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Abstract 

The paper reports on strength and toughness 
measurements on a range of normal and high 
strength concrete mixes, with and without steel 
fibre reinforcement. Cube strength, modulus of 
rupture, cylinder splitting and torsional-tension 
test results are reported together with toughness 
measurements determined via two fracture-type 
test specimens (standard RILEM three-point 
notched beams in flexure and eccentrically loaded 
notched cubes). In the toughness tests, crack 
mouth opening displacement (CLOD) was mea- 
sured and used in a closed loop testing mode to 
achieve complete load/displacement curves. Good 
correlation was observed in the strength tests and 
the two toughness tests showed similar load- 
CMOD curves and toughness indices. Howevel; 
traditional toughness indices are unsatisfactory 
with load-CLOD tests, and further work is neces- 
sary to define acceptable toughness measurements, 
which may also have to account for size efsects. 
The efSect of steel fibre reinforcement on high 
strength (up to 120 Nlmm2) and normal strength 
concrete is similar 0 1997 Elsevier Science Ltd. 
All rights reserved. 

Keywords: High strength concrete, toughness, 
fibre-reinforced concrete, fracture tests, 
strength tests, toughness indices. 

INTRODUCTION 

The 1990s has been a period of increasing 
research interest in the area of high strength 
concrete (HSC) where the cube strength is in 
the range 70-120 N/mm2. This interest is due 
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partly to the increasing use of HSC in construc- 
tion and partly to the inherent durability 
benefits of such materials. Furthermore, there 
are many examples of economic advantages in 
using concrete with strengths well in excess of 
the normal design strength values. These advan- 
tages must be balanced not only against costs 
but also against the increased relative brittle- 
ness of HSC. Hence, there is a significant 
amount of research being carried out at the 
present time to investigate the effect of adding 
fibres to improve the ductility of HSC. 

The toughness of fibre-reinforced concrete 
(FRC) materials can be considered as their 
energy absorption capacity, which is usually 
characterised by some portion of the area under 
the load-displacement curve obtained during a 
flexure test. Most toughness measurements have 
been performed on un-notched beams in flexure 
using a four-point loading arrangement. A 
review of the essential features of such tests has 
been given recently by Gopalaratnam and 
Gettu.’ Their review describes the range of 
toughness measurements (energy-based dimen- 
sionless indices, energy absorption capacity, 
strength-based dimensionless indices, residual 
strength indices, equivalent flexural strength 
and deflection-based dimensionless indices) in 
European, North American and Japanese 
standards. 

The most widely reported toughness meas- 
urements are the energy-based dimensionless 
toughness indices. Essentially, the practical 
application of such indices began with the intro- 
duction of the AC1 Toughness Index,2 based on 
the work of Henegar.3 AC1 Committee 544 
defined the toughness index as the ratio of the 
amount of energy required to deflect a fibre 
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Load 

Toughness index = 
Area A + Area B 

Area A 

t De&ction 

* 1 
1.9 mm total 
deflection 

Fig. 1. Definition of AC1 toughness index.’ 

concrete beam by a prescribed amount to the 
energy required to bring the fibre beam to the 
point of first crack (Fig. 1). A similar approach 
was adopted with the development of the 
ASTM C 1018 standard,4 based on the work of 
Johnston.’ In this standard, toughness indices 
are evaluated for a number of prescribed 
deflections based on multiples of the first-crack 
deflection (Fig. 2). The toughness index pro- 
posed by Barr and Hasso is similar to that of 
the Johnston/AC1 544 proposal as it is based on 
the ratio of two areas under the load-deflection 
curve up to twice the deflection at first-crack 
(Fig. 3). Significantly, this toughness index was 

Toughness index (I,) = E, (Z,,)=E 
Fig. 2. Definitions of ASTM C 1018 toughness indices.4 

Load 

t 6 = Deflection at first crack 

3 
t Deflection 

6 26 

Toughness index = 
Area B 

x 100% 
3 x Area A 

Fig. 3. Definition of Toughness Index by Barr and 
Hasso. 

proposed for and has been applied to both 
notched and un-notched specimens subjected to 
various loading arrangements. 

Current standards/guidelines for the evalu- 
ation of the toughness characteristics of FRC 
materials have a number of limitations,’ which 
include: 

the wide range of parameters that have 
been used to interpret test results, 
the greater variation in the recorded 
deflections in four-point bend tests com- 
pared with three-point bend tests, 
the difficulty of determining accurately the 
location of first crack, 
the exaggerated deflections recorded via 
the testing machine relative to the actual 
net central deflection of the test specimens 
and 
the influence of size effects on the test 
results. 

