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CHAPTER 1

1. GENERAL INTRODUCTION

"Concrete is a Simple material; It consisté of
a heterogensous system of solid, discrete,

. gradisntly~sized inorganic mineral aggregates,
usually plutonic (feldspatho-siliceous or .ferro-
magnesian) or éedimentaryecalcareous in origin,
embedded in a matrix compounded of synthesized
poly-basic alkaline and alkaloidal silicates
held in an aqueous solution and co-precipitate
dispersion with other amphotsric oxides{ this
matrix being originally capéble of progressive
dissolution, hydration, reprecipitation,'gél-

-atinization and solidification through a con-
tinuous add co-existent serigs of crystallins,
amorphous, colloidal and crypto-crystalline
gstates, and ultimately subject to thermo-
allotriomorphic alteration. The system when
first conjoined is transiently plastic during
which stage it is impressed fo a predetermined
form into which it finally consolidates, thus
providing a simple man-made constructional
material relatively impermeable and with useful
capacity to transmit compressive, tensile, shear

and bond stressés"

Dr. R.N. Suamy+

Concrete, Editor's Comment, August 1973, p. 15.



Portland cement is one of the most common construction
materials today, yet it is relatively under-researchead com-ﬂﬁ*“‘%;fQ

pa;ed to metals and plastics uhich have produced highly }2T:;5
sophisticated industries. Wi“h the present-day sconomic ot
climate and rising costs of fuel it becomes incfeasingly
important to conserve energy. Current annual consumption

of energy in the United Kingdom has been quoted at

340 x 10° tonnes of coal equivalent (or 9,6 x 10183) by P

Kelly (1), with the estimated ensrqgy production in the

1990s some 500 x 106 tonnes of coal squivalent (14 x 10%83),
Kelly notes that were ths dlfference in thess two fiqurses
available .for export at current world prices, it would pay
for the U.K.'s total net food and materials impofts., There-
fore, esnergy conservation in industrial processes, and in
the commercial and domestic sectors, would be economically

very worthwhile.

One strategy suggested. for a more efficient. usage of
available energy is‘the possibility of making better use of,
and extending ths use of, materials of construction which
require rather little energy to produce and to fabricate (1).
These materials are ths simple inarganics such as glasses
and/Pbrtland cement. In terms of cost of energy per cubic

metre of material produced, the United Kingdom Cement Industry
consumes approximately 5% of that of the stesl industry.
(Glass manufacture consumes approximately 6% relative to
steel.) Cost of energy in fabricating materials after their
production must also bs considered. These remain very high
for metals (forging, rolling, welding and machining, stc.)
whereas with regard to the cheap inorganics fabrication does

not require large forces or even high temperatures.

It is perhaps important, therefore; in the national
interest, that engineers should look even more seriously to- R
£ 'f.m_oﬁbcﬁw
wards materials like cement for man's building requirements .f**wﬁ?
currently reserved expllcit{z*ﬁg£~mgigl§rgggﬁglloys. Houw- F, i4<

ever, cement-based materials, as with most ostensibly brittle ~

materials, are severely limited in many applications by their
relatively lou tensile strength (~3 MPa). This compares very
poorly against materials like steel (~1000 MPa) and even
timber (~100 MPa). In order to understand the factors that



may contribute to this deficiancy it is necessary to have
an appreciation of ths structure of cement products.

The two main cementitious cohpounds in cement are the
tuo calcium silicates (tricalcium silicate, C,5; di- betly ]
calcium silicats, CZS); .the mechanical behaviour of the (/¢;12A<
cement hydrate is very similar to that of these two com- B
pounds alone. The hydration products consist -essentially
of the cement gel (hydrates of the various compounds),
calcium hydroxide (L8H) crystals (produced as a bi<product
of the hydration reaction), unhydrated cement, free water
in the capillary pores (this is ‘unreacted water as opposed

] Lo [in ol .
to chemically adsorbed water) and some other minor com-

ponehts. In addition to these hydration products thers are
many voids and inherent flaus (o: discontinuities) re-
sulting from aggregate interfacial bond cracké'or shrinkage
cracks. It is well established that the low tensile
strength of concrete is caused-by the propagation bf cracks
‘which originate from thess voids and flaws. It becomes
evident, therefore, that inhibiting the grouwth of these
internal flaws will prevent, or at least ratard,_craék
ptopégation and may well afford the opportunity to improve
the tensile strength and ductility of the mate_riai°

l.1., PROJECT MOTIVATION

The concept of a concrete which is strengthened by the
addition of a random, uniform distribution of short, dis-
continuous pieces of steel is' not new and an early mention
of both experimental work and the underlying philosophy of
crack growth resistance uas made as far back as 1910 by
Porter (2). Nevertheless, it was not until the -early 1960s
that interest was regenerated when Romualdi and Batson (3)
published work claiming-sighificant improvements on the
mechanical properties of plain concrete and mortar by in-
cluding short, randomly-distributed steel fibres in the mix.
Howsver, more recently other works have disagreed sub-
stantially with these claims, and the statse-of-the-art is

/
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still at a stags where the mechanisms contributing to crack-
grouth resistance still appsar to be unclear; certainly, a
reliable method of proportioning ingredients to achieve a
matrix of high bond characteristics is still in the develop-
ment stage. Subject to the hitherto-established properties
of fibre concrete, applications of steel-fibre reinforced
concrets have been in the areas of refractories, pavements
(including jet aircraft runways), overlays, patching, con-
crete armour for jetties and mine tunnel lining.

Relative to work carried out in plain cement systems,
steel fibre reinforced cement composites have received
little attention. It is usual.practice to dssign concrete
members for purely compressive or flexural stresses and it
is under these loading conditions that previous investi-

gations have been mainly involved.

It is surprising, also, that. only a»relatively limited
number of investigations~havehbeen carried out with a view
to determining the uniaxial tensile properties of fibre-
reinforced cement products since this is whsre the direct
consequences of fibre addition are going to be realised.
floreover, reports of steel-fibre reinforced cement-based
materials have almost entirely been devoted to static loéding.'
Thus, virtually no information is available describing the
behaviour of the composite undér dynamic lOading,'or fatigus

conditions.

Fatigue, which has been defined as the weakening and
subsequent failure of a matérial resulting from a cyclically-
varying applied stress which is less than the ultimate static
failure stress, has besn extensively investigated in com-
pression of plain cements. Van Orrum (4) in 1903 first in-
vestigataed the compréssive fatigue characteristics of con-
crete, introducing the § - N curve for concrete as used con-

-ventionally with metals.

It would be hoped that a better understanding of the

properties and microstructure of the cement hydrate and its

interaction with steel fibres would contribute to the more
efficient .use of the cement and fibre-rsinforced composite,-

as well as a more reliable assessment of its potential as a



construction material.

1.2, PROJECT OBJECTIVE

The prime aim of this thesis was to examine the com-
parative mechanical properties of plain and steel-fibre re-
inforced cement-based materials, and attempt to interpret
the bsehaviour through_microstfuctural considerations.

Based on previous studies of steel fibre reinforced
cemsnts, an examination of the uniaxial, static compressivse
properties was initially undertaken. These investigations
wvere then extended to the fatigus situation. A knowledge
of the properties in compressiod can be justified in view
of the fact that concrets is extensively designed based on

its compressive properties.-

However, in order to attémpt to understand more fully
~ the varicus factors contributing tc stesel-fibre reinforce-
ment in cement-based materials, it is considered necessary
to carry out tests in direct tension. Another aim was
therefore to develop and utilise such a suitable method for
comparative purposes under both static and fatigue con-
~ditions.. '
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CHAPTER 2

2. FUNDAMENTALS OF FIBRE-REINFORCEMENT OF CEMENT-BASED
MATERIALS o ' '

2.1. INTROBUCTION

The concept oF-ductilé-Fibré_reinforcement is to utilise
the deformation of a brittle matrix under stress to transfer
load to the fibre fhereby inhibiting crack pfopagation within
the matrix. UWhen the composite is stressed the axial glastic

o

displacements in the fibre and the matrix will bs different
because of the difference in the elastic moduli of the two
components. This means that shear strains are produced on

all planes parallel to the axis of the fibres in the direction
of this axis. These strains and the resulting shear stresses
are the means uhereby the loads supported by the fibre and

matrix are distributed betuween the two components. The con-

?iﬁ?;ty,OF elastic difg}acemeht‘at the interface will, there=-
fore, coEEEEI—EFEfg?ficiency-of load transfer; if larage
stresses are built up in the fibres the accompahying large
shear stresses at the interface will lsad to failure at the
interface or in the matrix, elastic continuity being de-
stroyed, resulting in the fibres becoming debonded. Once de-
bonding has occurred the transfer of shear stress at thse |
interface is no longer bossibla~so that the load-~bearing
capacity of the fibres is not utilised resulting in failure
of the matrix and the ultimate failure of the composite.

One of the objects of fibre-composite theory is to
attempt to interpret,; and thereby to.be able to predict, the
mechanical properties of a composite (in terms of the
established behaviour of its two componsents); often this '
will require an understanding of the interaction between the
two components ‘in the region of the interface. Enginéering
design, on the other hand, is typically concerned only with
the 'effective! propérties of the combosite.

This chapter deals with ssveral theoretical approaches

-that have been proposed to predict the influence of uni-

formly-distributed, but randomly-oriented, steel fibres

within a cement matrix. It also provides a background to
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the fundamental coricepts and parameters associated with the

'mechanical properties discussed in chapters to follou.

Further details concernsad uith fibre reinforcement can bse
found elsewhere ( 5, 6, 7 ).

9.2. THEORETICAL CONSIDERATIONS

Romualdi and Batson ( 3, 8 ) have claimed that the
tensile strenqgth of conérete could be increassed to
1000 lbs/ln2 (6, 9N/mm ) with the random addltlon of stesl
fibres. (A value of approximately 3N/mm is typically quoted
for tensile strength under ordinary circumstances.) The
theoretical analysis upon which these claims were mads was
based on linear elastic fracture mechanics (LEFM). These
authors predicted the first crack tensile stréngth to be in-
versely proportional to the geometrlcal spacing of the
fibres (flg. 2.1.) for a given volume of fibres, i.e.
Griffith's formula (9 ) could be reuritten in the form:

o= G.E./(1-f)n.a - 2.1
uhére, o = average tensile failure stress,

GE = critical elastic energy release rate,

E = Young's modulus,

Moo= Poisson's ratioy

a = half the length of the_critical flaw.

The theory ( 3, 8) was based on the assumptions that:

(i) - cement-based materials are notch-sensitive,
' ' i.e. a fracture mechanics approach is

applicable; and

(ii)  reducing the fibre spacing, given by:
; 13,8.(1/_1_ ' 2.2
va ) 1
where, S = average fibre spacing (inches)
W:: percentage fibre volume content
d = fibre diameter (inches)

.results in a reduction of the length of the
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" critical flaw giving rise to an in-

~creased cracking stress.

' The analysis was reportedly verified by Romualdi and
Mandel (10). It is important to note that this proposed
énalysis ( 3, 8) is based entirely on energy considerations
and that, although the LEFM conéepts used are based on
direct tensile stresses, experimental verification was

carried out in flexure (10).

‘Linear elastic fracture mechanics has been applisd to
cement-based materials with varying degrees of success
(11-17), based on the assumption that these materials are
notch-sensitive. 'Kesler st al. (18) report that the con-
cepts of LEFM are not directly applicable to cement-based
materials since they found the critical stress intensity
factor to vary with varying specimen geometry. (LEFM implies
that the mechanism by which a crack propagates is indepsndent
of specimen geometry.) Similarly, Higgins and Bailey (17)
found that the zone'of stress disturbance due to the inhomo~
geneity of the material or non-linear elastic behaviour was '
large compared with their spécimen dimensions, concluding
that the size of specimen convenient for laboratory use wuas
- too small for LEFM to apply. A similar observation is made
by Gjorv et al. ( 19). Kanninen and co-workers ( 20) observe
that fracture mechanics applications to fibre-reinforced
composites have so far not been as effective as has the
- analysis of many other commonly-used structural materials
and that LEFfM is ¥ ... not capable of coping with ths com-
plexity of the crack extension process as sesn from the micro-

mechanical point of vieuw".

It is Hardly surprising, therefore, that direct tensile
experimental results were found to be inconsistent with
Romualdi's theory, as shoun in fig. 2.2. (21, 22, 23)-

Shah and Rangan (21), for example, suggested that the
reinforcing action of the fibres was in fact similar to that
of conventional reinforcement and could be predicted by the
properties of the individual components. Although no such
analysis was carried out they used a tuo-phase composite
materials approach to predict the compressive stress-strain
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behaviour which they found to be consistent with experimeﬁtal
rasults. The stress for the fibre reinforced composite for
a strain of €. was calculated to ba:

o.= E .€ ' :
RC RC. C . 2.3
vhere, - Cgc= composite stress,

EN:=' elastic modulus of fibre composite ( ),

€. = strain in the unreinforced material
(equal to strain in the reinforced composite) gt\reinforced
composite stress, Oy (i.e. €C==€RC ). Although this alter-
native composite materials approach, basad on the law of-

mixtures, may be applied to predict the compressive stress-

strain behaviour of the composite, the theory has not yet
been satisfactorily correlated with experimental data (24).
Furthermore, the law of mixtures approach is only strictly

applicable to direct tensile stresses.

It is of interest to note that nearly a decade after
Romualdi and Batson'proposed their spacing theory Aveston
~and co~uorkers ( 6, 25 ) proposed a similar theory based on
force and energy halance criteria, i.e. utilising fracture
mechanics concepts again, from which they were able to pre-
dict the tensile stress~-strain behaviour of the composite.
They proposed that under stress the composite initially de-
forms in a linear elastic manner until reaching'the limit of
proportionality (assumed to be the failure strain of the
matrix,Enkﬂ at which point the fibres will support the
entire load provided the breaking stress of the fibres,(%u‘?
satisfies the ineguality:

Ry 24

oV. =20 V +
fuf = “mium f
where, Gn“J= breaking stress of matrix,
' o LA load transfer from matrix to fibre
(equal to E,.£ for the slastic
. {""mu
region),
Vn\ﬂﬁ = volume fraction of matrix and fibre,

respectively.

Progressive multiple cracking of the matrix will then occur
(fig. 2.3.(a)). Vf in the equation above is defined as the’

critical fibre volume (for vf < VC

rit the composite will
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fail by so-called 'singls' fracture, i.e. when one component
fails the other cannot sustain the load). The initial slops
of Aveston et al.'s predicted curve (fig. 2.3.(b) - region 1)
is similar to that predicted by the simple law of mixtures

( 5 ) which is strictly valid for continuous fibres and
assumes no slippage between fibres and matrix, i.e.

E, = E N+ EflV 2.5

where EC) E andlff are the respective elastic moduli of the
composite, matrlx and fibres. Accord%ng to Aveston and his
co-workers, during multiple cracking (fig. 2.3.(b) - region 2)
the cement matrix is broken into a series of blocks of di=-
mensions between x'.and 2x', i.e. there is a limiting crack
separation. B8y a simple forcs balaﬁce thay derivaed X' as
follouws:

2NmroTx = O‘mU.\/m 2.6.a

where N 1s the number of flbres per unit arsaz and equal to
Vf/rnz,- X is determined by the rate of stress transfer be-
tween fibre and matrix which in turn is determined by the
maximum stress T which the interface (or the matrix) can
susfain; r is the fibre radius; and, T is the interfacial

shear stress. Further, therefore:

(Vm/ Vf ).(O‘mu.r/ 2.1) 3 2.6.b

Once multiple cracking is complste it is assumed that
load is supported by the fibres which stretch and slide until /b
5108
the composite fails (slope of the curve now given by Ef.Vf
with failure stress of O}U.V} - region 3 shown in fig. 2.3.(b)).

The theory proposed by Aveston et al. ( 6, 25 ) pre-
dicts the cracking stress of fibre cement to be inverssly
proportional to the square root of the fibre spacing; also,
the predicted increases in cracking strain of thevcomposita
compared to the unreinforced cement are rather larger than
those achisved in practice (26). However, the concept of
multiple fracture is of great signif.icance in fibre cement
composites as it enables the material to behave in a |

"pseudo-ductile™ manner.

‘ In visw of thé'apparently strong dependence of crack
growth on fibre spacing and the practical difficulties
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involved in casting, it has been suggested that theoretical
considerations thus far discussed have conly limited scope

for large-scale application; they fail to take into account
bond deficiency of discontinuocus fibres and their_orientatidn
within the cement matrix (27, 28). Kar and Pal (27) havs
formulated an effective wire spacing equation taking into
consideration these two factors. Thay assume that: (1) all
wires are straight; (2) geometric centres of the fibres are
uniformly distributed in space; and (3) a fibre has an equal
probability of being oriented at any anglse with the direction
of stress. The theoretical distribution of bond stress along
a continuous length of fibre dus to the presence of a crack
and its idealised situation is shown in figs; 2.4. (a,b).
‘Kar and Pal calculated the bond efficiency as: | '

1 -
2y y | - |

o[ T R Yy

ll‘ ® 3kd — =
dy

o)

half fibre length,.

d = fibre diameter, and

k = bond length coefficiant (fig. 2.4.),
given that there is an equal probability of the crack being

where, |

formed anyuwhere within the length of the wire.

Their effective spacing equation they presented as:

s, = 885d 1 2.8
qu]-—l/3kd)[kd . _
where, Se = effective spacing,
' n = orientation factor (27),

p = volumevfraction of fibres.

Kar and Pal find a good correlation betuween the fibre
spacing squation above and the tensile strength ratio (ex-
preésed with respect to the tensile strength of plain con=-
crete at the éame w/c ratio) of concrete. Houwever, their
shear-stress distribution at thse fibre-matrix interface is

only due to the presence of a crack in the immediate vicinity
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A

of the fibre with no consideration given to fibres that are
not affected by the crack. Thus they assume that before a
fibre contributes to the composite propertiss it must be sub-
jected to matrix cracking. Previous theorises have also
assumed zero interfacial ‘shear stresses until the initiation
of a crack at the fibre interface ( 3, 6, 8 ).

- Based on a cembined crack-control/composite mechanics
approach, Swamy et al. (28, 29) have,with reasonable success
( 30 - 33 ), predicted the first crack and ultimate
flexural strength of randomly oriented steel fibrous concréte
beams. They suggested that three basic considerations must
be taken into account in deriving an effective spacing
equation: (1) the critical fibre length; (2) the interfacial

bond; and (3) fibre orientation.

| The critical fibre length (i.s. length at which the

fibre should theoretically yield at the point of composite
failure) they obtained by considering a fibre of length [ and
diameter d embedded in the cement matrix, with load transferred
by an auérage interfacial shear stress,1 3§ the longitudinal

‘ tensile stress in the fibre Of, they assumed varies from zero
at the ends of the fibre to the fracture stressO}u , if the
fibre is long enough (fig. 2.5.) -lC/2 is defined as the
transfer lenqth where IC is the critical fibre length. From

equilibrium considerations:

nd do = nd.t
b L
or _(ﬂ - __(i
do bt

The fracture stress can be reached only when:

le = %yl
2 hox |
or ’ . .
lC = O'fu;_d__/ . 29 :
21 '

' Thehaspect ratio of the fibre must then be: lg;;%PA___IZJO
d 1
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Swamy and his co-workers assumed the fibre tensile stress
to have linear distribution (fig. 2.5.) - fibre tensile stress
is also not constant along the fibre length (fig. 2.6.) --and
used an average stress of(ﬁu « These authors;, therefors,
show that the interfacial bond stress and the fibre tensile
stress are closely related to the fibre aspect ratic. They
also considered the interfacial bond stress to be of two ‘
parts: firstly, the stress due to load transfer from matrix
to fibre, fig. 2.6.(other spacing equations ( 3, 6, 27 )
have overlooked the shear stress distribution at the fibre-
matrix interface in the absence of a crack); and secondly,

stress due to the presence of a crack (fig. 2.7.).

