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Abstract  
The flexural load-deflection cuwes for mortar reinforced with various fibre types (steel and synthetic) and various 
fibre volume fractions are measured using three different beam sizes. Three new flexural toughness indexes that 
reflect the general shape  of the load-deflection curve are defined and calculated. The flexural strength~tensile 
strength ratio f~/f,' is proposed as  a parameter that reflects material brittleness - a lower value for a more 
brittle material. Good correlations between two of the new flexural toughness indexes and parameters that involve 
only ff f, and the fibre length are found. These results indicate the possibility of getting a good idea of the 
flexural load-deflection curve by measuring only f~ and f, in the laboratory. By realizing the dependence of 
structural behaviour on material fracture resistance, and also the ability of the parameters fr and ft to 
characterize this dependence, it is possible to develop simple formulae that directly express this dependence. 

Conventional concrete design has relied almost 
exclusively on compressive strength as a means of 
specifying the concrete quality. Other concrete 
properties, such as tensile strength, modulus, durability, 
etc, have been empirically related to the compressive 
strength. However, the recent development and ever- 
increasing use of both high-strength concrete (130 MPa 
compressive strength concrete was used in Seattle's Two 
Union Square Building) and fibre reinforced concrete 
has forced us to look more closely at concrete properties 
other than the compressive strength. Ordinary strength 
concrete fails by aggregates pulling out of the matrix, 
resulting in a rough fracture surface. In contrast, high- 
strength concrete, because of the high interfacial-bond 
strength between the aggregate and the mortar, fails by 
cracks passing straight through the aggregate, resulting 
in a smooth fracture plane. Concrete reinforced with low- 
volume fractions (up to two percent) of short fibres has 
a compressive strength very similar to that of the 
unreinforced concrete, but exhibits much greater 
resistance to crack formation and growth. It is obvious 
that compressive strength alone is not adequate for the 
design of the fibre concrete structures. 

Material fracture resistance is an important property 
that can successfully distinguish between the failure 
modes  of high-strength concrete,  ordinary strength 
concrete,  and fibre reinforced concrete.  The complete  
tensile behaviour of concrete  can be defined using the 
stress-strain curve and the tension-softening curve. 
Hillerborg ~ in t roduced  the material  character is t ic  
length lch = G~E/f, 2 to def ine  material  tensi le  
brittleness. GF is the fracture energy, E is the Young's 
modulus, and f, is the tensile strength, lch is a measure 
of the ratio of the upward slope of the stress-strain curve 
to the downward slope of the tension-softening curve. 
A material with a relatively sharp descending softening 
curve has a low lch value and is perceived as being 
relatively brittle. Since high-strength concrete  attains a 
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relatively high tensile strength and then cracks along a 
smooth fracture plane without aggregate pullout, it has 
been shown that its softening curve has a relatively sharp 
descent compared to plain concrete, and thus the 
material is more brittle, with a lower Ic,. Fibre 
reinforced concrete, on the other hand, has been shown 
to have a relatively flat softening curve compared to the 
plain concrete, and is thus more ductile, with higher 
Ich. Hillerborg 2 presented the results of theoretical 
analyses performed by Petersson 3 and Gustafsson 4, 
which showed the ratios fr/ft and fo/f,, respectively, as 
increasing functions of the parameter lc,/d, where fr is 
the flexural strength of an unreinforced beam, f~ is the 
shear strength of a longitudinally reinforced beam, and 
d is the beam depth, lch/d is a structural brittleness 
parameter, with more brittle behaviour being observed 
when the material characteristic length decreases or the 
structural size increases. These analyses show the 
dependence of structural strengths [r and fv on the 
material tensile fracture properties ft and Ic,. However, 
the tension-softening curve is, in general, too difficult 
and too time-consuming to measure for practical 
implementation in routine design and quality control. 

Researchers have attempted to use the flexural load- 
deflection curve rather than the softening curve as a 
means  of quantifying the improved fracture resistance 
of fibre concrete. The advantage of this procedure is that 
the test is relatively simple to perform and closely 
simulates many of the loading conditions imposed on 
fibre concrete  in practical applications. However, the 
disadvantages of this method are that the curve depends 
on the specimen size and geometry,  and the loading 
configuration. It is also more difficult to use a complete  
curve rather than just a single parameter  (such as Gr 
or l~h in design. Numerous  researchers have proposed 
using flexural-toughness indexes, which are defined 
using the flexural load-deflection curve as a means  of 
getting around these problems. Henager 5 proposed 
indexes based on the point of first crack on the load. 
deflection curve. Johns ton  6 proposed indexes/5,  /10, 
and/30 based on the area under the curve up to certain 
defined deflection values. Wang and Backer 7 described 
new indexes that are more sensitive to the post-peak 
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shape of the load-deflection curve. The disadvantages 
of the previously mentioned indexes are that it is difficult 
to locate accurately the position of first crack on the 
load-deflection curve, relatively time-consuming to 
record a complete load-defection curve (compared, for 
example, to measuring only the compression strength), 
and difficult to use a set of indexes for the purposes of 
design and quality control. The flexural load-deflection 
curve can, however, tell us a great deal about material 
fracture resistance properties. 