It has been proposed recently7 that many of the 
above limitations can be overcome by evaluat- 
ing toughness via notched beams, subjected to 
three-point loading, as proposed in the GF test 
recommendation.’ Furthermore, it has been 
proposed that the deformation of the test speci- 
mens should be measured directly from the 
specimen rather than through the testing 
machine. This can best be achieved by record- 
ing the crack mouth opening displacement 
(CMOD) rather than the net central deflection 
via a ‘yoke’ arrangement.7 Such an approach 
has been adopted in the work reported here. 

STRENGTH AND TOUGHNESS TESTING 
DETAILS 

The 28-day compressive strength was deter- 
mined by means of lOO-mm cubes and three 
test methods were used to evaluate the corre- 
sponding tensile strength. Two traditional 
tensile strength tests (modulus of rupture, fb, 
and the split cylinder, fs) were used together 
with a new indirect tensile strength test, based 
on a beam specimen subjected to torsional 
loading,’ as shown in Fig. 4. The torsional load- 
ing creates shear stresses on a plane 
perpendicular to the beam’s longitudinal axis. 
These shear stresses together with the associ- 
ated complementary shear stresses result in 
tensile stresses acting at 45” to the longitudinal 
axis of the beam. It has been shown’ that the 
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Fig. 4. Schematic view of torsional loading arrangement. 

maximum shear stress, z,,,, for 
given by: 

the beams is 

z nzax = M,/0.208d3, 

where iWr is the applied torque, and d is the 
beam width or depth. The maximum shear 
stresses occur at the mid-point of the width or 
depth of the sides in a square section. At any 
given section, the shearing stresses vary along 
the edge of the boundary, from a maximum at 
the mid-point to zero at the corners. Thus, the 
shearing stresses determined according to the 
above formula will give an upper limit for the 
indirect tensile strength of the concrete. 

Toughness measurements have also been 
carried out as part of this study. Probably the 
most widely used toughness standard is the 
ASTM C 1018 standard,4 illustrated in Fig. 2. 
This standard has been used to evaluate the test 
results reported here and requires the location 
of the first-crack, S, which is significantly more 
difficult than that suggested by the schematic 
figure given in Fig. 2. Having located 6r, a 
number of toughness indices (L,, Ilo and IZo) 
corresponding to increasing portions of the 
post-first-crack curves can be determined. The 
portion of the load-deflection curve to be con- 
sidered is determined in terms of multiples of 
the first-crack deflection; I5 corresponds to 3.5 
&, Ilo corresponds to 6 &, and IZO corresponds 
to 11 & (The subscripts are used since an elas- 
tic-plastic response for the load-deflection 
curve would yield toughness indices with these 
values.) 

Some of the limitations of the ASTM C 1018 
standard have been reported by Banthia et al. lo 
who introduced a frame (or ‘yoke’) around their 
flexural beam specimens that allowed direct 
measurement of the net central deflection of 
the beam. The use of a yoke eliminated 
extraneous deflections and resulted in load- 

deflection curves that were significantly 
different from those observed by using the tra- 
ditional cross-head displacement of so-called 
stiff testing machines. According to Banthia et 
al., it is only by using a yoke-type arrangement 
that the real deflection of the flexure beam can 
be determined. The problems associated with 
the various current definitions of toughness 
indices, as described by Banthia et al., can be 
overcome by combining the notion of toughness 
indices with tests on notched specimens used 
extensively by the concrete fracture com- 
munity.8 

Currently, three test methods87”“2 for evalu- 
ating the fracture characteristics of concrete are 
under consideration. In one of these test 
methods,” the fracture energy of concrete, GF, 
is determined via stable tests carried out on 
centrally notched beam specimens wherein the 
actual deflection of the beam is recorded rather 
than the apparent deflection recorded by the 
testing machine. In the second of the proposed 
fracture tests, the Two-parameter Method”, 
fracture is assumed to be governed by the two 
parameters of critical stress intensity factor and 
the critical crack tip opening displacement 
(CTOD), which is also measured directly off the 
test specimen. This notion of measuring dis- 
placement directly off the test specimen rather 
than via the testing machine, which is well 
developed and accepted practice in fracture 
tests, has been a major influence on the experi- 
mental work reported here. 