Although various orientation factors have been derived
based upon various assumptions (see refersnce 34), Swamy et
al. (29) considered the orientation factor obtained by
-~ Romualdi and Mandel (10) to be exact, such a factor being
necessary since some fibres are less effectively orientsd
than others and contribute to a lesser degree to the crack
arrest mechanism (Romualdi's earlier geomstrical fibre
spacing concept ( 3, 8 ) did not fully recognise the in-
fluence of the geometry of the fibre). -The orientation

factor was given as (10):

or l .
= 04l 211.b.

where W% is the effective volume for a nominal fibre volume
Vf and %C the effective fibre length from a nominal fibre
lengthlf . ' '

From the factors discussed above, a more general spacing

equation, taking into account fibre aspect ratio, was ob-
tained ( 28,29):

€ u

1 %,l

s, = 15,287, [c; d° d 212

By evaluating of andd , Swamy, Mangat and Rao (28) wsre
able to obtain the effective spacing for the first crack.
stress and ultimate modulus of rupturs. The predicted
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flexural strength of steel-fibre reinforced concrete beams

was.

o = gV o+ 0820(l/d)V 213

~which they derived from the law of mixtures ( 5 ):
o =0 V o .V .
- C mu'm’ Ufuf ’2_1['
Although verified experimentally (31, 32) a numbser of

objections have been raised (35). For example, it has been
questioned whether the assumption of a linear stress bond

is strictly valid since it has been reported that ths stress
distribution can be shown to be non-linear (35). Also the
derivation of the critical length parametser, based on equi-
librium considerations and the orientation factor are only
atrictly applicable to direct tensile stresses, as is the
simple law of mixtures approach. The analysié discusssd
above, houwever, has been used for flexural stress prediction.

2.3. SUMMARY

Two basic approaches have been utilised to predict the
'first crack strength' or the proportional limit of fibre-

reinforced cement-based materials. -

One mechanism is based on the crack arrest action by
the fibres and energy considerations, i.e. utilising linear
elastic fracture mechanics concepts, and zelates the
cracking stress tc the spacing,se, of the fibre reinforcement.

The other mechénism is based on the laws of mixtures of
composite materials which relates the proportional limit to
the volume, V; , orientation, n , and aspect ratio,l/d , of

the fibres.

The composite materials approach would appear to be the
more satisfactory of the two approaches since the former
‘approach does not apply beyond the proportional limit and
dees not fully explain the mechanism of fibre reinforcement.
‘Although yet to be satisfactorily correlated with expsrimental
data, it is generally agreed that the ultimate strength of the

fibre composite isvrelatiuely insensitive to fibre spacing -
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and depsnds primarily on uolumé, aspect ratio and the bond
characteristics of the fibres (24, 34).

These theoretical approaches have been used to ascertain
how well they predict tha properties of the fibre reinforced
composite studied in this investigation by comparing with
the experimental data obtained in Chapters 4 and 5 - sge

table 2.1. o
fﬁd%ut
rd
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EQUATION =~ - ; PREDICTED EXPERIMENTAL
) 1 -
(2.2): S = 13.8d = \ S = 4,9mm
Vv
f
2.1): o2 = G_ E|(1-p?)ma o = 18,9 MPa 5,64 MPa
2.4): Ocy vf > g‘m'u vV o+ o'vf 21 MPa > 3,82 confirmed
for fibre load-bearing
: _ 3
(2.5): E_=E V +E_V, Ep. = 30,95.10° MPa 29,7 MPa
(2.3): o, = ERc €, g, = 3,40 MPa (tension) 5,64 MPa
' oé = 69,9 MPa (compression) 32,24 MPa
(2.99:1 =o0_4d 1 = 157mm 1 = 38mm
¢ fu ¢ ie. fibre
21 , pull-~out
1> 1c‘for fibre fracture '
(2.13): 6 =0V +0,82T =V, o = 5,46 MPa 5,64 MPa
c mu m d f c .
(2.14): o, = O Vm * O Vf ) o, = 24,38 MPa 5,64 MPa
values assumed:
G = 0,01 MPa e = 110ue
c mu -
poo=.0,13 3 T = 1,67 MPa
E_ = 27,5.10° MPa = 3,45 MPa
m 3 mu
E_ = 200.10° MPa o = 1050 MPa
f fu
TABLE 2.1

Comparison Between Theoretical Predicted-

Values and Experimental Data.
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CHAPTER 3.
3. GENERAL EXPERIMENTAL DETAILS

2,1, MATERIALS -

3.1.1., Cement

Rapid Hardening Portland Cement (RHPC) supplied by the
National Portland Cement Company Limited, Philippi, Cape,

was used throughout in this thesis.

In order to minimise experimental scatter due to
variations in cement composition, 60 bags of cement uere
purchased directly from the cement factory as a single
batch obtained consecutively from the same production run
and numbered 1 to 60. In the laboratory the bags wuere
divided into 15 sets of 4; e.g. the first set consisted of
bags numbered 1, 16, 31 and 46; the last consisted of bags
numbered 15, 30, 45-and 60. The cement bags were sealed in
polythene bags until such time they were required for
mixing; :Four‘bags from a set were at that time thoroughly
blended and stored in an airtight steel container for use.

- When this cement had been completely used the next set of
cement bags were removed from their polythene bags and

blended and- stored prior to use.

The chemical analysis and physical properties of the

cement are given in tables 3.1 and 3.2, respectively.

3.1.2. Agoregate

The aggregate used was a fine, natural siliceous sand
(Cape Flats sand). The sand was first thoroughly dried in
the laborétory over a period of several daYs‘and then
stored in airtight containers in order to maintain a

negligibly-small moisture content prior to mixing.

L~

Results of the grading analysis of the sand are given

in fig. 3.1,

v . .-é’
N / e oS T CaTLL,
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3,1.3. Stesel Fibres

From previous investigations (36 - 38) it has besn re-

ported that DQOForm fibres have shown superior mechanical

broperties compared to plain round fibres as a reinforcing

medium for cement-based materials. Fig. 3.2 shows ths

‘physical difference betwsen these tuo types of fibre.

In order to limit the variables under study it was ds~-
cided to confine the experimental investigation to one fibre
type, of fixed dimensioné,' (Duoform, 0,5 mm diameter, 38 mm
long, having an aspect ratio of 76.) The mechanical pro-
perties of these fibres in comparison to a number of others
used in cement matrices are given in table 3.3; for com-
parison, also given are the corresponding cement matrix

properties.

3.2, SPECIMEN FABRICATION

3.2.1e Specimen Geometry:

(i) .In order to reduce end restraints, due to the re-
lative difference in Poisson's ratio between the compression
test platens and compression test specimens (39-41), com-

pression spscimens were cast vertically as 60x60x180 mm

prisms in accurately machined steel moulds (fig. 3.3(a)).
Each cast consisted of at least 6 prisms - as work progressed
a further 2 moulds were made snabling 8 prisms to be cast in

one batch.

(ii) Tensile specimens were horizontally cast

76x76x325 mm prisms with a 'waisted! mid-section reduced to .
38 mm; steel moulds wers also accurately machined (fig. 3.3(b)).

3.2.2. Speéimen Manufacturs

3.2.2.(a) Mix Proportions:

In order to examine in detail the influence of steel
fibres on the tensile and compressive, static and fatigue

behaviour, a single mix design was chosen for investigation.
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The mix proportions used and theirvderivation are given in
table 3.4 (by uweight to an accuracy of : 0,1 kg). The
particular mix composition was chosen on the basis of pre-
vious similar studies (21, 23, 24, 34, 42 ).

It hés been noted elsewhere (34) that steel fibre con-
tents in excess of 2% by vclume are geherally difficult to
incorporate into a cement mix (depending on mix design and
aspect ratio of the fibre). Problems can arise due to non-
uniform segregation and balling of the fibres during mixing
(24, 43). Thereforé, in selecting a single volume fraction
for study (again limiting the number of variables for ex-
amination), 2% was chosen. In mixing, this was proportioned
to an equivalent weight (table 3.4) to an accuracy of '
+

- 0,001 kg. The fibres uere added in the 'as-received!

!

condition ('degreasing' the fibres has been found to have 06445‘
only marginal effects on the mechanical properties oF_theHQ('
B ) ‘/.L e
fibrous composite -.see Chapter 6). ol = e
. rzu" .

3.2.2.{b) Mixing Method

Experience gained from previous work reported in the
literature (44 has shoun that different mixing procedures
may induce significant changes to the mechanical properties
of the cgment mix. Mixing methods, therefore, were
standardised throughout. All mixing was done in a 0,06 m>

rotating pan-and-paddle type mixer.

The mixing'procedure adopted for plain samples was as

follows:

(i) - The aggregate and cement, in proportioned

quantities, were dry mixed for 60 secs.

(ii) All the water to be mixed was added; the cement

slurry was then mixed Tor a further 240 secs.
(iii) The mortar mix was then ready for casting.

Problems experienced during mixing steel fibre in
cement/mortar, as mentioned previously, were overcome to a
satisfactory degree by adopting the follouwing mixing pro-

cedurea:

(i) The sand aggregate and‘'cement, in proportioned
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quantities, were dry mixed for 60 secs.

(ii) All the water to be mixed was then added and

mixed for a further 60 secs.

(iii) While the mixing drum was still rotating, the
steel fibres were added. At this point it was most im-
portant to eliminate any tangled lumps of fibres before
adding the fibres to avoid mixing conditions that would
pfomote'the formation of fibre égglomg;ates. Various
mechanical methods have been suggested for adding fibres
during this stage (23, 30, 34); in this investigation the
fibres were added by hand, '

(iv) After the last Fibre had been added the composite

was mixed for a further 120 secs.

-

3.2.2.(c) Casting Tedhnique

Methods of casting and compaction can also strongly
influence mechanical properties (24). Since this thesis was

basically of a comparative nature, a standardised technique

uas_adopted, as follows: 74,£mﬁﬁﬂawcﬂﬁﬁ#¢

(') Both plain and fibrous comp33551on samples) were

.cast in three approximately equal lifts (layers), each layer

compacted into the mould with a compacting rod. After the
last layer.had been placed, the moulds were externally
vibrated for 20 secs., after which the free surface was
trowelled smooth. X-ray radiography confirmed that this
procedure resulted in a uniform random distribution of
steel fibres (fig. 3.4(2) ). It should be noted that
vibration times longer than 20 secs., in order to achieve
greater compaction, tended to result in fibre segregation
(fig. 3.4(b) ). =

(ii) Tension samples were also placed in three

approximately equal lifts. Houwever, after each lift the
mould was externally vibrated for 5 secs. After the last
layer had been vibrated, the specimen surface was trowelled '
smooth and the specimen vibrated for a further 10 secs. _
Resulting failure surfaces of test specimens confirmed that
this’ procedurs resulted in a uniform fibre distribution

(Fig. 3.4(c)).
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3.2.3., Curing Conditians

Variations in curing methods have been shown to have
significant effects upon the strength of concrete (45),

necessitating a completely standardised curing procedure.

Approximately 4 hours after casting a damp hessian
cloth, covered by a polythene sheet, was placed over the
moulds to restrict the evaporation of 'free' water from the
specimen surface. Specimens were removed from their moulds
24 hours after casting and submerged in a saturated limse
water solution curing bath which Qas kept at a constant
temperature of. 20 Z 29C. The lime 'solution limited the

leaching of calcium hydr0x1de from the cement hydrate.

Compression test specimens uere removed from the curing C(&”ﬁ
batg and tested at 7 oays age (equ1valent to 28 day strength 5ZM~ff
of Ordinary Portland Cement DPC) Due to the longer pre-
paration time (to be described in the foilouing sections),

tensile samples were removed from the curing bath at 9 days

age and tested at 10 days aqge because of the small associated ? 9

o pe
strength variations in comparison to 7 day OPC (44),

3.2.4. Preparation for Testing

(i) At 6 days age compression samples were capped

using.a quick-set putty (Pratley Quick-set Epoxy) to ensure
that the compressive load transmitted to the test specimen
was purely uniaxial and evenly distributed (B.S. 18861: 1970
(46) recommends plane-end-surfaces to within 0,05 mm). In-
desd, Gonnerman (47), for example, has reported 30% strength

losses for 0,25 mm difference in 'planeness' between ends.

Capping was done between the test platens, the orientation

of the specimen in the machine being noted at the time of
capping so that the specimen could be replaced between ths
platens in precisely the same orientation when tested; any
stress distribution variations due to the platens being
slightly out of parallel was thus entirely avoided. After
capping, the specimens were replaced in the curing bath
until tested. - e L
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(ii) Tensile test spscimens, as mentioned previously,

required a somewhat lecnger preparation tims,

_ The pronounced effect of casting direction upon the
direct tensile strength due to 'bleeding' has been noted

by Hannant (48). This is the migration of water to ‘the
surface of Freshly-placed cement resulting in a porous, and
therefore, weaker upper layer in each specimen. Since
tensile specimens were all cast horizontally in this in-
vestigation, the surface layer is considerably weaker than
the bottom layers, resulting in differential deformation
under load which is applied parallel to the planes of
variation. (In compression this effect is not so apparent
because the applied load is normal to the planés of vari-
ation.) To minimise this effect, ~ 15 mm was cut off the
top of all tension specimens at 7 days age. All cutting
was -carried out under water using a silicon carbide cutting
disc at 2890 r.p.m., after which the specimens were then

replaced in the curing bath.

- At 9 days age, tension specimens were removed from the
~curing bath., After 30 mins., when the specimens were re-
-latively free of excess surface water, side plates were
glued onto the specimens to be tested in fatigue with an
epoxy resin (discussed in more detail in section 3.3.1).
This process took approximately 60 mins. A number of studies
(45, 49 -« 51 ) have shoun that the moisture content of the
test specimen can affect the static and fatique properties.
However, Neville (44 states that if the drying period, in
air, is less than 6 hours, variation in specimen properties
is generally less than 5%. Therefore, to avoid any excess
moisture loss whilst the epoxy resin set (~12 hours) the

6 specimens were sealed separately in plastic bags. At 10
days age the tension samples were removed from the plastic

bags and prepared for testing.

. All test specimens (compression and tension) were
~tested at 1 hour, and not later than 3 hours, after removing
from the water bath (compression) or sealed bags (tension).
Specimens, therefore, may be regarded as having approximately

100% moisture contents at the time of testing.



Prior to testing, strain transducer blocks werse glued
onto the specimens using a Pratley Quick-set epoxy glue.
Ultrasonic transducers (see section 3.3.2) uwere also
attached to the specimens. Fu.igs. 3.5(a-c) show both com-

pression and tension samples ready for testing.

3.3 EXPERIMENTAL PROCEDURE

3.3.1le Testing Mode and Grip Design

The method of testing in compression is relatively
straightforward. The problems of testing cement-based
materials in tension, houwever, are considerably more in=-
volved. Certainly from the litérature available it would
appear that there is no direct tensile fatigue testing.
method for cement-based materials, although various methods
have been suggested for static tests. These are summarised
by a RILEM enquiry (52),

One of the requirements of this thesis work, therefore,
ués to develop a dual purpose system suited for both fatigue
and static loading. The method finally chosen, after con-
siderable experimentation, involved the transfer of the
static or cyclic tensile load by shear to the test piece
through side plates glued onto the sides of the tension
test specimen. The side plates were manufactured from mild-
steel angle section (75x75x8 mm) with the internal surfaces:
being accurately machined to right-angles between one another.
An Epophen Epoxide resin (Genkem - RSA - Pack 'D') was used
for attaching the side plafes. Hose clips kept the plates
in position while the epoxy set (~12 hours) - ses
fig. 3.5(b). The side plates were re-usable after removing

from the tested specimen and cleaning.

This method was restricted to fatigue tests; for
static testing a more convenient method based on transferrind
load by friction (c.f. references 23, 53) was used. The
frictional faorce was applied by a further two plates -
(fig. 3.5(a)), each bolt having a torque moment of 20 N.M
(this corresponds to a negligible stress of ~ 5% of the

maximum compressive stress upon the specimen) ..



27,

" The tensile, pulley-housing grip attachments required
for loading the specimen in the machine are shown in fig. 3.6.
The high tensile chains (2000 kg breaking force) are able
to rotate around the freely revolving pulley which is
centrally fitted within the pulley-housing, thus ensuring
no eccentric-loading of the test piece. The load trans-
mitted to the side plates, therefore, was equal on each side
of the test specimen, so avoiding induced bending stresses.
The 'OD-shape! shackles are made from stainiess steel

(2000 kg maximum bending load) with a 8 mm diameter pin.

To ensure no torsional stresses were exerted upon the
tensile test specimen, the crosshead was lowered until the
tuo grip attachments were a few millimetres apart. iUsing a
straight edge they were aligned and locked into position =
(with the spiral uedges). The crosshead was then raised to

working height and tightened ready for testing.

3.3.2 Mechanical Testing

All tests uere performed usinglan E.S.H. 'Universal!
Testing machine with a maximum load capacity of 250kN.
This is a servo=-controlled, electro-hydraulic, closed-loop
testing machine being able to apply a controlled stroke

(deflection), strain or load to the test piece.

_ Static, uniaxial loads may be applied at varying ramp
rates in either of the above three control modes, as may
fluctuating loads with varying waveforms; a built-in cycle
counter monitors the number of cycles during a fatigue
test. Fig. 3.7 shous the machine and associated instrument-
ation operating’in compressian. (VDT = Lntout ./Mép%?ﬁmkk;(
Lt Y gty
Strains on each specimen were measured using linear
voltage displacement transducers (LVUDT) attached H;\ngder
blocks glued on to the specimen. During fatique tests
(10HZ) these were monitored using a SE Labs. model 3006
ultraviolet recorder, with a B420 galvanometer (responss
420Hz). In compression, both longitudinal and lateral

strains were measured (gauge length 98 mm and 43 mm re-

spectively); in tension only longitudinal strains uere
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measured, over a fixed gauge length of 115 mm.

The abcumulation of damage was also monitored using
the ultrasonic pulse transit time (UPTT) method ( 54 -
5§7), i.e. by measuring the time taken for a 50 kH sound
pulse to travel through the specimen under test. A Harusll
system 3127-1, the operating principle of which is schem=-

atically illustrated in fig. 3.8, was used with 50 kHz
. piezb - slectric crystal transducers, the transmitting
transducer being excited at a pulse rate of 10 Hz. The
output signal, as a signal acquired by an integrating
capécitor, was calibrated against time and recorded on a
Bryans X-Y-Y-T 26000 A3 chart recorder.

The ultrasonic transducers were attached to the
specimans (laterally in compression; longitudinally in
tension, as suggested by Jones (57)), with a thin film of
high viscosity grease (Shell Barbatia) between transducer
and specimen to ensure minimum loss of energy at the inter-
face and a steady pulse during the tests. In attaching the
transducers, as shoun in figs. 3.5(a-c), it was found that
the most efficient coupling was obtained if no pressure was
applied prior to securing the rubber bands, i.e. purely the
pressure of the rubber bands was able to maintain the tréns—
ducers in position with an efficient coupling between trans-
ducer and specimen. Attempting to secure the transducers

too tightly resulted in an inadequate coupling system.

3.3.3. Static Tests

The maximum failure stress in compression is dependent
upon the rate of application of static load (44,58,59)and,
therefore, in order for test results to be comparable, the

rate of application of load has been standardised (46).

On the other hand, due to relatively limited work in
direct tension, no standardised test (and therefore loading
rate) has yet been proposed for uniaxial tensile strength |
determination. A similar rate of load application to that
of the compression static tests. wuas therefore used.

Consequently, all static tests were carried out in
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~ the stroke control mode at a ramp rate of 0,02 mm/sec
(stroke range : <~ 10 mm) which is in accordance with

BS 1881 : 1970(46). The maximum load at failure vas recorded
directly from the E.S.H. testing machine (load range -
compression ¢ Z 250 kN; tension @ Z 50 kN) as were strain

values from the LUDTs'(strain range - compression, longi-

1+

tudipal 2 mm; lateral : z 0,5; and tension, longi-
1 mm).

1+

tudinal :

» Three specimens uwere tested statically to determine
the mean strength of the particular batch, the remaining

samples tested in fatigue.

