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A comparative study of steel- and carbon-fibre
cement as piezoresistive strain Sensors

Sihai Wen™ and D. D. L. Chung*

University at Buffalo

Carbon-fibre (15 um diameter) cement is a better piezoresistive strain sensor than stainless steel-fibre (8 um
diameter) cement at a similar fibre volume fraction, as shown by a higher signal-to-noise ratio and better
reversibility upon unloading, albeit having a lower gauge factor (particularly under tension). Steel-fibre cement
containing 0-36 vol% fibres is a better piezoresistive strain sensor than that containing 0-72 vol% fibres, as
shown by better reversibility upon unloading and the higher gauge factor under compression. The difference in
performance of carbon- and steel-fibre cement is attributed to a difference in piezoresistivity mechanism.

Introduction

Strain sensing in the elastic regime (which is the
regime for safe service of a structure) is relevant to
structural vibration control, traffic monitoring and
weighing in motion. Cement reinforced with short
carbon fibres is capable of sensing its own strain due to
the effect of strain on the electrical resistivity.l'7 The
resistivity in both the stress direction and the transverse
direction increases upon tension, due to slight fibre
pull-out that accompanies crack opening, and decreases
upon compression, due to slight fibre push-in that
accompanies crack closing.3'_7 This electromechanical
phenomenon, called piezoresistivity (i.e. change of the
electrical resistivity with strain), allows the use of
electrical resistance measurement (DC or AC) to
monitor the strain of the cement-based material, which
is itself the sensor. This means that the cement-based
material is self-sensing. In contrast to the conventional
method of using embedded or attached strain sensors,>’
self-sensing involves low cost, high durability, large
sensing volume and absence of mechanical property
degradation (which tends to occur with embedded
Sensors).

The presence of electrically conductive fibres in the
cement-based material is necessary for the piezoresis-
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tivity to be sufficient in magnitude and reversible. In
the absence of conductive fibres, the piezoresistivity is
weak and has substantial irreversibility, if at all ob-
servable, as shown in the case of a cement-based
material without fibres'® and with non-conductive
(polyethylene) fibres."! Although conductive fibres are
important for piezoresistivity, they are discontinuous
and are typically used at a volume fraction below the
percolation threshold; this refers to the volume fraction
above which the fibres touch one another to form a
continuous electrical path. Thus, the fibres are not the
sensors. Rather, they are an additive for rendering
significant piezoresistivity to the cement-based materi-
al, which is the sensor. A low fraction of fibres is
preferred for the purpose of maintaining low cost, high
workability and high compressive strength.

The cement matrix is electrically attractive due to its
electrical conductivity, which is in contrast to the non-
conductive behaviour of most polymers. Due to the
conductivity of the cement matrix, an electrically
conductive admixture (i.e. a conductive filler) in a
cement-matrix composite can enhance the conductivity
of the composite even when the volume fraction of the
admixture is below the percolation threshold. The
percolation threshold is determined from the variation
of the electrical resistivity with the volume fraction of
the conductive admixture: the electrical resistivity
abruptly decreases by orders of magnitude as the
percolation threshold is exceeded.'” In most cases, the
percolation threshold decreases with increasing aspect
ratio and with decreasing unit size of the admixture. In
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the case of short carbon fibres (7 ym diameter) in
cement, the percolation threshold decreases with in-
creasing fibre length from 1 to 10 mm."> However, the
percolation threshold also depends on the unit size of
the non-conductive or less conductive components in
the composite. Thus, the presence of sand (a non-
conductive component) affects the percolation thresh-
old."? In the absence of sand, the percolation threshold
is between 0-5 and 10 vol% when the conductive
admixture in cement is short carbon fibre (15 um
diameter, 5 mm in length).12

The curing age has relatively minor influence on the
electrical resistivity, although it has major influence on
the mechanical properties. From a curing age of 1 to 28
days, the resistivity is increased by 63% for plain
mortar, by 18% for latex mortar, by 18% for carbon
fibre (0-53 vol%) latex mortar, and by 4% for carbon
fibre (1-1 vol%) latex mortar."* Since the resistivity is a
quantity that can vary by orders of magnitude, the
percentage increases mentioned above do not reflect a
large effect. Nevertheless, the effect in the absence of
conducting fibres, especially in terms of the impedance,
is sufficient for use in studying the curing process.”_18
An increase in the carbon-fibre content, 0-53-1-1
vol%, diminishes the effect of curing age significantly,
because the fibres become more dominant in governing
the resistivity as the fibre content increases. The
addition of latex also diminishes the effect of curing
age.

