximum
load was appreciable even in large beams where it amounted to be-
tween 10 tc 25 rer cent of initial notch depth. 8low crack growth
measurement in 100mm beams was made difficult by the small size,

and values based on conventional compliance relationships may be

il i .
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overestimated by as much as 30 per cent. This can cause serious

overestimation of calculated fracture parameters.

16.2.3 FRACTURE ZONE MEASUREMENT AND
CHARACTERISA™ iON

The presence, extent, and nature of microcracked fracture zones in
notched beams were investigated using strain and ultrasonic pulse
velocity measurements. Four distinct stress 2zones occur in a
fracture beam:- they are the destressed zone surrounding the main
crack, the microcracked tension zone, the intact tension zone, and
the compression zone. Strain measurements were used to plot strain
profiles which showed two distinct linear regions during fracture:~
one region in the intact portion of the beam, and the other in the
cracked and microcracked portion of the beam. The two linear re-
gions were separated by a noint of discontinuity, giving rise to
distortion of the strain profile. This distortional effect was most
severe in the deeper beams, while the 100mm beams suffered very
little distortion, thus showing that the notch effect was limitad
for these beams. During early load cycles, the development of the
microcracked zone was graphically shown by the rapid rise in the
neutral axis position to a point roughly one-~third of the depth of
the beam »~low the upper face. Thereafter during fracture, the
depth of vension zone remained roughly twice that of the com-
pression _.ne. Crack opening displacements at tips of visible
cracks during crack extension varied from 37um to 64um on average,

the larger beams obtaining the higher values.

The strain measurements were used to deduce, firstly, limits to the
size of the microcracked zone. It was concluded that theoretically
the depth of this zone could vary from approximately 37 per cent
to 68 per cent of residual ligament depth. Strain and ultrasonic
measurements were then used to physically measure microcracked zone
depths:- for ths: 100mm beams this depth was found to be about 40

per cen. of residual ligament depth; for the larger beams the values
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were significantly higher at about 45 to 47 per cent. The important
implication of this was that average fracture zone stresses in the
100mm beams would be significantly lower than in larger beams, since
results for the 100mm beams fell close to the lower limit which was
based on a condition of zero stress transfer. Finally it was found
that the ultrasonic technique was useful for assessing crack growth
during the fracture test, since crack growth infiuenced pulse path

length.

10.2.4 FRACTURE PARAMETERS AND CRITERIA

The final section of the thesis dealt with the application of
fracture mechanics principles to notched concrete beams of varying
depth . The linear-elastic approach was first considered and a
relationship between minimum beam depth as a function of material
parameters (i.e. fracture toughness and modulus of rupture) and
beam/notch geometry was developed. This showed that for the present
beams a crirical value for some suitable stress-intensity factor
X'Cwould bte approximately 1,0MPavm. Such a value would satisfy the
notch-sensitivity results, which previously had showed thac 100mm
beams were notch-insensitive. Beams having K'C values less than
this critical value would therefore not fulfil the requirements for
application of LEFM. The importance was stressed of creating valid
instability conditions, and of correct estimation of slow crack
growth for proper study ¢ fracture parameters. Failure te give
attention to these aspects has been the disadvantage of many other

investigations.

Emphasis was placed on evaluating the linear-elastic
stress-intensity factor K at the points of fracture initiation
(Ko) and maximum load instabil 'ty (Kc). The compressive strength
variations had no real effect ¢z Ko or Kc. This was thought to be
due to the compressive strength variations being caused primarily
by bleeding. Initial notch depth ratio in the range 0,2 to 0,4 had

a minor effect on Kn and (c. However, Kc values were about 40 per

i




379

cent higher in unnotched beams (using results from previous tests),
and about &40 per cent lower in deeply notched beams (co/d = 0,5%),
when compared with results from shallow to medium-notched beams.
This was ascribed to rqv different fracture processes induced by
the various nctch depths. Beam depth was found to have a very
marked effect on KO, values for 800mm beams being roughly 60 per
cent greater than those for 100mm beams. The reason for this was
not clear, except that possibly plane stress/plane strain effects
were present. KO was thus deemed unsuitable as a fracture criterion
for the beams. The effect of beam depth on KC was significant, with
about 4 15 per cent difference vetween 200mm and 800mm beams. The
800mm beams had & mean Kc of 1,72MPa/m. However, this value would
reduce by about 10 per cent if axperimental rather than theore::i:al
compliance-hased crack depths had been used. The 100mu beams were
found to have 2 mean KC of about C,96MPa/m, thus substantiating the
earlier remark concerning the unsuitability of these beams for
fracture analysis. Despite the fact that Kc as an LEFM criterion
locked promising, it was concluded that the similarity in Kc values
for the different beam sizes was due to the uniform influence of
the approximately constant relative size of the microcracked zone.
Thus in a fundamental sense, Kc was not valid as a fracture crite-

rion.

As far as non-linear tracture parameters were concerned, a stress
model confirmed earlier intuitive conclusions that fracture zone
stresses were higher in larger beams compared with 100mm beams.
The stress model used the concept of an effective crack which com~
prised the stress-free crack and the microcracked zone. A moment
of rasistance relationship was used to show that average stresses
and relative microcracked zone size tend to increase during crack
growth, thus increasing fracture resistance. Two types of R-curves
were drawn:- one using a stress-intensity parameter KR‘ and the
other an energy paramster !R. Both paremeters incorporsate the ef-
fects of tne non-linear zone, and promising results for use cf these
parameters as possible fracture criteric ' ere obtained. In par-
ticular, the R-curves confirmed the tendency for average micro-
cracked zone stresses to increase during crack growth. Finally,

the effective fracture surface energy ¥' was also evaluated, and
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found to be about 15 to 20 per cent lower for 100mm beams when
compared with larger beams. It was also substantially lower (40
per cent) for deeper notched beams tco/d = 0,5). For beams of depth
200mm and greater, and for shallow to intermediate notching, a mean
¥' value of 104N/m was obtained. The !R-curves showed, however,
that ¥’ evaluated from the total work of fracture is overestimated,
by possibly as murh as 20 per cent, due £o extrancous energy mech-

anisms occurring near ultimate failure.

10.3 MAJOR CONCLUSIONS

1. Results from fracrture tests on a total of 69 notched concrete
beams of width 100mm and depth ranging from 100mm to 800mm have
beer. reported. The 100mm deep wveams were icund to be
notch-insensitive. For the larger beams, notch-sensitivity

increased with beam depth.

2. Accurate fracture calculations require that careful attention
be given to experimental procedures. In particular, neglect
of the effects of support roller friction and inaccurate esti-
mation of crack growth was found to influence the calculations

adversely.

3. Compliance relationships based on LEFM theory were not entirely
valid for concrete beams, due to the influence of microcracking
and irrecoverable deformations. Experimental compliance-crack
depth relations must therefore be derived. The use of compli-
ance relationships to study slow crack growth showed that even
in jlarge beams this amounted to between 10 to 25 per cent of
initial notch depth prior to maximum load. Therefore, slow

crack growth cannot be ignored in fracture calculations.