3.3.4. Fatique Tests

There are a number of factors, which are independent of
static strength, that can significantly affect the fatigue
behaviour of mortar or concrete when subjected to repeated
loading. Before embarking upon such an investigation an
appreciation of these factors was necessary in order to de-
cide upon the test procedure. Briefly,' these are listed as

follows:

. (i) Range of loading, i.e. difference between minimum
stress level and maximum stress level, when altered can
affect fatique life ( 60 - 62 ).

(ii) Rest periods during the application of the cyclic

stress can increase the fatigque resistance of concrete (62).

(iii) Rate of loading, i.e. test frequency, may have

significant effects upon fatigue strength (63, 64).

(iv) Specimens with varying moisture contents at the

beginning of a test may have varying fatigque lives (50, 51).

In order to be able to neglect the influence of any of
these factors specimens were continuously, sinusoidally
cycled until failure, or 1 million cycles, whichever occurred
first, at a constant frequency of 10 Hz betwesn some pre-
determined maximum stress level (some percentage of the
ultimate mean strengtﬁ) and a fixed minimum stress level.
(~5% of the ultimate mean strength). It has already been

mentioned that specimens could reliably be considered as

100% saturated at the time of testing.
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Ignition loss | . - 1,7%
Ca O ' - : ' . 64,1%
5i 0, 21, 7%
AL,0, - - 6,1%
Fe,0, | ‘ 24 4%
504 . | 2,3%
Mg O ' . 1,3%
Others ' o 0, 4%
Total - " 100,0%
Free CaO " | 242%
Insoluble Residue ) 1,8%

C ,e/t C DML 9{4{4,9—\_) %W Cﬂéw/rodﬁq, Z\.o—d) s
/Em n 0n51s Pncy Aﬁuj é@-f (

C.S - , - 49,7h

C,S v , | 19,6%

CA 12,1%

C,AF | . o 74 3%

Total D ” 88, 7%
TABLE 3.1.

Chemical Analysis of RHPC
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2%ud¢~@12%w2%44,?

Surface Fineness:

VBlaine ' | 5018 cm2/3£; /}<

Soundness:

Le Chatelier Expansion,

unboiled : 2 mm
boiled o 1 mm
Setting Time:
Initial o - 100 min
Final (28% water used) - . 2 hrs. 45 min

Compressive Strength: (SABS 743) |
3 days cured . | ' 41,5 MPa

- 7 days cured 52,0 MPea

TABLE 3:2.

Physical Properties of RHPC
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. "3 =
MPu X 10 S“e Do Z?/M .
FIBRE ' Young's Tensile Density Elongation at
Modulus, ~ Strength 3 . fracturs (%)
MPox 10 MPa x10 kg/@>.
N
Chrysotile : :
Asbestos 8 ~ 16 550-4500 2,55-3,12 0,6 = 3
Glass 659=7,2 1000-4000 2,6 1,5 - 3.5
Polypropylena 0,35-)5 500-750 0,9 20 - 25
Duoform (lou | : _
carbon steel)  20° 1000~3000 7,8 0,5 - 4
Stainless : .
Steel 15 - 21 2048-2552 7,7-8,0 35 = 55 Secvee—
T veeg L
Cement paste , %1735_;;
Mortar 15 ~ 45 2,8-7,0 2-2,3 ,04 - 0,06 o
Concrets : : ‘ -
TABLE 3.3.

Properties of Fibres and Cement Matrix (24,

26, 34)
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' Mix Proportions by Weight (kg)*

Components Ratio
| Compression - Tension
Cement 1.0 5,00 8,00
Sand 2.0 10,00 16,00
Water 0.5 2,50 4,00
Fibres 2% (by vol) 1,229 1,966
© TABLE 3.4(a)
Mix Proportions ~

* Ses table 3.4(b).



- COMPRESSION

Uoluma.of Moulds

cement : 5,0 kg
sand ¢ 10,0 kg
water ¢ 2,5 kg

2% (by vol).

TENSION

Volume of Moulds

cement ¢ 8,0 kg
sand ¢ 16,0 kg
water 't 4,0 kg

2% (by vol). 12,60. 10

fibre (by weight)

k-1 .9

on

7,88,
fibres (by weight)

34,

3120 kg/m>
2650 "
1000 "
1073 p3
3120 kg/m°
2650 "

1000 ®

=3

TABLE 3.4(b)

7[4.»1‘/4\/?

Rergru ol

[
o
3

3 {83 3 3
R WKkl Ky

11,09.

2,56.
6,04,
4,00.

12,60.

2,520.

1074

1,966 kg

'Derivation of Mix Proportions
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transmit

probe receive
generator ' transmitter sample probe
/////
— 7
amplifier
D
sampling
integrator $
dualtstrobe.
—3> generatoyxy
. ‘ &3 ' '
—— >

—————P» to chart recorder

Fig. 3.8: Diagrammatic illustration of operating
principle of the Harwell Ultrasonic
non-destructive test system 3127=l.
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CHAPTER 4
4. COMPRESSIVE BEHAVIOUR OF CEMENT-BASED MATERIALS

"4.1. STATIC PROPERTIES

401.1. Experimental Results

4.1.1.(a) Mean Strenath: A comparison of the static

mean strengths of plain mortar and mortar reinforced with a
random, uniform distribution of steel fibres (2% by volume)
indicates that there is no significant difference betuween
the two (fig. 4.1.). A *t-test' at an x-level of 0.05

confirms this observation statistically (see reference (65)).

4.1.1.(b) Stress-Strain behaviour: With steel-fibres

present as reinforcement it is immediately evidsnt that the

post=failure characteristics of plain mortar are sub-
stantially altered (fig. 4.2.). Toughness of cement
materials has conventionally been defined in terms of the
amount of energy absorbed by the material during fracture,
as measured by the area under the complete stress-strain
curve. According to this definition, fig. 4.2. shous steel-~
fibre reinforcement substantially increases the toughness
(or ductility) of the mortar matrix. This more ductile
mode of fracture of fibrous mortar is in contrast to the
typically brittle, catastrophic mode of failure of plain
mortar (fig. 4.3.):

The non=-linear characteristics of the stress-strain.
curve are evident from fig. 4.2. The longitudinal (com-
pressive) failure strains (corresponding to the maximum
failure stress) remain essentially unaffected by thevpréf
sence of steel fibres, for plain mortar. As would be ex-~
pected from a simple law of mixtures (see Chapter 2) the
elastic modulus of plain mortar (defined as the slope of
the initial tangent to the stress-strain curve) is un-
affected by the addition of steel fibres (2% by volume
fibre content).

The steel-fibres, however, significantly affect the
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deformation behaviour of mortar in the eérly stages of
loading, illustrated by the respective changes in ultra-
sonic pulse transit times (AUPTT), shouwn in fig. 4.2. The
initiation of 'damage', primarily cracking, occurs at a

lower strain in the stesl~fibre reinforced mortar.

4,1.2. Discussion

Rs mentioned previously, a major proportion of previous-
experimental studies carried out on the effects of fibre re-
inforcement in plain cement mixes has been almost exclusively
restricted to static loading conditions. It would seam
reasonable, therefore, to compare such results with those
found in the present study before proceeding to discuss

fatigue behaviour.

Summarised in table 4.1. are the results of tests
~measuring relative strengths of steel fibre reinforced

cement matrices in both compression and flexure; the wide
variability in results is immediately apparent. Similar to
results found in this study, Williamson (66), for example,
found no significant change in mortar strength with the
addition. of up to 2,5% steel fibres in comprsssion, although
he did find increases varying from 16-23% on concrete with
fibre addition, as little as 1% by volume. In direct contra-
diction, Chen and Carson (67) found no increass in compressive
strength for fibrous concrete relative to plain concrete but
found a 60% increase in the strength of plain mortar with the
addition of only 0,75% volume of steel fibres. Williamson
(66) interpreted his observed increase in concrete strength
according to the spacing concept formulated by Romualdi (3),
by assuming the aggregate, as well as the steel fibres, to
inhibit crack growth, i.e. the strength of the fibre-cement
composite is inversely proportional to fibre (and aggregate)
spacing° Howsver, Williamson can offer no suggestion to ex-
plain the corresponding abssnce of a strength increase in
fibre-reinforced mortar, where a similar crack arrest mech-
anism should be operative. Chen and Carson (67), similarly,
do not attempt to expléin their observations. Hughés and
Fattuhi (68) found a 7% increase in ths compressive strength
of concrete with the addition of Duoform fibres which they
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suggest is caused by the fibres constrainihg lateral ex-
pansion under load thereby-reducing the propagation of
cracking, offering no mechanism for this process. No
appreciable changes in strength were observed from the
addition of other types of steellfibres; neither did they
investigate effects of varying volume fractions. Shah‘and
Rangan (21) explain their observed absence of a strength
increase of concrete reinforced with steel-fibre in terms

of a two-phase composite materials approach (see Chapter 2)
which predicts the composite failurs stress to be pro-
portional to the product 6? elastic modulus of the composite
and the corresponding concrete failure strain, i.e. fibre
addition has no influence upon the failure strain. This
explanation would appear to be thes most reasonable and con-
sistent with resulté obtained in this thesis since the
matrix elastic modulus is found to be unaffected by the pre-

sence of steel-~fibres.

"It is well established that fibre reinforced mixes ex-
hibit a significantly greater post~failure resistance to
cracking than plain mixes in both flexurs (21, 26, 69, 70)
and'compression (21, 67, 68, 71). This is clearly illustrated
in fig. 4.2. The increase in energy absorption, or toughness,
will be a direct result of the ability of fibres to inhibit
the propagation of microcracks, i.e. prolong the loadmbearing
capacity of the material. Large amounts of energy are then
consumed arising from fibre pull-out (24, 34). In addition,
and resulting from extensive interaction with microcracks; -
the total fracture surface area of the reinforced cumposite
. is significantly increased in comparison to the unreinforced
matrix (fig. 4.3.).

Other characteristics of stress-strain behaviour, and
the effects of fibrs-reinforcement, are shown in table 4.1.
Shah and Rangan (21) found the strain corresponding to the
maximum load in compression to be unaffected by the presence
of steel fibres, which is consistent with the observations
made in this study. Shah and Rangan explained this ob-
servation in terms of their composite two-phase materials

(law of mixtures) approach cited above and in Chapter 2.
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However, they found that the strain at which microcracking
initiated was unaffected by the addition of steel fibres
(measured by the limit of proportionality). Ultrasonic
pulse transit time (UPTT) measurements in this thesis havs
indicated that in the presence of steel fibres cracking
initiates at a lowsr strain than that in plain mortar.
(This difference from Shah and Rangan's results may well be
a function of the sensitivity of the ultrascnic equipment
used.) This would sUggest that the fibres themselves play
"a role in crack initiation. It would seem reasonable,
therefore, to suggest that steel fibres can play a dual role,
~i.8. one promoting crack-initiation and the other crack-
arrest (as indicated by the post-maximum stress behaviour);
both mechanisms could occur simultaneously, the dominant one
'being dependent on factors which would include the stress
level and the loading conditions.

Under flexural- loading, several authors (32, 70) have
claimed that steel-fibres can markedly increase the strain
at which cracking is initiated (tsble 4.1.). Swamy and
Mangat (32), for example, using both a strain gauge technique
and ultrascnic measurements, observed a relative increase in
first \crack strain of about 70% for a mix containing 2,5%
(by volume) of fibres. They found that the first crack
strain increases with decreasing effective fibre spading (in-
creasing fibre volume Fraction) which was consistent with
their theoretical prediction (Chapter 2 - (28)).

It wvas mentioned in section 4.1.1.(b) that the elastic
modulus in compression is effectively unaltered by the pre-
sence of steel fibres (table 4.l.). It is of interest to
compare, however, that in flexure, Swamy and co-workers '
found an increase in modulus in the fange 4-30% in com-
parison with the unreinforced matrix (32, 69). They attribute
this to the crack arresting mechanism of the fibre reinforce=-
ment which minimises the crack size giving rise to a stiffer
material. Houwever, thess authors pointed out (69) that.such
increases are moderate when compared to the reinforced com-
posite's significantly greater ability to resist deformation,

i.e, toughness, whers a tenfold increase was observed.
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4.,1.3. Conclusions

Ffom the widely differing results reviewed above and
summarised in table 4.1., it becomss obvious that the in-
fluence of steel fibres upon both the compressive and flex-
ural behaviour of cement-based materials still remains
somewhat in question. It would appear that the inability

of researchers to achieve reasonable agreement lies in part

‘with the numerous variables (e.q. types of materials used,

specimen configuration, mix design, loading mode) that in-
fluence the mechanical behaviour of the composite, coupled
with the lack of uniformity and standardisation between ex-.

perimental procedures.

Houever, the results of this current investigation are

fairly specific:

(1) Fibres have little effect on the static compressive
behaviour other than to improve the loading~-bearing capacity
of the composite foilouing maximum load due to the ability
of the fibres to bridge microcracks and thus inhibit their
propagation. The large amounts of energy absorption
associated with this failure mode is probably dus to the

fibre pull-out from the cement matrix.

(2) Contrary to previous results reported in the
literature, table 4.1., steel-fibres are found to initiate
cracking at an earlier strain value compared to the unrein-
foféed matrix. This would suggest that the fibres contribute
to two distinct, cpposing mechanisms, viz: crack;initiation

and crack-~arrest.
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4.2, FATIGUE PROPERTIES

4.2,1. Experimental Results

4.,2.,1.(a) S - N Curve: The definition of fatigue and

its conventional fepressntation using the S - N curve havse
" besn described earlier (see Chapter 1).

Fig. 4.4.(a) presents the results of fatigue tests for
both plain mortar and stesl fibre reinforced mortar.
Fig. 4.4.(b) shous the corresponding S - N curves.

Both systems appear to exhibit linear relationships
between the fatigue stress amplitude and the corresponding
number of cycleé to failure; also the fatique characteristics
of the plain mortar and fibrous mortar are not significantly
different, although the fatigue strength at 1 million cycles
(run-out) of plain mortar is increased from approximately
55% to about 60-65% of the maximum static stress with the
addition of steel fibres. There is no svidence of a fatique

limit as with some metals, in either case.

4.2.1.(b) Strain Results: Figs. 4.5.(a-f) and 4.6.(a-e)

show typical strain data at various stress levels for plain

and steel fibre reinforced mortar levels respectively. Un-
fortunately, experimental difficulties have limited the extent
to which the lateral strain data could be used, therefore dis-
cussion relates entirely to longitudinal strain measurement.

During cyclic stressing the longitudinal (compressive)
elastic strain amplitudss, A€, generally increase linearly to
failure. For the run-out tests, housver; the compressive ,ﬁﬂ”#wﬂf
: EHO-0ut vl Vot
elastic strain amplitudes generally remain constant @ﬁﬁé&maﬁaﬁa
(figs. 4.5.(f), 4.6.(e)) with no svidence of any changs prior
to run-out. | '

The initial longitudinal elastic strain amplitudes,A€o,
which are obviously smaller at smaller applied strzsss ampli-
tudes, are unaffected by the addition of a random distribution
of steel fibres (fig. 4.7.). This observation is consistent
with the earlier observations (see section 4.1.1.) that there
is no change in elastic modulus with fibre addition to plain
mortar. Similarly, the longitudinal elastic strain amplitude
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~at f‘ailure,AEf , was found not to be significantly different
between plain and fibrcus mortar, the ultimate strain ampli-
tude decreasing with increasing fatigue life (fig. 4.8.)/de~-
creasing applied stress level (fig. 4.9.).

_ The observed change in the residual component of the

total longitudinal strain, €, , with progressive cycling is
found to consist of three distinct regimes (see figs. 4.5.
and 4.6.):

I H a primary increase in residual strain

11

.0

a secongary region, showing a constant
rate of change in €, with increasing
number of cycles

111 a final (tertiary) accelerated increase

in €, Jjust prior to ultimate failurs.

The total compressive longitudinal strains at failurs
(fig. 4.10.) are independent of both fatigue life and stress
level and do not appear to approach any definite, critical
value. Houwever, the average total strains at fatigue failure
for plain and stesel-fibre reinforced mortar are ~ 2200 micro-
strains and ~ 3000 microstrains respectively; the static
failure strain corresponding to the maximum static stress
(i.e. maximum strain at failure for plain mortar) was ~ 3000

micrdstrains for both plain and fibrous mortar.

4,2.1.(c) Ultrasonic Pulse Transit Time: Figs. 4.11l.(a-f)
and 4.12.(a-d) shou typical output data for plain and stesl-

- fibre reinforced mortar, respectively.

In the initial stages of this study pulse transitvtimes
" measured prior to testing were found to be approximately
constant with no significant difference betwsen plain and

fibrous mortar, consistent with work reported elsewhere (55,56,72).

The increase in ultrasonic pulse transit time (AUPTT),
similar to changes observed in residual strains during
fatigue (for example, fig. 4.6.(b)), also consists of thrse
distinct regimes, the extént of this behaviour being depesndent
upon stress level. The observed variations in AUPTT as a
fraction of fatigue life for the stress lsvels examined is
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illustrated in fig. 4.13.(a). (A similar relationship is
observed for fibrous mortar, fig. 4.13.(b)). For high
stress level tests, for example 80%, only the tertiary
~regime is evident; for run-out tests, i.e. at low stress
levels, only thse primary regime is observed after which
there is no further increase in UPTT. Intermediate stress

level tests exhibited éll three regimes.

Replotting figs. 4.11. and 4.12. with a logarithmic
abscissa shows AUPTT to be within well-~definsed scatter
bands: figs. 4.14.(a~d) are for plain mortar and figs.
4.15.(a-c) are for fibre reinforced mortar. The final,
individual data points indicated on the graphs are deter-
mined at between 90-100% of fatigue life from the direct
output (sse section 3.3.2.). Dus to this rather subjective
analysis there did not appear to be a critical value in
UPTT at which failure occurred as has been proposed (54, 73),
although imminent failure is certainly readily predicted by
the sudden; rapid increase in UPTT which occurs just prior
to failure, in agreement with other studies (73, 74), and
as shown in figs. 4.13.(a;b)..

A comparison of plain and fibrous mortar at corresponding
stress levels shows that damage accumulation, primarily dus
to cracking, initiates at a lower fraction of the fatigue
'1life in reinferced mortar. Although the fatique lives are
not significantly different, the total amount of damage sus-
tained by fibre reinforced mortar is substantially larger
than by plain mortar, as indicated by the greater increase
in UPTT (figs. 4.16.(a=c)). Both these observations would
confirm the suggestion made earlier in section 4.1.2. that
the steel fibres have a dual role within the cement matrix in
uniaxial compression, i.e. they contribute to the initiation

‘as well as arrest of microcracks.

Finally, although run-out tests have generally shown
no increase inAf or further increase in UPTT (or ER) after
region I, when tested statically at run-out they were ob-
served to have an increased maximum static stress comparsd
to similar, non-fatigued Control specimens. The results are

summarised in fig. 4.17.

t



4.,2,2. Discussion

As mentioned pfeviously, reported work dealing
specifically with the behaviour of fibre-reinforced cement-
based materials under fatigue loading is very limited:
with specific regard to steel fibrss only two brief studies,
in flexure, have appeared in the literature (75, 76). The
fatigue properties of plain cement, mortar and concrete, on
the other hand, have received rathsr more attention. Some
of the results obtained are summarised in table 4.2. It is
logical, therefore, to attempt to extend the analyses of
plain cement materials to that of corresponding fibre rein-
forced ones, as well as to evaluata the behaviour of the

fibre-reinforced materials in a fatigue situation.

Previous studies have shown that the fatigue strength
at 1 million cycles (run-out tests) for plain cement-based
materials is approximately 55% - 60% of the ultimate static
strength of companidn specimens tested prior to fatigue
loading and there is no evidence for a fatique limit (60,
61, 73, 75-79, 80, 81 ). Observaticns from this thesis
are broadly consistent with commonly observed characteristics
of fatigue in these materials (table 4.2.).

The increase in comprsessive fatigue strength at 1 million
cycles with the addition of steel fibres observed in this
study should be compared with other results obtained in
flexure (79, 76), Thus, Batson et al. (76) and Romualdi (75)
have respectively reported fatigue strengths of 83% and 95%
of the first crack static flexure strength at 2 million cycles
for steel fibre reinforced concrete beams, compared with 55% -
for plain concrete beams. Both Batson et al. (76) and
Romualdi (75) correlate these increases in fatigue strength

directly to Romualdi's theory on crack-~arrest ( 3).