Research significance 
The aim of this research is to examine how changes in 
material brittleness can lead to changes in structural 
behaviour, particularly flexural performance. Material 
brittleness is varied by reinforcing plain mortar with 
various fibre types (steel and synthetic) and by using 
various volume fractions. The possibi l i ty  of 
characterising the tensile fracture properties of a 
nonyielding material like concrete, using only the 
flexural and first crack splitting tensile strengths, is 
successfully demonstrated. This is a simple procedure, 
ideally suited for design purposes, and should 
encourage engineers to make greater use of both fibre 
reinforced concrete and high.strength concrete in future 
practical applications. These research findings can be 
used to devise a future programme of testing on 
practical plain concrete and fibre reinforced concrete 
mixes, the results of which could be used in design 
codes so that material brittleness may be better 
accounted for. 

Experimental programme 
Four different beam sizes, all with similar geometries, 
were tested under third-point bending, as shown in 
Fig 1, to examine the influence of beam size on the 
flexural strength and flexural load-deflection curve. Plain 
mortar, as well as mortar reinforced with various volume 
fractions of steel, aramid, high-modulus polyethylene, 
and acrylic fibres, were used in the beams to investigate 
the effects of material fracture resistance on the flexural 
behaviour. The fibre properties are listed in Table 1. A 
total of 129 beams (in sets of three nominally identical 
specimens) were tested to give results for 43 different 
combinations of beam size, fibre type, and fibre volume 
fraction. The beam depths used were 63.5, 114, 171 
and 228 mm (2.5, 4.5, 6.75 and 9 in.). A constant 
mortar mix with a cement:sand:water ratio of 1:1:0.4 by 
weight was used. The cement was Type I11 rapid 
hardening and the sand passed through a # 8 sieve. 
Volume fractions of 0.5, 1.0, 1.5, and 2.0 percent were 
used with the 25 mm steel fibres; 1.0 and 2.0 percent 
with the 50 mm steel fibres; 0.5, 1.0 and 1.5 percent 
with the aramid fibres; 1.0 and 2.0 percent with the 
acrylic fibres; and 1.0 percent with the high-modulus 
polyethylene fibres. All the materials were added initially 
to a bladeless mixer and mixing was performed for about 
three minutes. Superplasticizer was used with the 
synthetic fibres to ensure adequate workability. All 
beams were tested perpendicular to the casting 
direction. The specimens were covered with plastic after 
casting for about 12 to 14 hr and were then demolded 
and stored in air at 20°C (68°F) until testing at between 
14 and 16 days of age. Complete details of the testing, 
programme are given by Ward. 8 

Fibre 
type 

Steel 25.0 
Steel 50 0 

Aramlcl 6 4 

Acryl c 6 4 
HighImOdulbs 12 7 
polyethylene 

F~gl 

Table I Fibre properties 

IAspect, Tensile ! 
strength, IModulus, Density 

Lengthmm | | ratio//d~ . MPa I GPa I g/cm3 Surface 

I - - : . . . . . . .  

2~5 • 1000 200 7 9 Crimped 
57 : 1000 200 7 9 , Cnmpecl 

530 2800 130 1 45 I Stratght i 

1 
J 

470 400 6 1 15 Straight 
334 2000 100 0 97 Straight 

i 

-! -! 
d d d 0.55d 

Specimen geometry and loading configuration 
for flexural test 

Testing was carried out in a displacement-controlled 
testing machine. All beams of a similar size were loaded 
with similar initial cross-head speeds and the actual 
speeds were changed in proportion to the beam depth. 
The initial speed for the 114 mm (4.5 in.) beams was 
0.6 mm/min (0.024 in./min). Some time after the maxi- 
mum load was reached, the loading rate was increased 
to ensure a reasonable testing time. The load was 
applied to the top of the beams through two rectangular 
cross section loading platens placed across the full width 
of the beam. The width of these platens was 0.11 times 
the beam depth. A linear variable differential transformer 
(LVDT) was placed at the centre of each of the three 
larger sized beams to measure the midspan deflection. 
All tests were continued until the load dropped below 
10 percent of the maximum value. All the plain mortar 
beams failed suddenly at the maximum load, and so it 
was not possible to measure the descending branch of 
the flexural load-deflection curve. 

A total of 91 cylinders [77 mm (3 in.) diameter x 154 
mm (6 in.) long] were also tested to give average values 
for the compressive strength (average of three tests) and 
the splitting tensile strength (average of four tests) for 
the 13 different mixes. 

Mortar Ratios 
A mortar mix (rather than concrete) was used in this 
testing programme to ensure more homogenous 
specimens than if coarse aggregate were present, 
especially in the smaller beams. This allowed easier 
detection of trends in the test data. It was hoped that, 
by identifying data trends, it would be possible to reduce 
the scope of a future test programme on practical 
concrete mixes. 