4. Both strain and ultrasonic pulse velocity measurements were
found to be useful techniques for detecting and studving the

development and propagation of macro-and microcracking in con-




crete beams. Strain measurements showed that relavionships
between tension aund compression zone sizes exist which are
characteristic of material fracture behaviour. Concrete was
shown to depart considerably from the ideal elastic-brittle
condition. The tension zone was roughly twice the depth of the
compression zone during fracture, which allowed theoretical
upper and lower limits to be derived for th. size of the
microcracked zone. Strain and ultrasonic me suraments of the
depth of this zone showea that for larger beams the depth was
approximately 47 per cent of the residual ligament depth during
the early stages of crack growth. For small 100mm beams, the
corresponding figure was about 4C per cent, which was close to
the theoretical lower limit of 37 per cent. The lower limit
was obtained from a condition cf zero stress transfer. This
implied thar significantly lower closing stresses existed in
the fracture zones of 100mm beams when compared with larger

beams.

LEFM parameters were calculated for the beam tests. Ko, the
stress-intensity factor calculsted &t the point of fracture
initiation, appeared to be unsuitable as a fracture criterion
due to its excessive dependence on beam depth. KC, calculated
at the point of maximum load. appeared to be more promising,
being not greatly affected by notch depth (for shallow to medium
notching) or beam depth. However, R-curves using K values
showed that Kc did not represent a unique point in the fracture
process; furthermore it was considered that the uniform influ-
wnce of the microcracked zone had allowed similar Kc values to
be calculated for different beam depths. The very presence of
an extensive non-linear zone violated the LEFM assumptions.
Thus, KC was not valid as a fracture criterion in the funda-

wuntal sense.

The results of non-linear fracture parameters were preliminary
and firm conclusions could not be based upon thei. However,
R-curves appeared promising insofar as they have the ability
to  reveal important fracture aspects such as the

stress-intensity factor required to develop the microcracked
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zone., The effective fracture surface energy ¥' may be useful
as a "global" parameter describing the entire fracture process.
Unfortunately it was found to suffer from effects of excessive
damage near ultimate fracture in the beam test. There was also
a fundamental difference in ¥' values for deeply notched beams

when compared with shallow notched beams.

10.4 FRACTURE OF PLAIN CONCRETE - A PHILOSOPHICAL
DISCUSSION

In this section, the implications of the test results for the
fracture of concrete as a material, and for the progress of concrete
fracture testing, will be broadly examined. The content will
therefore be philosophic rather than specific, interpretive rather

than definitive.

Firstly concrete fracture is not simple. This is due to the nature
of the material itself. Irrespective of the level of scale being
considered, the structure of concrete is highly heterogensous,
complex, anc multi-phase. The presence and influence of numerous
interfaces between constituent materials lends t~ concrete a fairly
unique tresponse to stress. Therefore, any fracture theory will have
limitations in trying to describe the complex response of the me-
terial to stress, and must gereralise by detid.-. on the level of
scale at which the material is to be character oo In vhis work,
the approach has been to look at the level of wacro-scale, and at-
tempt to characterise fracture of the composite material as a whole.
Processes at a micro-scale level have not been neglected, however;
in particular the presence of microcracking has been studied in some
detail. The important point is that different fracture processes
and phenomena occur in concrete depending on factors such as
notching, strain rate, and specimen size, and fracture parameters
or characterisations must be linked with these processes. The

various processes should be identified, and then studied and

At "
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charactarised, before suitable descriptive or predictive parameters

are developed and tested.

Secondly, it cannot be overemphasized that testing and interpret:-
tion of tests results require the utmost care. For testing of
concrete in general, the material's heterogeneity results in a
scatter of results at the best of times; in fracture testing this
scatter can render test results almost useless. It is also not
an understatement to say that test data interpretation is the
greatest challenge facing the the fracture investigator, and it is
possible to use results to deduce the very opposite of what they
actually demcnstrate. For instance, failure to recognise the ef-
fects of inaccurate crack growth monitoring, or support roller
friction, can give a false picture of the fracture behaviour of

small specimens in particular.

On the other hand, the use of fairly simple techniques such as
careful measurement of load and associated deformation in the form
of deflection and strain can give a great deal of information about
basic fracture mechanisms and processes. More refined techniques
such as use of ultrasonics can be coupled to the simpler techniques,

but very often provide only confirmatory information.

Regarding beam tests on concrete, various strass zones exist;
measurements of neutral axis ~sition and size of the microcracked
zone can lead to simple but informative relationships which are
characteristic of the material's fracture behaviour. For example,
the relationship between tension and compression zone depths can
be interpreted in terms of how closely the material approaches the
ideal elastic-brittle state. The plotting of these relationships

for a range of different materials will therefore categorise them

relative to their fracture ¢’ -istics. Qther rilacionships
can be used in a similar » ance the rela-ionship between
non-linear zone size and . ess in the zone is also char-
acteristic of the fracture b. ir of the material. These char-

acteristic relatiocnships appear to hold great promise for

furthering che understanding of fracture in cemented materials.




By far the most important single insight concerning fracture of
concrete beams is a recognition of the presence, the extent, and
the considerable influence of the non-linear microcracked zone.
This leads naturally to the understanding that the fracture
behaviour of concrete is basically determined by this zore. Stated
another way, the microcracked zone should be reen as the dominant
factor in concrete fracture. For example, the existence in this
zone of varying levels of average stress depending on beam depth
imparts varying fracture resistances tO concrete:- in larger spec-
imens average stresses tend to be higher, and fracture toughuess
is greater; the opposite occur in smaller specimens, which there-
fore tend not to be governed by fracture mechanics principles. The
increase in average stresses during crack growth leads to increased
fracture toughness, and the mobilising of additional
energy-absorbing mechanisms. It is important that this zone be
extensively studied. Much is still unknown about it:- cracking
mechanisms and the development of microcracking remote from the
main crack tip require study; various experimental techniques (eg.
ultrasonics and acoustic emissicn) tc detect and measure the extent
of the microcracked zone require further development; a great deal
of work can still be done on stress states in this zone; better
models are required to ‘tudy the contribution of the zone to the
effective crack depth;, ~°~d the variastions in size and average

stresses during crack ; - require further study.

Other aspects showing the i{mportance of this zone are (a) the
damage-energy which it a%so :s and which affects the fracture sur-
face energy term; (b) its iufluvence on compliance, whereby the in-
itial development of this zon. induces greater compliance;
thereafter larger beams with greatexr z.n: stresses are markedly
less compliant than small beams with smalier zone stresses; and (¢)
the effect of this zone on strain profiles, whei:by % imparts a
lower effactive stiffness for the material, causing an abrupt dis-
continuity in the profile. There is no doubt that the presence of
an extensive microcracked zon: ‘s what differentiates heterogeneous
cemented materials from other materials. The striss transfer that
occurs in this zone, but in the absence of true yielding, is es-

sentially what governs fracture. Therefore the behaviour of the
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microcracked zone is the key to an understaniing of concrete frac-

ture.

Finally it is true to say that no really suitable fracture mechanics
parameter has yet been found to fully describe concrete fracture.
The simple reason is that fracture is complex in the sense that
different mechanisms and processes exist, governed inter alia, by
specimen size and typ:, presence or absence of notching, and basic
structure of the material. Tharefore, it seems that eventually a
number of parameters may be required to cover the different prac-
tical situations. There would be considerable advantages in
adopting the LEFM approach if it were obvious that it was applicable
in the majority of situations. Its main advantage lies in its
simpli:ity and the rumerous formulations available for solving
practical problems. Despite the fact that KC measured in the
present tests was reasonably independent o1 notch depth (for shal-
low to medium notch depths) and of beam deptn {excluding the 100mm
beams which did not conform to LEFM principles), there are a number
of reasons why LEFM formulations must be treated with great caution

for concrete fracture beams.