Cement paste is electrically conducting, with DC
resistivity at 28 days of curing around 5 X 10° Q/cm at
room temperature. The resistivity is increased slightly
(to 6 X 10° Q/cm) by the addition of silica fume (SiO;
particles around 0-1 um in size, in the amount of 15%
by mass of cement), and is increased more (to
7 X 10° Q/cm) by addition of latex (20% by mass of
cement); latex is a styrene—butadiene co-Polymer phy-
sically in the form of ~0-2 um particles. ® The higher
the latex content, the higher is the resistivity.20 In case
of mortars (with fine aggregate, e.g. sand), the transi-
tion zone between the cement paste and the aggregate
enhances the conductivity.21 Whether aggregates (sand
and stones) are present or not, the AC impedance
spectroscopy technique for characterising the fre-
quency-dependent electrical behaviour is useful for
studying the microstructure.”~*

The non-conductive admixture effects on the resistiv-
ity, as mentioned above, are small compared to the
effect of adding short conductive fibres. Nevertheless,
the non-conductive admixtures can help the fibre
dispersion, thereby causing the resistivity of cement-
based materials containing conductive short fibres to be
lower. At a volume fraction below the percolation
threshold, the electrical conductivity of a composite is
highly dependent on the degree of fibre dispersion. The
greater the degree of fibre dispersion, the higher is
the conductivity of the composite. This is because of
the relatively long length of conduction path within the

120

matrix in the case of poor fibre dispersion, as illu-
strated in Fig. 1. At the same carbon fibre (15 um
diameter) volume fraction (0-35 vol%, below the
percolation threshold), the resistivity of cement mortar
is lower when silica fume is present along with the
fibres, due to the effectiveness of silica fume in helping
the fibre dispersion;25 it is further lowered when both
methylcellulose and silica fume are present in addition
to the fibres.”® The use of acrylic, styrene acrylic or
latex dispersions in Iz)lace of the methylcellulose solu-
tion is less effective.”’ At the same steel fibre (60 um
diameter) volume fraction (005 vol%, much below the
percolation threshold), the resistivity of cement mortar
is lower when silane is present along with the fibres,
due to the effectiveness of silane in achieving fibre
dispersion.27

The electrical conductivity of a cement-based materi-
al containing a conductive admixture is governed by
the conductivity of the admixture itself, the degree of
dispersion of the admixture and the contact electrical
resistivity of the interface between the admixture and
the cement matrix. Due to the conductivity of the
cement matrix, this contact resistivity is important,
particularly when the admixture volume fraction is
below the percolation threshold. The contact electrical
resistivity between stainless steel fibre (60 um dia-
meter) and cement paste is around 6 X 10° Q/cm? and
is smaller if the fibre has been acid washed.”®

Steel fibres are even more conductive than carbon
fibres. Short steel fibres are used in cement-based
materials to enhance the tensile, flexural and shear
propertieszg_34 and abrasion resistance,” decrease the
drying shrinkage,36 increase the effectiveness for
electromagnetic interference (EMI) shielding37 and
provide controlled electrical resistivity.38 Moreover,
stainless steel fibres of diameter 60 um have been
shown to render piezoresistivity to a cement-based
material tested under compression, though the phenom-
enon is noisy in that the resistivity does not vary
smoothly with the strain."' The large diameter of the
steel fibres compared to carbon fibres (15 um) was
believed to be the cause of the inferior 1performance of
the steel-fibre cement-based material.'’ On the other
hand, steel fibres of diameters less than 60 um are
commercially available. Therefore this paper addresses
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Fig. 1 Fibre dispersion below the percolation threshold: (a)
poor dispersion, (b) good dispersion27

Advances in Cement Research, 2003, 15, No. 3



Steel- and carbon-fibre cement as piezoresistive strain sensors

the piezoresistivity of cement containing stainless steel
fibres (diameter 8 um, length ~6 mm) and provides a
comparison of the piezoresistivity of this material and
that of the carbon-fibre (diameter 15 um, length ~
5 mm) counterpart. The motivation of this work is the
development of improved self-sensing cement-based
materials and better understanding of the mechanism
for the piezoresistivity phenomenon.

Experimental method

Materials

Cement pastes were made using cement (Portland
cement, type I, from Lafarge Corp., Southfield, MI),
water (w/c ratio = 0-35), silica fume (15% by mass of
cement, Elkem Materials, Inc., Pittsburgh, PA, EMS
965, for helping the fibre dispersion) and fibres.

