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For piezoresistivity-based strain sensing using carbon fiber-
reinforced cement (152 mm [6 in.] specimens under compression)
in the elastic regime, the four-probe method of electrical resistance
measurement is more effective than the two-probe method in that it
provides gauge factor (fractional change in resistance per unit
strain) that is higher and that varies less with the strain amplitude.
The two-probe method also suffers from the resistance increasing
irreversibly in the first few loading cycles due to minor degradation of
the electrical contacts. The use of embedded stainless steel electrical
contacts gives more effective strain sensing and slightly lower
resistivity than the use of silver paint surface electrical contacts,
whether the four-probe method or the two-probe method is used.
In case of the four-probe method, the use of embedded steel
contacts compared with the use of surface silver paint contacts
results in greater linearity and lower noise in the variation of the
resistance with strain. In case of the two-probe method, the use of
embedded steel contacts compared with the use of surface silver
paint contacts results in lower variability of the gauge factor and
smaller fractional contribution of the contact resistance to the
measured resistance.
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INTRODUCTION
Multifunctional cement-based materials are able to

provide the structural function (load bearing) plus one or
more nonstructural functions. The nonstructural function
addressed in this paper is strain sensing.1-21 Applications of
strain (stress) sensing include traffic monitoring (for
enhancing safety and mobility of transportation), building
evacuation monitoring (that is, determining the room
occupancy by weighing each room using smart concrete
while the building is being evacuated), border monitoring
(that is, monitoring the vehicles and pedestrians in the
vicinity of the border through weighing using smart
concrete), building security enhancement (that is, detecting
an intruder in or around a building by sensing his weight),
building facility management (that is, using the room
occupancy, as determined by weighing the room, to control
the heating, cooling, lighting, and ventilation of a room in
real time for the purpose of saving energy), and weighing
(such as the weighing of trucks in motion for the purpose of
avoiding overweight trucks on highways, the weighing of a
truck that is filled with goods before it leaves a factory, and
the weighing of cargo in a cargo yard). Damage sensing is
valuable for structural health monitoring and hazard mitigation,
as needed due to the deterioration of our nation’s civil
infrastructure, such as bridges, and the need for enhanced
homeland security.

A nonstructural function should be attained with little or
no compromise on the structural performance. Nonstructural
functions such as sensing are conventionally attained in a
cement-based material by using embedded or attached

devices (for example, strain gauges). This method, however,
suffers from the high cost and poor durability of the devices,
in addition to the limited functional volume and the tendency
for the embedded devices to result in mechanical property
loss in the structure. In contrast, this paper addresses the
attainment of a nonstructural function without embedded or
attached devices, as made possible by special formulation of
the cement-based material itself. The formulation involves
the use of a minor amount of an admixture for enhancing the
function desired. Although the admixture adds to the cost of
the cement-based material, its use is less expensive than the
use of embedded or attached devices, which are associated
with high costs of device acquisition, installation, and
maintenance. In particular, the repair of embedded devices is
difficult or impossible.

The most effective sensing-enhancing additive for
cement-based materials is short carbon fibers (such as those
that are 5 mm [0.2 in.] long and 15 μm in diameter).2 The fibers
do not necessarily touch one another. For the purpose of cost
reduction, the fiber content should be below the percolation
threshold. The percolation threshold is the fiber volume fraction
above which the adjacent fibers touch one another, thereby
forming a continuous electrically conductive path. The carbon
fibers render increased flexural strength, flexural toughness,
tensile strength and tensile ductility, and decreased drying
shrinkage, in addition to enhanced sensing ability. Thus, the
resulting multifunctional cement-based material is attractive
from both functional and structural points of view.4

The carbon fibers are not the sensor, but are a modifier to
the cement-based material. They make the cement-based
material strongly piezoresisitive, that is, the electrical resistivity
of the cement-based material changing with strain. Upon
uniaxial tension, the volume resistivity increases in both the
longitudinal and transverse directions;6 upon uniaxial
compression, the volume resistivity decreases in both the
longitudinal and transverse directions.5 Upon flexure (three-
point bending), the surface resistance increases at the tension
surface and decreases at the compression surface.21 All of
these effects are reversible upon unloading. Furthermore, the
piezoresistive effect is strong, with a gauge factor (fractional
change in resistance per unit strain) as high as 400. In
contrast, the gauge factor is only two for a conventional
strain gauge. The piezoresistive effect in this multifunctional
cement-based material is due to the slight pull-out of crack-
bridging fibers (which are much more conductive than the
cement matrix) during crack opening and the consequent
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increase in the contact electrical resistivity of the fiber-
matrix interface.

The addition of carbon fibers allows the sensing of strain
(stress) and damage.17 In general, strain (stress) causes the
resistivity to change reversibly while damage (other than
very minor damage) causes the resistivity to change irreversibly.
The ability to sense both strain (stress) and damage is valuable,
as it allows determination of the loading condition at the time
of damage infliction, thereby enabling damage cause analysis.
In contrast, ultrasonic inspection allows damage condition
assessment but not strain (stress) sensing. This paper addresses
the strain (stress) sensing, but not the damage sensing. However,
the electrical contact configuration evaluation performed in
the context of the former is also relevant to the latter.