Firstly, concrete is simply not a linear elastic, homogeneous,
isotropic material; the slow crack growth which occurs due to its
heterogeneity pravents all but very large specimens being viewed
as reasonably approaching LEFM as: maptions. Secondly, the presence
of an extensive non-linear fractire zone cannot be ignored, since,
as described above, it is really .uis zone that governs fracture.
Hence, in the present tests the - _pureutly encouraging LEFM results
must be interpreted in the ligh' .‘ the more or less consistent and
similar influence that the mic:--  .-%»d zone had on the fracture
beams. This was fortuitous si. » “ie relative size of this zone
was the same for beams of deptl ~ m or greater. The presence of
this non-linear zone in concretw or- wnts the ready adoption of LEFM
in strict fundamental terms. This is not to say that LEFM may not
be of some practical use, particularly for mortars, microconcretes,
and relatively large concrete specimens; however, the limitations

of specimen type and size will have to be considered.
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The development of non-linear fracture mechanics (NLFM) parameters
for cemented materials is s.ill very much in its infancy. However,
the advantage of NLFM for concrete is that it helps to clarify im-
portant aspects of the fracture process. For example, using
stress-intensity factors evaluated at the tip of an effective crack
(i.e. KR values) gives a measure of the K value required to develop
the microccacked zone. At present, the major problem with KR is
that it is not clear how much of the aicrocracked zone ought to be

included in the effective crack depth.

Hence, the complexity of concrete fracture means that the subject
will be studied for as long as the material is used. However,
fracture parameters must be linked with processes, and this is a
distinguishing feature for cemented materials. Overcomplicated
non-linear formulations should preferably be avoided, and practical

parameters must still be sought.

10.5 FURTHER WORK REQUIRED

A host of possible avenues for further work has been suggested by
the work done to date. However, 1 consider the four most important
avenues to be as follows:-

1. Further studies of the microcracked zone, using notched frac-
ture beams:- in particular, confirmation of existing relation-
ships for (a) the size of the zone in beams of different depth,
(b) zone stresses relative to zone sizes, and (c) variation of
zone size and zone stresses during crack growth; the extension
of these relationships to cover other types of cemented mate-
rials, toth plain and fibre-reinforced; the use of microcrack~
ing zone relaticaships to characterise fracture behaviour of a

full range of cemented materials.

2. Studies of ihe microcracked zone in different specimen types;

an investigation of the differences between microcracked zone




relationships, and an assessment of the relative importance of

the microcracked zone, for different specimen types.

3. In coniunction with 1. and 2. above, the measurement of LEFM
and NLFM perameters on different specimen types, to confirm the
relative influence of the microcracked zZone, and the intuitive
conclusion that very different parumeters will be measured if
microcracked zone relationships are different; further testing

«f size and notch depth effects.

- Regarding NLFM parameters in particular, further experimental
and analytical work in order to confirm and develop the present
preliminary relationships; particular emphasis to be placed on
analysis of stresses in fracture zones of different specimens;
4 concertad attempt to identify the major causes of exper-

imental scatter; further testing of size effects.

10.6 A PERSONAL NOTE

Speaking personally, the work undertaken for this thesis has in-
creased and broadened my understanding of the fracture behaviour
of notched concrete beams, and hence of the processaes of damage and
microcracking that occur. The ability of the material to actually
develop fracture toughness through the microcracking mechanism is
fascinating. The characterisation of fracture behaviour by studies
of fracture zones seems to be a rewarding avenue to pursue since
it sheds light on the basic fracture-resisting mechanisms developed
by the material. The question of finding suitable and valid frac-
ture parameters should not be allowed to predominate over the need
to further study and understand how concrete or cemented materials
resist the stresses imposed upon them and how they respond to the

presence and propagation of cracks.

A A Wells®® has said that the study of fractuce in materials is both

challenging and rewarding, and is commended to those who relish a
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difficult intellectual problem. His remarks were made generally q
with reference to metallic materials, which macroscopically at

least are immensely more homogereous, isotropic, and uniform than

concrete. If the fracture problem for metals has at times been

intractable especially regarding elasto-plastic fracture, we should

not expect it to be any less intractablie when approaching s material

such as concrete with its complex, and at times perverse, nature!

Having said that, it is precisely this complex nature of cemented “
materials that mekes them so rewarding from a researcher’s point
of view. The fact is that, in concrete, we have such a highly
successful, extremely versatile, and seemingly simple material; vet
our knowledge about its nature and behaviour is still so limited.
Two consequences arise from this:- firstly, we ought to respect the
material for behaving so acceptably in most situations, and espe-
cially for being so tolerant when we abuse or misuse it; secondly
we ought not to be surprised when occasionally it becomes obstinate
and decides to pursue its own course, simply because we have not
undarstood the inevitability of such a course being followed. This
alone should act as the incentive to pursue our knowledge of the
material, so that it might be better used, and better respected.
And that, I think, i{s enocugh said!




APPENDIX A

DETAILS OF CONCRETE MIXES AND PRODUCTION PROCEDURES
FOR FRACTURE TESTS

A.1 MATERIALS

A.1.1 CEMENT

SERIES F1 AND F2

Ordinary Portland Cement, obtained during June 1982 in a single
batch of approximately 700kg from the Anglo-Alpha cement factory

in Roodepoort, Transvaal.

SERIES F3

As for series F1 and F2, except that the cement was obtained during
March 1985.

The cement wa. obtained fresh from the grinding mill, and »n arrival
at the laboratory was immediately stored in sealed steel drums until
used. The cement complied with SABS 471-1971: Portland Cement and

Rapid Hardening Portland Cement'"?.
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A.1.2 AGGREGATES

STONE

1. Crushed Reef Quartzite store of nominal 19mm single-size. The

average properties of this stone, according to Davis®?, are:-

Relative Density (R.D.) = 2,71

Loose Bulk Density (L.B.D.) = 1330-1350kg/m’
The stone derives from the waste rock produced by mining of the
auriferous conglomerate bands on the Witwaters:and, and
geologically falls into rocks of the Witwatersrand Sipergroup.
The stone used for series ¥l and F2 came from the Scoops plant
of Hippo Quarries, near Brakpen, Transvaal. This stone was used
in all the batches of Series Fl, and in the first three batches
of Series F2. The final tvo batches of Series F2 (representing
fracture specimens F2/4, .1-15, 22-26 used crushed granite
stone as deta.led below. The stone used for series F3, while
also being derived from the ''ftwatersrand quartzites, was ob-
tained from a commercial supplier (M. Fihrer) in Industria,
Johannesburg, and its original source was unknown. Neverthe-
less, it was similar to the stone for series Fl and F2, except

that it appeared to have a slightly larger nominal size.

2. Crushed Halfway House Granite stone of nominal 1%mm single
size. The average properties of this rock are®’:-
R.D. = 2,64
L.B.D. = 1300kg/m’®

Geologically, the rock derives from the Halfway-House CGranite

Dome (Basement Rocks). The elastic modulus of this rock nay

be somewhat lower than that of the Reef quartzites, and conse-

quently concretes made with this stone as aggregate may be ex-
pected to have slightly lower elastic moduli than concretes
made with Reet quartzite. In the present series of tests, it
appeared that there was no practicai difference between elastic

moduli of concretes using the two different coarse aggregates.
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SAND

Reef Quartzite Crusher Sand was used in all the concretes.