The experimental approach reported above 
has been made possible due to the rapid 
changes that have taken place with testing 
machines in recent years. Until recently, tough- 
ness tests were traditionally carried out in stiff 
testing machines that allowed deflection control 
only. More recently, many research laboratories 
have been using closed-loop testing systems in 
order to achieve stable fracture tests in concrete 
specimens. In such machines, the deflection 
recorded by the opening of the crack (or notch) 
mouth is used to control the test itself. Apart 
from achieving stable fracture tests, the closed- 
loop testing arrangement allows the crack 
mouth opening displacement (CMOD) to be 
used directly to monitor the test specimen 
response. 

Some experimental work has already been 
reported, based on the notions described above. 
Gopalaratnan et al. I3 proposed the use of 
notched beams, tested under servo-controlled 
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conditions, to characterise toughness of FRC 
materials. More recently, Bryars et all4 tested 
centrally loaded notched beams of steel fibre 
reinforced high strength concrete in which the 
toughness index was defined as the ratio 
between the areas under the load-CMOD curve 
until a prescribed multiple of the first-crack and 
until the first-crack itself. This work has been 
developed further in a recent paper by Barr et 
al7 and is the basis of the work reported here 
for high-strength, fibre-reinforced concrete. 

EXPERIMENTAL PROGRAMME 

Mix proportions 

The experimental work reported here forms 
part of a study being carried out by the authors 
on the strength and fracture characteristics of 
ordinary and high strength concrete. The full 
study is designed to provide basic data on HSC 
(with and without fibre reinforcement) manu- 
factured using both gravel and crushed 
limestone coarse aggregate. Two types of fibres 
have been used in the study: the results for 
polypropylene fibre have been reported earlier’, 
and this paper deals specifically with the steel 
FRC mixes. Optimum fibre content (i.e. 
enhancement of toughness without introducing 
significant problems with the workability of the 
mixes) has been investigated for a range of con- 
crete strengths. The test results presented here 
have been limited to the crushed limestone 
mixes, but similar results have been observed 
with the gravel mixes. 

The first phase of the experimental pro- 
gramme required the design of standard 

concrete mixes with nominal 28-day cube 
strengths of 40, 60, 80, 100 and 120 N/mm*. 
This as 
where’ ? 

ect of the work has been reported else- 
and will not be repeated here. Table 1 

gives details of the mix proportions for both the 
crushed limestone and gravel mixes. The nomi- 
nal 80, 100 and 120 N/mm* mixes contained 
10% silica fume (supplied in a 50:50 slurry) by 
weight of cement. These three mixes also con- 
tained Conplast SP430 as a superplasticiser. 
Throughout this first phase of the programme, 
careful attention was given to the requirements 
of workability and the proportion of fine 
material to allow the inclusion of fibres into the 
mixes during the next stage of the study. 

Strength and toughness tests 

As stated earlier, both strength and toughness 
tests (based on fracture tests) have been carried 
out in the study. The compressive strength was 
determined by means of lOO-mm cubes, and the 
tensile strength was determined by means of 
three types of indirect tensile tests: 

l modulus of rupture, fb, via 
100 x 100 x 500 mm beams in flexure, 

l cylinder splitting strength, fs, via loo-mm 
diameter, 200-mm-long cylinders, and 

0 torsionsal-tension strength, ft, via 
100 x 100 x 500 mm beams subjected to 
torsion. 

The toughness evaluation was carried out via 
two types of fracture tests. The first toughness 
test was identical to the GF test 8 and is illus- 
trated in Fig. 5. Both ends of the 
100 x 100 x 500 mm test beams illustrated in 
Fig. 5 were pinned with one support free to 

Table 1. Mix proportions 

Aggregate Nominal 
type grade 

Mix proportions 

Cement 
(kglm3) 

Fine 
aggregate 
(kglm3) 

Coarse 
aggregate 
(kglm3J 

Water 
(kglm3) 

Silica 
fume 

(kglm3) 

Superplasticizer 
(ml/kg of cement) 

Limestone 40 400 800 1000 224 - - 
60 400 724 1124 200 
80 340 721 1190 170 37 lT5 

100 400 708 1188 140 23.0 
120 510 653 1086 122 

z: 
35.9 

Gravel 40 400 800 1000 224 - - 
60 400 724 1124 200 
80 370 714 1188 159 41 21.5 

100 455 696 1151 132 26.5 
120 510 653 1086 122 

:: 
35.9 
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Pin Hinge 

50 mm notch ’ 

Fig. 5. Loading arrangement for notched beam specimens. 

move horizontally. The actual mid-span deflec- 
tion, measured relative to the beam itself, was 
recorded by means of a yoke arrangement simi- 
lar to that used by Banthia et al. lo. Knife edges 
were attached on either side of the notch on to 
which a CMOD gauge (which kept the rate of 
crack mouth opening displacement constant 
during the test) was fixed. The beams were 
loaded centrally, and the load-CMOD together 
with the load-central deflection curves were 
produced autographically. 