The fact that there is no significant difference betuween
the § = N curves in compression for plain and fibrous mortar
(fig. 4.4.(b)) clearly'illustrates the dependence on loading
mode, and this aspect will be discussed further in respsct
of the tensile results reported in Chapter 5.

In passing, it is of interest to nots that static tests

et
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carried out at a load rate squivalent to a quarter cycls of
the fatique load rate (see fig. 4.18) exhibited an approx-
imately 35% increase in static strength. Therefore, the
stress lsvel of the maximum cyclic stress is only an apparent
stress expressed as a percentage of the 100% static strength
(determined from the standard load rate), whereas in fact,
stress level should be in terms of the 135% equivalent static
strength (determined from a load rate squivalent to the
fatigue load rate). This observation would have the effect
of shifting the § = N curve as shown in fig. 4.18. Neal and
Kesler (82) have previously commented on this important con-
sideration, stating that " ... the rate of application of the
fatigue load is responsible for an apparent strength greater
than the static strength when the curve is extrapolated to
one cycle of load ... %,

It may now be arqued, having clearly shoun that the
basic compressive fatigue properties of plain mortar, as
with the corresponding static properties, are relatively un-
affected by the presence of steel fiBres,'that further study
in compression of this fibre composite may be of little
valus. Also, Glucklich (13) has suggested that compression
testing results in stable crack grouth, compared to the pre-
dominantly unstable crack growth which occurs in tension.
Hopefully, the addition of steel fibres in tension pramotes
stable crack growth; 'houever the necegssity of fibre addition
having the desirsd aim of improving compressive propertiss
must be questioned. On the other hand, it is gsnerally
acknowledged that compressive failure arises due to tensile
stresses normal to the applied compressive stress. It is
these tensile stresses that the fibres would restrain, re-
sulting in changed fatigued characteristics not in evidence

from conventional 5 - N curve representation.

The observed increase in longitudinal elastic strain
amplitude with progressive fatigue cycling {(figs. 4.5. and
4.6.) indicates a corresponding decrease in modulus of
elasticity, E, or stiffness, during a fatigue test. Since
stiffness can be considered a measure of the ability to re-
sist crack formation (69), the lower the rate of decrease in

stiffness, i.e. the louwer the rate of increase in At , the
: \Y
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longer should be the fatigue life. This is confirmed ex-
perimentally with no significant difference between plain
and fibrous mortar (fig. 4.19.). Several authors have re-
ported a reduction in E during fatique (73, 81, 83) and

have found the overall reduction to be independent of stress.
level (see tabls 4.2.). Bennett and Raju (73), for exampls,
have observedE , as a ratio of the original modulusE_, to
decrease linearly as a percentage of the fatique life with
an overall reduction in modulus of approximately 30%; other
workers (81, 83) report a non-linear decrease in the ratio
E/Eo, with an overall reduction in modulus to approximatsly
55% of the initial value (8l1). Whaley and Neville (84), on
the other hand, observed an increases in the modulus of
glasticity as a result of cyclic stressing, although their
tests wers carried out belou a maximum stress level of 50%
(vith a mean stress of 35%). The results obtained in this
work, figs. 4.20.(a,b), shou a broad similarity with those
obtained by Bennett and Raju (73), the mean reduction in
elastic modulus ( €/€ = E/E ) being approximately 30%.

These latter curves are approximately identical in\slope,
i.e. a 2% volume fibre content is insufficient to contribute
to E of the composite as predicted by the law of mixtures
(ses Chapter 2).

It is of interest to note that Bennett and Raju (73)
observed the elastic strain component (longitudinal) to
réach a critical value at failure, independent'of stress level, -
and that this critical value was not significantly different
to the initial tangent static failure strain. In contrast,
Hilsdorf and Kesler (85 found the maximum 'tensile! strain
(assumed to be the summation of both the elastic and residual
strain components) of concrets beams subjected to repeated
flexural loads to be independent of fatiqus life, yet all
their attempts to sstablish a limiting maximum strain at
failure were unsuccessful (51). However, the maximum tensile
strains obtained by Hilsdorf and Kesler (85 were found to be
greater than the maximum flexural static failure strain.
Award and Hilsdorf ( 86) observed that repeated compressive
loads resulted in the failure strains of concrete to increase

with decreasing stress level i.e, increasing fatigue 1life.
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, In comparison with all these results, data from the
present investigation has shown that the longitudinal
elastic strain amplitude at F_ailure',AEf s decreases with
decreasing stress level and dues not attain any critical
value at failure independent of applied stress level
(fig. 4.9.), i.s. AEf is dependent upon fatigue life, as
shown in fig. 4.8.; the addition of steel fibres has

essentially no effsct on this bshaviour.

The non-elastic deformation of concrets, € during

4
fatigue has been refsrred to as cyclic creep (;;, 74, 84) s
as distinct from creep occufring under a sustained static
load. Indeed, ssveral authoré have observed that the re-
sidual fatigue strain, £ , increases in a characteristic
manner (64, 74) similar to sustained-load creep, i.e. it
can be divided into three distinct regimes, as /obssrved in
fig. 4.13.(a), for example. Whaley and Neville (84), hou-
sver, explain that the respective mechanisms occurring may,
in fact, be different: at high cyclic stress levels micro=-
cracking probably occurs during the early stages of fatigue
life, while at lou ranges of stress strain accumulation is
probably similar to that which occurs .under a sustained
static load - £, at failure is hpt necessarily identical in
magnitude in both cases. Houwsver, these authors (84) do
propose that cyclic stress accelerates the process of |

accumulation compared to sustained load.

Sparks and Menzies (64) found that the rate of residual
gstrain change,dﬁkldn , observed during the approximately
linearly-increasing section of the curve, was dependent upon
fatique life but independent of the rate of loading (i.e.
frequency). Though these authors found the relationship to
differ with the type of éggregate used, generally a fivefold
order of magnitude change was observed in d€ /dn .

The results obtained in this investigation confirm
those obtained by Sparks and Menzies (64), (Fig. 4.21.(a)),
and upon comparison it is seen that the slope of the rate of
change in residual strain against fatigue cycles, d (dER/dn)/dn,
taken from reference 64 is greater for concrete than for
mortar (although a number of factors could account for this
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difference). A similar relation is found for fibrous mortar
(fig. 4.21.(b)), the slope of the rate of change in £_ being
greatsr for fibrous mortar than concrete. If the accumulation
of residual strain is considered a reliable indication of
damags sustained during fatigue, then it can be seen that at:
corresponding high stress levels/short lifetimes, aggregate
"and steel fibre addition results in a more rapid increase in
damage accumulation; at corresponding low stress levels/
long lifetimes, damage accumulation is much slouwer compared
to plain mortar, (fig. 4.21.(c)); in both instances the
fibres exhibit the more extreme bshavicur. This would again
suggest the possible dual role of the stesel fibrés as both
crack-initiators and crack-arrestors. With reference to the
S - N curve in fig. 4.4.{a), this interpretation may explain
why at low stress lesvels the fatigue strength at 1 million
cycles of plain mortar is increased by the addition of steegl
fibres; i.e. the steel fibres predominantly inhibit the
formation and development of microcracks leading'to eventual
fatigue failure; at high‘stress lgvels, however, there is
no significant differencs between the plain and fibrous

mortar.

Evidence from UPTT for the steel fibres acting pre-~
dominantly as crack-arrestors at the lower stress levels can
aiso be found in fig. 4.22. Although dar:ge is initiated at
a much earlier stage with fibre addition at high stress
levels, the total amount of damage sustained is significantly
greater than that of unreinforced mortar, as mentioned earlier
(see figs. 4.16.(a-c)). ‘

Raju and co-workers ( 54, 73) have indicated that the
progreésive decrease in ultrasonic pulse velocity during
fatigue is independent of stress level when related to the
percentage of fatigus life. No such trend or critical valus
in UPTT prior to failure have been found in this study
(4.2.1.(c)) although, as noted elsewhere (73, 74 ), imminent
failure is readily predicted by the final rapid increase in
URPTT (figs. 4.13.(a,b)).

It was mentioned previously that the increase in UPTT
during fatigue characteristically consists of three distinct

regimes, as shoun in figs. 4.13:(a,b) (cf: residual strain
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component, fig. 4.5.(b), for example). Further, in a
gimilar manner to the rate of change in residual sfrain,
dER[dn (figs. 4021;(a,b)),.the rats of change in pulse
transit, d(u/s)/dn , as a function of fatique life is a
linear, decreasing function for both plain and fibrous
mortar (figs. 4.23.(a,b)). The latter figure shows a more
rapid increase in rate at high stress levels and a slouer
increase rate at low stress levels, relative to plain
mortar (fig. 4.23.(c)).

_ This last cbservation again ties in with previous
comments about the effect of fibres on microcrack developn
ment. Thus, although the addition of a random but uniform
distribution of steel fibres would appear to have little
beneficial effect upon the overall compressive fatigue pro-
pertises of plain mortar, in terms of extending_the fatigue
life, the fibres do have a significant influence upon ‘the
apparent failure mechanism of plain mortar. It is generally
acknouledged ( 48.,87) that microcracks develop in two ways.
Interfacial cracké, which may well be present prior to \
testing, occur between the relatively higher modulus

material (aggregate) and the cement matrix. Their occurrence
is promoted byAthe interfacial tensile and shear stresses
"~ which result from early volume changes during hydration.
Matrix cracks result essentially from the application of an
external load. With the addition of the high modulus steel-
fibres, numerous sites are made available for crack initiation
due to the resstraints the fibres have upon hydration volume
changes compared to the unreinforced matrix. Scanning
electron Ffactography studies, reported in Chapter 6, have :
shouwn that the steel fibres are in fact surrounded by a core
- of weaker hydrats material relative to the bulk material and’
this would help to explain, together with the fact that thers
are physically more sites available for crack initiation, why
'damage accumulation in the fibre-reinforced mortar occurs

" earlier than in plain mortar, as illustrated in fig. 4.22.

Although these observations may assist in interpreting
the relative fracture modes leading to fatigue failure, it is.
not possible at this point in time to determine the precise
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mechanigm of failure due to fatique loading. Indsed,
Glucklich (13), utilising a fracture-mechanics approach,
proposed a model of fracture of cement-based materials
arising from an increasing compressive static load. The
simple Griffith concept of fracture of brittle materials
(into which category cement is generally included) states
that deformation under a monotonically increasing load
should remain elastic until the inherent flaw having the '
oreatest stress distribution at its tip propagates in an
unstable manner, resulting'in fracture. However, this is
not the case in cement and Glucklich (13) recognised that
the heterogeneity of the material had a considerable effect
upon crack propagation in compression which occurred at
stressaes much below the ultimate. fracture stress. As a
result of this heterogeneity, cracks will start growing in
the region of highest stress concentration at a given applied
load and will cease to propagate if they enter an adjacent
region in which the'energy demand for crack propagation is
increased. This increase in energy demand can be met with
an increase in applied stress when such cracks will start
to grow 'agaihe Therefofe, the hetsrogeneity of the cement

provides a crack-arresting mechanism.

Although this argument adequately explains stable micro-
cracking during a static test it is difficult to extrépolate
this cracking prdcess to a fatigue situation where the max-
imum applied stress does not increasse. It was mentioned .
previously that residual strain'(ER) accumulation has similar
characteristics to strain accumulatiqn arising from the
application of sustained (or creep) load. It is quite possible,’
therefore, that the failure mechanisms are similar and that
these processes afe due to stress-induced migration of water
molecules or to gel particle movemeht which is modified by
the presence of varying amounts of water (84), resulting in -
local stress redistributions. A further contribution to
microcracking during dynamic fatigus could arise from the
phenomenon of 'static fatigue' (analogous to stress corrosion
in metals) similar to that suggested for sustained loading
(74); this may also be significantly influenced by the pre-

"sence of free moisture. (This environmantally-induced slou
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crack grouth has indesd been observed to occur in cement based
. materials (88 )). It is probablse, housver, that fatigue

failure in compression, at least, develops in three stages:

(i) initiation of flauws and cracks;
C(ii) slow stable growth of flaws and cracks
. ~ to a subcritical sizs; and

(iii)  rapid unstable propagation of the flaus
' ~ or cracks of a critical size resulting

in finzl fracture.

Such a sequence is clearly suggested by the incraasé in
€, (figs. 4.5. and 4.6.) and AUPTT (fig. 4.13.(a,b).

Specimens fatigued to 1 million cycles without failing
were found to have an average increase in static strength of
20% compared to the pre-fatiqued static strength of companion
specimens., This phenomenon has been extensively reported
elsewhere ( 34,.62, 73 - 77, 81, 84 ), probably the
first observation being made as far back as 1922 (8%).

Various theories have been preposed to explain this
phenomenon, generally known as 'fatigue hardening'. Romualdi
(75) attributed the increased strength to the apparent re-
laxation of tensile stresses within the matrix which occur
due to curing and shrinkage. Hilsdorf and Kesler (g2) also
rélate the increase in flexural stremgth to a reduction in
residual tensile stresses that ars caused by drying shrinkage
of the cement paste. Bennett and Raju (73) proposed two
possible mechanisms for fatique hardening, the one due to
accelerated curing and loss of capillary moisture caused by
a temperature increase during fatigue; the other based upon
the effects of a sustained compressive-stress in which thers
is a loss of gel moisture. Shah and Chandra (74) argue that
consolidation and the conssquent strengthening, cracking and
the consequent weakening are tuo opposing mechanisms during
fatique, their relative magnitudes being dependent upon the
level of load. Consoclidation, they suggest, results in an
increase in secondary bonding forces between the Eement paste
gel particles causing an increase in strength, which was
similar to that proposed by Whaley and Neville (84). It
has also been suggested that crack healing takes place due to
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continued hydration (62), this hydration only becoming
significant for low stress levels where time to run-out is
of the order of a few days (86). It is of interest to note
that a reduction in static compressive strength after only
30-70% of the total l1ife of the test specimen has been ob-
served whereas slight increases were noted at louwer life
ratios (86). ° ‘

From the results shouwn in fig. 4.17., specimens that
were statically tested after removing from the curing bath,
i.e. pre=fatigue specimens, have different static strengths
to those specimens subjected to the same laboratory en-
vironment as the fatigue specimens, i.e. post-fatigue speci~
méns,; the latter having the higher strength. This difference
could possibly be due to the loss of capillary water in
specimens subjected to the laboratory environment since ‘
specimens tested immediately on removal from the curing bath
after the fatigue period were found to be not significantly
different in static strength to similar companion specimens
tested prior to fatigue. Houevef, fatigued specimens still
exhibited an average 11% increase above specimens subjected
to the same environmental conditions but not fatigued. It
would be premature, on the basis of these results, to consider
an adequate explanation for resolving ths obviously complex
phenomena of fatigue hardening, since such a process would
require an extensive study far beyond the scope of this
thesis. Results obtained, however, would certainly emphasise
the requirement for such an investigation.

v

4.2.3. Conclusions

Frbm the preceding discussion it becomss clear that the
addition of a random, but uniform, distribution of Oucform
steel fibres, 2% by volume, has little beneficial seffect upon
the fatigue preperties of plain mortar in compression. As ex-
plained presviously, compressive failure is a relatively stable
mechanism when compared to tensile failure. Although steel
fibre addition may be expected to further stabilise cracking
in compression it would appear that fibres also contribute to
an opposing machanism, i.e. one of crack initiaticn. It was

observed, howsver, that fibre addition significantly affects
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tensile failure, as will be shoun in the following chapter,
thereby suggesting that the complex stress distributions |

in the compressive mode lead to an unrealistic representation
of fibre reinforcement crack stabilisatioh. Although the
observations of this chapter do not form an adequate basis

for resolving the question-of the mechanism of fatigque failure
in either plain or fibre reinforced cement systems, the
findings make it possible to consider the fundamental issue;
do steel fibres contribute to the fatigue characteristics of
cement materials? In this connecticn a number of conclusions

can be drawn from the observations made (see also table 4.2.):

(1) S - N curves are linear with no evidence of a
fatigue limit,-the addition of stéel fibres increasing the
fatigue strength of plain mortar at 1 million cycles from
55% to approximately 60-65% of the maximum static stress.

(2) The elastic strains at failure,A€, , were found to
decrease with increasing fatigue life with no definite
critical value being attained, ihdependent of stress level/
fatique life, (cf: table 4.2.), and further, no significant
difference between plain and fibrous mortar. The rate of
increase in strain amplitude, d(A€)/dn, also decreased, for
both mixes,; with increasing fatique life. Modulus of Elas-
ticity,E , for both plain and fibre reinforced mortar de-
creased linearly with an overall reduction of 30% in the
initial value, E, (cf: table 4.2.). The fact that the
elastic properties of plain and fibrous mortar are similar
would be consistent with the lau of mixtures (see Chapter 2)

for such a low volume content of fibres (2%).

(3) Both residual strain accumulation and increases in
ultrasonic pulse transit time were observed to increase in a
characteristic manner; up to 3 distinct regimes may be ob-

served depending on the applied stress levsl.

| (4) From uitrasonic pulse transit time measurements,
the failure process of plain mortar is significantly modified
in’' the presence of steel fibres; crack ipitiatidn occurs
garlier within thé fatigue life and ths amount of damage
(microcracking) which can bs sustained is considerably in-

creasaed. In neither cement mix did there appear to be a
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critical increase in transit time although imminent failure
was predicted by a sudden increase in UPTT.

(5) A dual role played by the steel fibres in the com-
pressive loading mode is proposed, viz. one of crack~initi-_

ation and tha other of crack arrest.

(6)5_Run~0ut tests to 1 million cycles have shoun poste-
fatigue static strength increases of about 11% when compared

to similar unfatigued specimens.

| (7)7 From the results obtained herein (although not dis-
cussed as. such) a number of possible empirical relationships
for failure prediction emerge. These include:

(i) S - N curve (fig. 4.4.(b))

(ii) Ultimate longitudinal elastic strain ampli-
tude against fatigue life (fig. 4.8.)

(iii) Rate of change of elastic strain amplitude

“as a function of fatigue life (fig. 4.19)

(iv) Reduction of elastic modulus,E , as a
ratio of the initial modulus, E,, against
fatigue life percentags corresponding to
that reduction in E (fig. 4.20.)

(v) Rate of increase in residual strain,€g ,

' and pulse transit time as a function of
fatigue life (figs. 4.21. and 4.23. re-
spectively). :
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Increass

Properties Decrease No Significant
Changs '

. 1.1 1
Strain at AUTHOR 21, 21%, 43 32, 32%,
first cracking 701
Elastic Modulus 21, 26, 43, 66, 67, 32!

117, 118, AUTHOR,

211, 261, 43l
Strain at 21, AUTHOR 67, 119,
maximum load - 321, 69l
Maximum com- 71, 1213, 21, 43, 662, 67°, | 66°, 672,
pressive 123 685, 120, AUTHOR 683, 1213
strength 122
First cracking 8, 34, 70,
flexural 116, 118
strengthl
Maximum 21, 123 24, 26,45
flexural 69, 70,
strength?! 116, 122

l., In flexurs
2. Concrets

3. Mortar

} Changes depend on mix design.

TABLE 4,1. .
Relative Properties of Steel fibre rein-

forced cement-based materials compared

to the unreinforced matrix.
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Properties Compression First Crack Flexurs
in Flexurs
{a) Fatigue Strength
at l.lU6 cycles: o }
(i) ~55%; 73, 77, 18, 75, 76 60, 61,
80, AUTHOR 79, 80, 81
(ii) >55%; ~ AUTHOR® 75*%, 767,
(b) Fatigue Limit
at l.lﬂ6 cycles:
(i) evidence;
(ii) no evidence; 73, 77, 78, 75, 76, 75, 60, 61,
80, AUTHOR, 76% .79, 80, 81 .
AUTHOR?
(c) Elastic Modulus:
(i) Increass; 84
(ii) Decrease; 73, 81, 83,
o AUTHOR,
AUTHOR™
(d) Elastic Strain
at Failure: _
(i) Limiting value
(Indep. of N.); 54, 73 81, 85
(ii) Dep. of N
1) Increase 86
2) Decreass AUTHOR,
AUTHOR®

+

Steel-fibre reinforced ‘matrix

TABLE 4.2

Summary of Fatique Properties
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Fig. 4.3t Comparative difference between compressive
failure modes of (a) plain mortar, and
(b) steel-fibre reinforced mortar.

