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Abstract
Both positive and negative piezoresistivity occur in cement-matrix composites
containing short carbon fibers due to the variation of moisture content in the
composites. For most cases the electrical resistivity of the composites decreases
monotonically upon longitudinal compression, and piezoresistivity tends to be
positive. However, its magnitude varies. Lower moisture content leads to stronger
piezoresistivity. When moisture content is in a specific range, the electrical resistivity
of the composites increases monotonically upon compressive strain, and
piezoresistivity tends to be negative. This effect is much stronger than positive
piezoresistivity. The transition from positive to negative piezoresistivity is observed.
It is proposed that the occurrence of these phenomena is attributable to decreases in
both pore network connectivity and capillary porosity during compression.
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Introduction

Piezoresistivity refers to a behavior that the electrical resistivity of a material changes with strain. If the
electrical resistivity increases with tensile strain or decreases with compressive strain, piezoresistivity is
defined to be positive. Otherwise, piezoresistivity is negative.
Piezoresistivity has been widely reported in carbon fiber reinforced polymer-matrix composites and
cement-matrix composites. This finding is of great importance for the nondestructive monitoring of
structures in that the composite materials themselves can be used as stress/strain sensors, and be used to
monitor both the generation and propagation of damage, while at the same time for structural functions.
Polymer-matrix composites containing short fibers usually exhibit positive piezoresistivity [1], because
elongation tends to change the microstructure in such a way that the resistivity becomes larger in the
direction of elongation. Upon elongation of the composites, the distance between adjacent fibers may
increase, thereby decreasing the chance of touching between the adjacent fibers. However, negative
piezoresistivity was reported in polymer-matrix composites with continuous carbon fibers [2-3]. This
phenomenon was clarified by Wang and Chung [4], and they concluded that the negative piezoresistivity
associated with the increase of the through-thickness resistivity upon longitudinal tension is attributed to
the decrease in the degree of contact between fibers of adjacent laminae.
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Cement-matrix composites containing short carbon fibers are structural materials that are gaining in
importance quite rapidly due to the decrease in carbon fiber cost and the increasing demand of superior
structural and functional properties. These composites exhibit attractive tensile and flexural properties, low
drying shrinkage, low thermal conductivity and high corrosion resistance. Piezoresistivity in the composites
was firstly reported by Chen and Chung in 1993 [5], and since then has been extensively applied to strain
and damage sensing, traffic monitoring and weighing in motion, see, for example, references [6-15].
Results in those studies show that the electrical resistivity of the composites decreases upon longitudinal
compression, and therefore piezoresistivity in the composites is positive. More recently, Wang and Zhao
found that the composites may exhibit negative piezoresistivity as well [16], depending on the moisture
content in the composites.
In fact, carbon fiber reinforced cement-matrix composites (CFRC) are porous materials, and pore water
commonly exists. As electrical conduction depends on pore water in the materials, piezoresistivity is
affected by the overall moisture content. In this paper, an experimental research was conducted for CFRC
to take this effect into consideration. The positive and negative piezoresistivity in CRRC has been clarified.
Results show that both positive piezoresistivity and negative piezoresistivity occur interchangeably due to
the variation of moisture content. The whole variation process from positive piezoresistivity to negative
piezoresistivity, then positive piezoresistivity is obtained. In particular, the transition from positive
piezoresistivity to negative piezoresistivity is observed.