The steel fibres (Beka-Shield) were made of No. 304
austenitic stainless steel, as obtained from Bekaert
Fibre Technologies (Marietta, GA). The fibre diameter
was 8 um. The fibre length was 6 mm. The fibres
included 10 wt% (47 vol%) of a polyvinyl alcohol
(PVA) binder, which was hydrophylic and dissolved in
water during cement mixing, thus allowing fibre disper-
sion.

The steel fibres consisted of fibres and PVA amount-
ing to either 2-0 or 4-0% by mass of cement, corre-
sponding to fibres without PVA in the amount of either
036 or 0-72vol%. For example, a fibre content
(including PVA) of 4% by mass of cement in cement
paste corresponded to fibres (excluding PVA) in the
amount of 3-6% by mass of cement, or 0-72 vol%, and
PVA in the amount of 0-4% by mass of cement, or 0-64
vol%.

The carbon fibres were isotropic pitch based and
unsized, as obtained from Ashland Petroleum Co. (Ash-
land, KY). The fibre diameter was 15 ym. The nominal
fibre length was S mm. Fibres in the amount of 0-5%
by mass of cement (corresponding to 0-5 vol%) were
used. Prior to using the fibres in the cement, they were
dried at 110°C in air for 1 h and then surface treated
with ozone by exposure to O3 gas (0-6 vol%, in O,) at
160°C for 10 min. The ozone treatment improved the
wettability of fibres by water.*

Methylcellulose instead of PVA was used to help the
dispersion of the carbon fibres. The methylcellulose
used, at 0-4% by mass of cement, was from Dow
Chemical Corp., Midland, MI, Methocel A15-LV. The
defoamer (Colloids Inc., Marietta, GA, 1010) was used
together with methylcellulose at 0-13 vol% (percentage
of sample volume).

Each batch was large enough to cast six specimens
for tensile testing, six for compressive testing and six
for electrical resistivity measurement. A rotary mixer
with a flat beater was used for mixing. For steel-fibre
mixes, cement, water, silica fume and fibres were
mixed for 5 min. For carbon-fibre mixes, methylcellu-
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lose was dissolved in water, and then the defoamer and
fibres were added and stirred by hand for about 2 min.
Then, the methylcellulose mixture, cement, water and
silica fume were mixed for 5 min. For both steel- and
carbon-fibre mixes, after pouring the mix into oiled
molds, an external electric vibrator was used to facil-
itate compaction and decrease the amount of air
bubbles. The specimens were demoulded after 1 day
and then allowed to cure at room temperature in air
(relative humidity = 100%) for 28 days.

Three types of cement paste were studied: (a) steel-
fibre cement paste containing 0-72 vol% fibres; (b)
steel-fibre cement paste containing 0-36 vol% fibres;
and (c) carbon-fibre cement paste containing 0-5 vol%
fibres.

Test method

Piezoresistivity testing was conducted by measuring
the electrical resistance in the stress direction during
repeated application of tensile or compressive stress at
various amplitudes in essentially the elastic regime.
The resistance, stress and strain in the stress direction
(e.g. the longitudinal direction) were simultaneously
measured. Resistance measurement used a Keithley
2001 multimeter (with a current of around 1 mA).

Dog-bone shaped specimens of the dimensions
shown in Fig. 2 were used for tensile testing. The
specimen cross section was 30 X 20 mm in the narrow
part of the dog-bone shape. They were prepared by
using moulds of the same shape and size. Tensile
testing was performed using a screw-action mechanical
testing system under repeated loading (applied by
gripping on the sides near the two ends) at various
stress magnitudes. During tensile testing the longitudi-
nal strain was measured by using a strain gauge (3 mm
in length) attached to the centre of a side at the narrow
part of the dog-bone shaped specimen (Fig. 2). Simul-
taneously with mechanical testing, the longitudinal
electrical resistance was measured using the four-probe
method. The electrical contacts were made by applying
silver paint along the whole perimeter in four parallel
planes perpendicular to the stress axis, as illustrated in
Fig. 2. The inner two contacts (typically 70 mm apart)
were for voltage measurement, while the outer two
contacts (typically 80 mm apart) were for passing a
current.