Strain sensing relates to stress sensing, which in turn
relates to weighing. For practical weighing, the accuracy and
precision of the weighing need to be sufficient. These
attributes of the weighing performance depend on the electrical
contact configuration. The quality and durability of the
electrical contacts are critical to the implementation of the
sensing technology in any application. This paper provides a
comparative study of various electrical contact configurations.

The performance of carbon-fiber cement-based materials
depends on the degree of dispersion of the fibers in the
cement matrix. Good dispersion is particularly important
when the fiber content is below the percolation threshold
(that is, below the volume fraction necessary for the adjacent
fibers to touch one another and form a continuous conductive
path). For the sensing function, the fiber volume fraction is
preferably below the percolation threshold for the purpose of
material cost saving. At the same fiber volume fraction
below the percolation threshold, a higher degree of fiber
dispersion is associated with a lower electrical resistivity.

Fiber dispersion can be greatly enhanced by the use of
appropriate additives. A most effective additive for enhancing
the fiber dispersion is silica fume (0.1 μm silica particles,
15% by mass of cement).22 Fiber surface treatment (surface
oxidation) by using ozone also helps the fiber dispersion,
because the oxygen-containing functional groups on the
surface of the treated fiber help the wettability of the fiber by
water.7,22 Both of these methods of enhancing fiber dispersion
are used in this work.

OBJECTIVES
To minimize the effect of the resistance associated with

the electrical contacts, the four-probe method is preferred to
the two-probe method for the purpose of accurate sensing. In
the four-probe method, the outer two probes are for passing
current, whereas the inner two probes are for voltage
measurement. In contrast, in the two-probe method, each of
the two probes is both for current application and voltage
measurement. As a consequence, the measured resistance
based on the two-probe method includes the contact resistance.
Both the four-probe method1,3,5-11,14,17-21,23,24 and the two-
probe method12,13,25-30 have been used in prior work on
carbon fiber-reinforced cement.

The contact resistance is associated with the resistance of
the interface between the electrical contact and the specimen
surface and the resistance within the contact material. The
electrical contact materials are electronic conductors rather
than ionic conductors because electrical conduction in
carbon fiber-reinforced cement is mainly electronic rather
than ionic.31 Because the electrical contact material is a good
electrical conductor (for example, metals such as silver,
copper, and steel), the contact resistance is mainly associated
with the resistance of the interface. On the other hand, the
two-probe method is more suitable than the four-probe
method for practical implementation in structures. Therefore, it
is important to evaluate the two methods comparatively and,
in addition, determine the effectiveness of the two-probe
method (in spite of its known drawback). This is the first
objective of this paper.

The greater the resistance of the specimen, the less important
is the contact resistance contribution. The multifunctional
cement-based material of this work is cement containing
carbon fibers at a volume fraction below the percolation
threshold. As a consequence, the electrical resistivity of
the material is quite high (1.5 x 104 Ω·cm).11 This value is
only an order of magnitude less than that of plain cement (that
is, cement with no conductive admixture). Due to the high
resistance of a specimen, the resistance measured by using
the two-probe method can be sufficiently accurate, as shown
in this paper.

The electrical contacts for a cement-based material can be
embedded in the cement-based material, either during the
fabrication of the material or afterward, by screwing in an
electrical contact in the form of a steel rivet. Alternatively,
they can be applied on the surface of the cement-based material
after the fabrication of the material. The advantage of the
former pertains to greater mechanical integrity, which means
greater durability, although the screwing in of a rivet is
intrusive. The advantage of the latter lies on the applicability
to existing structures without intrusion. Thus, it is important
to develop both types of electrical contacts and evaluate their
effectiveness. Such an evaluation is the second objective of
this paper.

In case of the two-probe method, the electrical contacts
that are on the surface of a cement-based structural column,
for example, can be applied parametrically around the
column in a plane that is perpendicular to the axis of the
column. Alternatively, they can be at the top and bottom end
surfaces of the column, as in the case of having the top
contact between a column and a precast slab above and
having the bottom contact between the column and a precast
slab below. The latter configuration is advantageous in the
difficulty of the contacts coming off, but it is disadvantageous
in that the contacts are compressed along the axis of the
column during operation and that this compression may
affect the quality of the contacts. The former configuration is
advantageous in that the contacts are not compressed during
operation, but is disadvantageous in that the contacts are
more prone to becoming loose or damaged. Thus, it is important
for both configurations to be evaluated. Such an evaluation
is the third objective of this paper.

The comparative electrical contact evaluation of this paper
includes: 1) comparison of the four-probe and two-probe
methods for each contact style; 2) comparison of surface
electrical contacts and embedded contacts in both four-probe and
two-probe methods; and 3) comparison of parametric surface
contacts and end surface contacts in the two-probe method.
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The overall objective of this paper is to compare the
effectiveness of various electrical contact configurations for
piezoresistivity-based strain sensing in carbon fiber-reinforced
cement. Although various contact configurations have been
used in prior work, there has been no prior report that
compares the effectiveness of the various configurations.
Finding out the strengths and weaknesses of the various
configurations is valuable for scientific research as well as
practical implementation of the sensing technology.