Davis®® quotes the following average properties:-

R.D. = 2,70
Firneness Modulus (F.M.) = 2,94

Sand from the Scoops plant near Brakpan used for the present tests
generally had a higher F.M. of about 3,1 for series Fl and F2, and
3,25 for serjes F3.

A.2 BATCHING AND MIXING

All solid materials were weigh-batched using a laboratory scale.
The water was measured in measuring cylinders. Aggregates were
air-dried in the laboratory (average temperature = 20°C, average
relative humidity (R.H.) = 35 per cent) before use, and then stored
dry. The dry solids were placed in a horizontal pan mixer (40
litres capacity) and given one or two stirs prior to introducing
the water over a period of about 30 seconds with the mixer in op-
eration. The concrete was then mixed for a further 90 seconds.
The resulting consistency of the concrete rendered it suitable for
placing with moderate mechanical vibration, or by hand. Slumps
varied from 30mm to 60mm for series F1 and F2, but were higher for
series F3, varying from 8Cmm to 130mm, presumably due to the dif-
ferences in grading of cement and sand compared with the earlier
batches.

e
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A.3 CASTING AND CURING

A.3.1 MOULDS

The small fracture beams (100x100x450mm), Young's modulus beams and
prisms, modulus of rupture (MR) beams, and four inch cubes were all
cast in steel moulds made from structural channel sections bolted
together, or standard cube moulds. The rectangular notch-formers
for the small fracture beams of series F1 and F2, end for all the
fracture beams of series FJ, were made from 3mm plate with the notch
edge machined to produce a 30° apex angle. Thesa notch-formers were

clamped onto the upper flanges of moulds during casting.

The larger fracture beams (i.e. greater than 100mm deep) were cast
on shutterboard on the floor, the sides being of 100mm deep
shutterboard supported on double-angle steel frames. Spacer boards
were used to form the ends of the beams. The side shutters were
clamped together with threaded rods at the end of the moulds and
if necessary with carpenter’'s clamps near the centre of the mould.
The notch-formers for the larger fracture beams of series Fl1 and
F2 were made of Imm thick annealed galvanised sheet metral, also
clamped to the _ides of the moulds. While it was possible to remove
the steel formers from the small fracture beams before testing, this
was not true for the sheet-meral formers, even although they had
been oiled. Consequently, they were left in the concrete during
the test, but had no effect ~n the load-deflection output. The
veriable section fracture beams were cast norizontally in the same
type of wooden mould as detailed above, except that profiled
polystyrene sheets 100mm thick were included in the moulds to form
the specimen shape. Small perspex sheets were glued onto the
polystyrene sheets to form a4 smooth face for the vertical "steps”

used for ultrasonic measurewe ts in series F3.

The beams of span 1200mm, 2000mm, and 3200mm had lengths of threaded

steel rod cast into the upper faces, one rod on each side of beam
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mid-span, for the purpose of attaching lifting hooks and shackles.
These beams were lifted off the floor before testing, and manoeuvred
onto the test bed with the aid of a wheela” crane. The lifting rods
were positioned such that a net compressive stress existed at the

root of the notch during handling.

Photographs of the various moulds are shown in figures Al to A4.
Figure A5 shows a number of demoulded specimens on the laboratory

floor prior to commencewment of curing.

A.3.2 PROCEDURE

All the fracture beams with a depth greater than 100mm, but in~
cluding the 100x100x450mm beams and the 100x100x830mm beams of se-
ries F2, were cast horizontally on the floor, and couwpacted with
the use of a small poker vibrator. Special care was taken to obtain
uniform compaction throughout the beam. Where more than one batch
of concrete was required to fill a mould, the mould was progres-
sively filled from one side. The time taken to fill a large 800mm
deep beam mould was about two hours. For series F3, bleeding could

be detected on the concrete surfaces.

Referring to the 100x100x450mm beams of Series Fl and F3, these were
filled with concrete and then compacted by clamping them onto a
laboratory vibrating table and vibrating them for between one-half
to one minute, depending on the consistency of the concrete. Ex-

cessive vibration times were avoided.

The fracture beams for series F3 were also used to visually monitor
crack growth during testing, and for this reason the beam face above
the notch was made smooth by placing a 100mm wide perspex sheet on
the upper surface of the plastic concrete and pressing it lightly
into the surface. The opposite lower face was cact on a horizontal

shutter board and therefore was already smooth when stripped.
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Control compressive strength cubes, elastic modulus beams and
prisms, and modulus of rupture beams for series Fl and F3, were
compacted on the vibrating table in the same way as described above.
The control cubes for series F2 were compacted with the small poker
vibrator. The reason for this was that series Fl and F3 specimens
were cast and tested in an upper laboratory where the mixer and
vibrating table were situated, while serjes F2 specimens were cast
and tested in a ground-floor laboratory where a machine large enough
for testing the large fracture beams was situated. Moulds were
stripped at variable times, from one to several days after casting,
with the smaller specimens being stripped earlier than the l.rger
ones. Specimens larger than 100x100mm cross-section were left un-
disturbed on the floor until the time of testing. Notch-formers

were removed generalily one day after casting.

A.3.3 CURING

Immediately after casting, the specimens were covered with plastic
sheeting for about 24 hours. 'Thereafter, the small specimens in-
cluding cubes were stripped and placed on the surface of the larger
specimens. The specimens were then covered with damp hessian cloth
and plastic sheeting, and the hessian was kept damp unt.l the time
of testing. There was one exception to this method for the final
batch of small fracture beams of series F2 (specimen numbers
F2/13-15, 24-26) for which the curing was achieved by placing the
specimens and associated cubes in a water-filled curing tank and
maintaining the temperature at 20°C. The specimens were all tested
in a saturated condition. Ambient temperatures in the laboratories
where the specimens were cast varied on & daily cycle between about
10°C and 20°C for series Fl, and between about 13°C and 25°C for
series F2. The specimens for series F3 were cast and cured in a
curing room which had not been available when series Fl and F2 were
cast. It was possible to better control the temperature in the
curing room, and over the seven week period of casting and storags,

the temperature varied between 19 and 23°C.
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Figure Al

Wooden

mould with two 100x100x850mm beams (series F2)
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Figure A2 Steel mould with 100x100x450mm beam {(series FI)

Figure 43 Wooden moulds for 100x300x1275mm variable section

ﬁ beams (series F3) (Note polystyrene inserts to form

variable section, and "steps')
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Figure A4 Filled moulds of various types (series F3)

Figure A5 UDemoulded beams on laboratory floor, prior to

commencement of curing (series F2)



|

398

APPENDIX B

DETAILS OF EXPERIMENTAL APPARATUS

B.1 DEFLECTION RIG

The deflection rig to support the LVDTs was fabricated primarily
froe 25x3mm steel angle and 20x3mm steel flat strip. Other compo-
nents includ. = threaded rods to act as spacers or as support pins,
and flat plates to act as exteansion legs. The entire assembly was
bolted togerther. The essential feature of the design was that it
allowed the rig to be adjusted for use on all the fracture beams.
This was achieved by having movable end supports, and by additional
members which could be bolted onto the basic rig to allow for the
variable saction beams. Views of the rig have been shown in

chapter 4; other views are given in figures B2(a) to (d) hereunder.