Samples for compressive testing were in the form of
cubes of size 51 X 51 X 51 mm. During repeated com-
pression at increasing stress amplitudes, provided by a
hydraulic mechanical testing system, electrical resis-
tance measurements were made in the axial stress axis,
using the four-probe method, in which silver paint in
conjunction with copper wires served as electrical
contacts. Four contacts were perimetrically placed
around the specimen at four planes, all perpendicular
to the stress axis, and symmetric with respect to the
mid-point along the height of the specimen. The outer
two contacts (typically 40 mm apart) were for passing
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Fig. 2 Specimen configuration for tensile testing. Dimensions are in mm. The four electrical contacts are labelled A, B, C and
D. The outer contacts (A and D) are for passing current. The inner contacts (B and C) are for voltage measurement

current and the inner two contacts (typically 30 mm
apart) were for measuring the voltage. The longitudinal
strain was measured by using a strain gauge (3 mm
long) attached to the middle of one of four side
surfaces of a specimen. The strain gauge was centred
on the side surface and was parallel to the stress axis.
As the resistance measured was that between the two
inner contacts, the effect of friction at the ends of the
specimen on the resistance was expected to be negli-
gible.

Although the spacing between the electrical contacts
changed upon tensile or compressive deformation, the
change was so small that the measured resistance
remained essentially proportional to the volume resis-
tivity. Nevertheless, the resistivity, p, was obtained
from the resistance, R, distance, d, between the inner
contacts, and the cross-sectional area, A, by following
the equation

p=RS )

Six specimens of each of three types of paste were
tested to ascertain reproducibility of the piezoresistivity
behaviour.

DC volume electrical resistivity (as distinguished
from its variation with stress) was measured using the
Keithley 2001 multimeter (with a current that depended
on the resistance measured, namely 9-2 mA, 0-98 mA
and 89 uA for 0-72 vol% steel-fibre cement, 0-36 vol%
steel-fibre cement and 0-5 vol% carbon-fibre cement
respectively) and the four-probe method. In this meth-
od, four electrical contacts were applied by silver paint
around the whole perimeter at four planes perpendicu-
lar to the length of the specimen (150 X 12 X 11 mm).
The four planes were symmetrical around the mid-point
along the length of the specimen, such that the outer
contacts (for passing current) were 70 mm apart and
the inner contacts (for measuring the voltage in relation
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to resistivity determination) were 50 mm apart. Six
specimens of each composition were tested.

The gauge factor is defined as the fractional change
in resistance (not resistivity) per unit strain in the same
direction. It is a dimensionless number that describes
the extent of the piezoresistive effect. For a metal
which is conventionally used for strain gauges, the
gauge factor is 2.

Results

The weak piezoresistivity in cement-based materials
without fibres is described in Cao et al.'® This paper
only addresses the strong piezoresistivity in cement-
based materials containing fibres, particularly steel
fibres and carbon fibres.

Cement paste containing 0-72 vol% steel fibres

Figure 3 shows the variation of the fractional change
in resistivity with strain and stress for cement paste
containing 0-72 vol% steel fibres under repeated ten-
sion. Both resistivity and strain increased with increas-
ing stress with partial reversibility. The higher the
stress amplitude, the higher were both the strain and
the resistivity. However, the correlation between resis-
tivity and strain depended on the load history. This
dependence is undesirable for practical strain sensing.

Figure 4 shows corresponding results obtained under
compression. The strain was mostly reversible, but the
resistivity decrease upon compression was noisy and
the resistivity showed an irreversible increase after each
stress cycle.

Cement paste containing 0-36 vol% steel fibres

Figures 5 and 6 show the piezoresistivity results for
the cement paste containing 0-36 vol% steel fibres
under tension and compression respectively. The resis-
tivity increased upon tension and decreased upon com-
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Fig. 3 Variation of the fractional change in electrical
resistivity (solid curve) with strain (dashed curve) (a), and of
the strain (solid curve) with stress (dashed curve) (b), for
cement paste containing 0-72 vol% steel fibres under tension

pression, as observed for cement paste containing
0-72 vol% steel fibres (Figs 3 and 4). The resistivity
change and strain were more reversible, both under
tension and compression, but the resistivity change was
still fairly noisy in compression (Fig. 6(a)).

Cement paste containing 0-5 vol% carbon fibres

Figures 7 and 8 show the piezoresistivity results for
the cement paste containing 0-5 vol% carbon fibres
under tension and compression respectively. The strain
was totally reversible and was linearly related to the
stress. The resistivity increased with tensile strain and
decreased with compressive strain, such that the effect
was totally reversible, except for an irreversible in-
crease at the end of the first compression cycle. The
resistivity variation was much less noisy and much
more reversible than that observed for the two steel
fibre cement pastes (Figs 3-6).

