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Abstract

Cement paste containing short steel fibers (8 pm diameter, 0.18 vol.%) and polyvinyl alcohol (0.16 vol.%) exhibits longitudinal
piezoelectric coupling coefficient d=2.5 x 10 ™' m/V and piezoelectric voltage coefficient g= 1.1 x 10 ~* m?*/C (10 kHz), compared to
values of d=3.0x 10~ !> m/V and g=1.1 x 10 "3 m?/C for cement paste without admixture, and values of d=1.4x 10~ !'' m/V and
g=1.5x 103 m?/C for lead zirconotitanate (PZT). © 2002 Elsevier Science Ltd. All rights reserved.
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1. Introduction

Piezoelectricity, known as direct piezoelectricity, refers to
the change of the electric polarization with stress; this
change results in a change in voltage across the material in
the direction of the polarization. Conventional piezoelectric
materials are the perovskite ceramics (e.g., titanates, zirco-
nates and zirconotitanates). However, this work uses cement
pastes as piezoelectric materials. Cement pastes are attractive
due to their low materials and processing costs, in addition to
their mechanical ruggedness and processability compared to
the conventional materials mentioned above. Furthermore,
cement paste relates to concrete, which is widely used for
structures. The use of a structural material for piezoelec-
tricity eliminates or reduces the need for embedded or
attached devices, which are expensive and limited in dura-
bility, in addition to causing mechanical property degrada-
tion of the structure in the case of embedded devices.

Piezoelectricity is valuable for strain sensing, which is
relevant to structural vibration control, traffic monitoring
and weighing in motion. In addition to its usefulness in
sensing, piezoelectricity is useful for energy conversion.
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Piezoelectricity allows the conversion of mechanical energy
to electrical energy. The energy conversion can be used for
the generation of electrical power. Even if the efficiency of
the energy conversion is not high, the large volume of con-
crete in a concrete structure may make the effect significant
enough for technological use.

Piezoresistivity (to be distinguished from piezoelectri-
city) refers to the change of the electrical resistivity with
strain. It is useful for strain sensing and has been observed
in cement-based materials [1—12]. However, piezoresistiv-
ity is not the subject of this paper.

Piezoelectricity relates to the dielectric behavior. The
static dielectric constant (¢) is a material property that relates
to the electric dipole moment per unit volume. It is the
product of the permittivity of free space (¢,) and the relative
dielectric constant (k). The dipole moment per unit volume,
also called the polarization, is proportional to k — 1, which
is called the electric susceptibility.

Due to the presence of ionic bonding and moisture in
cement, electric dipoles are present and the dielectric con-
stant has been measured for the purpose of fundamental
understanding of cement-based materials. Such fundamental
studies have addressed the effects of moisture [13—-18],
chlorides [19], curing age [20—-29], aggregate type [19],
air entrainment [30] and admixtures such as silica fume
[31,32], latex [32] and short fibers [32]. In particular, it has
been reported that k at 10 kHz to 1 MHz is decreased by
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Fig. 1. Variation of the relative dielectric constant k (solid curve, 10 kHz) with time, and of the stress (dashed curve) with time during repeated uniaxial

compression of cement paste (i) at increasing stress amplitudes.

silica fume addition, increased by latex addition, decreased
by stainless steel fiber (60 pm diameter) addition, and in-
creased by carbon fiber (15 pm diameter) addition [32].

The direct piezoelectric effect was observed in cement
pastes by voltage measurement [33] and by observing the
effect of stress on the electric polarization [32]. It is
attributed mainly to the movement of ions in response
to stress.

2. Experimental methods

No aggregate (fine or coarse) was used. The cement used
was portland cement (Type I) from Lafarge (Southfield, MI).

The steel fibers (Beka-Shield) were made of No. 304
austenitic stainless steel, as obtained from Bekaert Fiber
Technologies (Marietta, GA). The fiber diameter was 8 pm.
The fiber length was 6 mm. The fibers included 10 wt.%
(47 vol.%) of a polyvinyl alcohol (PVA) binder, which was
hydrophilic and dissolved in water during cement mixing,
thus allowing fiber dispersion.

Two types of cement pastes were prepared, namely (i)
plain cement paste, which consists of just cement and water,
and (ii) steel-fiber cement paste, which consists of cement,
water, steel fibers in the amount of 0.9% by mass of cement,
corresponding to 0.18 vol.%, and PVA in the amount of
0.10% by mass of cement, corresponding to 0.16 vol.%.

A rotary mixer with a flat beater was used for mixing.
Cement, water (water/cement ratio=0.35) and fiber were
mixed for 5 min. After pouring into oiled molds, an external
electrical vibrator was used to facilitate compaction and
decrease the amount of air bubbles. The samples were
demolded after 1 day and cured in air at room temperature
(relative humidity =100%) for 28 days.

Specimens were in the form of cylindrical discs of
diameter 12.3 mm and thickness 2.0 mm. Due to the small
thickness, the fibers in each specimen were bound to have a
degree of preferred orientation. A specimen, after mechan-
ical polishing on both sides by using alumina particles of
size 0.25 pm, was sandwiched by two copper discs (simi-
larly polished) of diameter 12.3 mm at a pressure of
1.68 kPa, unless noted otherwise. The copper discs served
as electrical contacts. Silver paint was applied between the
specimen and each copper disk.