2

Experimental methods

The cementitious material used in the test was ordinary Portland cement (32.5R). The fine aggregate was
natural sand with specific gravity of 2.62 and a size distribution of 0.08～2.0mm (in accordance with
Chinese standard GB/T17671-1999). The ratio of water/cement/sand was 0.5:1:1.5.
The carbon fibers were isotropic pitch based, unsized, and of nominal length 6mm and diameter 10～14μm,
as obtained from East-Asia Company of Shengyang, China. The fiber resistivity is 15～30*10-3Ωcm. The
tensile strength of fibers is ≥241 MPa, and modulus 27.5～41.6 GPa. The fibers were used in the amount of
both 0.5% and 0.75% by mass of cement, respectively. To help fiber dispersion, a dispersant
(Methylcellulose) was used in the amount of 0.36% by mass of cement. A defoamer (Tributyl phosphate)
was used in the amount of 0.13% by mass of cement.
A rotary mixer with a flat beater was used for mixing. Methylcellulose was firstly dissolved in water, and
then both the fibers and the defoamer were added. The solution was stirred by hand till the fibers were
scattered. When finished, the solution, cement and sand were mixed in the mixer for about 5 minutes. After
pouring the mixture into oiled molds (40 mm×40 mm×160mm), an electric vibrator was used to facilitate
compaction and decrease the amount of air bubbles.
Three specimens were prepared for each mix. During casting of these specimens, four stainless steel sheets
(10mm×60 mm×1mm) were embedded in each of them for the purpose of electrical resistance
measurement by the four-probe method. The outer two sheets (100mm apart, symmetrically positioned
relative to the center plane perpendicular to the longitudinal direction) were for passing current, while the
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inner two sheets (60mm apart, symmetrically positioned relative to the center plane perpendicular to the
longitudinal direction) were for voltage measurement.
All specimens were demolded after 1 day. Thereafter, they were cured in water with a room temperature. At
the age of 28 days, all specimens were taken out from water and cured for another two days in room
conditions. When this was done, testing began. Firstly, resistance was measured till it became stabilized.
Then, a compressive testing was conducted under repeated loads. Five loading cycles were carried out and
all stress amplitudes were within the elastic regime. The loads were applied on the two ends in the
longitudinal direction of specimens. Both strain and resistance were measured during the loading process.
The longitudinal strain was measured by using a strain gage that had been adhesively attached to the
surface along the length of each specimen. Resistance was measured using a multimeter (Agilent 34401A)
and the four-probe method. After the testing, these specimens were dried in an oven for at least two days at
a temperature of 35～37C˚ till an obvious weight loss was observed. Thereafter, they were cooled for one
day under room temperature, and tested for the second time. According to the procedure, a total of ten tests
were performed for each of the specimens. All specimens were weighed before each test.

3

Results and discussion

Similar results were observed for both the composites containing 0.5% fibers and 0.75% fibers. In the
following, only results for the composite containing 0.5% fibers are presented.
Table 1 shows the average weight loss of three specimens before each test. It is seen that the weight loss
decreases monotonically from 1.68% to 4.86%. Clearly, the weight loss is attributed to the reduction of
moisture in the specimens, since no physical or chemical change took place in the drying process. Due to
the moisture reduction, moisture content in the specimens decreased gradually with the increase of test
numbers, and is obviously different from one test and another.
Table 1 Average weight loss of three specimens
Number of test

1

2

3

4

5

6

7

8

9

10

weight loss (%)

0

1.68

2.47

3.13

3.5

3.59

3.78

4.18

4.50

4.86

The variation of moisture content leads to the change of piezoresistivity. As shown in Table 2, there appear
two kinds of piezoresistivity, namely, positive piezoresistivity and negative piezoresistivity. The whole
testing process can be divided into four stages, which sees the transition from positive piezoresistivity to
negative piezoresistivity, then positive piezoresistivity.
Table 2 Piezoresistivity for each test (P=Positive, N=Negative)
Number of test

1

2

3

4

5

6

7

8

9

10

Piezoresistivity

P

P

P

P-N

N

N

N

P

P

P

-3-

中国科技论文在线

http://www.paper.edu.cn

Stage 1. This stage includes the initial three tests. In this stage, moisture content was high, and all the three
tests had similar observation. A typical result for the stage is shown in Fig.1. This figure presents the
fractional change in resistance ( ( R  R0) R0 ) with time as well as strain, which was obtained
simultaneously during cyclic compression to a maximum stress of 10MPa, about 25% of the breaking stress.
It is seen that the strain varies linearly with the stress up to the highest stress amplitude, and returns to zero
at the end of each cycle of loading, indicating that the strain is within the elastic regime.
The resistance R for the specimens can be expressed as

R

l

(1)

A

where  is the resistivity of material, l is the length of specimens and A is the cross-sectional area.
Then, the fractional change in resistance( (R  R0) R0 ) is obtained:

R  R0    0

(1   (1  2 ))   (1  2 )
R0
0

(2)

where R0 is the initial resistance (value prior to any loading),  is the longitudinal strain and  is the
Poisson ratio.
Because the amplitude of strain  is below 0.41‰ during compression, the contribution of the term
 (1  2 ) on the right side of equation (2) can be neglected. Therefore, ( R  R0) R0 is essentially equal
to the fractional change in resistivity. From Fig.1, it is observed that in each cycle of loading, the value of
( R  R0) R0 decreases monotonically upon the compressive loading, while increases monotonically upon
unloading. This process indicates that the resistivity decreases with the increase of compressive strain,
exhibiting positive piezoresistivity.
Gage factor is commonly used to describe the severity of piezoresistivity, which is defined as the fractional
change in resistance per unit strain. In stage 1, the gage factor is about 25, indicating that even in the case
of high moisture content, this effect is strong. Therefore, the cement-matrix composites containing short
carbon fibers are of high strain-sensing ability, and can be used for structural functions, while at the same
time act as strain sensors themselves.
Stage 2. This stage refers to the test for the fourth time. From Fig.2, it can be seen that the transition from
positive piezoresistivity to negative piezoresistivity was taking place in the stage. Initially, different from
stage 1, the fractional change in resistance ( ( R  R0) R0 ) increases during compressive loading in each
cycle, demonstrating negative piezoresistivity. However, when the amplitude of compressive stress is
beyond a certain value, the fractional change in resistance ( ( R  R0) R0 ) decreases monotonically with the
increase of stress up to the maximum of 10MPa, demonstrating positive piezoresistivity. During unloading
in each cycle, an opposite process from above can be observed.
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Fig.1 Fractional change in resistance ( ( R  R0) R0 ) as well as strain for stage 1 during cyclic
compressive loading

Fig.2 Fractional change in resistance ( ( R  R0) R0 ) as well as strain for stage 2 during cyclic
compressive loading
Stage 3. This stage covers the next three tests. In this stage, the weight loss is 3.5%, 3.59% and 3.78% for
the three tests, respectively, larger than stage 2 (where the weight loss is 3.13%), indicating that the
variation amplitude of moisture content is small. All the three tests presented similar behaviors and
exhibited negative piezoresistivity. A typical result for the stage is shown in Fig.3. It is seen that the
transition from positive piezoresistivity to negative piezoresistivity had finished in this stage. During
compressive loading in each cycle up to the maximum of 10MPa, the value of ( R  R0) R0 increases
monotonically, while decreases monotonically upon unloading. The whole process sees the presence of
negative piezoresistivity.
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The gage factor for this stage reaches a value as high as 750, showing much stronger piezoresistivity.

Fig.3 Fractional change in resistance ( ( R  R0) R0 ) as well as strain for stage 3 during cyclic
compressive loading
Stage 4. With the further reduction of moisture content for the last three tests, the piezoresistivity becomes
positive again. In Fig.4, it is seen that the whole process of loading and unloading presents similar
phenomena as stage 1. The value of ( R  R0) R0 decreases monotonically upon the compressive loading,
while increases monotonically upon unloading. However, the gage factor becomes larger, being about 220.
This fact indicates that the moisture content in CFRC plays an important role for the severity of positive
piezoresistivity, lower the moisture content, stronger this effect will be.

Fig.4 Fractional change in resistance ( ( R  R0) R0 ) as well as strain for stage 4 during cyclic
compressive loading
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For the simplicity of discussion, we now consider the conduction in CFRC. Existing studies show that the
conduction in CFRC is induced by both fibers and pore fluid in the composites. The composite conductivity
(  c ) can be expressed in the form

c  t  f

(3)

with  t being the conductivity induced by fibers and  f being the conductivity induced by pore fluid.
The fractional change in conductivity ( ( c   c0 )  c0 ) is then derived as
0
0
 c   c0 ( t   t )  ( f   f )

 c0
 c0

where  t0 and  0f are the initial values of

t

(4)

and  f , respectively.