The mortar mix used in this programme does not 
differ significantly from what might be present in plain 
concrete, with a design strength of about 40 MPa (5800 
psi). A possible design mix for a plain concrete 28-day 
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Table 2 

Fibre type 

Flexural, splitting tensile, and compressive strengths of various fibre reinforced mortars 

Plain molar 

Aramid 
Aramqd 
Aram~d 

Steel 
Steel 
Steel 
Steel 
Steel 
Steel 

Acrylic 
Acryl,c 

H~gh-modulus 
polyethylene 

Length, Vf 
mm percent 

0 

64 05 
64 10 
64 15 

25 05 
25 1 0 
25 1 5 
25 2.0 
50 10 
50 2.0 

d = 63.5, 
MPa 

30 

49 
55 
69 

36 
51 
64 
70 

64 1.0 
64 2.0 

127 10 

Flexural strength 

d = 114, I d =171, i 
MPa MPa 

26 ', 23 

41 40 
51 47 
61 60 

35 35 
54 49 
6.2 57 
70 66 
7.4 
89 

40 
37 

89 I __L_ 

t .. 

d =228, 
MPa 

24 

1 39 
51  
5 5  

Splitting tensile strength 

Crack, Maximum 
MPa MPa 

- -  Compressive 
strength 

MPa 

2 9 29 570 

4.2 
4 4  
4 6  

3.5 36 
4.7 39 
55 48 
6.6 48 
62 43 
78 56 

34 
35 

77 

42 
44 
46 

56 
60 
59 
56 
62 
76 

43 43 
36 36 

32 64 

521 
503 
45.5 

58 9 
62 6 
59 7 
57.0 
541 

453 
33 0 

457 

strength of 40 MPa and slump in the range 60 to 180 
mm is as follows: cement 488 kg/m3; water 195 
kg/m3; fine aggregate [<  5.5 mm] 677 kg/m3; and 
coarse aggregate [5 to 20mm] 1015 kg/m 3. 

The cement:sand:water ratio for this mix is 
1 : 1.39:0.4, compared to a ratio of 1:1:0.4 used in the 
test programme. The volume fraction of coarse 
aggregate in the mix would be about 40 percent 
(assuming a coarse aggregate relative density of 2.6). 
If a 1 percent volume fraction of fibres were added to 
this mix, then the true volume fraction of fibres in the 
mortar alone would be 1 /0 .6=  1.67 percent. This is 
why higher overall fibre volume fractions should be used 
for tests on mortar than for tests on concrete 
specimens. 

Test results and discussion 
Compressive strength 
The compressive strength of each material is listed in 
Table 2. Fig 2 illustrates the effects of fibre type and 
volume fraction on the compressive strength. Steel 
fibres increase the strength slightly, with a maximum 
increase of 10 percent being observed at a one percent 
volume fraction. The strength increase may be due to 

7O 

50 

40 

30 

20 

10 

• • 

• Plain Mortar 
El Kevlar 
• Acrylic 
0 Spectra 
• Steel 25 mm 
O Steel 50 mm 

I 
0.5 

I I I 
1.0 1.5 2 . 0  

F~g2 
Fibre volume fraction (%) 

Effect of fibre reinforcement on compressive 
strength (1 MPa = 145 psi) 

dowel-like resistance of relatively stiff steel fibres that 
bridge crack-like defects where compressive failure 
initiates. Synthetic fibres generally lead to decreasing 
strength as the fibre volume fraction is increased. 
Decreases of the order of 20 percent were noted at a 
volume fraction of 1 percent. These strength reductions 
may be related to porosity increases due to compaction 
difficulties with high aspect ratio flexible fibres. 

j 6 

2 5 ~ 4 

..,< o 3q 

b ~  

i.E_ o 
1 

0 

[] t 
F" • Plain Mortar 

1::3 Kevlar 
• Acrylic 
O Spectra 
• Steel 25 mm 
O Steel 50 ram 

I I I I 
0.5 1.0 1.5 2.0 

Fibre volume fraction (%) 

Fig 3 Effect of fibre reinforcement on the first crack 
splitting tensile strength (I MPa = 145 psi) 

Splitting tensile strength 
The first crack and maximum splitting tensile strengths 
are listed in Table 2. Fig 3 illustrates the effects of fibre 
type and volume fraction on the first crack strength. This 
strength was calculated from the load at which the first 
visible crack appeared across the cylinder. In many 
cases, the appearance of the crack was accompanied 
by a low popping sound. In general, the cracking tensile 
strength increases with fibre volume fraction. Aramid 
fibres give much higher cracking strength than high- 
modulus polyethylene, probably because their higher 
bond strength with mortar. Due to their relatively good 
bond strength and high aspect ratio the 6.4 mm aramid 
fibres can provide similar cracking strengths to those 
provided by the 25 mm steel fibres. A 2 percent volume 
fraction of acrylic fibres provides a low tensile strength, 
mainly because of compaction problems with resulting 
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high porosity. The maximum loads recorded in the 
splitting tests are not considered meaningful because 
of unknown stress distribution after cracking. It is 
interesting, however, that for the plain mortar and acrylic 
and aramid fibre mortar specimens, the first crack and 
maximum loads correspond, whereas there are 
substantial differences (up to 100 percent) for the high 
modulus polyethylene and steel fibre mortars, due to 
the greater ability of these fibres to transfer relatively 
high stresses after composite cracking. 