RESEARCH SIGNIFICANCE
This paper provides basic data associated with the

effectiveness of various electrical contact configurations for
conducting piezoresistivity-based strain sensing using
carbon fiber-reinforced cement. The data relate to the
sensitivity, accuracy, and repeatability of the strain sensing. 

EXPERIMENTAL METHODS
Materials

The cement-based material used in the study is carbon
fiber-reinforced cement paste. In other words, there is no
aggregate. The paste contains ozone-treated carbon fiber and
silica fume.

The carbon fiber is isotropic pitch-based, unsized, and has
a diameter of 15 μm and nominal length of 5 mm (0.2 in.).
Fibers are in the amount of 0.5% by mass of cement (corre-
sponding to 0.5 vol.%).

The ozone treatment of the fibers, as conducted prior to
incorporating the fibers in the cement mixture, involves
drying the fibers at 110 °C (230 °F) in air for 1 hour and then
surface treating with ozone by exposure to ozone gas (0.6
vol.% in oxygen) at 160 °C (320 °F) for 10 minutes.

The cement is portland cement (Type I). The water-
cement ratio is 0.35. No aggregate is used. A water-reducing
agent is used in the amount of 1.0% by mass of cement.

The silica fume is in the amount of 15% by mass of
cement. The methylcellulose is in the amount of 0.4% by
mass of cement and is used along with the silica fume. The
defoamer is in the amount of 0.13 vol.% (percent of specimen
volume) and is used along with the methylcellulose.

A rotary mixer with a flat beater is used for mixing.
Methylcellulose is dissolved in water and then the defoamer
is added and stirred by hand for approximately 2 minutes.
Then the methylcellulose solution, cement, water, silica
fume, and fibers are mixed in the mixer for 5 minutes. After
pouring into molds, an external vibrator is used to facilitate
compaction and decrease the amount of air bubbles. The
specimens are demolded after 24 hours and then cured in air at
room temperature and a relative humidity of 100% for 28 days.

Testing
The piezoresistivity-based strain sensing evaluated in this

work in one dimension relates to application of the technology
to columns. The specimen is in the form of a 6 in. column
with a square (2 x 2 in. [51 x 51 mm]) cross section (Fig. 1).
Compressive stress is applied along the axis of the column.
Electrical contacts are applied to the column for the purpose
of electrical resistance measurement. The DC electrical
resistance is continuously measured using a multimeter,
while compressive loading at various strain amplitudes is
repeatedly applied along the length of the specimen using a
hydraulic mechanical testing system. The loading is all
within the elastic regime. The strain in the longitudinal direction
is measured by using an adhesively-attached metallic strain

gauge. Reliability of the strain measurement is shown by
measurement of three specimens of each type and indication
of the data scatter in Tables 1 and 2.

Five electrical contact configurations are evaluated in this
work, as listed in the following.

1. Four-probe Method A, in which the four electrical
contacts are in the form of embedded stainless steel foil.

2. Four-probe Method B, in which the four electrical
contacts are in the form of silver paint in conjunction with
copper wire parametrically on the surface.

3. Two-probe Method A, in which the two electrical
contacts are in the form of embedded stainless steel foil, that
is, the inner two of the four contacts in four-probe Method A.

4. Two-probe Method B, in which the two electrical
contacts are in the form of silver paint in conjunction with
copper wire parametrically on the surface, that is, the inner
two of the four contacts in four-probe Method B.

5. Two-probe Method C, in which the two electrical
contacts are in the form of silver paint in conjunction with
copper foil on the surface if the two ends that are perpendicular
to the stress direction. For each contact, silver paint is
applied between the specimen surface and the copper foil.
During compression of the specimen, each contact is
necessarily compressed in the direction perpendicular to the
plane of the contact.

For each contact configuration, evaluation is conducted in
terms of the measured electrical resistivity, the gauge factor
(the fractional change in resistance per unit strain, that is, a
measure of the strain sensitivity), the data scatter (as shown
by testing three specimens of each type), and the possible
effect of strain history.

The electrical contacts used successfully in previous work
are mainly in the form of parametric surface contacts, such
as those made by using silver paint in conjunction with
copper wire. The use of embedded contacts (such as
embedded steel) has received less prior attention. Although
copper is more conductive than steel, copper suffers from
surface oxidation and reaction in the presence of moisture. Steel
is commonly used in cement-based materials for reinforce-
ment anyway. Stainless steel is even more attractive, due to
its corrosion resistance. Thus, the use of embedded stainless
steel electrical contacts is evaluated in this work, with
comparison made with the use of parametric silver paint

Fig. 1—Specimen configuration for testing sensing perfor-
mance in one dimension. Four-probe Method B is illustrated.
Four electrical contacts are A, B, C, and D. All dimensions
are in mm. (Note: 1 mm = 0.039 in.)
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surface contacts. In each case, both the four-probe and two-
probe methods are used. The inner contacts are 76 mm (3 in.)
apart from one another. The outer contacts are 130 mm (5 in.)
apart from one another, such that each contact is at a distance
of 13 mm (0.5 in.) from an end of the column. Hence, the
adjacent current and voltage contacts are 25 mm (1 in.) apart. 