Y



Gb.

N
;: LY l l I l I I
! .
1 0o =
! ® PN T
i o0l— o #imOUs MOATAR -
L& --— premature run-out
[ === fun-out .
& sof— s 0o & 7
g ° 0 @ com
2 10— ' @ogee €0 O ~—
>
o ¢ ®o ¢ o9 o @6‘
1 d e o e &
N w
\
B &
; 50
!
T o —
] ] ! } | |
10° w ©? -10? 0 10° 0®

NUMBER OF CYCLES TO FAILURE

Fig. 4.4(a): S = N data for uniaxial com=-

pressive fatigue.

STRESS LEVEL FERCEN? e,

2 8 3 =2 3 § &8

T T 11
-

5
1

' I l 1 l 1 l 1 l

P P w0 “w0° w?

MMEER OF CYCLES 10 FAILUIRE

tBast-fit'! (average fatigue
life at each stress lesvel)
S - N curves obtained from

data abovs.



&T.

(c): 70% stress level.

!
i o0
10% T T LT T | | O
f. L ! legend: 7 porcent.
&0 |- / legend: e0percent — i &0 = o m €atic prain €Ol A |
. 7 . e~ #lastic strain ampl AE i residun strain €,
% " tesidual steam £, R 1 indcoles fature
600 b~ - L indiates tailure -~ { om 800
z e : g
E w |- . — - ! -
o . e
3 4 s * ’ 3
a0 / . 200 —
ol t? | I T ) 0 | |
2000 T (*1 T |/’ 1 l T I i 'h I I l l
2 -7 " . x ke -s -
: >~ 3 po -
g -7 L3 g s e
£ 1000 [— - g W0ops __p e gzt —
| L
g 5 = = 1 ) . -
| 1 ] ) 1 I\ | ) [ = ]
o 1000 2000 3000 4000 5000 0 2000 4000 6000 8000 10009
MMGER OF CYOLES MUMBER OF CYCLES. N
(a): 80% stress level. {b): 75% stress level.
$00
; FT L 1
LB * legend: wpwum - -
400 po= B ==~ diastic stroin ampl., AE
,0;"‘17 | em———— icul Strain €, -
- Iy Y T N P oy . OO - S,
£ 300 - -y
o=
B o = 4
-
3 - —_ — — clastic strain ompl A _|
. ]
000
| i { |
‘
= - -
2 i —% - -2 n
g RaET R ece
'gmn;ﬂw—’ ~ -
L 4 4
:
. | | | | |
1000 20000 30060 40000 50000 30000 40000 £0000
NUMBER OF CYCLES NUMBER OF CYCLES

-(d): 65% stress level.

T B I I B

legend: eopwome

e pepiduol strain €,

T =~ eagtic stroin ampl. AT

(e): 60% stress level.

Fig. 4.5:

o7
legend . 55pereent
e glostc strom ompl A€ ]
_ —— rogidut sUain, €,
- —e N ot
e g
_ G e B |
——————————— -E —
I N W
/N
] - -4
i A e e e T B e e e e e e =
- | o n
‘ ;____.;Q_._———— il - Snidhalir S
I 0 I N N N E S S|
100000 ; 0 20000 400000 600000 800000 1000000

. (f): 55% stress levsl.

Variation in lateral and longitudinal
strains, as a function of stress level,
with number of cycles to failure =~
PLAIN MORTAR.



LONG, STRAIN x 18

8.

Al
T S Es S S S S S A N - _— 1
. . R lm: 00 perornt e
0 = ) === eloste atras ampl. AL 7y legend: 75 percent ]
—— S . _ 2 = o o ofeatie strom.ampl AC
60 - " 1 rﬂcaa.‘s'::::‘ -y
: )
= - g
? - m
SR s . 5 badydyulpuiping. ol
200 Cven e I - gy = - 4
o / T Sy S N
2000 '—'-T'—'qr’b T T Y 1
z/;‘v,_.. | ( 1
- -1 - -
1000 = h K -
o
@
L ks $ .
S
° 1 l 1 I 1 I | B I i
0 1000 2000 3000 4000 $000 [ 2000 4000 §000 8000 10000
MUMBER OF CYCLES o v NUMBER OF CYCLES
{a): 80% stress level. ‘ (b): 75% stress level.
T ' T l T l T I T 100 ‘ [ 1 I l
2000 fe legend : 70 pacent - o - 0=
o= elastic strain ompt A C . . g, g
% ——— rosidial strain €y ] % . R .
- L x 40 f— o T— T
i 3 legerd : 5 parcant
E 1000 |— ’? s - ? o —-_—.—:n:smu‘:u..u -
3 B o [o A i 3 S am et —g— o
= - 0 T T Te=kamands .

LONG, STRA'N x 08

NUWBER OF CYCLES .

1] 20000 40000 60000 80000 100000 - o 200000 200000 500000 $00000 1000000

(c): 70% stress levsl. - (d): 65% stress level.

| = l I I |

i 00 b legend : 60percent . —
i IT=="elastic strain cmpl ., AE *
% residual strain €,
- — run out o
2 X0 .
1
£
w e
- 200
3 /}/Df s 4] ®
e O e e I - USRI « BUGEE RS -~
W L — (e): 60% stress levsl.
. 1 ! l I
. | | I 1
®
= o o3
z
ib
R S T T e B
. | 1 | 1
° 200000 400000 600000 800000 1390000

NUMBER OF CYCLCS

Fig. 4.6: Variation in lateral and longitudinal
strains, as a function of stress level,
with number of cybles to failure = '
FIBROUS MORTAR.



90
85

80

-]

R, N, |
o o

STRESS LEVEL PERCENT 9/c
o
o

55

50

&9.

192
o

Fig. 4.7:

00
@ plain mortar |
o fibrous mortar |
— t run-out - R
1000 2000 3000

" LONG. INITIAL ELASTIC STRAIN, A€, x 106

Variations in Initial longi-
tudinal elastic strain
amplitude as a function of

stress level.



ULTIMATE COMPRESSIVE ELASTIC STRAIN AMPUTUDE wigv ©

TOo.

g
-
-

g
I
!

"

o plain mortor
© fibrous mortar
e fuN OUL

8
|

w® 10’ w0?
NUMBER OF CYCLES 10 FAILURE

-Fig. 4.8: Ultimate longitudinal elastic
~° gtrain amplitude as a function of
fatigue 1life. (Number of cycles

to failure.)

!
; 110 I I I
P ‘
| 100 p— ——
H 90 Jromsmmce ——
s
- b
; Z oo
y‘ ‘u:" 80 "'" (] (-] h—
' § % oo
- 10— [ e ov] o p—
i
e ogeee
-
Eﬁ 60— eo0 @ Pplain mortar ]
. o o o0 fibrous mortar
T
’ 50— . —
W l l
i 0 1000 2000 3000 4000
' ULTIMATE COMPRESSIVE ELASTIC STRAIN AMPLITUDE

x 106

Fig. 4.9: Ultimate longitudinal elastic
strain amplitude as a function of

stress level.



i,

"WNIVA OL ST10AD 40 ¥IGWAN

0t 0L 40l O -0l o 00!
‘T LN , ~ .— q - { . . { - Rl [ , OOOF
| A : |
ﬂwlA @
op o 100 uny ~—
@ & ® . . IDJIOW SNOIQl) Cm = o —
a4 . : - Jpjow unld G o
e A . v e | =
=4 | ¥ o . ° ——10002 >
.HMv e UIDJ}S UDaw S
e N e - B e e &
|<..o|.> i) | o ~uIDyS UDe 000€
- v =
=
i
z
>
i . , o = - o — 0007 .
. ) _q . .
_ &law L5 ) _ 1 { . 4 , N . . . 1 | 1

000s

Relationship between Total com-
pressive strains and the number

of cycles to failurs.

4,10

Fig.



Te.

1 | I
8 joe 0 parcent -
vl -
92— -
W
2
st -
2
o8 p— -
@3 b , -
| ] |
° 100 2600 2609 4000 5000
MPEER OF CYCLES
(a): 80% stress level.
] T ] I
Tpsoent —ad
e & indicows falure
15 | .
! - .
£ 03— -
2
L]
08 - )
03 f— 1
]
o8 —— 20000 30000 %0000 50000
NABER OF CYCLES
(c): 70% stress level.
| 1 ] [
W - 0parcem 1
- N out
]
%0000 %000 700000

NUMBER OF CYCLES

60% stress level.

Fig. 4.11:

A UPTT g sce

Changes in ultrasonic

T I 1 B
18~ 75 porcent —
4 indicates foilure
15— ]
J
[ 2000 4000 6000 8000 10000
KUMBER OF CYCLES.
(b): 75% stress level.
. 1
[} 0000 000 30000 40000 0000
HLEZR OF CYCLES
(d): 65% stress level.
| I | i
11N Y o
. b
¥s - 5 percent ]
=~ fuh out 1
LTy - -
£ 00— _
<
A hd —a —
0 | =
0 200000 400000 600000 £00 000 1006000
NUMBER OF CYCLES

55% stress level.

pulse transit

times (UPTT), as a function of stress
level, with fatigue life - PLAIN
MORTAR.



(c):

NUMBER OF CYCLES

70% stress level.

Fig. 4.12:

| 1
¢ -~
00 pereert
18 -
|
* 12 -
-
&
>
<09 —
(3] -
0 -
. L | 1
4 1000 2000 3000 4000 5000
MUMBER OF CYCLES
(a): 80% stress level.
f
| ! | |
wr— ! —
15 4 —
12 .ol
i. 70 percent
- 1 indicotes failure
-k 05 —
>
<
06 —
03 -—
: | L |
[} 20000 40000 60000 80000 100000

T3,

AUPTT psic

T ] 3 1
75 percent
1 indicates failure,

NUMBER OF CYCLES.

!

},

i 15

X -
[ 1 )

(o :

! :otg ——
i3

| ()

} 08 —]
P

| o3 ]
i

‘ |

oo

I o 2000 1000 6000 8000 10000

75% stress lsvel.

200000 400000 600000

HUMSZR OF CYCLES

€00000 1000000

65% stress level.

Changes in ultrasonic pulse

~transit times (UPTT), as a

function of stress level, with
fatigue life - FIBROUS MORTAR.



INCREASE IN PULSE TRANSIT TIME psec

INCREASE IM PULSE TRANSIT TIME yonc

T4,

-
-

kS

g

tegend:
o R = B0, stress leveliov. of & tests}
—_—~—— 5% " " " "5 ")
———ye——=70% " et ]
- S S A,
e 60" A S )
% ———gy s 550, " 3 "y
—- Fun out h‘
L ftailure
.
e
Ve
)/
- e

-
-
-
b

-
-

/
_ ,<jl
L ot
- /57 4

Af::§;;"—~4Ff" —
[ RN
0 20 £0 60 80 10
FATIGUE LIFE PERCENT.
(a): Plain Mortar.
’
\
legend :
18— —D— 80 percent stress level {av. of 6 tests.) —
’ —— D 75 " - o ( . o 6 " ,
——dr=-— 10 I S
— 6 - " S I S
—_— fun out -
1 failure }
12}— / ;} i
o " ,//.'
o8 o e o b /////
LX) l Pl
-~
° //:lf{/
o06l— . " /,;// —
- A/} .
ey e
p-5 _../: 0
/, _V;_[?/:’
0 Lo 1 1 l
0 80 102

FATIGUE LIFE PERCENT.

(b):

Fibrous Mortar.

fFig. 4.13: Illustrating the variation in
‘ * incremental changes of ultrasonic
pulse transit time, as a function
of stress level, with percentages

fatigue life.



INCREASE IN PULSE TRANSIT TIME  peec

mAEASE 1M PLSE TRANSIT THME e

=

o
o

Ts.

(c): 70% stress level.

Fig. 4.14:

{d): 65% stress level.

Variation in ultrasonic pulse
transit times, as a function of

stress level, with logarithmic

representation of fatigue life -
PLAIN MORTAR.

T i
T T ] T T T ]
80 percert 75 percent :
| i -
[ ﬂ e -
! ?
' &
i 7 g
> | é
— [ [T e -]
i ./ - j‘ [} ‘l‘
/
a7 ' F
-7 BN | ! ‘1 . : ' 1B
10 lla' ‘:l:;w 1 Kt 0> o 1 'I;‘ ; ‘b’ i [ l!i‘ oS 165
NUMBER OF CYCLES. NUMBER OF CYCLES.
(a): 80% stress level. (b): 75% stress levsel.
T 1 | T T T T T T
0 percent
+ L 4
o — ! L o5 porcemt, ]
]
i g 4
| ;4 -
o {4 i 8" [
L E / :
i ; /i
- [y = f o A .
¢ o’ = I & /
) - v, <
/r{éf’ - ﬂ;//
. I DT, il Sl B [ . | I I
nb n‘ Uz KMBE"{“]W CYCLES * @ w WR“G CYCLES




6.

T T T TR T T T T L e B I e
83 percent 75 percent
] _4 L]
g n,oL— 4 [ § 64—
g ' g "
:' 2= ’} éb 4 -1 : 12p—~ I‘J-éél:ﬂ )
£ o U,' 4 ;‘ ° o||
' d ;4
% 08— Z @ ~ g - 0%
s /o % 4 = ' 4 o ;
AN S ooy
e I ;97 ,g’(.. :hv//
5 A 54 T D S o] ek B ST |
100 W 100 0’ ¢ 05 0w 10 102 » ¢ 0
NUMBER OF CYCLES. - NUMBER OF CYCLES.
(a): 80% stress lsvsl. : {b): 75% stress level.
- ™ M) M) T o
0 prroent
é ref— . ]
= &
g | 61' s
£ ¢
w r2}— lvo I, =
; 17 o
: fb /o
b} & -]
; 3 = ,_( 4 [
o
| kgm0 ) 1 |
%P e = D 1 0w

NUMBER OF CYCLES.
.

(c): 70% stress level.

- Fig. 4.15: Variation in ultrasonic pulse transit
times, as a Funﬁtion of stress levsl,
with logarithmic representation of
fatigue life -~ FIBROUS MORTAR.




TT.

i 8

=4
3

INCREASE I PULSE TRANSI? TIME  pec

80 percent

) steek tibrs ninforced mortar

€ mortar

A= e,
iG' Y] %)

| 0
NUMBER (F CYCLES.

-
-

fod
o

IRCREASE M RASE TRANSIT TIME  peec

| o o

T5percent
{3 stent titre reinforosd mortor
& mortar

. ————

Rar— PP

.

w 0
AMBER OF CYCLES.

©e

- -
» [

o
>

IMCREASE N PULSE TRANSIT TIME  posec

70 percont
O stonl fibre remforced martar
QO mortar

o*
NUMBER OF CYILES

80% stress level

75% stress levsl

70% stress level.

Fig. 4.16: Comparison of ultrasonic pulse transit
times between PLAIN and FIBRCUS MORTAR-.



RO

strength

ol

tr

 [4 post-fatigue strength

] initial strength
con

- 8.

27227 R RS SN

NSO N SRR
277777 | QRnZzzz

U] RSN
177727777 N N 17/777//7//// 7

HN AN

NN

DN NN R 77/

tar

us mor

SO

NANNRNaavg

(b) fibro

i i } ! J

 MN/MZ

!
o o , o o , o o
3 @ & = © o o

(32} N -

MN/M2
80

50 f

40 |-

d

pressive

strength of (a) Plain Mortar, an

(b) Fibrous

the post-fatique com

Mortar.,

loading on

- Fig. 4.17: Illustrating the effects of repeated
static



19

o ™ ™ ™ ™ ™ o

00 f— =

. Tnytle

00 p— SN —
G 1 o TN st ook e

1o .y =

§\\ -~
A

E B e PO mortar———iin L ™ ~emr—eme ibr0Us MO1Q! —
g SRR
>
]
a 90 p— ~
£

0f— —

70— e

]
p
ww° ©' 0? 10} 10¢ 0® 08

MABER OF CYCLES W FALURE

Fig; 4.18%° Modified S - N curves.

ot T T 1 " T 1
W -
o 4
-4
X at
T - —
: : _
£ C
’°| [ @ plain mortar ]
© fibrows mortar
o° | | | | o A
10° o' 10? o? ot d .

" WUMBER OF CYCLES 10 FAILURE.

Fig. 4.19: Showing the rate of change in
longitudinal elastic strain
amplitude with fatigue lifs.

~



£ /€

BO.

1 [ 1 1}

20 40 60 80
PERCENT OF FATIGUE LIFE.

(a): Plain Mortar.

. | 1 1 1
0 20 40 60
PERCENT OF FATIGUE LIFE.

(b): Fibrous Mortar.

Fig. 4.20: Illustrating the increase in longi=-
tudinal elastic strain (decrease in
elastic modulus) with repsated

loading;



(desdntx 10°

3
10 ] ™ - ] T —
|
107
w' -
ol
e - o - . | !
10° 10’ 10? o 0t 1 oy
KUMBER OF CYCLES 1O FAILURE
3
10
T ; T ‘ T l Y i ) T ]
10—
|
PR
10 j— .
!
de
dn.
N
T
1 - ] ] ! ! | ‘
1 10’ 102 w? b o s

{de/en) x 108

&

2l.

NUMBER OF CYCLES TO FAILURE

- AR L L | LI T
L
02—
Pain sorta
Flbrous Wortar
e s e ERARS « SRV | LY
1o f—
o
e
dn
oo O
' . i ] .l 4 1
0? 10' 102 ) )
NUMDER OF CYCLES 10 FAILLRE

Fig. 4.21:

{a):

{(b)

(c)

[.d
L]

Plain Mortar.

'Fibrous Mortar.

Comparison betwsen
plain and fibrous

mortar.

Relationship between ratse of increase

in elastic strain (at specimen half-

life) and fatiguae life.



8.

£
L)
a

(average of 3to 6 samples)

O——0 fibres

o
(o.0)

Fig. 4.223

o -
0~ (s}

T3ATT SS3IULS
Showing the effects of -steel
fibre addition on the initiation
of UPTT measurements in plain

mortar.

50

103 | 104 10°
CYCLES AT FIRST OCCURENCE OF UPPT

102

10!

IN FATIGUE

CHANGE



alursidn x 104

B83.

T R N

w° 1 10? } 0t 10° 10
NUMBER OF CYCLES 10 FAILURE.
3
10 i T ]
- .

dturs)fde » 10t

100 f—
o | ! L] [ | s
10° o 0? 10} 1* 10° 2
NUMBER OF CYCLES TO FAILURE
”‘ ¥ T [} [ Ll T
i | | | 1 1 i
10? -
- Piain ibrous_Mortar
5
;m‘ -
3 .
T Bium)
2
L.
dn
WP - =
W' L | . v L L L
100 1’ 0? 10? w0t 10° 1ob

MUMBER OF CYCLES 1O FAILURE

1

(a):

Plain Mortar

Fibrous Mortar

(b)s

{c): Comparison betueen
plain and fibrous

mortar.

Fig. 4.23: Relationship betwsen rate of increase in
UPTT (at specimen half-life) and fatigue

life.



84.

CHAPTER 5
5. DIRECT TENSILE BEHAVIOUR OF CEMENT-BASED MATERIALS

- 5.1, INTRODUCTION

It should be evident from the preceding'discussion that
the compressive failure of cement-based materials can largely
be attributed to tensile stresses. Large changes in ultra- -
sonic pulse transit time normal to the direction of the
"applied compressive load (Chabter 4) are indicative of crack
formation parallel to the line of load application. Since
there can be no'compressive load component normél to the
direction of applied load the opening of these cracks must
arise dus to tensile stresses. Jones (57), in fact, has ob-
~served little change in UPTT parallel to the direction of the
applied compressive load relative to changes measured normal
to that direction. He also concludes, therefore, that

failure is due purely to tensile stresses.