The other essential element for deflection measurement was a device
which could clamp onto the specimen below the loading roller and
upon which the moving cores of the LVDTs could be supported. This
clamp is shown pho.ographically together with the loading roller
in figure Bl. The diamever of the loading roller was 50mm. The
clamp wus positioned at the required distance (10mm or z0mm) below
the upper face of the beam by means of polystyrene inserts under
the horizontal arms of the clamp. The horizontal threaded screws
supported the LVDT cores. (See figure 4.3(d) in main test). Fur-
ther pictures of the basic deflection rig in position on a
100x100x850mm beam ana a 500mm deep constant section beam are shown
in figures B2(a),(b). The rig with one of its modifications in

positior on one side of an 800mm deep variable section beam is shown
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in figure B 2(c). The other modification to the rig in position

on 8 300mm deep variable sesction beam is shown in figure B2(d).

The possibility of extraneous deflections being introduced due to
localised strain distortions under the loading roller was investi-
gated. A 100mm deepr plain beam was placed on the flat base of a
testing machine, and the deflection rig, LVDTs, and specimen clamp
attached iu the standard manner. The specimen clamp was attached
first at 10mm below the loading roller, and then at 20mm, while the
maximum loads applied through the loading roller were 10kN and 20kN
respectively. The lad-deflection relationships for the two ar-
rangements are given in figure B3, which shows that the loading
curves are reasonably linear and the residual derormations after
unloading are fairly mall. Much of this extraneous deflection is
therefore elastic in nature. Also, the curve for the x=10mm posi-
tion is not too far displaced from the x=20mm curve, showing that
the magnitude of the effect is similar in both cases. In particular
it can be seen that the maximum localised deflections for the two
arrangements were 0,0083mm and 0,0135mm respectively.These de-
flactions are a maximum ot about 10 per cent of the total deflection
measured at maximum load in the fracture tests. Chapter 4 (4.4.1)
contains details of an analysis of the effect of these deflections

on compliance and fracture parameters.

8.2 ELECTRONIC TRANSDUCERS AND POWER SUPPLY MODULES

B.2.1 ELECTRONIC LOAD CELL

Made by Kyowa Electronic Instruments Co. Ltd, Tokyo, Japan.
Type : Kyowa Strain Gauge Based Load Cell, Compression/Tension.
Series No: LU-2TE.

Capacity : 20kN
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Figure Bl Detail of deflection clamp and loading roller

Figure B27a) Basic deflectior rig in position on a

100x100%850mm beam (series F2)
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Figure B2(L) Basic deflection rig in position on a 500mm

deep constant section beam {(series F1l)

Figure B2(c) One side of modified deflection rig in position

on a 800mm deep variable section beam (series F2)
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Figure B2(d) Modified deflection rig in position on a 300mm

deep variable section beam (series F3)
(Note different modification to that of

figure BZ{c]))




403

sU0131991Jap Painseaw Go 191101 BuIpeO] JO 123333 BUIMOYS SDAIND UOYIDATIAP-PROT £H aan81y

{w¥)}  uvonoaysq

14 €l Zh ot
e
b WWOE = N e puaBa (43
dusein uawnoads Buisn ‘wnjep o) 143
\ BANRID) ‘BIBY PAINSEIW UONDAIRQ
, G a

wesq
aja10u0n

81

(Nx) peod




20 T T Schematic test set-up ! ¥ | A
Loading ¢

w6l »_Roller—ed, __y datuy -

8 2 Concrete

= beam e
1ef A

Detiection measured here, relative
14 to datum, using specimen clamp P
.

12 Legend e x = 200 1 /
" e X = 10MM

Load (kN)

7
8 d »066\0// /
AR e -

6 o // =

" [TV v

Defiection  {um)

Figure B3 Load-deflection curves showing effect of loading roller on

0 /Q/ /

.
" 12

measured

deflections

£o%




404

Bridge Voltage : 10,0 V D.C.

Qutput Voltage Semsitivity : ImV/V & 0,2 per cent.

B.2.2 LINEAR VARIABLE DIFFERENTIAL TRANSFORMERS (LVDTs)

SET 1

Made by G.L. Collins Corp., Leng Beach, California.

Transducer Length : 20mm.

Transducer Diameter : 10mm.

Linear Range : % 1,0mm.

Linearity : approx. 0,80 per cent full scale,

Excitation : 5,53 V D.C.

This set of LVDTs was used mainly for initial exploratory tests.

SET 2

Made by RDP Electronics Ltd, Wolverhampton, UK.

Transducer length ¢ 53mm ) Type D2/200A

Transducer diameter : 2lmm }  Serial Numbers 851 and 665
Linear Range ; £5,0mm )

Linearity : Approx. 0,25 per cent full scale

Excitation : 6,0 V D.C.

This set of LVUTs was used for the majority of the tests.

B8.2.3 POWER SUPPLY MODULES

A separate power supply module was used to power the load cell and
the LVDTs.
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SERIES F1 AND F2

Load Cell Module : Operational Amplifier (0A2) Module.
LVDT Module : Type IC 100/6.
Made by Coutant Electronics Ltd, Reading, England.

Powered by 220 V A.C. mains voltage.

SERIES F3

Load cell and LVDT modules : Regulated DC Power Supply Modules.

0-20V; 0-1A.
Made by Metronix Corporation, Tokyo, Japan.
Powered by 220V A.C. mains voltage.

8.3 RECORDING EQUIPMENT

B.3.1 XY RECORDER

Made by J J Lloyd Instruments Ltd, Warsash, Southampton, UK.
Type PL 2500, Serial No. 775.
Effective writing area : 240mm (Y scale).

360mm (X scale).
Recorder also had a chart drive motor with variable speed drive.
Linearity > 0,1 par cent f.s.d.

See figure B4 for view of XY recorder.

B.3.2 STRIP CHART RECORDERS
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TWO: PEN RECORDER

Elecironic Polyrecorder, made by TOA Electronics Ltd, Tokyo, Japan.
Model EPR - 2004.

Effective recording area : 150mm x 15m.

Accuracy : % 0,5 per cent of span.

Chart speed : 6 Stepped settings between 5 to 160mm/h.
and : 7 Stepped settings between 5 to 320mm/min.

Two cartridge type electronic pens.

See figure B4 for view of two-pen recorder.

MULTI-CHANNEL RECORDER

Linearcorder Mark VII WR3101, made by Graphtec Corp., Tokyo, Japan.

Six channels of varying paper width, electronic heat pens.

Accuracy : within #0,5 per cent over full scale.
Sensitivity : #2,5V/4Com
Chart speed : 14 Speeds: 5,10,25,100,250 and 500mm/min or mm/s.

See figure BS for view of multi-channel recorder.

B.3.3 ULTRASONIC PULSE EQUIPMENT

Type : Dr Steinkamp Ultrasonic Tester, BP IV,

Natural frequency of standard transducers : 40-50kHz.

Frequency response : 20-200Hz.

Transducers (pulse transmitter and receiver) : elacrro-acoustical type.

Liquid crystal display of transit time, directly in us.

See figure B6 for view of nltvasonic pulse equipment.

B.3.4 STRAIN GAUGE EQUIPMENT




"Demec" mechanical strain gauges locating in drilled stainless steel
targets glued to beam.

Made by W.H. Mayes and Son, Windsor, England.

Calibrated by Cement and Concrete Association, Slough, England.
10Cmm gauge (No. 1847) : Gauge Factor - 1 div. = 1,6A410-5

200mm gauge (No. 3738) : Gauge Factor :~ 1 div. = 0,80.1()-5

See figure B7 for view of strain gauge instruments.