0- 

t ~ [ ]  ~ J  

• Plain Mortar 
[] Kevlar Vf = 0.5% 
• Acrylic Vf = 1.0% 
O Spectra 
• Steel 25ram Vf = 1.5% 
O Steel 50 mm Vf = 2.0% 

I t I I 
63.5 114 171 228 

Beam depth (mm) 

Fig 4 Influence of beam size on flexural strength 
(1 MPa = 145 psi) 

Flexural strength 
The flexural strengths for each material and each beam 
size (corrected for the effects of loading fixtures and 
beam self-weight) are listed in Table 2. Figure 4 illustrates 
similar trends of decreasing strength as beam size 
increases for all the materials. Other investigators related 
strength reductions to the volume of material within a 
probable failure zone. For beams with similar geometries, 
the matehal volume is a function of the beam depth and, 
for these cases, Johnson 9 found the strength of plain 
concrete and steel fibre concrete beams approximately 
proportional to d-°3; Akihama, Suenaga, and Nakagawa 1° 
found the strength of carbon fibre reinforced concrete 
beams approximately proportional to d-°374; and 
Torrent and Brooks" found the strength of plain 
concrete beams approximately proportional to d -°A23. 
The flexural strength values shown in Figure 4 decrease, 
on average, in proportion to d -°13. Far less dependence 
on material volume is exhibited than that proposed by 
Johnston or Akihama. The reasons for this may lie with 
the loading fixtures, material type, curing process, or 
effects of beam self-weight. 

Petersson's analytical results ], showing decreasing 

2.(3 

1.0 

0.1 

wet specimen (no shrinkage) 

" ' . . . . . * *  " . . . . .  • . 
pe~men (shrinkage) 

° .  

• " - °  . 

* * ' * ° ° ° . °  

I I I I 
0.3 1.0 3.0 lO 

clAch 

F g5 

J 

Theoretical curves relating the fr/f, ratio to the 
d/lch ratio calculated using the fictitious crack 
model 

fl/f, ratios as the parameter d/lch increased, are 
summarized in Figure 5. These results are based on a 
fracture mechanics approach: the size dependence of 
structural strength stems from the fact that elastic 
energy is stored and released throughout the beam at 
a rate proportional to the beam volume (for similar 
geometries), whereas the energy absorption rate across 
the critical fracture plane only increases in proportion 
to the beam cross section size. These results are not 
exactly applicable to concrete because they are based 
on an assumed linear elastic stress-strain curve, whereas 
the true curve shows significant nonlinearity and 
inelastic deformations. Assuming a Weibull distribution 
for concrete strengths also leads to a structural size 
effect because of a greater chance of a weaker section 
in a larger specimen. To fully understand the size 
dependence of structural strength, it is necessary to 
consider energy absorption and release rates in 
conjunction with the Weibull strength distribution. 
Ward 8 gives a short discussion of this approach and 
shows some typical results. 

The theoretical results from Petersson 3 presented in 
Figure 5 suggest that the flexural strength depends on 
both the tensile strength and the material characteristic 
length. Figure 6 illustrates representations of typical 
tension softening curves for the materials used in this 

i 

Fig 6 

I I I I I I I 
1 2 3 4 5 6 7 8 

Crack opening (ram) i 
J 

Typical tension-softening curves of  mortars 
reinforced with var/ous fibres 
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programme. The plain mortar and synthetic fibre mortar 
curves were measured in eadier testing programmes ~z13, 
using mortar  with a cement:sand:water  ratio of 1:1:0.5 
and the same fibres used in this testing programme. The 
steel fibre mortar curves are taken from results 
presented by Hillerborg 14. It may be  expected that the 
25 mm steel fibres used in this testing programme have 
similar shaped cr - ~ curves to that shown for the round 
steel fibres, and the 50  mm fibres have similar shaped 
curves to that shown for the indented steel fibres. 
Hillerborg 14 defined an effective G~-and l'ch, based on 
a continuation of the initial slope of the softening curve 
as a straight line down to meet  a = O, and he suggested 
that the f / f ,  ratio was related to l'ch. He considered the 
area under  the softening curve at large crack openings 
to have little influence on the maximum beam strength. 
If an effect ive l'ch was calculated,  based  on the 
softening curves in Figure 6, the plain mortar would have 
the lowest value, the acrylic fibre mortar  would be next 
lowest, the aramid and 25 mm steel fibre mortars would 
give the next  lowest values, and the 50  mm steel and 
high-modulus polyethylene fibre mortars would have the 
highest values. The effective characteristic length would 
increase as fibre volume fraction increased and the 
material be c a m e  less brittle. Figure 7 shows the ft/f~ 
ratios for each fibre type and volume fraction, calculated 
using the flexural strengths of the 114 mm beams. 
Direct correlation between the trend of increasing f / f ,  
ratios and increasing material characteristic lengths just 
mentioned can be seen. This confirms the dependence  
of flexural strength on material brittleness, as well as on 
tensile strength. 

I 3 
0 

O 

• 

El 

• Plain Mortar 
[] Kevlar 
• Acrylic 
0 Spectra 
• Steel 25 mm 
O Steel 50 mm 

O 

I I I I 
0.5 1,0 1.5 2.0 

Fibre volume fraction (%~ 

Fig 7 Effect o f  fibre reinforcement on the ratio 
be tween  flexural and splitting tensile strengths 

The  very high fJfL ratio of the h igh-modulus  
polyethylene fibre mortar  may be explained as follows. 
Due to the relatively low tensile cracking strength of this 
material, a flexural crack formed at the bot tom of the 
beam at a relatively small load in the flexural test. 
However, because of the relatively flat initial slope of the 
softening curve, with perhaps some initial stress increase 
as the fibres are stretched after the composi te  cracks, 
the load cont inued to increase after the flexural cracks 
developed. Subsequently,  a number  of cracks formed 
in the h igh - mom en t  central  span  zone.  On a 
macroscopic scale, the behaviour was almost like the 

yielding of steel once  the elastic bending m o men t  
capacity is passed. This multiple cracking allowed 
deformations to exist within the beam that were 
compatible with developing relatively high tensile 
stresses over a large proportion of the beam depth. The 
theoretical limit of the f / f ,  ratio is 3.0 if the tensile 
strength is developed over the full beam depth, and an 
infinitesimal compression zone exists at the top of the 
beam. The f i fe ratio of the 114 mm high-modulus 
polyethylene fibre beams  is 2.78.  

