
J O U R N A L  O F  M A T E R I A L S  S C I E N C E  14 ( 1 9 7 9 )  1 7 0 7 - 1 7 1 6  

Reinforcement of mortar with Metglas* fibres 
A. S. A R G O N ,  G. W. H A W K I N S ,  H. Y. KUO 
Massachusetts Institute of Technology, Cambridge, Mass. 02139 USA 

An alkali resistant Metglas fibre of composition Fe29 Ni49 P14 B6Si2 was used in 2.5 cm 
lengths as discontinuous reinforcement for mortar. The force-displacement curves for 
pull-out of roughened individual fibres embedded into mortar were measured. Composite 
experiments with fibres in planar random orientations have demonstrated that the first 
crack strength rises weakly with increasing fibre volume fraction according to the principle 
of non-propagating cracks. The maximum post cracking strength rises linearly with 
increasing volume fraction up to Vf = 0.012 where it levels off due to secondary frag- 
mentation in the matrix. The monotonic fracture behaviour of the material in nearly all 
respects is in accord with theoretical expectations. Under cyclic conditions, the compo- 
site undergoes progressive damage only when the maximum tensile stress per cycle 
penetrates beyond a critical amount into the range between the first crack strength and 
the maximum post-cracking strength. 

1. Introduction 
Cement, mortar and concrete by themselves have 
low tensile strength and low fracture toughness. 
In large scale construction, they are always rein- 
forced and often pre-stressed by large diameter 
steel bars. In many other applications involving 
panels, thin sections and durable surface coatings, 
and for protection against small scale fragmen- 
tation, the reinforcement of cementitious materials 
with a variety of strong and stiff elastic fibres, 
such as asbestos, glass, and steel, has been wide- 
spread. As has been discussed by Krenchel [1], 
of these fibres, asbestos have been preferred for 
many years. Due to the depletion of high grade, 
long asbestos fibres, and due to health hazards 
they create, alternatives such as fibres of alkali- 
resistant glass, steel, carbon, and even some 
polymers have bee-  considered. Details of such 
uses can be founa  n the proceedings of recent 
international conferences [2-5] .  Here we will 
present a study of the use of corrosioff resistant 
metallic glass fibres for reinforcement of cement. 

2. Recapitulation of the theory of fibre 
reinforcement 

The fundamental issues of  reinforcement of brittle 
and fragile cementitious materials by both contin- 
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uous and discontinuous strong and stiff fibres 
have recently been critically reviewed by Argon 
and Shack [6]. From both the point of view of 
economics and the difficulty of mixing long 
fibres into concrete, usually only relatively small 
volume fractions of fibre (~ 2 to 5%) are con- 
sidered. Under these circumstances it has been 
established that the beneficial effects of increased 
fracture work result primarily from the frictional 
work of fibre pull-out when the cementitious 
matrix cracks. The fibres bridging the crack 
delaminate from the matrix, and are subsequently 
pulled out from the crack flanks under continued 
straining. This necessitates that the fibres have 
Young's moduli higher than that of the cement, 
and do not yield or fracture before the delami- 
nation zone between fibre and cement travels up 
along the fibre to initiate pull-out. 

The usually small volume fractions of fibres and 
their relatively modest excess of Young's modulus 
over that of the cement, means that the change 
in overall stiffness of the composite is usually not 
noteworthy. The fibres, however, can provide 
an increase in the first crack strength, below 
which cracks of any length cannot propagate in 
the matrix for energetic reasons. In a cementitious 
composite, this stress %, below which cracks 
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in the matrix cannot propagate, is given by [6], 