In spite of these observations which indicate the im-
portance of tensile crack opening in controlling deformation
and failure in cement and concrete, little investigation of
failure in tension has been carried out, particularly when
compared to the extensivé vork performed under compressive
and flexural loading. An appreciation qf the factors speci-
fically affecting the tensile strength (although not taken
into account in design considerations) together with an
understanding of the corresponding tensile fracture modes and
mechanisms could well assist in obtaining an improved overall
- understanding of the deformation and fracture behaviour of

concrete under the more common loading conditions.

Reasons for the paucity of information relating to direct
tensile testing include: firstly, the problems involved in
obtaining a pure tensile force, free from eccentricity; and
secondly, complications arising from secondary stresses in-
duced by the'tensilé grips. Ffurthermore, as mentioned pre-
viously, cement-based materials contain numerous discontinuities,
8.0, capillary pores and voids, which lead to stress con- k
centrations in localised regions within the matrix.. These'
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regions can then undergo microscopic fracture while the
nominal applied load in the test specimen is still com-~
paratively low. These discontinuities, or flaws, will vary

in size and it is liksly that only the few larger ones or

the coalescence of several smaller ones will coctribute
significantly to the Failure process. Consequently, tensile
failure loads and other tensile characteristics will typically
exhibit high variability. It follows that tensile character=-
istics, mores so than compressive or flexural properties,

must be described in terms of a statistical probability,
"particularly in view of the unstable nature of tensile fracture
of brittle materials. This is readily appreciated whsn com-
paring the coefficient of variation (which describe the
relative scatter of results) of the mean static strengthsbfor
stable and unstable failure modes, figs. 4.1 and 5.2 respsct-

ively.

5.1.1., Indirect Tensile Testing Methods

Various icdirect tensile tests have been uscd ex-
tensively to attempt to measurs the static tensile properties
of cement-based materials. However, sach have their limit-
ations. Ffor example, the modulus of rupture,‘as measured
from the flexural test (46) assumes an elastic stress dis-
tribution. Welsh (90) has shown this to be an erroneous
assumption since the modulus of rupture overestimates the

true tensile failure stress.

The cylinder splitting test, or "Brazillian Test" (46),
is another indirect tensile test which also falsely assumes
‘that concrete remains elastic up to failure. It is ‘evident,
therefore, that the direct tensile test has an advantage of
not relying on assumptions concerning the réiative proportions
of elastic and permanent deformation in order to calculate ’

the failure stress.

Although there is no standard direct tensile test for
cementitious materials, a number of tests have been devised
for testing specimens statically in direct tension and some

of these ars discussed in the following section.

Analogous to ths indirect methods of static tensile
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property determinatién, the fatigue behaviour of cements in
tension has bean studied mainly by means of flexural tests
on small beams. It is apparent from the literature that
fatigue lbading in uniaxial tension has thus far remained
unresearched., The reason for this is probably associated
with experimental difficulties which becoms sven mors severs
than those arising in static tensile tests. \

/

5.1.2. Direct Static Tensile Test Methaods

A number of tests have been proposed for testing
specimens in direct tension. As far back as 1865 Grant (91)
devised a method for testing briquettes. -Many of these tests
"have been summarised in a RILEM inquiry (52), published in
1963.

‘ The most common techniques that have been investigated
prior, and subsequent, to the RILEM inquiry can be dividsd

into four different categories, depending upon the method of

clamping the ends of the test specimen to the test rig. Re=

ferring to fig. 5.1, these‘are:

(1) friction grips with the lateral force
applied by means of a scissor action
(23953);‘

(ii) by means of embedded steel bars (92,93);

(iii) glueing end plates to the test specimen
(94); |

(iv) by means of tapered concrete sections or

truncated conss (95).

Elvery and Haroun (95) have discussed all these methods
pointing out various drawbacks including: load eccentricity
and non-uniformity of stress, (i)-(iv); the central location
and good bond of embedded bars, (ii); poor adhestion between
steel plates and concrete, (iii); the elaborate specimen

preparation and casting techniques requirsd, (iv).

From the literature; therefore, it would seem that there
are a number of direct static tensile test methods available,
each having their own particular advantage and limitations.
It is certainly necessary to have an appreciation of the
- various factors involved in order to select, or refine, the

]
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method most appropriate to the current comparative investi-

gation.

5.1.3. Experimental Objective

As mentioned in Chapter 1, the inclusion of steel fibres
in a cementitious matrix is primarily to inhibit or retard
the propagation of tensile cracks which are recognised to be
the major contributing factor to concrete failure. 0One of
the aims of this thesis, then, was to develop a fully in-
strumented tensile test for reliabls use under both static
and fatigue loading.' The techniqus developed has been de-
scribed in Chapter 3.

The remaining sections of this chapter discuss the
feasibility of such a testing technique with respsct to the
 test results obtained in direct tension (static and fatigue).
From these results it is also possible to observe the direct
consequences of steel fibre reinforcement within a mortar
matrix compared to the relatively more complex situation

arising in compression (Chapter 4). \
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5.2. STATIC PROPERTIES

5.2.)l. Experimental Raesults

5.2.1.(a) Mean Strenqtt: The addition of stesl fibres
was found to increase the ultimate static tensile strength

of mortar from an average value of 3,45 N/mm2 to an average
~ value of 5,64 N/mmz, as shown in fig. 5.2, representing an
approximate 60% increasse in static ultimate tensilse strength.

-

5.2.1.(b) Stress-Strain Bshaviour: Typical tensile

stress-strain curves are shown in figs. 5.3(a,b) for plain
and fibrous mortar, together with correspondlng changes in

ultrasonic pulse transit tims.

In a similar manner to the compressive'properfies, the
steel-fibre reinforced mortar exhibits a far superior ioad-
\béaring capacity after the initiation of macro-cracking
(herein defined as the limit of proporticnality or deviation
from linearity, which in“-this case corresponds to the
failuré stress of plain mortar). There is, therefore, a
substantial increase in toughness of plain mortar with the
addition of steel fibres, as measured by the area undsr the
stress-strain curve. The plain mortar fails in a typically
brittle manner, fig. 5.3(a), while the fibre reinforced com-
posite results in a 'pssudo-ductile! mode of failure,
fig. 5.3(b). This significant increase in snergy required
for final fracture is also illustrated by comparing relatlve
fracture surfaces, fig. 5.4(a,b), the fibrous mortar ex-
hibiting a greater fracture surface area than the plain
mortar. It can elso be seen that final fracture of the re--
inforced composite, fig. 5.3(b), does not result from the
fracture of any individual steel fibres, but rather from
fibre pulléoutg this also contributes to the ensrgy required

for final failure.

" As would be expected for such low volume fractions of
steel fibres, i.e. 2%, the change in eslastic modulus with
fibre addition is insignificant compared to the fibre com-
'posite's greater ability to withstand load, i.e. both tough-
ness and ultimate strength. This observation is consistent
with that predicted by a simple law of mixtures (Chapter 2)
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as will be shown later.

¥

Deviation from linearity, i.e. initiation of permanent
deformation or macro-cracking, in fibre reinforced mortar
appears to occur at approximately the sams stress-strain as
matrix failure (ultimate failure) in unreinforced mortar.
The strain corresponding to the maximum observed stress, on
the other hand, is substantially increased with the addition
of fibres. : '

The presence of steel fibres also significantly affects
the initiation of micro-cracking (defined as the point at
which the ultrasonic pulse velocity starts to decrease) which
occurs in the sarly stages of loading. This is illustrated
by corfespondihg changes in ultrasonic pulse transit time
( UPTT), figs. 5.3(a,b). However, in contrast to compression
failure where fibres induce earlier cracking, pure tensile
: LMo On of RERChLn. :

cracks are initiated at a higher stress-strain in fibrous

mortar compared to plain mortar (changes in UPTT being due
~ primarily to micro-cracking).

5.2.2. Discussion

Increases in the direct tensile strength of cement-based
materials reinforced with steel fibres have been reported
previously (21, 22). These results and others are summarised
in table 5.1. The 60% increase in ultimate tensile strength
observed in this investigation is of the same order of magni-
tude as that found by Shah and Rangan (21) who observed a
30% increase in the maximum tensile strength of a mortar con-
taining a 1,25% (by volume) concentration of a 2-dimensional
array of aligned steel fibres. Thess authors found the 30%
increase to be consistent with the theory of elasticity and
their composite materials analysis (reviewed in Chapter 2).
"However, the composite materials analysis used by Shah and
Rangan would appear to under-estimate the ultimate strength
increase observed in this investigation as shoun in table 2.1,
although the percentage increases are of the same order.

Increases have also been shoun to be directly.proportional
to the product of fibre concentration and aspect ratio (22,67).
In these instances, fibre spacing was not found to be the
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~ fundamental governing parameter as proposed by Romualdi and
Batson (3), who, it will be recalled, predicted an increase
of nearly two-and-a-half times in the direct tensile stress
with a fibre spacing of approximately 8 mm‘(0,3 inches).

Although no cohesive explanation has been offered by the
above authors (3, 21, 22, 67), it can be reasonably assumsd
that they have attributed increases in the static tensile
strength due to fibre addition to the partial load carrying
capacity and crack-arresting role of the fibres. Certainly,
evidence for the fibres acting in this manner can be derived
from experimental results obtained in this study such as ths
deléy in the initiation of micro-cracking (as indicated'by'
ultrasonic measuremsnts), the fibrous mortar's extensive in-
crease in toughness (approx. = area under the stress-strain
curve) and its greater load-bearing capacity compared to
" mortar (figs. 5.3 (a,b)).

Figs. 5.3(a) and 5.4(a) suggest that plain mortar fails
in a typically brittle manher, failure being due to the rapid
propagation of the critical flaw with no crack growth prior
to failure. (Cracking prior to failure is generally associated
with non-linear stress-strain characteristics.) However,
observed increases in ultrasonic pulse transit time,
figs. 5.3(a,b), would suggest that micro-cracking is indeed
taking place prior to failure, contfary to the previous
statement. It could be arqued that these increases in transit
time, being relatively small, could be dus to changes in
specimen length under load. If the transit times arse due to
length changes, ~110 u€ corresponding to a length change of
~0,013 mm (115 mm gauge length), then the increass in UPTT
would be of the same order of percentage increase as the
change in specimen length. This would represent an increase
of ~5,5. l(J-4 microseconds for the initial incremental transit
times used (~5 psecs). Actual incrsases in ultrasonic pulse
transit times are in fact four orders of magnitude greater
than this value, suggesting that true micro-cracking is indsed
taking place'prior to failure. The higher stress/strain at
the initiation of micro-cracking in fibrous mortar compared
to plain mortar (fig. 5.3) can, in fact, be readily explained
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in terms of conventional random fibre reinforcement theory,
i.e. the steel fibres become load-bearing delaying the

-formation of microcracks. ‘ .

Shah and Rangan (21) considered that the limit of pro-
portionality provides a method of measuring the initiation
of cracking and concluded, tharefore,.that fibre additions
‘had no effect on crack initiation in plain mortars. If the
gsame assumptions regarding the limit of propcrtionality are
made from results obtainsed herein (and UPTT measurements
ignored), this conclusion would be valid. Elvery and Samarai
(96, 97) also report similar observations to those of Shah
‘and Rangan (21), indicating that plain mortar fails at
approximately the same stress at which cracking occurs in thse
fibrous spscimens. These authors, in fact, used ultrasonics
for crack monitoring; so the svident difference between their
'results and those obtained in this study is likely to bs a
function of the sensitivity of the ultrasonic equipment. (It
is perhaps relevant to note that a commercial PUNDIT apparatus,
identical to that developed by Elvery, provided significantly
less sensitivity when compared to the sophisticated Haruwell

instrumentation used throughout this study.)

The limit of proportionality, as explained earlier, is
defined (in this study) as the point at which macro-cracking
(as distinct from micro-cracking) occurs. As mentioned and
similar to Shah and Rangan's results (21), the stress/strain
at this point is found to be unaffected by fibre additions.

As this limit .also corresponds to the failure of the mortar
matrix it would be reasonable to suggest that in the fibrous
composite the load-bearing capacity is transferred almost
completely to the steel fibres which act to bridge the matrix
macro-cracks. This would be consistent with the work of
Aveston et al. (6) who suggested that multible matrix cracking
occurs at the end of the slastic limit (Chapter 2 - fig. 2.3).
Thus the additional incrsase in stress observed after the
onset of matrix cracking will arise due to the stresses main-
tained by the uniform, but randomly oriented fibres, bridging
the newly formed fracture surfaces (the fibres bsing subjected
to tensile and bonding stresses due to their 3-dimensional
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randomness). ' Final failure results from fibre pull-out at

a strain far in excess of the failure strain of plain mortar.

Chen and Carson (67) have also observed significant
increases in the failure strain of plain concrete with the
addition of 2% by volume steel fibres, as have Johnston and
Coleman (22). Chen and Carson, howsver, claim large increases
in_elastic modulus which contradicts the marginal increase
‘observed in this present, or other (21, 26, 43), investigation
(table 5.1). From figs. 5.3(a,b) the increase in elastic
‘modulus with fibre addition is only about 10% which compares
favourably with that predlcted by the lau of mlxtures
(Chapter 2 - equation 2.5).

5.2.3. Conclusions

The results obtained in this thesis concerning the
effects of fibre additions on the direct static tensile

properties of plain mortar are as follous:

(1) The modulus of elasticity is only marginally in-
creased with fibre addition, not reflecting the fibrous com-
posite's greater capability to resist deformation and main-

- tain higher loads.

(2) The initiation of micro-cracking, as measured by
ultrasonic pulse transit times, is delayed with the addition
of steel fibres, as anticipated from conventional random

fibre reinforcement theory.

(3) The stzggglgtrain at which macro or multiple matrix
cracking is initiated in fibrous mortar, as indicated by a
,deviation from linearity in the stress-strain curves, |
corfesponds to'thé stress-strain at failure of plain mortar.
BOth mixes behave in a nominally elastic manner up to this

point.

(4) The ability of the steel fibres to maintain load
and inhibit the propagation of craéking is clearly illustrated
by the fibrous mortar's higher maximum static tensile stress;
substantially increased toughness, and the ductile failure

mode compared to plain mortar.
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S5.3. FATIGUE EBEHAVIQUR

‘Although the concept is hardly unique no information at
all is available in the literature concérning the fatique
. performance of cement-based materials under direct tensile
~loading. It was initially intended, therefore, to carry out
a comprehensivs, comparatide study of the tensile fatigue
properties of plain and fibrous mortar along the lines of
that undertaken in compression. ‘However, because of signi-
ficant experimesntal difficulties encountered in developing
.the'testing technigue, the time factor precluded such}an 8X=
tensive investigation and tests were only carried out at a
limited number of different stress levels. Nevertheless,
soms interesting results have been obtained, so that certainly
the feasibility of such a testing technigque can be justified.

5.3.1. Experimental Results

5.3.1.(a) S.- N Curve: Fatigue data can be representsd

using an S - N curve, as previously described. Fig. 5.5(a)
presents the results of fatigue tests for both plain and
fibrous mortar with the corresponding, best-fitrs‘- N curves
shown in fig. 5.5(b) (obtained from average fatigue lives at

each stress level).

Aé anticipated in testing cement-based materials in
direct tension, there appears to be a greater variation in
test results compared to those obtained in uniaxial compression
(cf: fig. 4.4(a)). Houwever, certain comparative characteristics

are clearly evident:

(1) The fatigue proberties of the fibre reinforced
mortar are significantly different from those of the plain
mortar; in particular, the fatique life of fibrous mortar is
considerably in excess of that of plain mortar at equivalent
stress levels (fig. 5.5(b)). ‘

(2) Both systems exhibit linear decreasing relation-
ships betwsen the cyclic stress amplitude and the corres-

ponding number of cycles to failure.
(3) Although at this point in time insufficient data

is available to permit unequivocal conclusions, it would
‘appear that fibrous mortar has an enduranqe limit at run-out
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of approximately 1 million cycles at approximafély 65-70%
of the ultimate static tensile strength. At the 70% stress

level for plain mortar there was no evidence of run-out.,

5.3.1.(b) Strain Results: Typical strain data for

unreinforced and fibre-reinforced mortar, respectively, are
shoun in figs. 5.6(a-c) and 5.7(a-d) for the various stress
levels tested. These_sérains correspond to deformational
changes taking place parallel to the applied stress, i.s.

longitudinal strains.

In plain mortar thers is neither a changse in the sglastic
strain amplitudeAE-,'nor an accumulation of residual strain
(figs. 5.6(a-c)s This is in direct .contrast to mortar re-
inforced with steel fibres uhere large changes in both
elastic strain amplitude and reéidual strain occur during
fatique (figs. 5.7(a-d)).

At corrsesponding stress lsvels it can be observed that
the initial strain amplitude,A€,, is greater in fibrous
mortar than in plain mortar. (For sxample, compare figs.
5.6(a) and 5.7(c)). For both plain and fibrous mortar thers
appear to bs only small differences between the average
initial strain amplitude at the various stress lsvels al-
though these do decrease with decreasing stress level, as
expected. Houwever, at the stress levels tested, it should
be noted that, firstly the considerabls variation inAg€_  at
a given stress level (e.g. see fig. 5.6(a)); and secondly,
the fact that A€, for plain mortar in some cases exceeds the
strain corresponding to the limit of proportionality in
static tests (fig. 5.3(a)),(suggesting changes in elastic
modulus), both confirm commsents made sarlisr concerning the
variability of tensile properties of plain mortar. The pre-
sence of randomly .distributed flaws of varying size in the
mortar substantially affect the observed modulus and tensile
strength for a given mix (the coefficient of variation in
the latter being as high as 15% for plain mortar, cf.8 %
for cofresponding dompressive strength).

The larger initial strain amplitudes exhibited by the
fibrous mortar (of the order of 200 ug compared to lDDpE for
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 plain,m0rtar) appears to contradict the earlisr observation
that the addition of fibres has negligible effect upon the
elastic modulus of plain mortar in direct tension (5.2.1.(b) -
figs. 5.3(a,b)). However, the stress levels at which fibrous
mortar was tested were greater than the ultimats static
failure strength of plain mortar and certainly beyond the
limit of proportionality of the static stress-strain curve

for fibrous mortar. Since the initial strains were corres-
pondingly beyond the limit of proportionality, ths measursd
A€, is not purely an elastic value in the case of fibrous

mortar.

It is also evident from figs. 5.7(a-d) that, for the
fibre reinforced matrix, in several tests observed increases
in elastic and residual strain are similar to those
characteristic of stable compressive failure, i.e. the curve
can be considered in terms of three distinct regions
(cf: fig. 4.5(b)). '

- At this point in time it is notvpossible to ascertain
Qhether fatigue failure is governed by a limiting strain
criteria. Certainly from the results obtained in this in=-
vestigation there is no evidence to suggest that therse shduldd
be some critical failure strain (either elastic or residual
strain or a summation of bbth these components). Oue to
. the extrems variability that will be obtained in direct
. tension, much more data is required to enable any statistically

valid conclusions to be drawun.

5.3.1.(c) Ultrasonic Pulse transit time measurements: N

Changes in ultrasonic pulse transit times during fatigue of
plain mortar were found to be correspondingly smaller than in
compression (cf. figs. 5.8(a-c) and 4.11 (a-f)). The largest
change at tensile failure was approximately 0,6 psec

(fig. 5.8(c)) whereas changes at the point of failure in
compression were as high as 1,2 psec. Nevertheless, the

fact that there even are small changes in UPTT in tension
would indicate the occurrence of sub-critical micro-cracking.
This would be consistent with the strain and UPTT data ob-
tained under static loading (of plain mortar), where the

corresponding changes are also &mall. Small increases in
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UPTT ( 0,06 psec) wers also obssrved to occur in the initial
- loading to mean load prior to fatique. Furthermore, similar
to strain data fer plain mortar (fig. S5.6(a-c)), no rapid
changes in UPTT prior to fatigue failure were obssrved.

In contrast to these results, the changes in UPTT during
fatigue of fibrous specimens were observed to increase quits
substantially (fig. 5.9).

