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Resistance heating using electrically conductive

cements

S. Wang*, S. Wen* and D. D. L. Chung*

University at Buffale, The Sture University of New York

Steel fibre (8 wm diameter, 072 vol. Yj-reinforced cement was found to be effeciive for resistance heating. A DC
electrical power input of 56 W (71 V, 079 A resulied in ¢ maximum temperature of 6(°C finitial remperature
= 19°C} and a time of 6 min to veach half the maximum temperature. Efficiency of energy conversion increased
with rime of heating, reaching 100% afier 50 min. The heat power output per unit areq wus 750 Wi for sweel
fibre cement, compared with 34() Wim for a metad wire with the same resistance. The use of carbon fibres or
graphite particles in place of steel fibres resufted in less effective heating, due fo the higher resistivity,

Introduction

Electrical heating includes resistance heating (ic.,
Joule heating) and induction heating, in addition to
hcminlfr by the use of electric heat pumps, plasmas and

i should be distinguished from solar
heating” * and the use of fossil fuels such as coal, fuel
0il and natural gas,2 Due 1o the environmental preblem
associated with the use of fossil fuels and due to the
high cost of solar heating, electrical heating is increas-
ingly important. Although electric heat pumps are
widely used for the electrical heating of buildings,
resistance heating 1s a complementary method which is
receiving increasing attention. Resistance heating is the
focus of this paper.

Resistance heating involves passing an electric cur-
rent through a resistor. which is the heating element. In
relation to the heating of buildings, resistance heating
typically involves the embedding of hcatin§ elements in
the structural material, such as concrete.” " The materi-
als of heating clements cannot be too low in electrical
resistivity, as this results in the resistance of the heating
element being too low and a high current would be
needed to attain a certain power. The lower limit of the
resistance depends on the current capability of the
power source. The matcrials of heating clements cannot
be too high in resistivity cither, as this results in the
current in the heating clement being too low (unless the
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voltage was very high). The upper limit of the resistance
depends on the voltage capability of the power source.
Materials of heating elements include metal alloys (such
as nichrome), ceramics (such as silicon carbide''),
gmphilc.”'|3 polymer-matrix coxnpm‘;itcs-;,]4 ' carbon—
carbon composites,’’ asphaltIH and concrete.

Resistance heating is not only vseful for the heating
of buildings. 1t is useful for the deicing of bridge
decks.w driveways and za.ircrr-lft,]4 and for the demoli-
tion of conerete structures.” ™

A less commen lorm of resistance heating involves
cddy current heating which accompanics induction
hcating.r’ but the requirement of induction heating
makes this form ol resistance heating relatively expen-
sive and it 15 not addressed herein. Furthermoere. the
paper docs not address the various electrical and solar
methods of hcating that can be used t¢ hasten the
curing of concrete. ™ 7

Conventional concrete (i.e., concrete without con-
ductive admixtures) 1s electrically conductive, primar-
ily due to ions, which originate mainly from the water
in the concrete. Removal of water from concrete
increases the resistivity. However, even without the
removal of water. the resistivity of conventional con-
crete is too high for resistance heatng to be effective.
In fact, the resistivity is so high that it must be
decreased by orders of magnitude before the material
can be effective for this application. Thus, in the
devclopment of cement-based materials for resistance
heating, low resistivity 15 not a matter for concern as
the lower the resistivity, the better is the material for
resistance heating.

The resistivity of concrete can be diminished by
using an electrically conductive admixture, such as
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discontinuous carbon fibres.”™ * discontinuous  steel
fibres, ™" steel Shm-'ingw and graphite particlcs.“"ﬂ’i
The steel shaving is better considered as a fine
aggregate than an admixture, because of its large
particle size (0-15 — 4-75 mmy" and high proportion
(20 \-'01.‘!-'1&).:“ The comhined use of conductive fibres
and conductive particles is also effective. For exam-
ple. the combined use of steel shaving (20 vol %)
and steel Iibre (1-5 vol %, fibre diameter, which is
larger than that of this study by a few orders of
magnitude)  gives an  electrical  resistivity  of
100 Q em.” Yet another way to diminish the resis-
tivity involves using an alkaline slag binder."”

The objective of this paper is to evaluate the
effectiveness o conductive cements for resistance
heating, since such evaluation has received little
prior attention and prior evaluation has been limited
to  heating n  the temperaturc range for
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deicing.” """ In contrast, this work addresses heat-
ing above room temperaturc. In this evaluation,
cements  containing  discontinuous  carbon  fibres

{15 um diameter, 1-0vol.%), discontinucus stainless
steel fibres (8 gm diameter, 0-7 vol.%) and graphite
particles (= 45 gm size. 37 vol%) were compared.
Duc to the lowest resistivity (0-85Qem) being
attained by the vse of the steel libres, the effective-
ness for heating was highest for the cement with
steel fibres. Therefore, this paper is focused on the
evaluation of  steel-fibre-reinforced  cement as a
heating clement.