(1) 
where V~, E~ and r are the volume fraction, 
Young's modulus and thickness of the fibres or 
ribbon-shaped reinforcement; E m and a, the 
Young's modulus and fracture surface energy of 
the cementitious matrix; and finally %,  the 
frictional shear traction between fibre and matrix 
during fibre pull-out. In Equation 1, r/ is the 
fibre efficiency factor which is unity for con- 
tinuous fibres aligned parallel to the tension axis 
and 0.41 for discontinuous straight fibres with a 
random orientation in space in a composite with 
an average Poisson's ratio of 0.3, as was demon- 
strated by Romualdi and Mandel [7]. In a com- 
posite with fibres arranged to be isotropic in a 
plane, and loaded in tension in that plane, this 
efficiency becomes 0.58, as can be readily de- 
monstrated by an extension of the analysis of 
Romualdi and Mandel. When the volume fraction 
Vf is too small to result in e e values smaller than 
the inherent strength fm of the unreinforced 
matrix, the latter will supercede, and the larger 
of the two will always govern the first crack 
strength ffc, i.e. 

ffc = f m  (for fm > ac), (2a) 

f*c = ~ (for o e > fro)- (2b) 

For the composite to remain intact after 
formation of the first matrix cracks, the fibres 
must bear the entire load without entirely de- 
laminating from the matrix2 This requires a mini- 
mum combination of volume fraction Vf, fibre 
length l, fibre periphery s, and fibre cross-sectional 
areaAf, given by 

shl'Vfrb/4A~ >~ f tc ,  (3) 

and a fibre strength in excess of 

f~ > ~e /VFl '  (4) 

where r~', the efficiency of discontinuous fibres 
after first cracking will be very nearly unity 
regardless of orientation. This is because once 
pull-out begins, fibres must bend and bridge 
across the crack parallel to the tension axis, 
resulting in nearly equal frictional pull-out work 
for fibres of all orientations except those nearly 
parallel to the crack faces, which are likely to 
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fracture away from the matrix. If these two 
conditions can be met, the stress must be raised 
further to separate the cracked part, giving an 
apparent hardening behaviour for the composite. 
In Equation 3, the term on the left hand side is 
the maximum post-cracking strength of the 
composite 

fcu = shl 'Vfrb/4Av (3a) 

When the inequality in Equation 3 is reversed, 
the maximum post-cracking strength wilt be less 
than the first crack strength and the composite 
will begin to fracture under decreasing traction 
immediately upon the first cracking event. 

In a properly designed composite with dis- 
continuous fibres, the fibres are chosen to have an 
optimum length l 0 for which the entire pull-out 
traction over the most probable pull-out length 
of l/4 is just short of the fibre strength, f~, i.e. 

4Aff~ 
lo < -  (5) 

ST b 

Ideally, when the maximum post-cracking 
strength is reached and the cracked composite 
is separated by pulling out fibres from the flanks 
of the crack, the overall traction should linearly 
decrease to zero over the most probable pull-out 
distance of l/4. Thus, the effective specific fracture 
work ~' per unit projected surface area created 
will be 

o~' = feul/16 - sl2h'Vf% (6) 
64A~ 

In reality, fibre pull-out distances will vary from 
nearly zero to l[2. This and a likely degradation 
of the frictional traction along the fibre with 
increasing pull-out will make the actual specific 
fracture work less than that given in Equation 6. 

The fracture toughness Kic is normally very 
difficult to measure for a composite with long 
fibres. This manifests itself by an absence of notch 
sensitivity in laboratory samples, which has been a 
source of confusion to some investigators. The 
problem is well known in fracture mechanics, and, 
as was clarified by Argon and Shack [6], is a direct 
result of the fibre pull-out mode of fracture that 
makes the critical crack opening displacement 
(CCOD) fully l/4. Thus a properly designed 
"linear-elastic-fracture-mechanics" experiment 
requires that CCOD ,~ R -~ c ~ w, where R, c, 
and w are the fracture process zone (apparent 
"plastic" zone), the crack length and specimen 



width respectively. Since CCOD = l/4 is com- 
monly in the range of 0.5 cm, a properly designed 
fracture toughness experiment would require a 
specimen of about 5 m width containing a crack 
of 0 .5m - hardly an easy configuration for 
common laboratory experiments. Therefore, no 
attempt was made in this investigation to measure 
the fracture toughness Kie of  composite samples. 