Figure B4 View of XY recorder and two-pen

strip chart recorder

View of multi-channel recorder

Figure BS
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Figure Bé View of ultrasonic equipment

Figure B7 View of "Demec" strain gauge instruments
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APPENDIX C

SELECTED DETAILS AND DISCUSSION FOR MATERIALS CONTROL
TESTS

C.1 SEEWALD EFFECT AND BEAM TEST FOR ELASTIC MODULUS

Details of the Seewald effect and beam test for elastic modulus
are provided by means of an addendum to this appendix containing a
reprint of a paper published by the author®’, and written discussion

thereon®!. See the addendum.

C.2 EXPLANATION OF HIGH COMPRESSIVE STRENGTHS FOR
CUBES ASSOCIATED WITH BEAMS F1/12-14

The results for cubes associated with beams T1l/12-14 are obviowsly
an anomaly. The mean cube strength for this batch was 69,9MPa.
Two batches of concrete were mirsd to produce the three small
fracture beams, the three cubes, and one beam for moduli of rupture
and elasticity. The first batch was used to nmould the cubes and
MR/E beam, while the second batch was used to mould the fracture
beams. During mixing, it was noticed " “at the f.irst batck was very
stiff, while the second batch had a normal consistency. The ocuan-
tities of cement and water required for each batch were 3,06kg and

2,77 litres respectively (c/w = 1.83). It was afterwards realised
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that the water had been incorrectly measured at 1,77 litres for the
first batch, giving a ¢/w = 2,86, The theorerical target strength
for this c/w ratio is between 60 to %5 MPa®?!, This should be com-
pared with the mea “red value of 69%,9MPa, which while slightly
higher than the theoretica. value, seems consistent with the prcb-
able error in batching. The MR and E values for this batch dare also
consistent with the high cube strength (see later). The second
batch of concrete was correctly batched and mixed. Thus, the con-
craete for the fracture beams should have achievea the correct design

strangths in line with the other beams of this series.

C.3 DISCUSSION OF EFFECT ON ELASTIC MODULUS OF USE
OF GRANITE COARSE AGGREGATE, AND ELASTIC MODULUS
OF HIGH STRENGTH CONCRETE ASSOCIATED WITH

BEAMS F1/12-14

C.3.1 EFFECT ON ELASTIC MODULUS OF USE OF
GRANITE COARSE AGGREGATE

While the mean E//fcuvalue for series F2Z was slightly lower than
for series F1 (see table 5.3), {t is difficult in view of the small
number of results to ascribe this directly to the use of granite
coarse aggregate in the last two batches of series F2. It would
appear from the results in table 5.3 that the use of the granite
aggregate has not had a marked effect on the measured E values.
This can be seen by comparing the mean E values from colummn 4 of
table 5.3 for the quarctzite and granite aggregate specimens. There

is virtually no difference between these values.




C.3.2 ELASTIC MODULUS OF HIGH STRENGTH CONCRETE
ASSOCIATED WITH BEAMS F1/12-14

The measured E value for the high strength concrete (Ecu = 69,9MPa)
of series F1 is interesting when compared with values suggested by
Carrasquillo et al'®® for high strength concretes. They state that
care must be taken when extrapolating results for low or medium
strength concretes to high strength concretas. In general, over-
prediction will occur since stiffness is controlled by both mortar
and aggregate whereas strength is controlled mainly by quality of
the mortar. They suggest a relationship for concretes -

compressive strength 21MPa to 83MPa as follows:-

Ec (MPa) = 3320»/f'c + 6900 (MPa) .1y
where Ec is a compressive elastic modulus and

f'c refers to 6 inch x 12 inch cylinder strengths(MPa)

Converting E;u = 69,9 MPa to an equivalent cylinder strength
using Evans's values given in Neville'’ we get:-
Ec 3320 V0,96.69,9 + 6900
34 090 MPa. (Cylinder medulus) (C.2)

Using the relationship between cylinder modulus and beam modulus

given in ref. 86, we obtain an equivalent beam modulus as

Ebeam = 1,1244 (34,09)
= 38,3GPa (€C.3)
This value compares very favourably with the measured beam E-value
of 38,8GPa.

C.4 DISCUSSION ON EFFECT OF BLEEDING ON ELASTIC MODULUS
AND COMPRESSIVE STRENGTH, SERIES F3




The high slump values (80-130mm) for concretes of series F3 resulted
in significant bleeding. In the case of the 200mm deep prisms which
were cast vertically, the tendency for the bleed water to rise to
the surface would be substantially lower than for the 100mm deep
beams which were cast on their sides. Consequently, it could be
expected that water would be trapped in the prisms, and pairticularly
under the coarse aggregate particles, leading to zones of weakness
representing appreciable flaws. These flaws might be thought of
as ellipsoids with the major axes aligned at ri_at anglas to the
direction of load in the prisms. Their effect would be to reduce
the stiffness of the prisms since the prisms would effectively
contain numerous insertions of very low stiffness. The shallow
beams as cast could be expected to contain significantly fewer such
flaws which would generally be of smaller size. Those flaws which
did exist in the beams would be orientated during testing with major
ellipsoid axes in the dicrection of the major principal stresses.
Clearly such orientation would have very little effect on the
stiffness of the beam, since stressas could easily "flow" around
the flat ellipsoids, and since the stress concentraticn effact of
the flaws would be minimal. This would not be true of the prisms
where the major principal stress would induce high stress concen-

trations at the tips of the flaws.

The comments on bleed voids given above can also be extended to
the question of compressive strength. Considering firstly the
cubes, the presence of flaws due to bleeding could significantiy
lower the strength, and this is consistent with the somewhat puz-
zling lower cube strengths recorded for series F3 when compared with
the earlier series. Quoted results'? for the effect of voids on
compressive strength (i.e. roughly 3 per cent loss in strength for
1 per cent voids) would indicate that a veid content of about 2,5
per cent could have led to the strength reduction for series F3,
and this figure does not seem unrealistic. Secondly seven
100x100x200mm prisms were crushed during the tests, and the mean
value for the compressive strength was 23,9MPa (range = 21,8 MPa
to 28,0MPa), i.e. 77,3 per cent of the mean cube value of 30,9MPa.
According to Neville®’, an expected ratic of prism to cube strength

for the dimensions of the present specimens would oe about 86 per

-
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cent. This reinforces again the argument that the effect of
bleeding will be more severe on the deeper prisms than on the
shallower cubes. (Note that the large variation in prism E and

strength values would also be accounted for by the bleed effect).

Hence, both strength and stiffness of the cubes and prisxs of series
F3 have been adversely affected by the high slump and associated
bleeding, but the effect on the fracture beams has been far less
due tu the aspects of depth of section and orientation of bleed
flaws relative to direction of stress. In this case, the material
parameters for the fracture beams will be very much closer to those

of series F1/F2 than the standard materials tests would suggest.