Gauge factor

The gauge factor is defined as the fractional change
in resistance per unit strain. With the strain being
positive for tension and negative for compression, the
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Fig. 4 Variation of the fractional change in electrical
resistivity (solid curve) with strain (dashed curve) (a), and of
the strain (solid curve) with stress (dashed curve) (b), for
cement paste containing 0-72 vol% steel fibres under
compression

gauge factor is positive for both tension and compres-
sion. Its value, as obtained from the first stress cycle, is
listed in Table 1 for all three pastes.

The gauge factor was higher under tension than
compression for the two steel-fibre cement pastes, but
was lower under tension than compression for the
carbon-fibre cement paste. The gauge factor under
tension was much higher for the two steel-fibre cement
pastes than for the carbon-fibre cement paste. These
sharp contrasts between steel- and carbon-fibre pastes
suggest a difference in the piezoresistivity mechanism.

The gauge factor is higher for the steel-fibre cement
pastes than the carbon-fibre cement paste, except for
the case of the paste with 0-72 vol% steel fibres under
compression. When comparing the two steel fibre
pastes, the value for tension is higher and that for
compression is lower for the paste with a higher fibre
content.

Electrical resistivity

The electrical resistivity of the three cement pastes is
listed in Table 1. The two steel-fibre pastes are much
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Fig. 5 Variation of the fractional change in electrical
resistivity (solid curve) with strain (dashed curve) (a), and of
the strain (solid curve) with stress (dashed curve) (b), for
cement paste containing 0-36 vol% steel fibres under tension

more conductive than the carbon-fibre paste. This
difference is because the steel-fibre volume fractions
are above the percolation threshold previously deter-
mined for steel fibre (between 0-27 and 0-36 vol%),37
whereas the carbon-fibre volume fraction is below the
percolation threshold previously determined for carbon
fibre (between 0-5 and 10 vol%)."?

Stress—strain relationships

Figures 9-11 show the nearly linear stress—strain
relationships, as obtained from Figs 3-8 for both
tension and compression in the third stress cycle during
loading and unloading, for 0-72 vol% steel-fibre ce-
ment paste, 0-36 vol% steel-fibre cement paste and 0-5
vol% carbon-fibre cement paste, respectively. The
apparent non-linearity suggested by the curves plotted
over time in Figs 3-6 (particularly those obtained
under tension) is due to slight slippage at the grips.

Table 2 shows the elastic moduli under tension and
compression, as obtained from Figs 9-11. Both moduli
are higher for the carbon-fibre paste than the two steel-
fibre pastes. The steel-fibre paste with a higher fibre
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(b)

Fig. 6 Variation of the fractional change in electrical
resistivity (solid curve) with strain (dashed curve) (a), and of
the strain (solid curve) with stress (dashed curve) (b), for
cement paste containing 0-36 vol% steel fibres under
compression

content exhibits lower moduli than at the lower fibre
content. For each material, the moduli under tension
and compression are quite close.

Discussion

Percolation in this instance, of electrons, results from
contact between adjacent fibres so that a continuous
conducting path exists. Above the percolation threshold
(e.g. when percolation occurs prior to straining), the
conductivity is governed by the contact resistance at
the fibre—fibre contact, which is affected by tension
much more than compression. Below the percolation
threshold (e.g. when percolation does not occur prior to
straining), the conductivity is governed by the contact
resistance at the fibre—matrix interface when the matrix
is conductive, i.e. in a cement matrix. This interface is
inherently weak (loose) and is thus affected by com-
pression (which tends to diminish the gap at the inter-
face) more than tension (which tends to expand the
gap). The size of the gap is not expected to affect the
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Fig. 7 Variation of the fractional change in electrical
resistivity (solid curve) with strain (dashed curve) (a), and of
the strain (solid curve) with stress (dashed curve) (b), for
cement paste containing 0-5 vol% carbon fibres under
tension

contact resistivity of the interface very much, as
electron tunnelling is limited to small distances. Thus
the piezoresistivity in the steel-fibre pastes is domi-
nated by the effect of strain (particularly tensile strain)
on the fibre—fibre contact, whereas that in carbon-fibre
paste is dominated by the effect of strain (particularly
compressive strain) on the fibre—matrix contact.

Steel fibres are much more ductile than carbon. The
ductility of the steel fibres is favourable for the change
in fibre—fibre contact, which involves more movement
than the change in fibre—matrix contact. Although the
movement associated with a change in fibre—fibre
contact is relatively large, the actual movement needed
to affect the resistivity is small. This is due to the small
distances associated with electron tunnelling.