A silver paint surface contact is installed by applying
silver paint in conjunction with copper wire around the
whole perimeter of the column after the column has been
cured and dried. Because silver paint is the medium between
the cement-based specimen surface and the copper wire,
silver paint rather than copper is the actual electrical contact
material. The silver paint is in the form of fine silver particles
dispersed in a volatile liquid vehicle that contains a small
amount of a binder. It is in the form of a paste of low
viscosity. Because of the low viscosity, silver paint can flow
and fill the small gap between the specimen surface and the
copper wire. After application, the silver paint is allowed to
dry in air. The drying process takes 1 day.

An embedded stainless steel contact is installed in the
column during the pouring of the cement to form the column.
In this work, each steel contact is in the form of a stainless
steel foil (0.06 mm [0.0023 in.] thick) that has punched holes of
a diameter of 3 mm (0.12 in.), such that the edges of adjacent

holes are spaced apart by a distance ranging from 2 to 3 mm
(0.08 to 0.12 in.) and the holes are arranged in a square array
and they occupy 17.4% of the 50 x 50 mm (2 x 2 in.)
embedded foil area. The holes allow mechanical interlocking
between the foil and the cement. The embedded steel foil is
as large as the cross section of the specimen to ensure
uniform current injection. In practical application, however,
the embedded steel foil can be smaller than the cross section
of the column.

RESULTS AND DISCUSSION
Figures 2 and 3 show the fractional change in longitudinal

resistance during repeated loading at various strain amplitudes
for four-probe Methods A and B, respectively. The series of
strain amplitudes used in the 10 cycles, as designed to inves-
tigate if there is any effect of the strain history, is the same
for all of the five contact configurations evaluated. The strain
is returned to zero at the end of each stress cycle. Examination
of the fractional change in resistance for the series of stress
cycles in Fig. 2 and 3 shows that there is no dependence on the
strain history, as explained in the following. Cycles 1, 3, and
10 have essentially the same strain amplitude of –0.27 × 10–4;
Cycles 2 and 5 have essentially the same strain amplitude of

Table 2—Strain amplitude and corresponding gauge factor for each cycle of uniaxial compression 
imposed on carbon fiber cement*

Cycle no.

Strain amplitude (10–4) Gauge factor Resistivity (104
 Ω·cm)

C† B† A† C† B† A† C† B† A†

1 –0.27± 0.02 –0.27± 0.03 –0.27 ± 0.02 270 ± 33 243 ± 28 239 ± 27 1.452 ± 0.183 1.510 ± 0.204 1.331 ± 0.148

2 –0.52 ± 0.04 –0.54± 0.04 –0.51± 0.03 171 ± 28 137 ± 20 174 ± 23 1.455 ± 0.176 1.513± 0.206 1.334 ± 0.163

3 –0.27± 0.02 –0.26± 0.03 –0.26 ± 0.02 226 ± 35 198 ± 32 212 ± 35 1.465 ± 0.168 1.521 ± 0.194 1.339 ± 0.162

4 –0.81 ± 0.04 –0.79 ± 0.03 –0.79 ± 0.02 102 ± 17 94 ± 15 115 ± 14 1.463 ± 0.175 1.520 ± 0.222 1.336 ± 0.189

5 –0.54± 0.03 –0.53± 0.02 –0.53 ± 0.03 137 ± 18 122 ± 18 166 ± 19 1.467 ± 0.154 1.525 ± 0.235 1.337 ± 0.168

6 –1.09 ± 0.03 –1.05 ± 0.02 –1.07 ± 0.02 85 ± 14 70 ± 11 93 ± 13 1.466 ± 0.192 1.526 ± 0.233 1.336 ± 0.181

7 –0.81± 0.04 –0.82 ± 0.03 –0.80 ± 0.02 92 ± 15 81 ± 13 110 ± 14 1.468 ± 0.188 1.527 ± 0.217 1.337 ± 0.154

8 –1.39 ± 0.03 –1.32 ± 0.02 –1.35 ± 0.02 67 ± 12 60 ± 10 98 ± 12 1.466 ± 0.201 1.526 ± 0.251 1.336 ± 0.203

9 –1.15 ± 0.04 –1.05 ± 0.03 –1.08 ± 0.02 73 ± 11 66 ± 11 89 ± 13 1.468 ± 0.177 1.527 ± 0.234 1.337 ± 0.182

10 –0.28 ± 0.02 –0.26 ± 0.02 –0.26 ± 0.02 162 ± 27 160 ± 27 191 ± 26 1.471 ± 0.163 1.530 ± 0.209 1.334 ± 0.174
*With two electrical contacts. Initial resistivity is (1.46 ± 0.22) × 104 Ω·cm for two-probe Method C, (1.53 ± 0.26) × 104 Ω·cm for two-probe Method B, and (1.34 ± 0.19) × 104 Ω·cm
for two-probe Method A.
†Two-probe method designation, as explained in Experimental Methods section.