ADDENDUM

See reprints on following pages.
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introduction

IN the construction of major highways @
South Atrica, considarabte use is being
made at the prasent time of nid concrete
pavemants on sudabie subbate and sub-
grada layers which are usually made of
stabilised materiais. The load-carrying
capacity of the pavernent-base-3ubgrade
structurs 14 achievaed targety by ‘beam
antion” of the pavemant The concrete
siab itset! is normaily the major compo-
nenc of the strosture. and the stresses
nguced in thig element have been given
detailed consideration by many investi-
gators.'" in particular, the aliowable
stress in the pavement is related to the
Haxurat strength of the concrete, deter-
mined by the modutus of rupture (MOR}
test. A further material parameter that
influences the meagnitude o} strasses
and delgrmationa in a pavement ie the
siastic modulus, normally evalvated in
separate tasts on concrate cylinders loag-
edin comprassion Frequently consider-
able time and effort is expended in the
taboratory and on 5.8 10 evaluaty mate-
rigl parameatery as i control on quaiity of
construction, or 4% 4 check on design
assumptions!? This paper describes a
simpte tast which wilt yieid elastic and
rupture moduti {of pavernent matsrials,
thus etiminating tha need tor a separate
cytinder test. which 18 ganeraily not a
sMandardtes’ in South Africa A compari-
$0n bstwaen the measured modii in the
present iest, and those oblained n the
normal standard tests, 13 aino included
for compisteness
Review of existing tes
Flenursi strengih
Procedures for maasuring the tiexural
strength of concrete by means of beam
bending teats are wei establishec t* + %
Third-point loading has now genarally
raplsced centre-point ioading, and stan-
dard test methods call for careful control
of specimen dimensions, batching, mx-
ing and moulding of the concrate,
curing, rate of foad application, and
interprataticn of test resuits. The caicu-
isted modulus of rupture over-estir:ates
the tensiie strength of the concrets
relative to direct tension tests due to a
number of reasons:

(1) the actusi shape of the stress block
8t failure iy approximately parabc -
tict® and not triangular as assumed;

{ii) the volume of materiai subjacted to
maximum stress, and hence the pro-
bability of a weak elemant occurting

A simpie test tor plastic and rupiure
modut of ptam concrate or mocar
beans s vuthned, any compared with
sxisting standard test methods Tha
test s based on the sfandard moduylua
of tuptura test, but incorporates mes-
surement of the lcad-detiechon rela-
nonshp for the baam. A foad-cychng

n Eenvoudige toats vir elastisitents.
on broukmodulusse van ongewanpende
baton- of daghabaike word baskry!
an met die bestaande standasrd toets-
metades vergalyk. Die tosts s op die
standaard breukmoduiustoets geba-
sgar. Maar siuil OOk die meet van die
balk se las.delleisie-verband in n
L

techmique 13 used which y
b of

4 word gedrink
wat dre godrag van die baik

the beam during the initial loading
stages White the messurement of
beam deffections is reiatively Simpie,
i3 umportant 10 ensuce that e a-
necus daftecrions are wxciuded from
the test resuils. and that a shear
corrgction tactor 13 mnciuded in the
calculations

With sutficient attenton 10 dutar, the
simpig beam test provides reliable
matarial paramelers and has the ad-
vantages o} bette: repeatabitity and
finearity than tha cyhnder test Com-
parative tasts showen that the pro.
posad beam test gave shghtly greater
siastic moduh and stghtly lowar rup-
ture moduli when compared with the
standard losts.

tyanns dis aanvankike belastingsta-
aiums eftgkiel uitskakel Hoews! die
meetvan baikdelleksies betrekiik gan-
voudig /8, 1§ gl {0g belangnk om te
verseker dat vieemasoortign defiek-
8108 /18 by 9 towtsresuitate sngesiuit
15 e en dat die bergkonings wei n
skudtkorrghsiefaktor ingiu.

As daar genoeg aandag ssn detadl
geskenk word, lawer gie eenvoudige

bare

meters terwy! dit 00k e voordes!
nnou dat die herhaaibaarhews en imea-
rdeit daarvan beter :s as dit van die
sihindertoets. Vergelykende togtse het
getoon dat die voorgestelde barktcets
flens hodr 1aSLsIteNModussn an
eftuns faer breukmodulusse as dia
standaard toetse lower

11 3 highty streased zone 1§ fower in
the flexure test than in the direct
tension test

Hii) the maximum fibre strass in Hexure
is igher than i direct tension be-
cause propajation of the crack is
blocked by ower-stressad material
near the neutral ans

Neverthaioss. the ltexure test has found

Figuie 1 Typicai stress-stran curve for

concrere

secant
modutusg

’ chorag
2 modutus
i
-4
[
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wide scceplance due to s simphcity
and adaptability for site or laboratory
For the testing of road materials, Otte”
has argued that the test adequately sima-
tates the fixural behaviour of a pave-
mant and yieids strength values directly
applicatie :n design

Elmsticity

Caoncrate is not an #lastic matenat nor
does it possess a linear stress-strain
relationship For practical purposes, how-
aver. differant moduii can be defined
and measured ® The two modutt most
often evatusted are the static secant
modutus or the chord meduius, ilystra-
ted in Figure 1, and generatly obtained
fram a shart-lerm compressiontestona
concrete cylinder. Alternatively. a dyna-
mic test nvolving the monitoring of
vibrations in & cancrete specimen under
a suitabie mode of resonant vibration
canbeused ™ The elasticity of concrate
8 normally been measured using static
nres cytinders, bit
have been made to evaluate etastic mo-
duli in tension and flexure'® ' ' For
the flexure tests, moduli can be deter-
mined from load-deflection measurements,
or aternatively from strain measuraments
on the tension and crmpression faces of
the beam
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The test oullined in BS 188) = Part 5
1670'% {nr the static modulus of elastici-
ty uses a 150 mm diameter, I0G mminng
cylinder, load cycled to one-third of the
ultimate comprassive strength based on
cube tests. The test is regarded as valid
when the recorded strams on two suc-
cessive cycles agree Lo within 5%, and
three cycies are usually sutficiant The
load cycling tachnique reduces creep
and curvature of the iower porhon of the
strass-stramn curve A stress of 1 MPa 18
mantamned on the spacimen at the start
0f the secord and sudsequent cycies
The static modutus is taken as the siope
of the beat-fit straight line drawn through
the plotted siress-strain poiris, and i
thus not a true chord modulus,
INASTMC 469°% asimuar procadure:s
adopted to the British test. #xcept that
the modulus is a chord modufus from an
initiat load at a strain of 10.10° 10 2
maximum ioad st 40% of the ultimate
cylindger strength. which is roughly equiva
lent 10 one-third of the uitimate cube
strength. Stram is maasured on two of
more gauge lines unitormly spaced
aroundthe cylinger perimeter The sasest
way of ressuring stram is by means of &
suapis compressometer which clamps
onto the cylinger A furttwr addition ta
the rig attows transverse straing 1o be
menasurad. which gives Porsson sratio tor
the concrete.

Comparsatively iitlie work has bwan direct-
#d at Assessing sirstic modulus of con-
crma in flaute, (e test sunyesied in
this paper is a useful aiternative to the
traditional compression teat for checking
on moduli used in design of research.
and can be combined with & ruptury
moduius test which is irequently requires
in practice.

Proposed iest method

The beam Yast outtined below is based
o SABS Method 884 “Flexurai Strangth
of Concrete ¥, moditications to the
standard test in ordaer 1o detarming the
etastic oduius by load-deflaction mea-
surements ara outlined, and the reader
i9 assumad to be acquaintad with the
test methad. The requirement that the
beams shait be tested in the moist condi-
tion is impartant, Aince Haey and Slate '
have found that partiatly air-dry speci-
mens, in thair case tested in direct ten-
sion, had strangihs as low as 81% of the
strength of moist specimens.