3. Experimental procedure 
3.1. Mor ta r  
The mortar used in this investigation was pre- 
pared according to ASTM C-190 standards. It 
consisted by weight of: 65% graded sand that was 
made up mostly of quartz grains of  0.035 cm 
diameter; 24% high early strength Type III Port- 
land cement, made by the Martin Marietta Co., 
and 11% water. Fibres were added after the dry 
ingredients were mixed but before the water was 
added. After mixing was complete, the mortar 
was poured into moulds which were usually of  
a shape to make flat rectangular plates. When the 
moulds were filled, they were vibrated on a shaker 
table to eliminate major air bubbles. The moulds 
were then covered with wet paper towels and a 
plastic sheet to retain the moisture, and were 
cured for 24 h. This cure was followed for 6 days 
or more by a cure in tanks filled with lime-water. 
All tests of the specimens were performed in a 

wet condition, usually immediately after the 
customary 7 day cure. The tensile strength of the 
unreinforced mortar was measured by means of 
standard dog-bone shaped specimens, tested at 
different stress rates ranging from 0.2MPamin -1 
to 20MPamin -~ . This showed an increasing 
strength that was logarithmic in stress rate, ranging 
from 2.36 to 4.0 MPa. A tensile strength value of 
3.2 MPa obtained for a stress rate of  2MPamin -I 
will be considered here as the average base strength 
of the unreinforced mortar. The compressive 
strength of the mortar measured on cubical speci- 
mens of 5cm edge length was found to be 
39.4 MPa. 

3.2. Metglas fibre 
The reinforcing material used was Metglas fibre, 
made by the Allied Chemical Corporation, with a 
designation of  2826B and a composition of 
Fe~gNi49Px4B6Si 2. This is resistant to corrosion - 
particularly by the constituents of the mortar. As 
with most melt spun filaments, the fibre had a 
thin air-foil shaped cross-section with a width of 
0.053cm, a thickness of 7.8 x 10-3cm (area of  
3 .18x10-4cm2),  and a periphery of 0.117cm. 
This gave the fibres a periphery to square root 
area ratio of 6.583:that is 1.86 times that of a .  
fibre of  circular cross-section. The as-received fibre 
had one smooth and slightly crowned side, shown 

Figure l(a) Appearance of crowned side of Metglas fibre produced by melt spinning; (b) appearance of same side of 
fibre after sand blasting. 
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in Fig. 1 a, while the other side was flat but show- 
ing the longitudinal machining marks of the cold 
drum on which it was cast. 

Tests on individual fibre segments showed that 
they had a Young's modulus of 127GPa and a 
tensile strength of 2.3 GPa. The fibres were sand 
blasted to roughen them to increase their effective 
pull-out traction. This produced a deeply pitted 
surface as shown in Fig. lb. Tension tests carried 
out with such sand blasted fibres showed no 
measurable decrease in tensile strength. 

Tests with individual fibres required special 
considerations to avoid stress concentrations in 
gripping. In such instances, fibres were loaded by 
wrapping their ends on two separate large mandrels 
which were part of a special grip arrangement. 
The gradual build-up of frictional tractions along 
the periphery of the mandrels prevented stress 
concentrations there and assured fracture away 
from the grip sections - even in fibres with no 
special narrow gauge sections. In individual fibre 
pull-out tests, good results were obtained by 
gripping the fibre close to its site of emergence 
from the mortar by means of a specially con- 
structed grip incorporating a modified parallel 
sided, flat faced "Vice-grip" plier. 

3.3. Mortar-Metglas composite tension 
specimens 

Based on the results of  fibre pull-out tests to be 
discussed in the next section, the optimum fibre 
length lo, computed from Equation 5 by using 
the given fibre geometry, was found to be nearly 
2.5 cm for the sand blasted fibres. In all composite 
tension and cyclic loading tests this was the length 
of fibre used. 