Table 1—Strain amplitude and corresponding gauge factor for each cycle of uniaxial compression 
imposed on carbon fiber cement*

Cycle no.

 Strain amplitude (10–4) Gauge factor  Resistivity (104
 Ω·cm)

B† A† B† A†  B†  A†

1 –0.284 ± 0.02 –0.27 ± 0.01 313 ± 40 287 ± 42 1.30 ± 0.16 1.20 ± 0.16

2 –0.576 ± 0.03 –0.52 ± 0.03 258 ± 37 285 ± 40 1.29 ± 0.15 1.19 ± 0.14

3 –0.284 ± 0.02 –0.27 ± 0.01  308 ± 46 286 ± 37 1.30 ± 0.17 1.20 ± 0.16

4 –0.805 ± 0.04 –0.82 ± 0.03 242 ± 31 278 ± 46 1.29 ± 0.18 1.18 ± 0.17

5 –0.584 ± 0.02 –0.55 ± 0.02 235 ± 27 291 ± 41 1.30 ± 0.14 1.19 ± 0.14

6 –1.13 ± 0.04 –1.13 ± 0.04 219 ± 28 267 ± 33 1.28 ± 0.17 1.17 ± 0.15

7 –0.806 ± 0.04 –0.87 ± 0.03 238 ± 30 286 ± 43 1.29 ± 0.16 1.18 ± 0.14

8 –1.42 ± 0.03  –1.45 ± 0.03 211 ± 26 278 ± 45 1.27 ± 0.14 1.15 ± 0.14

9 –1.13 ± 0.05  –1.17 ± 0.04 214 ± 29 285 ± 35 1.28 ± 0.15 1.17 ± 0.13

10 –0.28 ± 0.02 –0.28 ± 0.01 275 ± 43 278 ± 39 1.30 ± 0.18 1.20 ± 0.18
*With silver paint surface electrical contacts (four-probe Method B) and embedded in steel electrical contacts (four-probe Method A). Initial resistivity is (1.22 ± 0.18) × 104 Ω·cm
and (1.32 ± 0.20) × 104 Ω·cm for four-probe Methods A and B, respectively. Three specimens for each type were tested.
†Four-probe method designation.
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–0.52 × 10–4; Cycles 4 and 7 have essentially the same strain
amplitude of –0.85 × 10–4; and Cycles 6 and 9 have essentially
the same strain amplitude of –1.1 × 10–4. In spite of the
difference in strain history among the cycles in each of these
groups, different cycles at essentially the same strain
amplitude give essentially the same fractional change in
resistance. The absence of strain history dependence adds
to the feasibility of strain sensing using this multifunctional
cement-based material.

The initial resistivity (prior to any loading) is (1.22 ± 0.18)
× 104 Ω·cm and (1.32 ± 0.20) × 104 Ω·cm for four-probe
Methods A and B, respectively. Three specimens of each
type were tested. The data scatter is shown along with the
average value for the initial resistivity values (as mentioned
previously) as well as the resistivity at the maximum strain
of each cycle (Table 1). That the initial resistivity values for
four-probe Methods A and B are essentially equal indicates
the validity of both electrical contact technologies. Although
the initial resistivity values are similar, the resistivity is
slightly lower for four-probe Method A than for four-probe
Method B. This means that the embedded steel contacts
provide slightly more uniform current distribution
throughout the cross section of the specimen than the surface
silver paint contacts, thereby resulting in a slightly lower
measured resistivity. This result is consistent with that
indicated by finite element modeling, which is the subject of
a separate paper.32 Table 1 shows similarity of the resistivity
at the maximum strain of each cycle for four-probe Methods A
and B. Hence, the similarity in the resistivity values between
four-probe Methods A and B occurs both before loading and
during repeated loading at various strain amplitudes.

Comparison of Fig. 2 and 3 shows that the signal-to-noise
ratio is higher for four-probe Method A than four-probe
Method B. This is probably due to the greater mechanical
stability of the embedded contacts than the surface contacts
during repeated loading. The greater signal-to-noise level,
along with the greater current density uniformity mentioned
previously, for four-probe Method A compared with four-
probe Method B, makes the former practically attractive. In
practical implementation, the stainless steel foils (with
punched holes occupying only 17.4% of the embedded area)
may be replaced by a stainless steel wire mesh, so that the
aggregates in the mixture can easily pass through the contact
material during fabrication. The mesh size should be such
that the holes in the mesh are larger than the coarse aggregate
in the mixture.