Specimaen preparation and

dimensions
Ths SABS method calls for pretsired
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beam dimensions of 150x150x750 mm
tasted in third-paint loading, although

magua aliows tharepeatability of the
test 10 be notad, and provides for

100x 1004500 mm beams are 3
i mithe case. the ratio of support span
to gep: ot the beam (Le 7/d) is four
The ASTMC 78-64test spacilies trd = 3.
A consid P in sensi

ty for the ogeflection readings of the
peam 8 obtained Dy increasing the f.d
rALO Lo & vatue greater than four Otté'”
used {:d = § and the tasts reported
nerewn used 102x 102% 700 mm beams with
{19 = 8. A companson between the
rupture moduli sblained in the standard
test and on the 1onger beams is made in
a tater section of the paper

Pracedure
ity The dimensions of the specimen
should be accurately determined,
preterahly to the nearest 0.5 mm to
minimise inaccuracies in the calcu-
1ation of the moduii
(1} tmmedistely belore the test, an esti-

the appara-
tus and ettective alimination of i~
tiat non-linearity in the load-defiec-
tion retationship. Loading and un-
toading ara ali at tho standard rate
ot about 1,5 MPa/min

Athird cycle of ioad is then apptied
and defiection readings taken at
tan approximately squal increments
of stress up 1o & strass ot 0.3C
Thatenfter, the toad is increased to
fallure, and f the fuil load-deftection
curve is required. deflection read-
ings at a lurther approximately ten
aquat incramants of stress are taken
up to faduyre. Tha maximum ioad,
and it possible, the deflection at
maximum load W ecorded.

Further specimens ara tested in the sama
way Results for any spacimen are dis-

ifthe oft

dett

g
tion readings is not within 5%, or the

mate of the modulus of rupture
shoutd be odtained by one of the
foliowing means.

{s) by testing & companion beam
or beams. moyided and cured
in the same way. or,

by Crushing st least three cutes
in a standatd fashion, and cal-
cutating the sverage compres-
2ive strength of the matenal
An estimate of the modutus of rup-
ture for normal concrete specimens
can be obtsined by dividing the
Average compressiva strength by 10,
and rounding off tothe nearest G,1
MPa Caiculate the value C as one-

{u

outside the muadie-
third of the support span.

Calcutations

Modutus of Rupture: This is calculated
tn the standard way to the nearest 0,05
MP2 as:

H{MPa) = i m
ba?

where P = breaking load, N
= suppert span. mm
b.d = width and depth respec-
tively, mm
Modutus of Elssticity: This is calcutated,
ot thitg-point ioading and measurement

third of the of of central . 10 the nearest 100
modulus of rupturs, to the nearsst  MPa. as

.1 MPg.
0 E(MPa} =

(Hi} Before placing the specimen in the
machine, the defiection-measuring
equipment shouig be sttached to
ihe specimen in such & way that
extraneous deflections are sliminated
from the caadings

" Thepreliminary losding consists of
applying two Cycies of load conti-
nuously and withcut shock, the
first cycle up to an extrema fibre
stress of C MPa, maintaining the
toad for 1 minuts and then unicading
to #n axtrems libre atreas of 0.1 C,
and the second Cycis up 10 4 strass
of G.4C and then ymoading to 4
streas ol 0.1 C. Onthe second cycle,
datiection readings arm tuken attha
start ind finish as weil as at the
peak siress. The load cycling tech-

seoliamerga] g

1208 3 IITANS

whers £ = the siopa of tne vesttit

Y straight tine drawn through

the piotted points of the
initiat portion of the loag-
defiection curve. N/mm

= JuUppril span, mm

= secund momaent of ares of
the section, mm*

= depth of the section. mm

= Poisson'sratio. For concrete,
it is ususlly accepiadis to
take - 88 0,15 to 0.2 ang
such avariation has a mini-
mateftect on the calculated
vaive of E

a



Equanon (2) sbove. and aquatan (3} which
folio ns, Ara darived from simple beam
bancing theory

The 2xpression 0 square drackets is a
shear correction factor, suggestad by
Ot

A thrd saaterai parameter. Traquentty
uSed N Matenal ChArALIBNSANDNS name-
ly ths strain at faluze . can be calcu-
tateq knowing tha defiection at maximum
road

diy < 28d0
23 onsidd

wheie s . . contrat deflection at
max mum load P mm

The mathod outiined above was used to
test a number ot concrete beams for
ruptire and etastic modul Comparative
tasts were done on standard modulus of
rupl sre beams and compression cyvlin-
ders in order 1o compare strength and
#I38tcily parameters obtaned n the
differant tests

Experimental details

Tesling techniques

Beam bending lests for eiastic and rup-
ture modull

These tests wers pertormed according
1o the mathor outhined above using

Figure 2 Arvangement for baam tests

nominal 102x 102x 100 mm eams tested
on a Bromm support span Shorter
450mm tong haams were used o1 ob-
tmning standard modutus of rupture
values according to SABS Method 864
The tests were pertormed i a 60 ton
Tintys CHian comprassion lestng ma
chine The toads and detiertions wars
racoeded manually The mid- apan detlec
1 s 01 1ha IGOGRT HORMS Wer s MEAsy: A
by two Bnear vanabia differantial trars-
tormars mountad i & aetlecton rg and
Naving ptungess attached o the upper
surtace of the beam Deflections could
be recordsd willin an accuracy of
Q001G mm Apnotagraph of the test set
U 18 shown in Figurs 2

Fiquen 3 Arranawment ‘o cylome: et

Cylinder compression tests for etastic
moduius

Thess tests were done according to
B51881 Part s 18970 using aither the
Tintys Qlsen machine mentioneg above
o 4 200 ton Amslar comprassinn testing
macting Longitudioal strains were ma-
nuaily recorded within an accuracy of
1310 % using 4 compressometer A
photograph of the test set-up s shown in
Figure 3

Specimen preparation

Two seres ol cancrete specimang. C1
and C2 and une senes of Mmortar spect
mens. M1 were prepared Materials were
aeinary Portland cement obtaired in a
singie batch. crushed Reef quartzite sang
(FM = 3081 and 19mm single-sized
crushed flee! quartzite stone Mix propor-
tions forthe concrete by mass were C/w
ratio 82 Ascratio = 4.87 sand/stone
ratio = 0.74 Mortar mix proportions
were cw ratio = 1,82 sand;cament ratio
= 3.4 Sersas C110f rupture and efastic
modutus tests consisted of 12 cylinders,
nominal dimensions 150mm diameter
y 300 mm. and 12 beams. nominal dimen-
sions 102 mm squaretestedonaBi0mm
span Seres C21orthe standard moduius
ctrupturetests used 12 beams o 102 mm
square Cro8s-section lested on a 400 mm
span Senes M1 consisted of Jcytinders,
and 3 beams tested on a 810 mm span
Specunens wers cured in water at 20°C
for 28 days befora being tested inthe wet
condition

Aesuits and discussion
Experimental technigie

Tha test procedure oullinad above calls
for alnad-cycling technique o be applied
to the sprec.men belore measurement of
arepresentat ve toad-deflection refation-
ship over the cange nfload requirgd The
fopg-cyciing tachmque is wetl estabhsh-
ad i elasticily teating. and serves to
decrease non-linearity of the iritial por-
tion ot tha load-deliection curve A typi-
cat pereentage piot of the Joad-cycling
tachmgue tor a concrata beam 1s shown
w Figure 4 The second and thid foad
cyies hive baen dispiaced horizontally
for stanty The hystaresis loop is small,
and finear behaviour 18 rapidly estabiigh-
g The siopes of theloading porhions of
the curve are virtually identical, and the
second and subsequent cycles foliow
the sama path A slight degrew of non-
finaarity does exist. however, at the start
of the inbal loading cycle. The cycling
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