It has been mentioned previously that the sensitivity af
ultrasonic pulse velocity measuring equipment is likely to be
‘a contributory factor in obtaining UPTT results. Thus, high
sensitivity may allow changes ianP%T to be measured at véry
louw stress/strain but will limit,;he maximum value in UPTT
that can be measured (this value usually being comparatively
small for increasing low stress sensitivity). On the other
hand, low sensitivity will allow a larger overall maximum
value in UPTT to be measured but at therrisk of losing in-
formation af the low stress/strain end. At the time of
" testing, the ultrasonic equipment used did not have a switch
facility to enable variable sensitivity selection during a
test in order to accommodate the maximum changs in UPTT that

may OCCuUT.

Throughout most of the testing programme, therefore, an
integrating capacitor giving a 40 psec full scale was used,
(i.e. comparatively high sensitivity és shown in comparison to
other work (5.2.2.)). From all the results obtained in com-
pression together with those obtained in tension of plain
mortar, there was certainly no reason to suspect that UPTT
changes in fibrous mortar in -the tsnsile fatigue tests would
exceed the maximum intagrating capacitor of the ultrasonic
equipment. However, changes in UPTT observed for the fibrous
mortar were certainly considerably in excess of 40 psecs for
all stress levels at which tests were carried out. Further-
more, these increases werse found to be cyclic in naturs, i.s.
.the value changed depending on the point in the loading cycls,
the maximum values of UPTT being assoéiatad with the maximum
applied cyclic tensile load (fig. 5.9). This observation uas
confirmed by cafrying out low cycle fatigue tests (0.1 Hz) and
monitoring both the load cycle and ths cyclic waveform of the

!
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UPTT, both these outputs being 'Yin-phase'.

_ In the initial stages of fatigue loading of fibrous
mortar, the UPTT was observed to increase very rapidly. |
(This is as expected since the maximum cyclic tensile lbad
is beyond the limit of proportionality at which macro-, or
multiple, cracking is initiated, as described earlier.)
However, this rapid increase in UPTT was preceded by only
small increases in UBTT (fig. 5.9) with correspondingly
smaller cyclic amplitudes in UPTT. This is in contrast to
the instantaneous increases in ultrasonic pulse transit
times measured in compressive fatigue (e.g. fig. 4.11(f)).

At some point there typically occurred a large rapid jump

in UPTT, the maximum value of which was often in excess of

40 psecs. Triggering of the integrating capacitor would

thus be erratic. This erratic behaviour could be partially~
alleviated or reduced by adjusting the amplifier gain control
of the Harwell system. ' Houwever, this in turn results in a
‘changed zero or base level with which the relative .changes in
UPTT are compared, although the actual sensitivity is left un-
changed. (Thus the change in UPTT for 'unit' increase in ex-
tent of cracking is left unaltefed.) Values recorded in this
way therefore become somewhat open to interpretation, since
it is still unclear .uhsther such marked increases in UPTT
correspond to actual, non-uniform cracking or instrumentation

associated effects.

It is because of theses yet unclear observations that
only a 'diagrammatic' illustration of the sequence of events
occurring during the fatigus loading of fibrous specimens is
shown (fig. 5.9). |

5.3.2. Discussion

It is evident from the § - N curves that the addition
of steel fibres considerably influences the mechanisms of
tensile fatigue failure of plain mortar; certainly reasonably
large increases in fatigue life result. Batson et al. (76)
and Romualdi (75) have reported large increases in the fatigue
life of plain concrete with fibre addition when testing beams
in flexure (which may be considered as effecting a tensile
mode of failurs). Howsver, these authors represented their
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fatigue stress level as a percentage of the first cracking
strength (measursd as the strength at the limit of pro-
portionality), reporting fatique strength at run-out (2
million cycles) of 83% (76) and 95% (75) fer fibrous con-
crete compared to a value of 55% for plain mortar. Although
no data is available for plain mortar at run-out from this
ihvestigation, the observed 65-70% fatigue strength (defined
in terms of the ultimate static tensile stress) at 1 million
cycles (run-out) for fibrous mortar corresponds to a fatigue
strength (defined in terms of the stress at the limit of
proportionality) of approximately 114%! It may be argued

that this value is only an 'apparent' increase for, as in
compression, the static loading rate is much lower than ths
equivalent fatique loading rate. Ffurther, if the limit of
proportionality was determined at a loading rate equivalent

to the fatigue loading rate (i.e. corresponding to failure in
} cycle, i.e. approximately 0,025 sec at 10 Hz) this percentage
fatigue strength could well decrease because of the incrsase
in stress corresponding to the limit of proportionality
(cf:_ihcrease in ultimate compressive static strength with
increasing rate of load application (58, 59)). Howevsr, further
discussion on this point at the present time is not possibls
because of the lack of experimental information on the effect
of strain rate on the tensile stress~strain characteristics
both from this investigation and the available literature.

It should be noted ﬁhat, as mentioned earlier, the large
increases in both strain and UPTT of fibrous mortar during
fatigue were observed to take place at all stress levels in-
cluding those which do not produce failurs. Although run-~out
(1 million cycles) was observed in the fibrous mortar to taks
place at a fatigue strength of 65-70% of ultimate static
strength, it is quite probable that due to thess formser ob-
servations failure could take place at, say, 1,5 million
cycles. Neverthsless, the significant difference from plain

mortar is noted.

The increases observed by Batson et al. (76) and
Romualdi (75) were explained in terms of their earlier crack=-
arresting mechanism (3). Certainly, there is no reascn to

doubt that the increases observed in this thesis also arise
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due to the arrest of cracks and continued increase in load-

bearing capacity due to the presence of the steel fibres.

Further evidsnce for these mechanisms can be found in
the strain and ultrasonic pulse transit time méasuraments
(figs. 5.7 and 5.9) as follows: In plain mortar in tension
strains are observed to remain generally constant until
failure when the specimen fractures catastrophically.
Similarly, UPTT is found to change by only a small amount,
although this does indicate that microcracking is taking
place. (The coalescence of thess cracks could be responsible

for the typically catastrophic nature of the failurse proceés.)

With the addition of steel fibres, houwever, large in-
creasés in strain and UPTT are observed indicating far more
extensive cracking is taking place during fatigue. Since the
increasas in strain and UPTT are significantly greater than
in plaih mortar it is not unreasonable to suggest that
multiple matrix cracking has taken place with the steel fibres
acting to inhibit further crack propagation, thereby prc-
longing failure. It might be suggested that the extensive
cracking exhibited by the fibrous mortar, in tension, arises
from the fact that the fibres are acting as crack initiators,
as in compression. However, it has been shown that these
cracks must be dus purely to the matrix properties and not to
fibre additions, viz: operating stress lsvels are all beyond

" the limit of proportionality.

Fig. 5.10 shows a Fibrous specimen immediately prior to
failure. (The test was interrupted in order to photograph
the test specimsn.) An extensive network of cracks is quite.
visible on the specimen surface with the steel fibres ob-
viously still maintaining a significant proportion of the
load. '

With reference to fig. 5.9, the sudden, large increases
in UPTT could be attributed to sudden, extensive macro-crack
propagation which is subsequently arrested before lesading to
overall failure. Howsver, as mentioned previously, this
bhenomenon could also be due to electronic effects. Becauss
of the time factor, further tests to investigate this be-

haviour were not possible.
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Further evidence for ths stesl fibres' ability to

. maintain load during fatigue, after extensive cracking has
taken place, is illustrated by ths typically cyclic nature
of the UPTT measurements, the maximum transit time corres-
ponding with the maximum tensile load. It seems probable
that this cyclic nature of changes in UPTT is due to the
opening and closing of cracks. It is also noted that no
such obsgrvations vere made during thes tensile fatique of
plain mortar. {Neither was this noted in compressive

fatique.)

5;3.3. ConclUsiOns

(1) Data obtained in this investigation, although it
cannot be considered conclusive, would indicate that the
method developed for testing tensile specimeﬁs in uniaxial
direct tension is a reliable and accurate technique for

~fatigque testing.

(2) The addition of steel fibres, contrary to rssults
obtained in compressive fatigue, significantly increases the
fatigue life of plain mortar. However, as in comprsssive'
fatique, the results obtained in tension fatigue for both
plain and fibrous mortar may be influenced both by the
operating frequency and the loading rate chosen in determining
a static strength level (from which fatigue strength is ex-

pressed as a percentage).

(3) 1Initial observaticns would appear to suggest a
fatigue strength at run-out (1 million cycles) of 65-70% for
fibrous mortar, based on the maximum static strength. Whan
based on the static limit of proportionality, this valuse is
of the order of 11l4%. It is noted large increases in‘strain
and UPTT occur suggesting possible failure in sxcess of
1l million cycles. Nevertheless, the significant difference

between fibrous and plain mortar is still clearly evident.

(4)1 The increases in the load-bearing capacity and
resistance to crack growth in fatigue of mortar containing
steel fibres, when compared with plain mortar, is indicated
by the substantial increases in fatigue lifs and both strain
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"and ultrasonic pulse transit time measurements (these latter

measurements primarily recording the extent of cracking).

(5) 1In fibrous mortar large cyclic variations in ultra-
‘sonic transit times are found, which imply the.opening and
closing of the matrix macro-cracks while the fibres them-
selves maintain load.



Initiation in Limit of Modulus of Failure Ultimate tensile Toughness
Cracking Proportion- Elasticity Strain load '
ality
Decrease
No signifi-{21, 43, 97 21,97, 21, 26, 43, 43
cant change AUTHOR AUTHOR
Increase AUTHOR 67 21, 22, { 3, 21, 67, 75, 21, 22, 43, 67,
43, 67, | 116, AUTHOR ‘ AUTHOR
AUTHOR -
: r
TABLE 5.1

Influence of Stesl-fibre addition

on the

Static Tensile Properties of Plain cemsnt-

based materials

*201
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fig. S.1: Different methods for dirsct
static tensile testing of
cement-based materials.
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CHAPTER 6

6., FIBRE-MATRIX INTERACTION PHENOMENA

6.1. INTRODUCTION

The mechanical properties of any fibre reinforced
cement composite will be dependent upon stress transfer be-
=tueen the fibre and the matrix; this in turn depends upon-

the mechanical properties of the interface (24, 26, 98 ).

It should now be apparent from the preceding sections
that theoretical analysis and experimental tests ultimately
relate to the bond between the fibre and matrix; composite
failure is generally attributed to debonding between the
fibre and matrix‘resulting in fibre pull-out. Consequently,

the strength of the fibre is not generally fully utilised.

A substantial amount of analytical work has been re-
ported in the literature for calculating the bond strength
from composite stress-strain behaviour (refersnce to which
is made in Chapter 2). Most experimental investigaticns
have used conventional or modified pull-out techniques to
assess variables such as fibre orientation, fibre roughness, .
fibre-matrix contact pfeséure, curing methods, age, etc.
which are thought to influence bond strength. It is gen-
erally considered that measurement of the bond strength
will provide some direct indication of the bulk composite
properties. Unfortunately, at present, little or no con-
clusive correlation has been found between analytical cal-
culations and experimental data; also, neither method has
led to an adequate understanding of the mechanism of the

stress transfer in fibre reinforced cement systems.

It is evident from the literature that little effort ‘
has been devoted to obtaining a qualitative assessment of /Al

(des?

the failure mechanism betusen the steel fibre and the matrix,
although the morphology of plain and fibre reinforced

rAl
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cement systems has been extensively studied (gg - 163).

6.2. PREVIOUS WORK

Ma jumdar ( 98) has discussed the interface and inter-
facial reactions of glass-fibre reinforced cements (GRC).
He shous the interfacial contact zone to be quite complex,
therefore 'inhibiting any description in terms of simple
parameters. Unlike mosf glass fibres, steel remains re-
latively stable in alkaline environments and the bond is
reportedly almost entirely mechanical ( 36) i.e. of a
frictional nature. 1In GRC, for example, the bond strength
may be attributed to chemical as well as mechanical bonding
( 26, 98). However, it has been suggested (26) that in

%  steel fibre reinforced cements ig; diffusion takes place F%f*jiJ
ﬁ%’a“‘? across the interface zone into the cement matrix; other re

- ;Z, studies ( 36), however, show that this is not the cass.

Various wire treatments have been investigated (36,
37) uwith a view to increasing the bond strength betuween
fibre and matrix. Some of the results obtained in these
investigations are summarised in table 6.1. It can be
seen that although there may be an increase in actual bond
strength with various treatments, the correspohding in-
creases in 'tensile! (flexural) strength have bsen only

marginal. i

The effects of air or wet curing have also been found
to have an important influence upbn the interfacial bond,
" although results available appear to be contradictory (see
table 6.1) ( 37, 104).

. Tattersall and Urbanouicz ( 37) investigated, on a
limited scale, the effects of applied pressure during casting
and found as much as a fivefold increase in pull-out bond
strength for fibres in cement paste. Pinchin and Tabor (105).
similarly found that the application of pressure both
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immediately subsequent to debonding and after wire movement
of 1.0 mm rgsulted in pull-out load increases of between
approximately 1.7 and 3.8, depending upon the stage of

’

pull-out and fibre treatment, i.e. surface roughness.

Several authors (105,107) have found that although
smooth wires may have smaller initial debonding loads, they
. have a better post-debonding interfacial shear traction
than that of rough wire. Pinchin (105) suggests the mech-
~anical interaction betuwsen the cement matrix and asperities
on the rough wire cause the increased debonding load; since
compaction is accentuated by the presence of‘fhese asperities,
further interaction will cause a more rapid decrease in ’
frictional stress transfer than that compared to an entirely
~ smooth wire. Pinchin (106) also observed composite failure
to initiate within the matrix adjacenﬁ to the fibre inter-
face, whereas failure has generally been reported to occur
at the interface itself (26, 37,.38 ),

Pull-out loads (or equivalenf bond strength) assopiated
with fibre groups rather than single fibres has also been -
investigated. Naaman and Shah (108), for example, found

-that the bond associated with a group of randomly oriented
fibres decreases when the number of fibres pulling out
simultaneously from the same area increases. These results,
they suggest, explain why the addition of fibres to a con-
crete matrix with highly improved bond properties does not
lead to an equivalent improvement in composite properties.
Although this appears to be a reasonable assumption, these
_authoré do not suggest any mechanism which would assist in
explaining this phenomenon, other than that the interaction

between neighbouring fibres must play some significant rols.

From this short review it is clear that little work
has been cafried out specific to the interfacial zone, and
that the mechanism of failure of the fibre-matrix inter-
face remains to be clarified. Scanning Electron Microscopy
(SEM) studies have recently been completed by Pinchin (109,
110). However, Pinchin fails to examine the interaction
between the fibre and matrix at initial debonding, only
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examining the tensile fracture surfaces of the steel-fibre
itself and corresponding cement trough at various stages-
of pull-out. The object of this study was to examine the
nature of the fibre-matrix interface at the point of de-
bonding, using SEM, and perhaps gain a better understanding
of the actual mechanisms leading to failure in steel fibre

reinforced cements. ! N : /

6.3. EXPERIMENTAL DETAILS

_ " Factors such as fibre orienﬁation, fibre roughﬁess,'
matrix mix, curing methods, fibre coating (33 ) contributing
to the nature and strength of the interfacial bond itself
were not specifically examined, primarily because of the

scope and depth that such a2 study would necessitate.

The initial investigatibn involved a study of the
fracture surfaces of the fibre-matrix interface from static
tests in uniaxial compression. The catastrophic nature of-
fatigue failure prevented any specific work on fatigue
surfaces. Houever, previous work described in this thesis
would tend to suggest that an examination of static failure
should at least give a reasonable indication of the corre-

sponding effects which will occur during fatigue.

In order to examine the initial debonding process,
single fibre pull-out tests were carried out during which
load-extension curves were monitored; this substantially
facilitated examination of the resulting interfacial zone.
‘Initially it was attempted to polish specimens to expose X<
the fibre-matrix interface prior to the application of a
pull-out load. Houwever, it will be shoun that this tech=-
nique was not successful. It was, therefore, decided to
first apply the pull-out load and subsequently expose the
interface by simple tensile fracture across the interfacial
plane, as illustrated in fig. 6.4. It was using this latter
expérimental technique, then,: that investigations were

primarily carried out.
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Pull-out specimens were 15x15x60 mm prisms cast
horizontally in sets of three. Each prism had a single
steel wire, identical to those used throughout the thesis,
centrally embedded 15 mm into the longitudinal face of the
prism (fig. 6¢l). The standard mix was used in these
tests (uater:cement:sand; 1:2:4, by weight), but all

mixing was done by hand.

After casting, specimens were compacted on a small
vibrating table for 2 minutes. The curing procedure to age
7 days was the same as that previously described. Tattersall
and Urbanowicz (37 ) have noted that curing specimens under
water may lead to rusting of the exposed wire. However, by
coating such wires, before submerging specimens in the water
solution, with a thin film of.greéée appeared to prevent

this rusting action.

All pull-out tests were carried out on a Hounsfield
Tensometer, fitted with a motor drive. Automatic monitoring
of the load-extension curve (a typical curve %s illustrated
in fig. 6.2) enabled the application of load to be stopped
at ‘any predetermined load (usually the debonding or pull=-
out load) or pull-out distance (wire movement relative to
the cement matrix) after initial debonding. A very lou
cross-head speed of 0,4 mm/min vas used so that at the
initial debonding load, for example, the test could be
stopped almost instantaneously without further pull-out
occurring, and therefore without disrupting the interfacial
zone. The method used for applying the load is shouwn
diagrammatically in fig.6.3(a), the general apparatus
illustrated in fig. 6.3(b). Since précise bond strength
measurements were not being made it was considered un-
necessary to incorporate sophisticated alignment rigs and
~universal joints for load application; alignment of pull-

out direction was carried out visually.

After the required pull-out criteria (initial de-
bonding load, for example) had been reached, the fibre-
matrix interface uas exposéd, one fracture surface con=-
taining the embeddqq steel-fibre, £he other the corresponding
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fibre mould or cement trough (fig. 6.4 ).

Fracture surfaces were mounted onto standard SEM
aluminium stubs and then vacuum dried. Prior to micro-
scopic examination the specimens and stubs were coated with
a thin layer of vacuum-deposited gold-palladium. Specimens
were stored in vacua. SEM studies were carried out using a

Cambridge Stereoscan 5180.

A LINK Energy Dispersion X-Ray analysis (EDXA) system
‘was used in conjunction with SEM for studying the material
-composition of selected areas of the fracture surfaces.
Stucke and Majumdar ( 99, 111) and also Diamond et al (100 )
have noted the\diFFiculties involved in obtaining quanti-
tative results by EDXA methods, particularly on rough sur-~
faces. Such factors as spurious excitation (i.e. back=~
scattered electrons), spurious adsorption (i.e. differential
absorption or shielding of the different kinds of X-rays by
projecting surfaces on the specimen in the line-of-sight to
the X-ray detector), take-off and incidence angles, and
lateral spread of electrons, may lead to inaccurate results
without an undérstandihg of such techniqués. Semi-quanti-
tative results, however, have been obtained with good re-
producibility on a comparative basis (99, 1G9, 112 ). Such
a comparative technique was also adopted for the present
study by undertaking line scan analyses parallel to the
fibre-matrix interface. The peak height counts and area
integrals (fig. 6.14) of the Ca-kx, Si-k and Fe-k X-ray in=-
tensities were determined in the region dF, and adjacent to,
the interface as well as within the bulk matrix. The peak-
to;background count ratios were found to be relatively high
and,'therefore, since the background counts uwere insignifi~
cant, they uwere not taken into account. Average Ca/Si
integral area ratios were compared between the selected
areas at, and adjacent to, the interface and the correspond-
ing standard bulk matrix Ca/Si ratio. Table 6.2 gives the
energy ranges within which the elemental area counts were

determined.
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6.4 EXPERIMENTAL RESULTS AND DISCUSSION

6.4.1. SEM Studies

A typical fracture surface of a fibre eﬁbedded within
“the cement matrix after initial debonding and a corre-
sponding cement trough are illustrated in figs. 6.5(a) and
(b) respectively. Several features on these surfaces are
apparent. At the matrix-fibre contact zone it appears that
in certain places the bond is still intact, whereas in
other areas the bond has been broken. Cement has been left
~adhering to the steel-fibre surféce which 1is consistent
with the observations of Pinchin (109, 110) who explained
this as a result of teasile fracture taking place at both

the actual interface and within bulk cement matrix.