24 

2O" 

16" 

~ 12- 

4 -  

I I [ I 
1.0 2.0 3.0 4.0 5.C 

Deflection (mm) 

Flexural load-deflection curves for mortars 
reinforced with various fibre types; (I kN  = 
2 2 4 . 8  lbs) 

14 

12 

g ~c 

6 

4 

2 

Beam depth = 114 rnm 

~ ~ ~ 4 ~ 1 . 5 %  

" vf-- 0.5% vf = 0% 7 ~ ~ . . . ~ ~ ~  

I I I I I I 
0.2 0.4 0.6 0.8 1.0 1.2 

DcflecUon (ram) 

Flexural load-deflection curves for kevlar fibre 
reinforced mortar beams (I m m =  O. 0 3 9 4  in.; 
I kN  = 2 2 4 . 8  lbs) 

18 

16 

14 

12 

8 

_ _  Beam depth = 114 m m  

I 2 3 4 $ 6 
t I t I l I 

0.2 0.4 0.6 0.8 1.0 !.2 

Dcfkcdoe (nm~) 

10 Flexural load-deflection curves for steel fibre (25 
rnm) reinforced mortar beams;  (1 kN  = 2 2 4 . 8  
lbs) 
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Flexural load-def lec t ion  curves  
Figure 8 shows typical flexural load-deflection curves 
for each fibre type. Due to inadequate machine stiffness, 
it was not possible to measure  the descending branch 
of the plain mortar curve. The aramid and acrylic fibre 
mortars show relatively sharp drops from the peak load. 
This is due to the relative shortness of these fibres and 
also to the fact that these  fibres tend to form rod-like 
bundles in the matrix around which the crack 
propagates, thus giving a higher tensile strength but not 
giving much fibre pullout. The longer steel fibres show 
a much more  gradual fall.off in load capacity as they 
pull out of the matrix. The very large deflection in the 
high.modulus polyethylene fibre mortar beam at the 
maximum load is due to widespread multiple cracking. 
The initial correspondence of all the curves is consistent 
with the generally held view that low-volume fractions 
of short fibre reinforcement do not significantly change 
the composi te  behaviour prior to matrix micro- 
cracking.~5.16 

Figures 9 and 10 show the effects of fibre volume 
fraction on the flexural load-deflection curves for the 
aramid and 25 mm steel fibres. The initial linear elastic 
part of the curves before matrix microcracking does not 
change with fibre volume fraction. Energy-absorption 
capacity increases with fibre-volume fraction. This is 
because of an increase in the inelastic energy absorbed 
throughout the beam and also because  of the fracture 
energy absorbed across the critical fracture plane. The 
higher tensile strength ensures larger stresses and 
strains and the higher flexural strength ensures more 
material being stressed beyond the elastic limit. The 
increase in fracture energy stems from a greater number 
of fibres bridging the crack and a more tortuous crack 
propagation path as the volume fraction increases. 

Figures 11 and 12 illustrate the influence of beam 
size on the normalized load versus  normalized deflection 
curves for the aramid and 25 mm steel fibres. The 
normalized load is a measure  of the flexural stresses in 
the beam and is defined as 6 M / b d  2 where M is the 
bending momen t  along the beam central span and b 
is the beam width. The  normalized def lect ion 
corresponds to the midspan deflection divided by the 
beam depth, and is a measure of the average strains 
on the beam. These  curves are somewhat  analogous 
to the stress ver sus  normalized displacement (average 
strain) curves obtained from a direct tension test. In the 
direct tension test, the material initially strains uniformly 
throughout its length. At the maximum load, a localized 
fracture zone develops with subsequent  increases in 
deformation within this zone, and decreases  in 
deformation due to elastic rebound outside this zone 17. 
The shape of the descending curve is thus dependent 
on the relative magnitude of these two deformation 
changes which, in turn, depends on specimen length, 
ie a longer specimen producing a sharper drop in the 
curve after maximum load. Increasing the beam size in 
a flexural test has a somewhat similar influence on the 
stress-normalized deflection curve. 

The total area under the load-deflection curve is 
indicative of the energy absorbed by the beam. The 
coincidence of the initial linear elastic parts of the stress- 
normalized deflection curves in Figures 11 and 12 
confirms that the rate of elastic energy absorption is 
proportional to beam volume, for similar geometries. 

i . . . . .  

Kevlar  

i I I \\"~'-~: l l 4 m m  

.002 .01 .012 .004 .(X)6 .008 

Normalized deflection 8 / d  

Flexural stress versus  normal i zed  def lect ion for 
dif ferent b e a m  s i zes  o f  kev lar  fibre reinforced 
mortar;  (I MPa = 145 psi) 

?- 

  con,ino  J 
f)14 .018 022  026 .030 034  

S t e e l  2 5  m m  

;'~ = 1 0% 

d = 228 rnm ~ 

I I I I I I 
,(X)2 ,(X)4 (X)6 008  .01 .012 n 14 ! 