The mixed mortar containing the desired vol- 
ume fraction of fibres was poured into fiat moulds 
to a thickness of  1 cm to produce large plate-like 
slabs of a desired nominal fibre volume fraction. 
The poured mixture in ~ such flat moulds was first 
packed down with vertical strokes of a horizontal 
metal bar to obtain a uniform thickness with a 
high quality surface closing over all fibres, and was 
subsequently vibrated on a shaker table to release 
any remaining large bubbles. This was followed 
b y  another round of packing down. This pro- 
cedure tended to disperse fibres randomly in the 
plane with no preferred orientation except in a 
boundary zone of about 1 cm thickness at the 
edges of  the large plate mould. This thin layer 
was removed after the customary 7 day cure 
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and did not become a part of the specimens. 
After the 7 day cure, twelve tension specimens 
with dimensions of 3.75 cm width and 8.75 cm 
length with 1 cm thickness could be cut out of 
a given plate by a diamond cut-off wheel of 
1.5mm thickness. Specimens were notched at 
their centre from both sides to a depth of 5 mm 
with the same cut-off wheel to localize the frac- 
ture at the centre of the specimen and to make 
specimen separation displacements readily measure- 
able. As discussed in Section 2, such notches on 
specimens of the given dimensions merely serve 
to reduce the net section without introducing 
any significant notch weakening. Although the 
large slabs were prepared in order to have a discrete 
set of volume fractions of fibres, the actual volume 
fraction in the waists of the individual specimens 
over a cross-sectional area of only 2.75cm 2 
differed significantly from the overall average. 
Hence in each case, the actual volume fraction of 
fibre crossing the waist in each specimen was 
determined by direct fibre counts on the fracture 
surface after the experiment was over. 

Wedge shaped end blocks of plaster of  Paris 
were glued at both sides of all specimens, to 
permit trouble free loading of specimens in grips 
with tapered openings. The grips used for testing 
the specimens in tension and in repeated tension 
cycling were constructed according to the ASTM 
C-190 standards with only minor modification. 
No difficulty due to either eccentric loading or 
breakage away from the narrowed mid-section 
was encountered. 

4. Experimental results 
4.1. Fibre pull-out tests 
As mentioned in Section 2, the main source of 
toughness in fibre-reinforced mortar and con- 
crete is the energy dissipated i n t h e  process of 
pulling out fibres from the flanks of cracks that 
form in the matrix at the first crack strength. 
Hence, the fundamental information for such 
materials is the force-displacement curve result- 
ing from pulling out individual fibres embedded 
into a semi-infinite mortar or concrete medium. 

When the lengths of individual fibres embedded 
into a large block of mortar, are pulled out by 
grips which grasp the fibres as near as possible 
to the surface of the mortar, the force-displace- 
ment curves that result are found to have two 
stages. This is shown in Fig. 2 fQr a typical sand 
blasted fibre. In the first stage, the force builds 
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Figure 2 Force -d i sp l acemen t  curve o f  roughened  fibre 
being pulled ou t  o f  mortar ,  showing two stages o f  pull- 
ou t  resistance. The  peak occurs when  delaminat ion along 
fibre reaches fibre end. 

up rapidly with small amounts of fibre end dis- 
placement. During this stage, a delamination front 
is initiated from the free surface and propagates 
gradually toward the extreme end of the fibre 
embedded in the matrix. If, in the delaminated 
portion of the interface, a constant shear traction 
% is maintained along the fibre surface, the 
resulting force-displacement curve, t(u), wilt be 
in the form of a parabola as shown in Fig. 3 for 
a roughened fibre, given by 

t : X/(2s%AfEfu). (7) 

In Equation 7, s, Af, and E~ are the periphery, 
cross-sectional area and Young's modulus of the 
fibre, while t and u are the tensile pull-out force 
and end displacement, respectively. The force 
reaches a maximum tmax at a displacement Uma~ 
given by 

tmax = STbl (S a )  

Urea x = STbIX /2AfEf  ( 8 b )  

when the delamination front arrives at the end 
of the fibre at a depth 1. Fig. 3 shows a parabolic 
equation fitted to the data points of a Stage I 
pull-out process of a roughened fibre of 1.22cm 
embedded length, at a pull-out velocity of 0.05 cm 
min -1. The data and the fitted curve according to 
Equations 7 and 8 indicate that the maximum 
shear traction along the fibre-mortar interface 
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Figure 3 Stage I o f  fibre pull-out,  showing a parabolic 
dependence of  pull-out resistance on fibre end displace- 
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% = 5.4 MPa. This is very closely similar to the 
shear tractions reported by Majumdar [8] for 
both clean and rusty mild steel in concrete. 