The impedance was measured along the thickness of the
specimen using the two-probe method and an RLC meter
(QuadTech 7600) at frequencies ranging from 10 kHz to
1 MHz. The magnitude of voltage applied across the
thickness (2 mm) of a specimen was 1.000 V. Hence,
the magnitude of the applied electric field was 500 V/m.
The resistance and reactance were obtained from the impe-
dance by assuming that they were in series connection. The
capacitance was obtained from the reactance. The dielectric
constant was obtained from the capacitance. Six specimens
of each type were tested.

To show that the dielectric constant measurement using
the method described above was accurate, measurement was
made on a Kapton (a polymer) film. The known dielectric
constant of Kapton is 3.9 at 1 kHz. Measurement in this
work at 1 kHz gave a value of 3.9 also.

For testing the piezoelectric behavior, during the impe-
dance measurement, compressive stress was applied to the
sandwich, so that the stress was parallel to the direction of
impedance measurement. The stress (repeated loading at
increasing stress amplitudes within the elastic regime) was
provided by a hydraulic mechanical testing system (MTS
Model 810). The minimum compressive stress was 1.68 kPa.
Six specimens of each type were tested.
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Fig. 2. Variation of the relative dielectric constant k (solid curve, 10 kHz) with time, and of the stress (dashed curve) with time during repeated uniaxial

compression of cement paste (ii) at increasing stress amplitudes.

The longitudinal piezoelectric coupling coefficient d was
obtained from Eq. (1):

ok

d = coE| 2%
co Jo

(1)

where k is the relative dielectric constant, o is the stress, E is
the electric field amplitude (500 V/m) and ¢, is the permi-
ttivity of free space. Thus, d is proportional to the change
in Kk per unit change in stress.

The piezoelectric voltage coefficient g was obtained from
the equation

e ?

The voltage change OV resulting from a stress change o
was calculated by using the equation

oV = Igdo, 3)

where / is the length of the specimen in the direction of
polarization. The value of OV can be enhanced by increasing

Table 1

g, which can be increased by increasing d or decreasing K,
as shown by Egs. (2) and (3).

3. Results and discussion

Figs. 1 and 2 show the relative dielectric constant (k) and
the applied stress (negative for compression) during
repeated compressed loading of cement pastes (i) and (ii),
respectively. For both pastes, k increases (i.e., the reactance
decreases) upon loading and the piezoelectric effect is quite
reversible. The greater the stress amplitude, the more k
increases. The longitudinal piezoelectric coupling coeffi-
cient d, as averaged over the first half of the first stress cycle
for each specimen, is shown in Table 1 for each of the two
cement pastes.

For both pastes, the piezoelectric coupling coefficient d
varies with stress. In general, the magnitude of d tends to
decrease nonlinearly with increasing stress magnitude, such
that the decrease occurs mainly at stress magnitudes below
1 MPa. The decrease in the magnitude of d with increasing
stress magnitude is essentially reversible.

Measured longitudinal piezoelectric coupling coefficient d, measured relative dielectric constant k, calculated piezoelectric voltage coefficient g and calculated
voltage change resulting from a stress change of 1 kPa for a specimen thickness of 1 cm in the direction of polarization

Material d (m/V)? K? g (1073 m¥C)° Voltage change (mV)°
Cement paste (plain)°® 3.0x 1013 33 1.1 11
Cement paste with steel fibers and PVAY 25%x10° " 2500 1.1 11
PZT 14x10~ " 1000 15 15

? Averaged over the first half of the first stress cycle.
° At 10 kHz.

¢ Cement paste (i).

4 Cement paste (ii).
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A strong piezoelectric effect was attained by using
steel fibers (8 um diameter). It corresponds to d=2.5 X
10" m/V and g=1.1 x10 > m%*/C. These values are
comparable to those of the conventional ceramic piezo-
electric material lead zirconotitanate, i.e., PbZrO;—PbTiO;
solid solution, or, in short, PZT, as similarly measured in
this work and shown in Table 1. The piezoelectric
characteristics of cement paste (ii) and PZT are similar
in spite of the differences in mechanism and in material
texture. In the cement case, the mechanism relates to the
movement of the mobile ions under stress. In the case of
conventional ceramic piezoelectric materials, the mechan-
ism relates to the small change in spacing between ions of
opposite charge under stress.

Table 1 shows the comparative piezoelectric performance
of various cement pastes and PZT. Cement paste (ii) of this
work gives the highest values of d and k, while PZT gives
the highest g. The overall performance in terms of both d
and g is comparable between cement paste (ii) and PZT.

The coefficient d is much smaller for cement paste (i)
than cement paste (ii), though g is the same for both due to
the difference in k. The difference in d is probably due to the
contribution by the interphase between steel fiber and the
cement paste [34].

The change in voltage obtained in the direct piezoelectric
effect stems from the change in electric field. For the same
electric field change, the voltage change is larger when the
specimen length in the field direction is larger, as shown by
Eq. (3). Due to the low cost and structural usage of cement,
practical dimensions tend to be larger for cement than PZT.
As a consequence, the voltage change obtained by using
cement can be large compared to typical voltage changes
obtained by using PZT.

4. Conclusion

Cement paste containing short steel fibers (8 pm diameter,
0.18 vol.%) and PVA (0.16 vol.%) exhibits longitudinal pie-
zoelectric coupling coefficient d=2.5 x 10 ~'' m/V and pie-
zoelectric voltage coefficient g=1.1 x10 > m%/C at
10 kHz, compared to d=1.4x 10" " m/V and g= 1.5 x
10~ 3 m?/C for PZT. The voltage change resulting from the
cement paste is 73% of that resulting from PZT. In contrast,
cement paste without any admixture exhibits d=3.0 x
10~ m/Vand g=1.1 x 10 ~> m*/C.
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