The second test used to evauate the tough- 
ness is based on earlier work by Barr et al. l6 in 
which two notches are introduced into cube 
specimens and fracture is achieved via the 
eccentric loading arrangement, illustrated in 
Fig. 6. In this study, the cubes were 150 mm, 
and the two notches were 50 mm deep leaving a 
ligament of 50 mm. Knife edges were attached 
on either side of the notch remote from the 
loading edge and a CMOD gauge fitted to 
monitor and measure the CMOD during test. 
The notched $ubes were loaded eccentrically, as 
shown, and thz load-CMOD curves were 
recorded autographically. 

Preparation of specimens 

All mixes were prepared in a 250-kg horizontal 
pan mixer. For each mix, six plain concrete con- 

Platen 

Knife edge 

50 mm notch 150 mm cube CMOD gauge 

Platen 

Fig. 6. Loading arrangements for notched cube speci- 
mens. 

CMOD gauge 

trol cubes were taken from the mix prior to the 
addition of the fibres. The fibre content 
reported here is based on the remaining con- 
crete, after the removal of the material required 
for the six control cubes. These cubes were 
tested at 7 days and 28 days to confirm the 
repeatability of the basic mixes. The steel fibre 
used in the study was Bekaert Dramix ZL30/.50. 
Both slump and VeBe time were measured for 
all mixes prior to casting of the specimens. For 
each grade of concrete, the initial fibre content 
was 2% by weight. Thereafter, the fibre content 
was varied to determine the optimum value 
based on observations of the mixing process and 
the results from the workability tests. The opti- 
mum fibre content is considered to be the 
maximum fibre content consistent with an 
acceptable degree of workability, i.e. the con- 
crete is sufficiently workable to be properly 
compacted without undue expenditure of 
energy, say roughly comparable to a VeBe time 
no greater than about 8-10 s. 

The test specimens were compacted on a 
vibrating table, demoulded on the following day 
and cured under water, at 2o”C, for 27 days. 
The specimens were notched by a ‘Clipper’ 
masonry saw after 27 days and tested at 28 days. 
The knife edge supports were glued into posi- 
tion immediately after the notches had been 
introduced into the test specimens. 

The experimental programme described 
above allowed a number of features to be 
investigated, as follows: 

(1) 

(2) 

(3) 

Effect of steel fibre reinforcement on a 
range of concrete strengths. 
The use of load-CMOD curves to deter- 
mine toughness indices (rather than the 
traditional load-displacement curves). 
A comparison of toughness indices deter- 
mined from notched beam and notched 
cube specimens. 
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Table 2. Workability results 

Nominal Fibre 
grade content 

(percentage by 
volume) 

40 0 
0.52 
0.78 
1.04 

60 
:26 
0:39 
0.52 

80 0 
0.26 
0.52 
0.78 

100 0 
0.26 
0.39 
0.52 

120 
:26 
0:39 
0.52 

Slump 
(mm) 

140 
100 

90 
6.5 
25 

0 
20 

0 
120 

55 
45 

0 
65 

4: 
10 

:: 
55 
55 

Kbe 
(s) 

: 

: 
4 
6 

: 
1 
3 
3 
8 

54 
6 

10 

: 
5 
7 

RESULTS AND DISCUSSION 

Both slump and VeBe times were measured for 
all the mixes, and the workability results are 
presented in Table 2. It is observed that the 
maximum fibre content, for any given nominal 
grade of concrete, corresponds to a significant 
increase in VeBe time. Increasing the fibre 
volume beyond those reported in Table 2 would 
result in a poor workability for the FRC mixes. 
The other test results may be considered in two 
parts: strength test results and toughness test 
results. 