Table 1 shows the similarity of the gauge factor (fractional
change in resistance per unit strain) for four-probe Methods A
and B. This means that both methods are effective for
attaining strain sensing. The gauge factor has a scatter of up
to 16% among the three specimens of each type tested. In
real structural application, this variability in the gauge factor
is less of an issue because a particular structure is always a
particular piece of cement-based material (unless the structure
is dismantled) and the strain sensing calibration is conducted
for that particular piece of material. In spite of the similarity,
the gauge factor has more variability among the cycles for
four-probe Method B (gauge factor ranging from 211 to 313,
that is, 48% variation) than four-probe Method A (gauge
factor ranging from 267 to 291, that is, 9% variation). The
lower variability of the gauge factor for four-probe Method A
compared with four-probe Method B is consistent with the
slightly lower resistivity for four-probe Method A. Thus,

four-probe Method A is superior to four-probe Method B
for strain sensing.

Figures 4 through 6 give results obtained using two-probe
Methods A, B, and C, respectively.

The measured resistivity values for two-probe Method A
(Table 2) are higher than those obtained using four-probe
Method A (Table 1); the measured resistivity values for two-
probe Method B (Table 2) are higher than those obtained
using four-probe Method B (Table 1). This is expected due
to the inclusion of the contact resistance in the measured
resistance obtained using the two-probe method. The
measured resistivity for two-probe Method C is slightly
lower than that for two-probe Method B, but is slightly
higher than that for two-probe Method A. This means that
the current density uniformity is superior for two-probe
Method C than two-probe Method B, but is inferior for two-
probe Method C than two-probe Method A. 

In spite of the differences in resistivity among the five
methods, all the differences are small. In particular, the
difference in resistivity measured by using four-probe
Method A and two-probe Method A indicates that the
contact resistance contributes to 9% of the resistance
measured by using two-probe Method A; the difference in
resistivity measured by using four-probe Method B and two-
probe Method B indicates that the contact resistance contributes
to 14% of the resistance measured by using two-probe
Method B. The lower fractional contribution of the contact
resistance in two-probe Method A compared with two-probe
Method B is consistent with the lower variability of the

Fig. 2—Curves of fractional change in longitudinal resistance
(thick curve) versus time and of longitudinal strain (thin
curve) versus time using repeated compression at various
strain amplitudes, for four-probe Method A.

Fig. 3—Curves of fractional change in longitudinal resistance
(thick curve) versus time and of longitudinal strain (thin
curve) versus time using repeated compression at various
strain amplitudes, for four-probe Method B.
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gauge factor among the cycles for two-probe Method A
(gauge factor ranging from 89 to 239, that is, 170% variation)
than two-probe Method B (gauge factor ranging from 60 to
243, that is, 310% variation). Thus, two-probe Method A is
superior to two-probe Method B.

The gauge factor varies from 267 to 291 (9% variation)
among the cycles for four-probe Method A (Table 1), but
varies from 89 to 239 (170% variation) for two-probe
Method A (Table 2). Hence, the gauge factor is higher and
its variability is lower for four-probe Method A than two-
probe Method A. For accurate sensing of strain/stress, a high
gauge factor is desirable. For precise sensing of strain/stress,
a small variability of the gauge factor is desirable. Therefore,
although strain/stress sensing is feasible using two-probe
Method A, the accuracy and precision of the sensing are
better for four-probe Method A than two-probe Method A. 

The gauge factor varies from 211 to 313 (48% variation)
among the cycles for four-probe Method B (Table 1), and
varies from 60 to 243 (310% variation) for two-probe
Method B (Table 2). Hence, the gauge factor is higher and its
variability is lower for four-probe Method B than two-probe
Method B. Thus, the accuracy and precision of the sensing
are better for four-probe Method B than two-probe Method B.

The gauge factor varies from 67 to 270 (300% variation)
for two-probe Method C, and from 60 to 243 (310% variation)
for two-probe Method B. Thus, these two methods give
similar values and variability of the gauge factor.

In two-probe Method C, the compressive loading is
directly applied on the electrical contacts, which are at the
two ends of the specimen. Thus, one may expect that two-

probe Method C would be particularly susceptible to contact
quality change during loading. One may expect the contact
quality to improve upon compression of the contact material
on the specimen surface. One may alternatively expect the
contact quality to degrade upon compression due to the
degradation of the dried silver paint upon compression. This
work shows that the contacts in two-probe Method C are
degraded rather than improved upon compression, as shown
by the irreversible increase of the resistivity during the first
few loading cycles (Fig. 6).

The contact degradation is minor and cannot be visually
observed. That the degradation is minor is supported by the
small fractional increase in the measured two-probe resistivity
during the first three cycles (Fig. 4 through 6). The fractional
increase is 0.6, 0.7. and 0.9% for two-probe Methods A, B,
and C, respectively (Table 2). Two-probe Methods A, B, and
C (Fig. 4 through 6, respectively) are all susceptible to minor
degradation of the contact quality during loading, but two-
probe Method A is probably less susceptible than two-probe
Method B, which is, in turn, probably less susceptible than
two-probe Method C. The relative susceptibility for contact
degradation among two-probe Methods A, B, and C is not
totally clear, due to the data scatter.