When the delamination is complete, Stage II 
begins and the fibre starts to be pulled out. If 
the shear traction along the fibre-mortar interface 
were to remain constant, the force-displacement 
curve in Stage II pull-out would show a linear drop 
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to zero. The curve in Fig. 2, however, shows a 
much more rapid drop upon initial pull-out which 
indicates that the shear traction degrades with 
relative displacement between fibre and matrix. 
The actual magnitude of the average shear traction 
"fb was determined from the magnitude of the 
measured force and known length of fibre engage- 
ment, and is plotted in Fig. 4 as a function of 
relative fibre displacement. The decay is nearly 
exponential with a characteristic decay distance of 
X, that is, of the order of the sand grain size in 
the mortar or of the wave length of roughness of 
the sand blasted fibre surface. This suggests that 
a fragmented layer with roller-like particles forms 
upon displacement of the fibre by one sand grain 
diameter. The details of a very similar fibre inter- 
face degradation process have been observed and 
documented metallographically by Pinchin and 
Tabor [9]. In Fig. 4, the smooth fibre shows a 
very much lower maximum shear traction which, 
however, does not degrade with relative fibre 
displacement. The two stag e pull-out behaviour 
shown in Fig. 2 was found to be quite reproducible 
in a large number of individual fibre pull-out 
experiments. 

The effect of speed on pull-out was negligible 
during Stage I. During Stage II, increased pull-out 
speed produced some reduction in pull-out 
traction. This effect too, however, was minor and 
was not investigated further. 

4.2. Mono ton i c  tens ion expe r imen t s  
Notched rectangular samples with tapered ends 
containing nominal volume fractions of fibre 
ranging from 0 to 0.03 were tested in tension at 
a nominal grip displacement rate of 0.05 cm min-1. 
As already described above, such specimens were 
provided with a pair of opposing shallow notches 
to localize the fracture event in the centre of the 
specimen. The opening displacements of specimens 
were measured with a conventional clip-on gauge 
used in measurement of crack opening displace- 
ments. 

When specimens of the type described with 
fibre volume fractions Vf ~< 0.03, are loaded, the 
"first cracking" event occurs only at the narrowed 
waists and the specimens are eventually torn 
apart at this plane without the appearance of 
other cracks elsewhere. This measures the actual 
behaviour of separation and establishes unam- 
biguously the specific fracture work. Thus, these 
experiments differ fundamentally from those of 
1712 
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Figure 5 Specimen separation force versus separation 
displacement for a composite specimen with  a volume 
fraction of 0.02 of  fibres. 

Cooper and Sillwood [10] where long slabs having 
continuous fibre reinforcement become multiply 
cracked in the matrix before finally tearing apart 
by a series of fractures in reinforcing elements in 
and around one of the many parallel cracks in 
the matrix. This last experiment gives a better 
measure of the overall "elastic-plastic" slab 
performance prior to the final tearing apart 
event, while our experiment was particularly 
designed to determine the specific fracture or 
tearing work in a composite with discontinuous 
fibres. 

A typical curve of specimen separation force 
versus separation displacement is shown in Fig. 5 
for a sample with a nominal fibre volume fraction 
of 0.02. The curve shows that for this volume 
fraction, the maximum post-cracking strength of 
the composite feu is larger than the first crack 
strength ffe, requiring additional stress on the 
specimen to complete the spread of  the fibre 
delamination process along the fibre interfaces 
away from the surfaces of the matrix crack. When 
such delamination is complete, the tearing begins 
by pulling out the tufts of fibres from both sides 
of the crack under decreasing overall traction. 
As mentioned in Section 3.3. above, the actual 
fibre volume fraction in the waists of individual 
specimens was determined from the fracture 
surfaces after the experiments were over. 