According to the tunneling theory, the tunneling current ( j (e) ) through two adjacent fibers can be
calculated by [17]

j (e)  j 0 exp( w( e / e0  1) 2 / 2)
where j 0 ,



(5)

and e0 are material constants, w is the distance between two adjacent fibers, and e

is the voltage applied on the two fibers. During compression, the voltage e remains unchanged. Therefore,
the tunneling current depends only on the distance between the two fibers. Equation (5) shows that the
tunneling current increases with the reduction of distance between the fibers. Consequently, the
conductivity  t increases upon compression, and the increment ( t   t0 ) is positive.
Garboczi [18] introduced the following relationship for the conductivity induced by pore fluid:

 f   pf  cap 

(6)

where  pf is the pore fluid conductivity,  cap is the capillary porosity, and  is a “connectivity”
parameter of the capillary pore network. Of these three parameters, only the pore fluid conductivity (  pf )
can be considered to be constant upon compression. Since the longitudinal strain increases linearly with
compressive stress, as shown in Fig.1 to Fig. 4, the composites become compacted due to compression.
Obviously, the overall porosity is reduced. Furthermore, there are large reductions in pore phase
connectivity during compression. A “bottleneck” model was proposed by Sohn and Mason [19] to explain
the reductions. This model states that between two adjacent capillary pores, there exists a product layer
with smaller “constriction” or “bottleneck” pores connecting them (see Fig. 8 in [19]). By narrowing or
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blocking the bottleneck pores, the connectivity parameter can be altered without significant changes in the
overall porosity. Therefore, the conductivity

f

always decreases due to compression, and the increment

( f   0f ) is negative.
Then, from equation (4), two possibilities arise. If the absolute value of ( t   t0 ) is greater than one of
0
0
( f   0f ) , the fractional change in conductivity ( ( c   c )  c ) is positive. Thus, the composite

conductivity (  c ) increases under compression. This indicates that the electrical resistivity decreases with
compressive strain, and piezoresistivity tends to be positive. Moreover, the fractional change in
conductivity ( ( c  c0 )  c0 ) decreases due to the existence of pore fluid, which, in turn, reduces the
severity of piezoresistivity. Conversely, for the case that the absolute value of ( t   t0 ) becomes less, the
fractional change in conductivity ( ( c   c0 )  c0 ) will be negative. In this case, the composite conductivity
(  c ) decreases under compression, and piezoresistivity tends to be negative.
In stage 1, the moisture content was relatively high. It is probably that most pore tubes were full of fluid,
even some product layers between the adjacent capillary pores became wet. Although the bottleneck pores
might be constricted or blocked under compression, the wet product layers bridged the conduction between
adjacent capillary pores. Due to this reason, the reductions in overall connectivity of pore fluid were not
significant. As a result, the increment ( t   t0 ) played a dominant role, and piezoresistivity was positive.
However, piezoresistivity was weakened because of the reductions in connectivity of pore fluid. With the
reduction of moisture content, the product layers became dried and insulating. The conduction between
adjacent capillary pores was controlled by the bottleneck pores. When compressed, the bottleneck pores
were constricted or blocked, giving rise to a significant decrease in the conductivity  f . In this case, the
increment ( f   0f ) played a dominant role, and piezoresistivity changed to be negative, as shown in Fig.
3. In stage 4, low moisture content in CFRC was achieved. Possibly, the pore fluid became isolated, and
could not be connected under compression. The increment ( f   0f ) was then negligible. Again,
piezoresistivity became positive.

4

Conclusions

An experimental research was performed to investigate the piezoresistivity of CFRC due to the variation of
moisture content. The variation of moisture content was controlled by drying the specimens in an oven, and
their weight loss was used as an index. Both positive piezoresistivity and negative piezoresistivity were
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observed during repeated compression of these specimens, depending on the moisture content in CFRC. In
case of either high moisture content or low moisture content, the fractional change in resistance
( ( R  R0) R0 ) decreases monotonically upon compressive loading, and increases monotonically upon
unloading, thus exhibiting positive piezoresistivity. When moisture content is in a specific range, the
fractional change in resistance ( ( R  R0) R0 ) increases monotonically upon compressive loading, and
decreases monotonically upon unloading, demonstrating negative piezoresistivity. The whole variation
process from positive piezoresistivity to negative piezoresistivity, then positive piezoresistivity is obtained.
In particular, the transition from positive piezoresistivity to negative piezoresistivity is observed.
Furthermore, the severity of piezoresistivity is affected by the moisture content. Negative piezoresistivity
has a much higher gage factor than positive piezoresistivity. For the same positive piezoresistivity, lower
moisture content leas to a higher gage factor. The mechanism for these phenomena is also discussed.
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