Normalized deflection 8/d 

Flexural s t ress  ver sus  normal i zed  def lect ion for 
dif ferent b e a m  s i zes  o f  s tee l  fibre reinforced 
mortar;  (1 MPa = 14.5 psi)  

After matrix microcracking initiates, inelastic energy is 
absorbed throughout  the more highly stressed parts of 
the beam, at a rate proportional to the beam volume. 
However, energy absorbed by the critical fracture zone 
is proportional to the beam cross-sectional size, and this 
partly accounts  for the size dependence  of the 
normal ized  load de f l ec t ion  curves .  A s e c o n d  
contribution to the size-effect can be attributed to the 
reduced flexural strength as beam size increases, 
resulting in less material (proportionally) being stressed 
beyond its elastic limit and, thus, less inelastic energy 
being absorbed per unit volume of beam. It is possible 
to express qualitatively the energy-absorption capacity 
of a beam in flexure by: 

U = k l b d  ~ + GFbd (1) 

where kl accounts  for energy absorbed per unit beam 
volume away from the critical fracture zone. The factor 
kl may be expected to be a decreasing function of 
beam size. Normalization of Equation (1) leads to: 

U / b d  2 = k I + G r / d  (2) 

which illustrates normalized energy absorption as a 
decreasing function of beam size. 
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Table 3 

Fibre type 

Plain mortar 

Aramid 

Aramid 

Aramid 

Steel 

Steel 

Steel 

Steel 

Steel 

Steel 

Acrylic 

Acryhc 

Flexural toughness indexes of mortars reinforced with various fibre types 

Length, mm 

64 

64 

25 

25 

25 

25 

50 

64 

50 

64 

i Vt percent 

! . . . . . . .  0 
i 

05 

1•0 

1.5 

05 

10 

1•5 

Beam depth, 
mm 

114 
171 
228 

114 
171 
228 

114 
171 
228 

114 
171 
228 

114 
171 
228 

114 
171 
228 

114 
171 
228 

114 
20 171 

228 

1.0 114 

2.0 114 

10 114 
228 

2,0 64 114 
228 

114 

15 Ilo 

i . . . . . . . .  

69 149 
69 I 14,8 

; 67 . ~  12.9 

78 1 1 7 . 7  
74 ! 167 
7 7 17.2 

79 194 
7 7 196 
78 187 

65 120 
68 122 
66 13.0 

; 7 5 17.2 
7 1 179 

74 i 16.0 

; 199 i 8O 
8 1 i 20.4 
75 i 1 8 1  

t " 

7 8 19.0 
79 19.6 

! 8 0 20.7 
. . . .  

64 154 i 
69 173 

6 9 130 

64 12.2 
59 9.9 

i 

62 130 

1 
13o ] /so I 

I 
I 

339 
31.3 
21 9 

413 
35 2 
33 9 

55 0 
54 6 
46 1 

36 4 
347 
36,0 

56 3 
48.5 
46 8 

752 
70 7 
594 

798 
68,6 
680 

645 

75 7 

214 

25 3 
136 

50 2 

42 0 
374 
24 2 

49 2 
412 
37,6 

70 8 
67 8 
54O 

588 
52.8 
53.2 

88.8 
83.1 
69.9 

116.0 
I l l  7 75 
92 4 70 

122.2 107 
1090 7.2 
91,3 6.9 

1230 22 6 

146 0 223 

2.5 
18 

t 
' High-modulus 12 7 1 0 | 

polyethylene L 

. 

Tm'  i L*_ 
i 

1.8 
13 
! 2  

i . 

3,9 ~ 136 
31 11 1 
25 80 

4.5 11 1 
34 100 
3,5 90 

51 12.9 
5.4 107 
39 110 

70 66,5 
2.6 i 42.0 
2 4 40.5 

lO4 T.os- 
8,7 i 370 

31.0 
30,0 

350 
32,2 
24.4 

1061 

992 

8,0 

28 120 
25 64 

94 7 66 6 97 0 ! 
I 

Tlo 
kN/m 

0 53 
0 70 
0 53 

061 
0 76 
0 89 

113 ° 
1 48 

2 26 
2 57 
291 

3 05 
3.32 
3.00 

3 7O 
4 2O 
4 5O 

4 26 
4 35 
5 O3 

1390 

18 20 

0 26 

0 36 
036 

16 60 

__1 

Flexural toughness indexes 
The 15 , ]10 and/3o indexes defined by Johnston were 
calculated for each material and beam size. A full 
description of these calculations and results is given by 
Ward. 8 Table 3 lists the calculated values. A complete 
set of indexes can give a good idea of the general shape 
of the load-deflection curve. However, these indexes do 
not efficiently provide a characterization of material 
behaviour or the flexural load curve. 

Three new flexural toughness indexes are now 
def ined which effectively characterize flexural 
performance. Ward 8 described these indexes in greater 
detail Table 3 lists each index value for all the materials 
and each beam size. Tm~ is defined as the beam 
deflection at maximum load divided by the deflection, 
at first crack. It is somewhat analogous to the ductility 
ratio $JSy used with reinforced concrete beams, and 
gives an idea of the amount of inelastic deformation and 
multiple cracking that occurs before the ultimate load 
is reached. The influence of beam size and fibre-volume 
fraction on Tm~ is illustrated in Figure 13. In general, 
the index value increases as fibre volume fraction 
increases and beam size decreases. 