Although the increase in contact resistance due to contact
degradation in two-probe Methods A, B, and C is small
(0.9% or less) and the contribution of the contact resistance
to the measured two-probe resistance is small (as low as 9%),
the gauge factor is much lower for the two-probe method
than the corresponding four-probe method (Tables 1 and 2 in
comparison). The low values of the gauge factor in case of
the two-probe method are attributed to the change of the
contact resistivity during dynamic loading contributing
significantly to the observed piezoresistivity. In other words,
the increase in contact resistance opposes the decrease in
volume resistance during compression, thereby diminishing
the gauge factor.

Tables 1 and 2 show the resistivity at the peak strain averaged
over the three specimens of each electrical contact configuration.
To investigate the dependence of the resistivity at the peak
strain with the strain amplitude, it is better to consider this
variation for a single specimen rather than considering the
variation of the average resistivity of three specimens. This is
because the variation among specimens overshadows the
variation with the strain amplitude. In practical implementation,
the structure is always one particular piece of material,
unless it is dismantled and replaced. Therefore, it is valuable

Fig. 4—Curves of fractional change in longitudinal resistance
(thick curve) versus time and of longitudinal strain (thin
curve) versus time using repeated compression at various
strain amplitudes, for two-probe Method A.

Fig. 5—Curves of fractional change in longitudinal resistance
(thick curve) versus time and of longitudinal strain (thin
curve) versus time using repeated compression at various
strain amplitudes, for two-probe Method B.

Fig. 6—Curves of fractional change in longitudinal resistance
(thick curve) versus time and of longitudinal strain (thin
curve) versus time using repeated compression at various
strain amplitudes, for two-probe Method C.
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to consider the variation of a single specimen. Figure 7
shows the variation for a single specimen of each configuration.

The resistivity at the peak strain decreases monotonically
with increasing magnitude of the strain amplitude for four-
probe Methods A and B, as shown in a magnified view in
Fig. 8 and 9, respectively. However, it varies little with the
strain amplitude for two-probe Methods A, B, and C. This is
consistent with the large values of the gauge factor for four-
probe Methods A and B than for two-probe Methods A, B,
and C. Comparison of Fig. 8 and 9 shows that the resistivity
has less strain history dependence for four-probe Method A

than four-probe Method B. Both methods give a roughly
linear relationship between the resistivity at the peak strain
and the strain amplitude. The linear behavior means that the
gauge factor is independent of the strain amplitude. It is
attractive for strain sensing. The degree of linearity is higher
for four-probe Method A than four-probe Method B.

Two-probe Methods A, B, and C do not show any systematic
dependence of the resistivity at the peak strain on the strain
amplitude, as shown in Fig. 10 through 12, respectively,
although the variation is small (Fig. 7). The nonsystematic
dependence partly reflects the irreversible increase in resistivity

Fig. 7—Variation of resistivity at peak strain versus strain
amplitude for single specimen of each of five electrical contact
configurations. Data correspond to those of Fig. 2 though 6.

Fig. 8—Magnified view of Fig. 7 for four-probe Method A.
Data points are connected with line drawn to indicate order
in which various strain amplitudes are imposed. Order is as
shown in Fig. 2. Data correspond to those of Fig. 2.

Fig. 9—Magnified view of Fig. 7 for four-probe Method B.
Data points are connected with line drawn to indicate order
in which various strain amplitudes are imposed. Order is
shown in Fig. 3. Data correspond to those of Fig. 3.

Fig. 10—Magnified view of Fig. 7 for two-probe Method A.
Data points are connected with line drawn to indicate order
in which various strain amplitudes are imposed. Order is as
shown in Fig. 4. Data correspond to those of Fig. 4.

Fig. 11—Magnified view of Fig. 7 for two-probe Method B.
Data points are connected with line drawn to indicate order
in which various strain amplitudes are imposed. Order is as
shown in Fig. 5. Data correspond to those of Fig. 5.

Fig. 12—Magnified view of Fig. 7 for two-probe Method C.
Data points are connected with line drawn to indicate order
in which various strain amplitudes are imposed. Order is as
shown in Fig. 6. Data correspond to those of Fig. 6.
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during the first few cycles. This irreversible increase is
particularly significant for two-probe Methods B and C, as
shown in Fig. 11 and 12, respectively. The nonsystematic
dependence of the resistivity at the peak strain on the strain
amplitude is consistent with the large variability in the gauge
factor among the cycles, as discussed previously.