Strength results 

The results in Table 3 indicate that there is a 
small increase in compressive strength with 
increase in fibre content. The increase is gener- 
ally of the order of a few per cent, with the 
greatest increase being observed in the case of 
the Grade 120 concrete. However, great care is 
required in the interpretation of these results 
since silica fume and varying amounts of super- 
plasticer were used with the higher strength 
mixes. (The results may well be specific to the 
materials used, in particular to the amounts of 
SF and SP and their chemistry when combined 
with the Portland cement.) 

The last three columns in Table 3 present the 
tensile strength results as determined by the 

Table 3. Compressive and tensile strength results 

Nominal Fibre f c28 f b2.3 f f 
grade content (Nlmm2) (Nlmm’) (Nlgm’) (N/zm’) 

(percentage by 
volume) 

40 
:52 

43.8 3.4 

0:78 
42.0 ::: :*: 
44.3 6’8 54.: 

1.04 47.0 1:‘; 7’4 5’8 
60 0 67.1 8:2 8:7 5:2 

0.26 67.7 8.6 
0.39 69.6 ;:: 2:; 
0.52 71.0 :*: 

80 
;26 

85.3 z.50 9’4 i.53 

0:52 
84.7 919 9:5 6:8 
86.0 10.2 9.7 7.0 

0.78 88.6 11.5 10.7 9.7 
100 

:26 
104.2 10.8 12.0 6.9 

0139 
104.4 11.1 11.8 7.8 
104.3 11.8 11.5 

0.52 107.7 10.9 11.4 :::: 
120 

:26 
110.0 13.2 13.2 

0:39 
109.3 13.5 13.1 Fl 
113.3 13.6 13.9 8:7 

0.52 122.2 12.6 12.4 10.4 

three indirect methods used to evaluate the ten- 
sile strength. (fbz8 is the tensile strength at 
28 days from the modulus of rupture test, ftz8 
the corresponding result from the torsion-ten- 
sion test and fsz8 the corresponding result from 
the splitting test.) The tensile strengths evalu- 
ated by means of the torsional-loading 
arrangement, ftz8, are most encouraging and are 
similar to the tensile strengths evaluated by 
means of the modulus of rupture testing 
arrangement. Analysis of the data yields 
fb = 0.96f,+O.39 (correlation coefficient, Y = 0.98 
and the number of sets in the analysis, n = 18); 
thus, fb -ft. The torsion-tension testing arrange- 
ment can be readily reproduced in most testing 
laboratories and provides a simple method of 
evaluating tensile strength. This notion can be 
readily extended to include the testing of cores 
from real concrete structures. The only diffi- 
culty with cores is the need to provide adequate 
grip between the loading collars and the test 
specimen. Torsional loading of beams and cylin- 
ders, to determine the indirect tensile strength, 
is currently being pursued in the same labora- 
tory. 

Whereas the f b28 andftz8 test results are simi- 
lar in Table 3, there is a significant difference in 
the values shown by the cylinder-splitting test 
results, fsz8. This could be due to the very dif- 
ferent stress distributions developed in each test 
geometry; failure is initiated in the surface of 
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the modulus of rupture and torsion tests, 
whereas it is initiated within the body of the test 
specimen in the case of cylinder-splitting test. 
Further work is required in this area to estab- 
lish the reliability of the trends and to produce 
a sound database for interpretation. 

Examination of the cube and flexural tensile 
results indicates a good correlation, given by 
fb = o.51E.67, with a correlation coefficient, r, of 
0.93 and number of sets in analysis, n = 18. 
Similarly, the relationship between cube and ft 
results shows a good correlation given by 

3.5 

T 

2.5 

ft = 0.30flso with r = 0.88 and n = 20. For fs, the 
correlation is ft = 0.38f167, with r = 0.89 and 
n = 15; this excludes the plain concrete results, 
as with polypropylene fibres,’ for which a sepa- 
rate correlation appears to be applicable. 

Toughness results 

Typical load-CMOD curves are shown in Figs 7 
and 8 for the notched beam test specimens and 
in Figs 9 and 10 for the notched cube test speci- 
mens. Both test specimens have an untracked 

0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 

CMOD (mm) 

Fig. 7. Typical load-CMOD curves for plain concrete mixes (notched beams). 