The cement matrix is shightly conductive, with
electrical resistivity around 5§ X 10° € em.™ The con-
ductive admixtures used in this work involve electrons
and/or holes in the conduction and they dominate the
conduction in the cement—matrix composites of this
work, as shown by the fact that the resistivity of thesc
coniposites is lower than that of the cement matrix by
a few orders of magnitude. The oecurrence of percola-
tion has been previously shown by measurement of the
resistivity at various volume fractions of the conduec-
tive admixture (carbon fibre]m both above and below
the percolation threshold. That the conductive admix-
tures dominate the conduction in the cement—matrix
composites of this work is advantageous for the
stability of the resistivity of the composites at elevated
temperatures for a long time, as the cement matrix
itself is limited in thermal stability. As the resistivity
of cement-based materials decreascs reversibly with
increasing tcmpcraturc,% the effectivencss of the ce-
ment-based materials for resistance heating is cxpected
10 improve slightly, cven though moisture loss occurs
as the temperature increases.”’

Experimental methods

No aggregate (line or coarse) was used. The cement
used was Portland cement (type 1).
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Three types of conductive admixtures were used for
the sake of comparisoen. They were stee! fibres, carbon
fibres and graphite particles.

The steel fibres were made of 304 austcrutic stainless
steel. The fibre diameter was & gm. The fibre length
was 6 mm. The fibres included 10 wt.% (47 vol®o) of a
polyvinyl alcohol (PVA) binder, which was hydrophylic
and dissolved in water during cement mixing, thus
allowing fibre dispersion.

Cement pastes containing steel fibres were made by
using ccment, water (water/cement ratio = (-35), silica
fume (15% by mass of cement, to help the fibre
dispersion) and the steel fibres (fibres + PVA amount-
ing to 4-0% by mass of cement, corresponding to fibres
without PVA amounting to 3-6% by mass of cement, or
072 vol.%, and PVA amounting to 0-4% by mass of
cement, or 0-64 vol %).

The carbon fibres were isolropic pitch based, un-
sized, 13 #m in diameter and approximately 5 mm in
length, as obtained from Ashland Petroleum Co. (Ash-
land. KT, USA), The carhon {ibre content was 1-0% by
mass of cement. This corresponds to a fibre volume
fraction of 1-0%. The water/cement ratto was 0-35,
Silica fume (Elkem Materials, Inc., Pittsburgh, PA,
USA: EMS 965) was used in the amount of 15% by
mass of cement in order to help the fibre dispersion.
Methylcellulose, used along with carbon fibres amount-
ing to 0-4% by mass of cement, was Methocel A15-LV
(Dow Chemical Corp., Midland, M1, USA). The defoam-
er {Colloids, [nc., Marictta, GA, USA; 1010) was in the
amount of -13 vol.%.

The graphite powder (flakes) were <7 43 um in size,
as provided by Fisher Chemical Co., Fair Lawn, NJ,
USA. The graphitc/cement weight ratic was 1-0. This
correspends to a graphite volume fraction of 37%, as
calculated from the densities of the components. The
water/cement ratio was 0-45.

A rotary mixer with a flat beater was used for
mixing. Cement, watcr, silica fume (if applicable) and
conductive fibres {or powder) were mixed for 5 min.
After pouring into oiled moulds, an external clectrical
vibrator was used to facilitatc compaction and decrease
the amount of air bubbles. The samples were taken out
of the moulds after 1 day and cured in air at room
temperature (relative humidity = 100%) for 28 days.

Evaluation of the stecl-fibre-reinforced cement as a
heating element was conducted by passing a fixed DC
current (ranging from (+14 to 0-79 A, corresponding to
power ranging from 0-19 to 3:64 W) along the length
of the specimen (150 mm X 12 mm X |2 mm, put on 4
refractory brick) by using electrical contacts (150 nim
apart) in the form of silver paint 1 conjunction with
copper foil at the two end surfaces ol the specimen.
The silver paint was applicd between each end of the
specimen and a copper foil which covered the cntire
12 mm X 12 mm surface of the specimen end. Two
copper wires were soldered to cach of the two copper
foils, as illustrated in Fig. 1. One wire from each of the
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two ends of the specimen served as a current contact;
the other wirc from each end served as a voltage
contact. Hence, there were twe contacts {or passing
current and two other contacts for voltage measure-
ment. The voltage drop along the length of the speci-
men ranged from 1-34 to 7-14 V. The room temperature
was 18-7°C. The temperature of the specimen was
measured as a function of time during constant current
application and in the subsequent period in which the
current was off by vusing a T-type thermocouple located
in the middle of the top surface of the specimen. The
constant current period was long encugh for the tem-
perature to essentially stabilise to a maximum.