- The discontinuous nature of the interfacial bond is
clearly evident from the cement trough where large voids,
also observed by Pinchin (lUQ),are present within the
trough and interface. VYoids within the trough may have been
caused either by the removal of matrix material from the
interfacial zone by the stesi-fibre (109), or by the in-
ability of the matrix particles to compact closely and con-
tinuously around the steel-fibre (102), and thereby provide
voids at the actual interface during manufacture ( 33). On
the latter point, it has been =suggested that air entrain-
ment is higher in the vicinity of the interface due to
‘inertia effects of steel-fibre vibrating the small surround-
ing volume of cement matrix during vibration compaction
(109, 113).

It uculd‘appear, houeQer, that these large voids found
within the cement trough in fig. 6.5(b) are, firstly, sub=-
stantially larger than typical voids, and secondly woculd
seem to correspond to particles of adhering cement similar
to those shouwn in fig. 6.5(a). In accordance with Pinchin

. (109, 110), uwhose results are based on observations of the
fibre surfacse at yaribus stages of pull-out, it would seem

reasonable to suggest that tensile fracture (to expose the

!
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fibre) has resulted in failure within the bulk cement matrix.

as well as the interface itself. .

Closar examination of similar fracture surfaces of the
interfacial zone and matrix adjacent to the interface has
shown that, at initial debonding, composite failure also

appears to be due to extensive matrix cracking adjacent to

the interface as well as interfacial bond failure (figs. 6.6

(a~-d)). (Control specimens have shoun that these cracking

systems are solely due to pull-out load, as indicated later.)

Matrix cracking is also evident within, and adjacent to, the

cement trough, as shouwn in figs. 6.7(a)and (b).

Another feature of the fractographs are that the steel
‘fibres show clearly defined striation marks (figs.6.6(b=d)});

these marks are also present within the cement trough

(fig.6.7(a)). Pinchin (110), using electropolished stainless

wires, found similar striations to be an adhering thin layer

of cement on the fibre due to pull out; removal of this

film of adhering cement resulted in the disappearance of the

striations. Pinchin (110) notes that Maage attributed

similar striations to mechanical working of the steel fibres

and to the removal of metal from the wire surface during
pull-out. Houwever, this would appear to be an unlikely ex-
planation (110). The striation marks found in this in-
vestigation appear to be due to a manufacturing treatment
of the steel fibres, as indicated by the 'virgin' fibre

shown in fig. 6.8,

In figs.6.6{(band6.6(c)the areas marked {c) show remark-
able similarity to the Portlandite (Ca(UH)2 or fg%) morph=-
ology reported by other authors (98, 101, 102, 109 ).
Fig.6.6(®also shouws the 'platéy' Portlandite morphology
previously observed elsewhere (101, 103, 114). (Some areas,
such as that shoun in fig.6+6@), were not so obvious for
morphology identification.) It is generally acknowledged
(101, 102, 103, 109) that an important fzature of calcium
hydroxide formation.(a hydrolytic product resulting from
the hydration of the calcium silicate phases) is that it
grows within and subsegquently fills much of the available

<
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void space (for example, water filled Voids, entrapped air
voids). It is quite likely, therefore, that these areas (c)
are indeed calcium hydroxide which fill the initial con-
QEQEEEEEED_OF vcids, resulting from vibration compaction,

in the vicinity of the steel wire. Pinchin {109) observed
an enrichment of gﬂﬂ/at the steel-fibre-matrix interface,
lalso suggesting tgit/Ehe Fibre surface provides a centre

for nucleation of CBR. The area (s) in fig.6.6{(b)seen ad-
hering to the fibre is of different morphology to the sur-
rounding area, probably composed of the stronger calcium

silicate hydrate (CSH) phase (44, 101, 102, 114).

From figs. 6.6(a=d)and 6.7(b),therefore, matrix
cracking (within 30 um from the interface) occurs within
the probably weaker 9IH (c) phase (114) with trénsverse
cracklng completing the locus of failure between the matrlx

cracks and the bond cracks.,

Fig. 6.9(a) is a2 micrograph of a fracture surface ob-
'talned from a static compressive test specimen. The ob-
serVatlons made from single fibre pull out specimens at
initial debonding are consistent with the failure mode of
this specimen, i.e. some matrix failure within 30 pm from
the interface has occurred with bond remaining essentially
intact; the overall fracture path consists of regions of
matrix and interfacial failure. This can also be seen in
fig., 6.9(b) which shous a cement trough from another static

compression test.

Although failure has, thus far, been shown to occur
within two zones (i.e. the interface and matrix adjacent to
the interface) it may be argued that bond failure is the
first to occur, giving rise to subsequent matrix failure.
Houever, it was found that bond failure never occurred
discreetly but was aluways associated with matrix failure
whereas matrix failure was found to occcur without corre-

" sponding bond failure (figs. 6.10-11).

Fig. 6.10(a) shows a fibre embedded within the mortar

matrix after having been stressed to the initial debonding
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load. Similar to fig. 695(3),.a thin layer of adhering

cement on the fibre surface is evident; houever, in con-

trast to fig. 6.5(a), the interfacial bond is still intact
along the length shown. The central areza indicated, en-

larged in figq. 6.10(b), shouws extensive matrix cracking

with an intact fibre-matrix bond. Similar areas are shown

in figs.6.11(a-c):The role of the platey Portlandite (COH)%#
(regions (c)) is again in evidence in fig.6.11(b), with

matrix failure occcurring within 35um from the interface.

Further evidence of matrix cracking taking place pre-
ferentially to bond cracking is shown in fig. 61<7(a This 672@ Y
ig from a polished specimen prior to the application of a
fibre load. It seems quite possible that these cracks
gither are caused by the polishing process (the main reason
the polishing technique was not adopted) or by'the restraints
imposed by the stiffer fibre upon volume changes that occur

within the matrix during curing. Nevertheless, cracking,

“or failure, takes place preferentially at the weakest zone

(within COH enrichment areas, for example). Fig. 6.12(b)

also shows a further example of extensive matrix cracking

- without fibre debonding.

In concluding this section, in order to justify the
results discussed above, it should be noted that control
tensile fracture surfaces of the embedded fibre were also
examined (these specimens having not been subjected to any
form of applied pull-out stress). These specimens (figs.
6013(a,b)) show relatively undisturbed material at, and
adjacent to, the fibre and interface in comparison with

pull-out specimens. ' f

6.4.2., Chemical Analysis

Point scan microanalysis of the cement hydrate may not
be entirely accurate because the diameter of the area from
which X-rays are produced in SEM can be ~1.5um (the
electron voltages used in this study being in the range
10-30 kV) and many crystals within the cement hydrate may
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be larger than this. Line scan analysis uas therefore_ohosen_
in order to provide an average of an infinite number of
points, thereby reducing the inaccuracies due to localised
sampling. The relative magnitudes'of the Ca/Si integral
ratios for lines at, and away from, the wire-matrix inter-
face should thus give a comparative indication of the re- N,

lative proportions of Qpﬂ and CSH present along the line
sampled. ' Z4

A typical line scan elemental distribution is shoun
.in fig. 6.14. A typical area over uhich such an analysis
was carried out is shouwn in fig.6.15(3with the corresponding
plot of the Ca/Si integral area ratios. Figs. 6.15(b-d)
show the respective elemental distribution maps. Although
these are only semi-quantitative measurements they also
give an indication of the comparative proportions of the im-
portant elements present. The Fe-k distribution shouwn in
fig. 6.15(d) is not considered to be a true reflection of
7_£gj_migration.into the matrix since it has been shoun (100)
" that the effective diameter/depth of X-ray generation can
be of the order of 2-3um, thereby detecting the wire at

z

probe areas in the immediate vicinity (within 2-3pm) of

> .
the interface. Since significant Egi‘counts are registered X
on the fibre surface, however, the thin layer of adhering

cement must be at least 2-3um thick in places.

' Similar line scan analyses were also carried out on
cement trough specimens, {fig.6.16(a)).Figs. 6.16(b~d)

show the respective elemental distribution maps. The Fgf *
concentration illustrated in fig. 6.16(d) is not nearly as
significant as that suggested in fig. 6.15(d). 1In fact the
Fe-k integral count expressed as a percentage of the
summation of Ca-Kx and Si-k integral counts was ~ 3-4% as
would be expected from the chemical composition of -

cements (115), It may be concluded, therefore, that any
chemical bonding that may be present is insignificant com-
pared to the mechanical bonding and that the high Fe-k
integral observed in fig. 6.15(d) is due to X-ray pene-

tration. ' . _
A plot of the integral area ratios for Ca-Kx and



{%%daom%‘“‘f@/{ff@/

124

Si-k as a function of distance from the interface from the
two types of specimens discussed above, is shoun in
fig. 6.17. From this, a number of observaticns can be
made, as follcus: A
1. There is a Ca"’ - enriched zone within ~ 5-60pum
away from the actual interface with a concentration ~ 30pgmM
from the interface; this indicates an ébunggnﬁe of ceH ¢~
relative to CSH. Pinchin (109) observed CBH enrichment
within ~ 1l0pmfrom the interface, using X-ray diffration,
of material removed by a drill 20 pm larger than the fibre

‘diameter from the hole left by the pulled-out fibre. He

suggests that this enrichment arises from Qiﬁmgucleation

at the fibre surface and subsegquent filling of voids which
occur preferentially in the vicinity of the wire, the

latter being consistent with ogfervations presented earlier
in this chapter concerning COH formation close to the ks
interface. It is possible that had Pinchin analysed
material > 10um Froq the interface, he would have found

;r
an even greater COH enrichment.

2, The thin layer of cemgnt which adheres to the
steel wire shows a normal composition of hydration products
relative to the bulk material (Ca/Si ~ 2.0-3.0) -~ Pinchin
( 109) only measured the relative ratios in the trough regions
(assumed to be in direct Contact with the fibre) suggestlng
a progressively increasing /Sl ratio rlght up to the

actual interface.

Hydration of the calcium olllcates results in the
formation of COH (101), with the CIH occupying void spaces
not already occupied by CSH. ThereFore, the formation of
CSH must occur beFore'CBHtgén be produced. Hence, it would
seem more reasonable to suggest that nucleation of the CSH
phase takes place at the fibre surface rather than Cﬁﬂ
suggested by Pinchin and others (109). Since CSH has the
finest particle size of the solid phases present in the
cement paste (1lll), therefore being abls tqﬁfompact more
readily around the wire, the formation of COH at the actual
interface might be expected to be inhibitedt These ob-

servaticns are, therefore, consistent with those made
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garlier with fespect to initial debonding resulting from
initial matrix cracking ~ 30um from the interface, with
subsequent failure (pull-out) taking place within the bulk
matrix or cement immediate (2-3 um) to the interface and
‘the interface itself because of 'mechanical! damage within

the surface cement regions during the pull-out process.

3. In comparison to analys%j/taken on the fibre sur-
face, a higher concentration of ;@ﬁ-is found within the
cement trough (fig. 6.17), hitherto matrix, possibly caused
.by the normal composition hydrate in the immediate vicinity
of the fibre being pulled away with the fibre thus exposing
this relatively weaker CBH zone. This would appear to
justify the proposal made above i.e. finmal pull-out occurs

within the immediate vicinity of the fibre interface.

Pinchin (109) carried out hardness tests near the fibre
(to within ~200MM) and found the hardness to decrease
rapidly from within 750um to 150um of the interface com-
pared to the bulk material. This decrease he attributes to
the increase in porosity. Houever, he suggests that the(QﬁﬁOﬂ'
enrichment near the fibre interface (i.e. within A/lOprn)
would cause the hardness to increase because of the filling
of voids in this reqgime by Cﬁﬁw It seems questionable, hou-
ever, that only the voids within the immediate vicinity of
the interface become filled with CBH and not the voids up to
and exceeding ~ 200um from the interface.

6.5. SUMMARY

The results and discussions of the preceding sections

may be summarised with reference to fig. 6.18.

1. Due to vibration compaction excessive voids relative
to the bulk matrix are formed within the immediate vicinity
of the interface. Calcium silicate hydrates are nucleated f
first at the fibrs interface and because of their fineness b
prevent the formation of calcium hydroxideslat the interface.‘ﬁa; {
Calcium hydrexides fill up the voids adjacent to the inter- &
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ﬁ face. The CSH thus forms a strong core immediately sur-
| rounding the fibre with a secondary, weaker core of CBH ¢/
t around the CSH,

2. Uhen the fibre is stressed, initial failure
(corresponding to the initial debonding load) occurs within
the weaker secondary core (within ~'30ufn from the inter-

face).

3. As fibre pull-out proceeds a 'stick-slip! behaviour
results (see fig. 6.2) with the stress transfer from matrix
to fibre becoming increasingly reduced due to the 'mechanic-
ally' disrupted interface. At final failure interfacial
(uithin'2—3;ﬂﬂ from the interface) bond failure occurs; a

very strong CSH core is left adhering to the steel fibre. |

It becomes clear, therefore, that before strengthening
)cement matrices with reinforcement (fibres or otheruwise)

the properties of the cement matrix itself must be more

transfer to be fully effective the shear stress of the
cement material will have to be in excess of 200 N/mmz.
However, if fibres are to be incorporated effectively into
a cement matrix for properties other than strength (for
example, energy absorption i.e. impact loading), increasing
the cement-fibre contact zone and frictional force between

the two may result in improved properties since it has pqgn

shoun that 'bonding' isfgurelyAmechanipqlﬁinggﬁgpe.

A&” 7’{‘4 /‘{”e‘w /D/’Z-Ww wa T ot @fﬁc*,—«/e T, o‘(/wf’wmffé-." .?
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i fully investigated. Aveston (6 ) notes that for the stress

i
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(1)

Cleanind Fibres:

(a)
(b)
(c)

Na(DH)2 (36) : * 50% increase in bond
acetons (36) ' - strength (37); 10% increass

trichloroethylene (37) in flexural strength (36)

(2)

Surface Raoughenings

(a)
-(b)

Rusting: 2 % increase in bond (37); 20% increasse.
in flexure stranath (36)
Heating to 600°C 4,7 x increase in bond (37); 3,3 x in-
' crease in flexural strength (36)

(c) Dilute hydrochloric acid (36) 60% increase in bond (37);

(d) Conc. nitric acid (37) no increase in flexural
strength. |

(3) Surface Coating:

(2)
(b)

Galvanising: 5,2 x increase in bond (37): 30% in-
crease in flexural strength (36)
Epoxy and cements 5,7 x increase in bond (37); no report

on strength.

(4)

Mechanical treatment:

(a)
(b)

Crimpeds > 9,2 x increass in bond (37); 2,7 in-
increase in flexural strength {36)

Hooked end: > 10,8 x increase in bond (37); no re=-
port -in strength changes.

(5)

Effect of Curing:

(a)
(b)

Normal curing (90% R.H.): 1,05 x increase in bond (37)
Laboratory atmosphere: 0,6 x increase in bond strength (37);
' bond stress at 25°C 11,00 MPa (104)
Under water: 1,8 x increase in bond strength (37);
bond strength at 25°C 5,54 MPa (104).

" TABLE 6.1.

-

Influence of various wire treatments on

fibre-matrix bond strength.
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Element ' Energy Range (KeV)
Calcium / Ca-ko 3,44 - 3,90
Silicon / Si-k 1,60 - 1,94

~Iron / Fe=k , 6,18 - 6,58
TABLE 6.2.

Energy Ranges used for

Elemental Inteqgral (Area) Counts
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Specimen dimensions 15 x15 x60 mm

fig. 6.1: Diagrammatic illustration of pull-out
specimen and mould.
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Fig. 6.4: Tensile fracture surface exposing
embedded steel fibre.
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CHAPTER 7
7. SUMMARY AND CONCLUSIONS

It is well established that the relatively low tensils
strength and ductility of cement-based matserials is céused
by the propagation of 'tensile' cracks which originate from
inherent flaws within the cement matrix.

This thesis has besn concerned with examining the
"effects of the addition of a uniform, but randomly45riented.
distribution of short, discontinuous steel fibres to a plain
mortar mix with the view to inhibiting, or at least retarding,
- the grouwth of such cracks thereby decreasing the unreinforced
material's inhersnt deficiencies. This has involved an in-
vestigation of both the mechanical and microstructural

effects of such additions.

Most previous axperimehtal studies of plain cement-based
~materials have generally been concerned with investigating

~ the compressive or flexural properties (for which concrete
structural members are designed) rather than the tensile be-
haviour (tensile properties not being generally taken into
account in design calculations). Homevér, it is generally
acknowiedged that the failure of concretes (in compression

or flexure) arises primarily from the propagation of 'tensile!
cracks. Thus, the study of medhanical behaviour in this
thesis has’bsan'concerned uith comﬁarative prope}ties between
fibrous and plain mortar in both compression (where it is,
logical‘to extend existing data analysis of plain cement-
based materials to that of the fibrous composite) and tensicn
(wvhere ths direct consequences of fibre reinforcement may be

examined).

The addition of steellfibres was found to have no
significant effect upen either the static or fatigue pro-
perties of plain mortar in compression, other than to sub-
stantially increase the load-bearing capacity after maximum
load (i.e. toughness, measured as the area under ths stress-
strain curve). However, the dominating failure mechanisms
of the mix are altered, and the fibres are shoun to act in
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a role both as crack-initiators (indicated by the sarlier
stress/strain at which microcracking initiates, measured by
changes in ultrasonic pulsse transit time (UPTT)) and crack-
arrestors (the amount of damage sustained by the fibrous
composite being substantially greater than that of plain
mortar - also measured by UPTT). Fatique loading resulted
"in an overall reduction of 30% in the slastic modulus at
failure for both plain and fibrous mortar. Also, the
accumulation of damage, measured by .changas in UPTT and
residual strain, was found to increase in a characteristic
manner with up to three distinct regimes being obtagned,
depending on the maximum applied cyclic stress. Ffurthermore,
several empirical relationships uwere obtained for compressive

- fatigue failure prediction for the mixes used in this thesis.

‘

By contrast, when loaded statically in tension, fibre
addition was observed to significantly increase ths stress
at the initiation of microcracking, ultimate failure stress
(an increase of 60%), ultimate failure strain and toughness.
The stress at the limit of propdrtionality of the fibrous
mortar stress-strain curve was found to correspond precisely
with the static failure stress of plain mortar, further
stress/strain increases in fibrous mortar being a direct
result of the fibres! ability to bridge'cracks and support
load.

The study of the corresponding fatigue properties in
direct tension necessitated the development of a reliable
~and accurate testing method. The direct tensiie fatigue
properties of the plain mortar were found to bs substantially
improved by steel fibre additions as illustrated by marked
increases in fatigue life. 1In addition, the fibres allou
very extensive micro-cracking to occur during fatigue, which
i$ not the case in the plain matarial. Results obtained also
indicate that in direct tension the fibres behave solely as
crack-arrestors and not also as crack~initiators as in com=-

pression.

The extensive cracking natwork shown to take place
within the fibrous mortar, as measured by relatively largsa
increases in ultrasonic pulse transit times during mechanical

testing, was also observed to occcur at initial debonding of
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stesl-fibres from the matrix by Scanning Electron fFracto-
graphy studies. In conjunction vith Energy Dispersion

X-ray Analyeis (EDXA) failure (or pull-out) in the rein-
forced composite has been found to initiate within an en-~
riched calcium hydroxide region of the matrix adjaceht to

the fibre-matrix interface. This region is considered to
'arise from the calcium hydroxide filling up the concentration
of voids initially present adjacent tec the interface, the

' finer calcium silicate hydrates preventing the calcium
hydroxides being deposited at the interface itself. These
latter observations contradict previous repofts made in the
literature which suggest. general fracture in ths composite
arises specifically due to bond failure between fibre and
matrix. It is suggested, therefore, that before steel fibre
reinfofcement can be used more effectively, specific attention
must be given to both the processing opserations leading to
regions. of weakness adjacent to the interface, and indeed ‘
to the strength properties of the cement matrix itself.
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