0.6 

0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.6 

CMOD (mm) 

Fig. 8. Typical load-CMOD curves for FRC composite notched beams (nominal 28-day cube strength = 40 N/mm’). 
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I +Gfade 120 + Grade1 00 

I -A- Grade 80 *Gl-OdO60 I 
-(-Grade 40 

0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1 

CMOD (mm) 

Fig. 9. Typical load-CMOD curves for plain concrete mixes (notched cubes). 

ligament length of 50 mm, and the CMOD clip 
gauge is located 50 mm away from the root of 
the notch in both cases. Thus, although the test- 
ing arrangements are very different, the CMOD 
measurements are recorded in similar circum- 
stances, and it is only the method of applying 
the bending moment across the ligament that 
differs in the two test geometries. Significantly, 
it is observed that the shape of the load- 
CMOD curves for the plain concrete mixes is 
similar for the two geometries and, further- 
more, the value of the crack opening 

0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1 

CMOD (mm) 

Typical load-CMOD curves for FRC composite notched cubes (nominal 28 day cube strength = 40 N/mm2). Fig. 10. 

displacement at zero load in the post peak 
region is also similar for the two geometries. 

Figures 8 and 10 show the similar effect of 
the fibre content on the load-CMOD curves for 
the two test geometries. These two figures sug- 
gest that similar load-CMOD curves are 
obtained when deformation measurements are 
taken directly off the test specimen geometry, in 
similar circumstances. It is probable that such 
direct measurements are more closely related to 
actual material behaviour than measurements 
recorded via the testing machine itself. 

16 -- 
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The load-CMOD curves, illustrated in Figs 8 
and 10, have been analysed by means of the 
toughness indices defined in ASTM C 1018. 
Both the I5 and Ilo indices have been calculated 
for the two geometries, and the results are pre- 
sented in Table 4. The I5 and, in particular, the 
Ilo values calculated using load-CMOD and 
load-displacement are very similar for all con- 
cretes as shown by the results for the beam tests 
in Table 4. This is as expected given the similar 
shape of the load-displacement and load- 
CMOD curves and the method of calculating 
the toughness indices. As the toughness indices 
are based upon multiples of the first-crack 
deflection, the reliable determination of this 
measure is very important. However, it was 
difficult to accurately find the point of first- 
cracking, and as a result, the deflection at 
peak-load was taken as &. As there are several 
advantages in using the load-CMOD response 
as a basis for toughness measurement,13 not 
least the reduction in errors of measuring 
CMOD as opposed to deflection, the load- 
CMOD-derived toughness values are 
considered the most accurate here, and these 
alone are therefore discussed further. 

For both geometries, the first crack occurs 
when the CMOD is of the order of 
0.04-0.05 mm. Thus, the I5 and Ilo toughness 

Table 4. I5 and Ilo toughness index results 

Nominal grade Fibre content 
(percentage by volume) 

indices take into account only the area under 
the curve out to CMOD displacements of 
approximately 0.175 mm and 0.3 mm, respec- 
tively. Although the I5 and Ilo indices are 
similar for the two geometries, it is clear that 
neither index extends far enough to capture the 
enhanced toughness of the steel fibre reinforce- 
ment. Unfortunately, this conclusion also 
applies, even for the IzO toughness index. This 
aspect of the study shows that a new definition 
of toughness indices is required to reflect the 
enhanced toughness properties of FRC compo- 
sites tested by means of modified fracture tests. 

The work reported here supports some 
earlier conclusions reached by Jamet et al. I’, 
who tested notched beams under CMOD con- 
trol to obtain stable load-CMOD curves (for 
both plain concrete and FRC composites) from 
which a number of toughness measurements 
were assessed. Jamet et al. claim that their pro- 
posed toughness measurements give a better 
indication of the fundamental behaviour of the 
concrete, avoid the problems associated with 
the approach based on the deflection of un- 
notched beams, and are amenable to the 
incorporation of serviceability considerations 
such as crack widths. The main difficulty with 
the work reported by Jamet et al. is the 
apparent size effect in their test results. The 

Notched beam Notched cube 

LoadlCMOD Load/ 
displacement 

LoadlCMOD 

40 
R52 
0:78 
1.04 

60 0 
0.26 
0.39 
0.52 

80 0 
0.26 
0.52 
0.78 

100 0 
0.26 
0.39 
0.52 

120 0 
0.26 
0.39 
0.52 

2.6 
3.2 

E 
2:5 
3.3 
3.2 
3.4 
2.2 
3.0 
3.4 
4.4 
2.5 
3.1 
3.6 
3.3 
1.7 
2.7 
2.9 
2.8 

53:; 
87.: 
3:3 

:.: 
6:7 
2.8 
5.4 

;: 
313 
5.2 
6.5 

% 
4:6 
5.4 
5.4 

22:; 
3.4 
4.2 
2.0 
3.2 
3.4 
3.7 

:.: 
3:8 
4.2 
1.8 
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implications of possible size effects in such 
toughness measurements require further 
detailed investigation. The notched cube test 
specimen provides an obvious choice of test 
geometry to investigate size effects, due to its 
compact nature. 