Fig. 6 shows the measured first crack strengths 
of  all specimens plotted against F(Vf), the volume 
fraction function of reinforcements appearing in 
Equation 1, which was evaluated for a fibre 
efficiency factor r /=  0.58 on the basis of the plan~r 
random nature of the fibres. As can be seen, tll, e 
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measured values follow roughly along the dis- 
continuous behaviour given by Equations 2a and 
b but are subject to considerable scatter over the 
entire range. Some of this, no doubt, is a result 
of  the relatively small waist section of the specimen 
on the scale of the average inter-fibre spacing. The 
theoretical behaviour shown by the kinked solid 
line was evaluated using the measured fibre modu- 
lus, El, maximum pull-out shear traction, %, 
the average fibre-ribbon thickness, r, and a value a, 
of matrix surface energy, considered appropriate 
for a hard but porous inorganic solid held together 
with primary covalent bonds, and a Ef/E,,, ratio 
of 6. 

The measured maximum post cracking strengths 
feu are plotted against the fibre volume fraction in 
Fig. 7. It is seen that fcu does initially increase 
linearly with increasing Vi as required by Equation 
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3a. The slope of the dotted line in Fig. 7 is 
400 MPa, while the slope predicted by Equation 3a 
is dfeu/dVf = 1242 MPa based on the given fibre 
dimensions, the measured maximum pull-out shear 
traction of % and a post cracking fibre efficiency 
r? '~ 1.0, as discussed in Section 2 above. The 
actual slope is thus only 32% of the expected 
slope. The reason for this is directly due to the 
degradation of the shear traction rb on fibre pull- 
out. As is shown in Fig. 4, upon pull-out of only 
10% of the engaged length of the fibre, the shear 
traction drops to about 11% of its peak value. 
Since all fibres do not begin to pull out simul- 
taneously at the maximum post cracking strength, 
but instead over a range of displacements governed 
by the compliance of their engaged lengths, it is 
quite likely that an average of the effective shear 
traction over all fibres at the force maximum will 
be about 1/3. Another estimate based on overall 
averaged behaviour of fibres during pull-out can 
be obtained by computing the ratio of the area 
under the solid curve for the roughened fibre in 
Fig. 2 to that of the triangle obtained by con- 
necting the peak value of the curve to the value 
u/l = 1.0, i.e. the reference pull-out work of a 
fibre with truly constant shear traction. This ratio 
is 0.35. 

Examination of Fig. 7 shows more importantly 
that above a volume fraction of about 0.012, the 
maximum post cracking strength levels off and 
only increases very slightly. The reason for this 
limitation in performance becomes clear upon 
examination of the region around the fracture. 
When the volume fraction of fibres increases and 
the mean distance between the fibres decreases, 
more and more points exist where combined 
fibre shear tractions produce stresses in the narrow 
matrix regions between fibres that exceed the 
tensile strength of the mortar, resulting in the 
premature removal of chunks of mortar stuck 
between these fibres. This is observable as an 
increase in the tortuosity of the fracture path 
and as an increase of fragmentation near the frac- 
ture surface. It indicates that, for the given fibre 
dimensions and interface traction, no further 
improvement in performance is obtained for fibre 
volume fractions in excess of about 0.015. 

The specific work for fracture ~' for tearing 
the specimen apart can be obtained by computing 
the area under the overall traction-displacement 
curve for a specimen such as that given in Fig. 5. 
For a volume fraction of  0.01, this is found to 
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Figure SMeasured specimen separation traction and 
computed separation traction based on individual force-  
displacement curves for fibre pull-out. 

be o / = 4 6 6 0 J m  -2. When the expression in 
Equation 6 is evaluated with due consideration 
for degradation of the interface shear traction 
which was discussed above, a value of 5821 Jm -2 
is obtained which is considered to be in good 
agreement with the experimental figure. Con- 
sidering that the specific fracture work for the 
unreinforced mortar may be only of the order of 
2 J m  -2, the introduction of 0.01 volume fraction 
of reinforcement by Metglas fibres gives a 2300 
fold increase in the specific fracture work. 