7"50 is defined as the deflection when load drops to 
50  percent of the maximum value divided by the 

deflection which would be observed at a similar load on 
the ascending part of the load-deflection curve, if the 
beam behaved linear elastically up to this point. This 
parameter is somewhat analogous to the beam 
brittleness parameter lchld used by Hillerborg. It 
reflects a beam's ability to absorb energy by inelastic 
deformation relative to the rate at which it stores or 
releases elastic energy. Figure 14 illustrates the 
influence of beam size and fibre-volume fraction on 
Tso. For a given fibre type, the fibre-volume fraction 
does not significantly influence Ts0. This is because 
flexural strength and energy capacity increase in similar 
proportions. It is interesting to compare this behaviour 
with that of plain concrete when it is changed from ordin- 
ary strength to high strength. The proportional increase 
in strength is greater than the proportional increase in 
energy capacity, leading to more brittle behaviour. 

Ti0 is defined as the total area under the load- 
deflection curve up to the point where the load drops 
to 10 percent of the maximum value, divided by the 
beam cross-sectional area. It correlates approximately 
with the total energy-absorption capacity of the beams. 
If inelastic energy absorption outside the fracture zone 
is small, then it correlates with the fracture energy. 
Figure 15 illustrates the influence of beam size and fibre- 
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Fig 15 Influence of beam size on flexural toughness 
index Tlo (1 k N / m  = 5.7  lb/in.) 

volume fraction on Tlo. As beam size increases, so 
does  the ratio between distributed inelastic energy 
absorbed (proportional to beam volume) and energy 
absorbed (proportional to beam section size), and this 
more  than compensa tes  for energy-absorption losses 
due  to lower flexural strengths, resulting in increasing 
Tl0 values as beam size increases. The  T~0 value also 
reflects the increases in energy-absorption capacity as 
the fibre-volume fraction is increased. 

S i m p l e  e s t i m a t e s  o f  f l e x u r a l  t o u g h n e s s  
The ability of the flexural load.deflection curve to 
distinguish the behaviour of mortar reinforced with 
various fibre types and volume fractions has been 
demonstrated. Also, the ability of flexural toughness 
indexes to characterize the load-deflection curve has 
been shown. However, it is still relatively difficult to use 
a set of indexes in design. We need a simpler method 
of accounting for material brittleness in our design 
procedure. 

Figure 5 illustrates the theoretical correlation 
between increasing [t/f, ratios and decreasing material 
brittleness. Comparing Figures 6 and 7 shows 
correlation between increasing [ t i l t  ratios and 
decreases in the initial descending slope of the softening 
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curve for the materials used in this experimental 
programme. Experimental results presented by 
Petersson 3 for various plain concrete qualities showed 
the f / f~ ratio as an increasing function of the material 
characteristic length, f / f ,  increased from 1.73 to 2.29 
when ich increased from 87 to 500 mm. Neville ~8 
presented test results for plain concrete showing the 
f / f t  ratio decreasing from 1.78 to 1.57 when concrete 
compressive strength increases from 20 to 65 MPa 
(2900 to 9425 psi). Thus, the ft/f, ratio portrayed the 
greater brittleness of higher strength concrete. All these 
results suggest the possibility of using the simple 
parameter ff/ft as a measure of material brittleness. 
Calculation of this parameter involves only two fast and 
simple laboratory tests, and it is thus ideally suited for 
design and quality control purposes. 

[ CI'~) It3 = 1.5 

-~ 3 • O~ 

, . . g ~ 3  • Plain Mortar -- I-I Kevlar 
~ , , ~  • Acrylic 

/ - o s r,-.,~_ 
Steel .50 m.m 

I I l I l 
0.5 1.0 15 2.0 2.5 

f f / f t  

Fig 16 Semiempirical relationship between the flexural 
toughness index Tmo~ and the ff/f~ ratio 

Comparison of Figures 7 and 13 shows that, in 
general, increases in the flexural toughness index Tr~ 
correspond to increases in the ratio f / f , .  Figure 16 
illustrates reasonably good straight-line correlation 
between (Tm~) "~ and //f~ for all materials and beam 
sizes used in this testing programme. The equation for 
the straight line shown in Figure 16 is given as 

(L~)"' = 1.5o I/f, (3) 

A high value of f/f~ indicates a material with a 
relatively fiat softening curve, which leads to relatively 
large inelastic deformation between initial matrix 
cracking and ultimate flexural strength. This also leads 
to a high Tm~ value. Also, the size dependence of the 
parameter fr accounts for the size dependence of 
(Tm~). " 

The T,0 value is influenced both by inelastic energy 
absorption throughout the beam volume (including 
energy absorbed by multiple cracking) and also by the 
fracture energy absorbed across the fracture plane. The 
[t/f~ ratio can account for the distributed inelastic 
energy component. It may be expected that the fracture 
energy absorbed by the fibre pullout across the fracture 
zone is related to fibre bond strength and fibre length. 
A good bond strength gives high stress capability at 
relatively large crack opening. Another reasonable 
assumption is that there is a direct relationship between 
the flexural strength and the combined bond strengths 