The toughness index results given in Table 4 
suggest that various testing arrangements can 
be used to establish the load-CMOD curves for 
FRC composites. The advantage of using the 
notched cube geometry rather than the notched 
beam geometry to study size effects has already 
been advanced above. Further study is required 
to determine what difference, if any, is obtained 
when notched cylinders and/or cores are tested 
under similar loading arrangements. A compari- 
son of the I5 and Ilo toughness indices for the 
notched beam and notched cube test specimens 
is illustrated in Fig. 11. A direct comparison 
would give a slope of 1.0 for the regression line 
and a correlation approaching unity. With the 
exception of the test results for the nominal 
Grade 60 mixes, a good correlation is observed 
in Fig. 11 between the test results from the two 
geometries. Too few results are available to 
allow the significance to be checked of the 
correlations for each concrete grade. However, 
if all the results are pooled, as they are for 
strengths, it is found that IS,cube = 0.991- 
5,beam - 0.2 (correlation = 0.86, II = 20) , i.e. 
I -I S,cube- S,beam, and &O,cube = 0%0,beam- 

+0.07 (correlation = 0.93, n = 20). These 
correlations are significant at better than the 
0.1% level. These results suggest that toughness 
indices determined from CMOD measurements 
on notched cubes are valid indicators of tough- 
ness giving comparable values to those 
determined in traditional notched beam flexure 
tests. 

CONCLUSIONS 

The effect of adding steel fibres to high strength 
concrete mixes is similar to that observed in the 
case of normal strength concrete. The compres- 
sive strength is marginally increased with 
increasing fibre content, with the greatest 
increase being observed in the case of the 
Grade 120 concrete. The increase in tensile 
strength with increasing fibre content is also 
marginal but more variable, depending upon 
the test method used to determine the tensile 
strength. Whereas the increase in tensile 

strength evaluated via the split cylinder was sig- 
nificant, the same increase in tensile strength 
was not observed in the case of the other two 
test geometries where failure was initiated at 
the surface of the specimen rather than in the 
bulk of the specimen. This is probably due to a 
wall effect whereby the fibre density is less at 
the surface than in the centre of the test speci- 
mens, and further work is required before 
drawing firm conclusions. 

Three methods of evaluating tensile strength 
were used in the study. An alternative indirect 
tensile test is described which yields test results 
that are similar to those given by the modulus 
of rupture testing arrangement. The similarity 
of the tensile strengths determined by the mod- 
ulus of rupture and the torsional loading testing 
arrangement is probably due to the similarity of 
crack initiation that occurs at the surface in 
both cases. The new testing arrangement (which 
can also be adopted for testing cylinders and 
cores) requires further investigation and is cur- 
rently being used in the same laboratory to test 
specimens under a range of conditions varying 
from fully saturated to oven dry. 

Toughness measurements have been evalu- 
ated by means of two fracture-type tests 
wherein the load-CMOD rather than the load- 
deflection curves have been used to determine 
the toughness. Similar toughness results were 
observed from the two geometries, as in the 
case of polypropylene FRC mixes reported 
earlier.’ Although the I5 and Ilo toughness indi- 
ces were similar for the two geometries, the 
results show that neither index extends suffi- 
ciently far to capture the enhanced toughness 
due to fibre reinforcement. Nevertheless, frac- 
ture tests using notched test specimens with 
CMOD deformations measured directly off the 
test specimens provide a better method of 
quantifying material behaviour than traditional 
test methods wherein deformations are 
recorded via the testing machine. Further 
research is required to determine what mini- 
mum portion of the load-CMOD curves is 
required to provide sufficient data to monitor 
toughness. 

The results show the potential advantage of 
the notched cube geometry to study size effects. 
Earlier work by Jamet et al. I7 and Bryars et all4 
has shown a size effect in toughness measure- 
ments. The implications of possible size effects 
in toughness measurements require further 
detailed investigation using the notched cube 
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test specimen (rather than the more traditional 
notched beam in bending) due to its compact 
nature. 
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