Finally, it is possible to demonstrate that the 
fundamental force-displacement relation such 
as that shown in Fig. 2, measured in individual 
fibre pull-out experiments, accounts very well 
for the form of the specimen separation force 
with increasing separation displacement. The 
latter curve can be readily computed from the 
known individual fibre curves if it is assumed that 
a randomly placed crack will touch a definite 
number of fibres and will divide them randomly 
into two parts of unequal length engaged into 
opposite faces of the crack. Of these, the short 
one will have equal probability of being between 
zero length and l[2. Thus the overall specimen 
separation traction will be made up of a super- 
position of the force-displacement curves of such 
fibres with a continuous and constant distribution 
of engaged lengths between zero and l/2. When 
this is done and the results are compared with 
actual experimental curves of a variety of speci- 
mens, all normalized to a constant fibre volume 
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fraction of Vf = 0.01, Fig. 8 is obtained. It is 
seen that the overall average of the experimental 
specimen traction-displacement curve lies a little 
below the theoretical curve obtained by the super- 
position of the individual fibre pull-out curves 
described above. This indicates that the fibre 
efficiency ~' is indeed very nearly unity. 

4.3. Cyclic  tension expe r imen t s  
Based on the findings of the monotonic tension 
experiments, a limited number of cyclic tension 
experiments were also performed to explore the 
fatigue behaviour of fibre-reinforced mortar. These 
experiments were all performed on specimens with 
a nominal volume fraction of reinforcement of 
0.015, which were shaped identically to the 
monotonic tension specimens using the same 
ASTM C-190 gripping procedure. The experiments 
were performed on an Instron machine in a 
tension-tension mode, with a saw tooth wave- 
form at a frequency of about 3 cyclesmin -1. The 
minimum stress in every cycle was 0.48MPa. 
These specimens were also equipped with a clip-on 
gauge across the narrowed waist section to monitor 
any degradation of behaviour. 

Cycling to just below the first crack strength 
in uncracked specimens did not produce any 
detectable change over 1000 cycles. As a result 
it was decided that all specimens would first be 
monotonically taken to their first crack strength 
and subsequently cycled at various stress levels. 
In such pre-cracked samples, cycling below the 
first crack strength again produced no detectable 
change over I000 cyctes. Hence it was decided to 
cycle the pre-cracked specimens to maximum 
stresses above the first crack strength. 

In total, 16 specimens were cycled to maximum 
stresses between 1.0 to 1.5 times the first crack 
strength. These specimens lasted anywhere between 
1 cycle to above 1000 cycles and exhibited at first 
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Figure 9 Dependence of specimen life on the magnitude 
of maximum cyclic stress. 



T A B L E I Details of specimens monotonically fractured 
after cycling for 1000 cycles without observable damage 

Specimen fcu/ffc (amax -- ffe)/(fcu --ffc) 

5-12 1.71 0.23 
5-7 1.42 0.14 
5-1 1.43 0.02 
4-16 1.88 0.19 

sight a chaotic behaviour that is summarized in the 
S - N  plot shown in Fig. 9. Four speciments which 
did not fail after 1000 cycles and showed no sig- 
nificant degradation, with completely reversible 
crack opening behaviour, were subsequently frac- 
tured by monotonic loading. Their details are 
presented in Table I. It was found that all 4 of these 
specimens had comfortably large ranges between 
their first crack strengths f~e and their maximum 
post-cracking strengths feu as shown in Table I, and 
that the actual cyclic excursions into the range 
feu to ffe was in all cases equal to or less than 
23%. Naturally, the corresponding fractional 
overloading of the fractured specimens into the 
range between the two cracking events could not 
be determined. It is, however, conjectured that, 
for those specimens, the penetration into this 
marginal range was in excess of 23% and was thus 
responsible for their progressive cyclic degradation 
and their eventual fracture. 