Tables 1 and 2 show essentially no systematic effect of the
strain amplitude on the gauge factor. It is better to study the
effect in a single specimen, however, rather than considering
the average value of the gauge factor for three specimens of
each electrical contact configuration. As shown in Fig. 13,
for one specimen of each electrical contact configuration, the
gauge factor is essentially independent of the strain amplitude
for four-probe Method A, but decreases with increasing
magnitude of the strain amplitude for four-probe Method B
and for two-probe Methods A, B, and C. Figure 14 (a magnified
view of Fig. 13 for four-probe Method A) shows that the
gauge factor decreases slightly with increasing magnitude of
the strain amplitude, even for four-probe Method A. This
effect of the strain amplitude on the gauge factor limits the
accuracy of strain sensing. The greater the percentage variation
of the gauge factor, the lower the accuracy. As shown in
Fig. 13, the accuracy is highest for four-probe Method A,
less for four-probe Method B, and least for two-probe
Methods A, B, and C.

In summary, the gauge factor is lower and varies more
with the strain amplitude for two-probe Methods A, B, and

C (Table 2) than for four-probe Methods A and B (Table 1).
Moreover, the variation of the resistance with strain is less
noisy, the gauge factor is higher, and the gauge factor variability
is less for four-probe Method A (Fig. 2 and Table 1) than two-
probe Method A (Fig. 4 and Table 2). Similarly, the gauge
factor is higher and the gauge factor variability is less for
four-probe Method B than two-probe Method B, but the
noise level is similar for these two methods. Four-probe
Method A is superior to four-probe Method B in the lower
noise and the lower variability of the gauge factor. Two-
probe Method A is superior to two-probe Method B in the
smaller fractional contribution of the contact resistance to
the measured resistance and in the lower variability of the
gauge factor. The resistance obtained using two-probe
Methods A, B, and C increases irreversibly in the first few
cycles (Fig. 4 through 6), due to minor degradation of the
electrical contacts during the cycling. This does not occur for
four-probe Method A or B (Fig. 2 and 3). 

The aforementioned findings have the following practical
implications. First, among the five methods evaluated, four-
probe Method A is the best for providing accurate and
precise sensing. Second, two-probe Method A provides
sensing, though the accuracy and precision are lower than
those provided by four-probe Method A and it suffers from
higher noise and from the resistance increasing irreversibly
during the first few cycles of loading. Third, the use of
embedded steel contacts is considerably more effective than
the use of surface silver paint contacts in case of the four-
probe method, but is only slightly more effective than the use
of surface silver paint contacts in case of the two-probe method.

For a column of length L and cross-sectional area A, the
volume resistance Rv is given by ρvL/A, where ρv is the
volume electrical resistivity of the material of the column.
Consider the configuration of two-probe Method A or C. The
contact resistance Rc of each of the electrical contacts is
given by ρc/A, where ρc is the contact resistivity of the
electrical contact. The ratio of Rc to Rv is independent of A
and is equal to ρc/ρvL. Hence, the larger L is, the less important
Rc is relative to Rv. 

In two-probe Method A, where L = 76 mm (3 in.) (Fig. 5),
the contact resistance amounts to 9% of the two-probe
resistance. Thus, the ratio of the contact resistance to the
volume resistance is 10%. If L is 7600 mm (7.6 m [25 ft]), this
ratio will be 0.1%. Therefore, the contact resistance
contribution is much smaller for real structures than laboratory
specimens. This means that the effectiveness of the two-
probe method is expected to be much greater for real structures
than laboratory specimens. For real structures, the two-probe
method may provide adequate strain sensing. For small
laboratory specimens, however, as shown by the afore-
mentioned results, the two-probe method has limitations.

CONCLUSIONS
For piezoresistivity-based strain sensing using carbon

fiber-reinforced cement (152 mm [6 in.] specimens under
compression) in the elastic regime, the four-probe method is
more effective than the two-probe method in that it provides
a gauge factor that is higher and that varies less with the
strain amplitude (that is, greater linearity of the curve of the
resistivity at the peak strain versus the strain amplitude),
thereby allowing more accurate strain sensing. The two-
probe method also suffers from the resistance increasing
irreversibly by up to 0.9% in the first few loading cycles due
to minor degradation of the electrical contacts. The use of

Fig. 13—Effect of strain amplitude on gauge factor, as shown
for one specimen of each electrical contact configuration.
Data correspond to those of Fig. 2 though 6.

Fig. 14—Effect of strain amplitude on gauge factor, as
shown for one specimen of four-probe Method A. Data
points are connected with line drawn to indicate order in
which various strain amplitudes are imposed. Order is as
shown in Fig. 2. Data correspond to those in Fig. 2.
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embedded stainless steel electrical contacts gives more
effective strain sensing and slightly lower resistivity than the
use of silver paint surface electrical contacts, whether the
four-probe method or the two-probe method is used. In case
of the four-probe method, the use of embedded steel contacts
compared with the use of surface silver paint contacts results
in greater linearity (gauge factor variation of 9% rather than
48%) and lower noise in the variation of the resistance with
strain. In case of the two-probe method, the use of embedded
steel contacts compared with the use of surface silver paint
contacts results in lower variability of the gauge factor and
smaller fractional contribution of the contact resistance to the
measured resistance (9% rather than 14%). The two-probe
method involving copper foil electrical contacts at the specimen
ends (where loading is applied) gives results that are similar
to the two-probe method involving surface silver paint
contacts that are parametrically around the specimen.
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