An increase in steel-fibre volume fraction causes the
gauge factor under tension to increase, conversely
causing it decreases under compression. This supports
the fact that, in the presence of percolation, tension has
more effect on the fibre—fibre contact than compres-
sion.

Although the gauge factor is relatively low for the
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Fig. 8 Variation of the fractional change in electrical
resistivity (solid curve) with strain (dashed curve) (a), and of
the strain (solid curve) with stress (dashed curve) (b) for
cement paste containing 0-5 vol% carbon fibres under
compression

carbon-fibre paste compared to the steel-fibre pastes,
the signal-to-noise ratio is higher and the reversibility
upon unloading is better for the former; compare the
(a) parts of Figs 3—8. In particular, the signal-to-noise
ratio is very low for the steel-fibre pastes under
compression. Therefore, the carbon-fibre paste is a
superior strain sensor than the steel-fibre counterparts.
Comparing the two steel-fibre pastes, that with the

Table 1. Gauge factor and electrical resistivity of cement
pastes containing silica fume and fibres

Fibres Gage factor Resistivity:
Qcm
Tension [Compression
0-72 vol% steel fibres {4560 &+ 640} 200 + 30 161
0-36 vol% steel fibres | 1290 &+ 160 | 720 & 100 57+4
0-5 vol% carbon fibres| 90+10 | 350430 |[(1-5+0-1) X 10*

125



S. Wen and D. D. L. Chung

05

Stress: MPa

Stress: MPa

Strain: 1074
(b)

Fig. 9 Stress—strain curves of 0-72 vol% steel-fibre cement
paste in the third stress cycle: (a) tension; (b) compression

lower fibre volume fraction (0-36%) is superior, due to
better reversibility upon unloading, the higher gauge
factor under compression, and the better balance in
gauge factor between tension and compression.

The relatively higher signal-to-noise ratio and super-
ior reversibility (upon unloading) of the carbon-fibre
paste is attributed to the relatively small movement of
the fibres associated with changing the tightness of the
fibre—matrix interface, compared to the relatively large
movement of the fibres associated with changing the
proximity between adjacent fibres.

It was previously believed that the inferior piezo-
resistive performance of steel-fibre cement compared
to carbon-fibre cement was due to the large diameter
(60 um) of the steel fibre used in the previous work.*
However, the steel-fibre diameter (8 ym) was smaller
than the carbon-fibre diameter (15 um) in this work.
Thus the inferior performance of steel-fibre cement is
related to difference in piezoresistive mechanism, rather
than the difference in diameter. However, further work
is needed to understand the difference in origin of the
piezoresistive behaviour between steel- and carbon-
fibre cements.

The pieozoresistive behaviour reported in this paper
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Fig. 10 Stress—strain curves of 0-36 vol% steel-fibre cement
paste in the third stress cycle: (a) tension; (b) compression

pertains to that of cement pastes. However, structural
cement-based materials involve aggregates, as in con-
cretes. As shown previously for carbon-fibre cement-
based materials, the presence of aggregates diminishes
the piezoresistive behaviour, though the behaviour
remains strong enough for application in sensing. 40

Conclusion

Carbon-fibre (15 um diameter, below the percolation
threshold) paste is a better piezoresistive strain sensor
than stainless steel-fibre (8 um diameter, above the
percolation threshold) paste at a similar fibre volume
fraction, as shown by a higher signal-to-noise ratio and
better reversibility upon unloading. However, the gauge
factor is higher for the steel-fibre pastes, particularly
under tension. The steel-fibre paste containing
0-36 vol% fibres is superior to that containing 0-72
vol% fibres as a piezoresistive strain sensor, as shown
by better reversibility upon unloading and the higher
gauge factor under compression. The mechanism be-
hind the piezoresistivity relates to the effect of strain
on the fibre—fibre contact in the case of the steel fibre

Advances in Cement Research, 2003, 15, No. 3
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Fig. 11 Stress—strain curves of 0-5 vol% carbon-fibre ce-
ment paste in the third stress cycle: (a) tension; (b)
compression

Table 2. Elastic moduli of cement pastes containing silica
fume and fibres

Fibres Modulus: GPa
Tension Compression
072 vol% steel fibres 10:3 £ 1-5 103 + 11
0-36 vol% steel fibres 12:4 £ 1-6 140 £ 13
0-5 vol% carbon fibres 144 £+ 23 151 £+ 2-1

paste, but relates to the effect of strain on the fibre—
matrix contact in the case of the carbon-fibre paste.
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