30 

~ '20  

F~ 10 

- S (.rl01d)2/3 = 2.5 + 0.024 (( ff/ft )2ff If) 0 

- 9 ~ e v l a r  0 

. 2 . 7 J  
~. ~ o Spectra 

w • Steel 25 mm 
F O Steel 50 mm 

• I t 1 I I ' 
200 400 600 800 10(30 1200 

(ff / f t )2f t  |f (kNlm) 

Fig 17 Semiemphirical relationship between the 
flexural toughness index T,0 and a parameter 
involving the flexural and tensile strengths and 
the fibre length [1 kN/m = 5.7 lb/in.; 1 
(kN/m2) 2/3 = 0.2 76 (psi) 2/3] 

of all the fibres bridging the critical fracture zone. Thus, 
flexural strength can account for individual fibre bond 
strength together with the fibre volume fraction. This 
leads to the product of flexural strength and fibre length 
f/lr as a means of ranking materials according to the 
fracture energy (note that the units are similar). These 
arguments lead to the development of Figure 17, which 

i shows reasonable straight line correlation between the 
parameter (f/f~)2 f l i t  and (T, od) v', for all materials and 
beam sizes. The formula for the straight line shown in 
Figure 17 is given as: 

(T,o/d) '~' = 2.5 + 0.024 [(//f~)2 [rl~ ] (4a) 

3.62 (T,o/d) 2/, = 2.5 + 0.0042 [(/r/,) 2 frlr] (4b) 

Units in Equation (4a) are given in kN and m; units in 
Equation (4b) are given in pounds and inches. T, old is 
indicative of energy absorbed per unit beam volume. 
The size dependence of n accounts for the size 
dependence of (T,o/d)% 

The results presented in Figures 16 and 17 suggest 
that we can gain an insight into the general shape of 
the flexural load-deflection curve by simply measuring 
the flexural and tensile strengths. It must be 
remembered that the measured splitting tensile strength 
depends on the cylinder size. It should not be 
unreasonable to suggest that the same standard cylinder 
size 152.5 x 305 mm (6 x 12 in.), as used for the 
compression test, be adopted as standard. 

Predicting ultimate shear strength 
Gustaffson4 showed the ratio f / f ,  as an increasing 
function of the parameter lchkt, using the fictitious 
crack model and finite element analysis. This suggests 
that the structural strength parameter fo depends on 
both the material strength [, and the material 
brittleness in the form of the parameter Ic,. An 
experimental programme reported by Li et al '9 and 
Wards used the same fibres as those in the testing 
programme reported here, to examine the influence of 
material fracture resistance on the ultimate shear 
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strength of fibre reinforcing mortar beams with 
longitudinal reinforcing bar reinforcement only. In the 
experimental programme, the shear span/effective 
depth ratio a/d, the reinforcement ratio ~, and the 
effective beam depth d were also varied to obtain the 
dependence of ultimate shear strength on these 
parameters as well. The results of the experimental 
programme are summarized in Figures 18 and 19. 
These results suggest that ultimate shear strength can 
be predicted by measuring only the flexural and tensile 
strengths and using a combination of these parameters 
to quantify the effect of fracture resistance on structural 
strength. 

Conclusions 
1. The trend of decreasing flexural strength with beam 
size increases is found to be similar for plain mortar 
reinforced with various steel and synthetic fibres. On 
average, the flexural strength decreases in proportion 
to d -°.~3, for similar beam geometry. The total energy 
absorbed per unit beam volume decreases as beam size 
increases, for similar beam geometry. 
2. The ratio between the initial downward slope of the 
tension-softening curve and the slope of the stress-strain 
curve l/l 'ch is a good measure of material brittleness. 

However, the tension-softening curve is, in general, too 
difficult and time-consuming to measure for practical 
implementation in routine design and quality control. 
Using a direct correlation between the effective material 
characteristic length l'chand the f / f ,  ratio, this ratio is 
suggested as a simple and practical measure of material 
brittleness, a low value signifying a brittle material. 
3. By realizing the dependence of structural behaviour 
on material fracture resistance, and also the ability of 
the parameters f/ and f, to characterize this 
dependence, it is possible to develop simple formulae 
that directly express this dependence. This procedure 
involves measuring only ft and f, in the laboratory and 
is, thus, ideally suited for design and quality control 
purposes. Successful implementation of this procedure 
for two structural applications, namely the load- 
deflection curve of unreinforced beams failing in flexure 
and the ultimate strength of longitudinally reinforcing 
beams failing in shear, has been demonstrated. 
4. It must be remembered that the materials used in 
this programme, plain mortar and fibre reinforced 
mortar, are not materials that would be used in practical 
construction. However, they are similar to the mortar 
matrix which might be expected in medium to high- 
strength concrete and fibre concrete [over 40 MPa 
(5800 psi)]. The main purpose of this testing 
programme was to establish a direction for further 
research on practical concrete mixes. It has established 
the important parameters that should be measured to 
verify the extension of these promising results in a 
practical application. Our primary future goal is to 
establish relationships which would be somewhat similar 
to those illustrated in Figures 16 to 19, but which apply 
to practical concrete and fibre concrete mixes. This is 
a sizable undertaking and would require a large testing 
programme. However, the possible benefits for future 
concrete construction cannot be overstated. 
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