The evaluation of the carbon-{ibre-reinforced cement
was conducted in the samc way as that of the steel-
fibre-reinforced cement, except that the current was
0-065 A and the power was 1-806 W. The evaluation of
the graphite-particle-reinforced cement was also con-
ducted in the same way, cxcept that the current was
0-009 A and the power was 0-27 W. The differences in
current and power were due to differences in resistivity.

Results and discussion

Figurc 2 shows the change in temperature with time,
which is proportional to the clectrical energy because
the power (product of voltage and current) is constant,
for a power level of 5-6 W, The temperature increased
with time, as cxpected, but it stabilised gradually. When
the current was subsequently turned off the temperature
dropped, as cxpected. Similar effects were obtained at
all power levels. Table | shows a quantitative compari-
son of the results obtained at five power levels, The
higher the power, the higher was the maximum tem-
peraturc and the longer was the time to reach the
maximum temperature. Due to the asymptotic nature of
the temperaturc nse toward the maximum temperature,
the time to reach half the maximum temperature rise is

Resistance heating using electrically conductive cements

a better indicator of the response time than the time to
reach the maximum temperatore. Both the time to
reach half the maximum temperature rise durmg heat-
ing and the time to cool to half the maximum (empera-
turc rise during cooling decreased with increasing
powcr, cxcept when the power was below 0-91 W. The
electrical cnergy input to heat by 1°C in the initial
portion of rapid temperaturc rise ranged from 90 to
117 ). The heat output (i.c., heat going to the environ-
ment, whether by convection, radiation or cenduction)
is given by the electrical encrgy input minus the heat
absorbed by the heating clement (i.e., specimen). The
heat absorbed is given by the product of the specific
heat, mass and temperature chunge. Assuming that the
specific heat is constant at 1000 J’kg K.* the heat
output was calculated, as shown in Table | for the heat
released during the first 300 s of heating (1.e., the initial
period of rapid temperature risc). This heat output
ranged from 34 to 860 I which corresponded to a heat
power output ranging from 0-11 to 286 W during the
first 300 s of heating.

The ratio of the heat power output to the electrical
powcr input is the efficiency (i} of the conversion from
glectrical energy to thermal energy. It is given by

H"AI — CpmAT 0
TV Ae

where AT is the change in temperature in time Az, €,
is the specific heat, m 1s the mass. { is the current and
I is the voltage. As the heating time progresscs. AT
approaches zero and hence 7 approaches 100%, irre-
spective of the value of Cp. The €, value just affccts
the time it takes for # to reach 100%.

Figure 3 shows a plot of # versus time for the case
of 1 =048 A (onc of the cases in Table 1). The curves
almost overlap for all of the five cases in Table {. The
ctficiency was about 45% at the start of hcating. It
increased with the time of heating, reaching 100% after
3000 s ol heating.

Thermacouple

Soldered joint for
current contact

Soldered
joint for

current
cantact

Copper
fail with
silver paint
undearneath

_____________________________ AP S

150 mm

&

Soldered joint for
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k4

Soldered joint for
voltage contact

Fig. 1. Specimen configuration for evaluation of resistance heating effectivencsy
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Fig. 2. Temperature variation during heating feurrent on}
and subsequent cooling feurvent off). Thick curve, tempera-
ture: thin curve, curren!

The power of 5-6 W (highest value in Table 1)
correspends to a power per unit arca of the surface of
the rectangular specimen of 750 Wim?. (The area of all
six faces of the rectangular specimen bar was consid-
ered.) This value is close to the highest value of
855 W/m* previously reported for the power dissipation
from the top and bottom faces of a slab of concrete
containing carbon fibres and carbonaceous particles.sh
Because of the difference in geometry, comparison of
the power per unit area of this work and that of Ref. 36
1s not very meaningful.

The use of carbon fibres (1-0 vol.%, 15 #m diameter,
Smm long) insiead of steel fibres (0-72 vol.%, & ym
diameter, & mm long) resulted in 1 maximum tempera-
ture of 56°C and a time of 2365 to reach half the
maximum temperature when the clectrical power input
was 1-806 W (28 'V, 0:065 A). The need for a high
voltage (28 V. compared with 7V in the steel-fibre-
reinforced cement case) is disadvantageous.