The monitored cyclic crack opening displace- 
ments of specimens provided additional infor- 
mation. In Fig. 10a, a typical cyclic crack opening 
displacement is shown as a function of number of 
cycles for Specimen 5-1, which remained intact 
after 1000 cycles. No changes are apparent. 
Clearly, the cycling flexes the fibres in and out 
during every cycle without producing any further 
pull-out. In comparison, Fig. 10b shows a changing 
cyclic crack opening displacement of  a specimen 
that has fatigued after about 525 cycles. The cyclic 
in and out flexing of the fibres is accompanied 
by a continued gradual pull-out of  fibres until 
the specimen becomes unstable. This is followed 
by rapid tearing. 

From these limited experiments it has become 
clear that in the absence of  complicating environ- 
mental effects, continued cyclic degradation 
occurs only when the maximum stress per cycle 
penetrates sufficiently into the range between 
the first crack strength ffe and post cracking 
maximum strength Jeu, i.e. when (amax- - f fe )>  
0.23 (feu --ffe)- The apparently chaotic behaviour 
in the tests reported above, then, is the result of 
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Figure 10(a) Stable crack opening displacement in speci- 
men showing no increasing degradation and fatigue with 
further number of cycles; (b) continued cyclic fibre pull- 
out in specimen that has eventually fractured after 525 
cycles. 

the scatter in feu and fie, primarily due to vari- 
ations in Vf between specimens and to a lesser 
degree due to variation in fibre orientation across 
the waist section of the specimens. 

5. Discussion 
The experiments presented above, utilizing Metglas 
in mortar, have broadly confirmed theoretical 
predictions of the behaviour of a cementitious 
material reinforced with discontinuous stiff 
metallic fibres. With Metglas fibres, the funda- 
mental force-displacement relation of pull-out is 
readily measured. This relation shows that shear 
traction along the interface between roughened 
fibre and matrix, degrades considerably upon 
fibre pull-out. But once this basic information 
is known, the overall specimen separation behav- 
iour by collective pull-out of fibres can be deter- 
mined rather well by direct superposition, as was 
demonstrated in Fig. 8. 

The experiments have demonstrated that the 
reinforcing fibres tend to raise the first crack 
strength rather gradually and according to the 
principle of non-propagating cracks, rather than 
the stress intensity concepts proposed by Romualdi 
and Batson [11], which would have had a different 
and stronger dependence on volume fraction 
of fibres. 
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The post cracking behaviour of the composites 
studied showed a leveling off behaviour at a 
volume fraction somewhat in excess of 0.01. 
This was due to a short circuiting of the fibre 
pull-out process by the development of small 
matrix cracks bridging between fibres in the 
pull-out process and thereby tearing out chunks 
of matrix stuck between such fibres. Thus, unless 
the fibre geometry could be altered or made 
wavy, or the matrix strength raised, it is of no 
advantage to incorporate larger volume fractions 
of fibre into the composite. In any event, for 
the given fibre aspect ratio and fibre shape it was 
not found possible to mix more than a volume 
fraction of 0.03 into the mortar in a uniform 
manner. Even for such modest volume fractions 
as 0.01, however, the specific fracture work could 
be increased more than 2000 fold over that of  
the unreinforced mortar. 

The cyclic behaviour of the composite was 
also found to be remarkable. No progressive 
damage was found when the maximum stress 
excursion penetrated less than 23% into the 
range between the first crack strength and the 
maximum post crack strength. The cyclic exper- 
iments, however, were too few to reach sound 
conclusions about the fatigue process in such 
materials. 

In the final analysis, a corrosion resistant high 
strength reinforcing material such as Metglas, 
that does not become embrittled upon scratching, 
demonstrates superior performance in reinforce- 
ment of cementitious materials. 
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