The use of graphite particles (37 vol.%. < 45 um
size) instead of steel fibres (0-72 vol.%) resulted in a
maximum temperature of 24°C and a time of 220 s to
reach half the maximum temperature nse when the
clectrical power input was 0-27 W (30 V, 0-009 A). The
high voltage and the low maximum temperature are
undesirable.

The electrical resistance of the steel-fibre-reinforced
cement specimen (Fig. 2, Table 1) was .99 Q. This
corresponds to a resistivity of 0-85 £2 cm. In contrast,
the resistivity was 407 and 104 € cm, respectively, for
graphite (37 vol.%) cement and carbon  fibre
{1:0 vol.%) cement. The exceptionally low resistivity of
the steel-fibre-reinforced cement is due to the high
conductivity and large aspect ratio of the steel fibres
used. The relatively high resistivities of the graphite
cement and carbon fibre cement are due to the
relatively low aspect ratio and the relatively low
conductivity of the graphite and carbon fibres. [ncreas-
ing the stec] fibre velume fraction from 0-72 to 0-90%
did not decrease the resistivity, probably due to poorer

164

dispersion of thc fibres at a higher volume fraction.
The highest effectivencss for resistance heating attained
by using steel-fibre ((72 vol.%)-reinforced cement was
due 10 the lowest resistivity.

An alternate concrete technology involves using steel
shavings as the conductive aggregate. in conjunction
with low-carbon steel fibre as the conductive admix-
ture.”" The use of 20 vol.% steel shavings together with
1-5 vol.% steel fibre resulted in an electrical resistivity
of 100 € ecm.™ This resistivity is much higher than that
of the steel-fibre-reinforced cement of the present
study. Furthermore, the resistivity of the material of
Ref. 20 increased with time, reaching 350 Q cm in 6
months,”’ probably due to corrosion of the steel shav-
ings and fibre. Of practical importance is that the
material used in the present study does not require any
special mixing equipment or procedure and does not
require any special aggregate.

The effectiveness of a cement-based heating element
is governed by the resistance, which depends on the
resistivity and the dimensions. The resistances of the
stecl-fibre cement, carbon-fibre cement and graphite-
cement specimens used in this work were 899, 434 and
3620 82, respectively, showing that a resistance of
around 10 € is sufficiently low. In order to reach a
resistance that is sufficicntly low for effective use as a
heating element, either the resistivity needs to be low
or the ratio of the length in the current direction to the
cross-sectional area perpendicular to the current dirce-
tion needs to be small.

In practice, electrically conductive cements compete
with metals for use in resistance heating. For the sake
of comparison, let us consider the most common
heating element in the form of a metal wire (say,
resistivity = 107* Q ¢cm and diameter = 0-5 mm). A
length of 1-76 m is necded to attain a resistance of
8-99 €. which is the valuc for the steel-fibre-reinforced
cement bar used in the present study. Thus, the use of a
cement-based heating element does not require a long
length. In contrast, a metal-based heating element
requires a long length and conscquently the winding of
the long length to make a heater coil is necessary. Due
to its bulkiness, a metal coil is intrusive when it is
embedded in a structure. Furthermore. the air gap
within the coil and between the coil and the structural
material is a thermal insulator that reduces the effec-
tiveness of heat transfer from the coil to the structure.

For the same current of 0-79 A and the same voltage
of 71 V, the heat power output per unit area attained
in the steel-fibre-cement bar of the present study
(750 W/m?) is much higher than that attained by the
metal wire {340 W/mn®).

Conclusion

Steel-fibre {8 gm diameter, 0-72 vol.%)-reinforced
cement is effective for use as a resistance heating

Advances in Cement Research, 2004, 16, No. 4
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Fig. 3. Efficiency versus time during heating at a curvent of
{48 4

clement. An electrical power input of 56 W (71 ¥
0-79 A) resulted in a maximum temperature of 60°C
{(initial temperature = 19°C) and a time of é min to
rcach half of the maximum temperature risc. Decreas-
ing the electrical power input decreased the maximum
temperature and increased the time to rcach half the
maximum temperature rise. The cfficiency of conver-
sion from electrical energy to thermal cnergy was about
45% at the start of heating, [t increased with the time
of heating, attaining 100% after 3000 s of heating. The
use of carbon fibres (15 um diameter, 1-0 vol.%) or
graphite particles (<7 45 gm, 37 vol.%) instcad of steel
lbres resulted in lower effectivencss for resistance
heating, due to the higher voltage requircment asso-
ciated with the higher electrical resistivity. The heat
power oulput per unit area attained by stecl-
fibre-reinforced cement is 750 W/m?, compared with
340 Wim® for a metal wire having the same resistance.
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