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Cementitious composites usually work under moisture condition. Presently, the piezoresistivity of cementitious composites
incorporating multiwalled carbon nanotubes (MWCNTs) due to moisture variation was experimentally investigated. ,e
variation of moisture content was controlled by drying specimens in an oven. In most cases of moisture content, the composites
were observed to present positive piezoresistivity during the process of cyclic compression. While moisture content was in a
specific range, the composites exhibited negative piezoresistivity. ,e whole transition from positive piezoresistivity to negative
piezoresistivity and then positive piezoresistivity was obtained with moisture variation. Moreover, the amplitude of piezor-
esistivity changed in the process.,ese phenomenamay be explained through the combination of ionic conduction and electronic
conduction. A theoretical model of piezoresistivity, able to predict the effects of porosity, the volume fraction of MWCNTs, and
the connectivity parameters, is proposed. Numerical results with the model show that the calculated piezoresistive responses of
specimens agree reasonably well with testing data.

1. Introduction

,e concept of incorporating nanofillers into cementitious
materials in order to improve their performance has received
considerable attention over the past decade [1, 2]. In par-
ticular, carbon nanotubes (CNTs) have attracted significant
interest because they have demonstrated numerous excep-
tional properties, such as high specific area ratio, high
strength, high toughness, high conductivity, and low density
[3–5]. Various studies in the literature have shown that the
addition of an appropriate amount of CNTs can enhance the
strength of cementitious materials and reduce the electric
resistance of them [6–17]. More important, the cementitious
composites containing CNTs are found to present piezor-
esistive behaviors.

Piezoresistivity is a kind of coupled electrical-mechanical
property that the electric resistivity of a material changes
with strain. If the electric resistivity decreases with com-
pressive strain, piezoresistivity is defined to be positive.

Otherwise, piezoresistivity is negative. Due to this property,
the cementitious composites containing CNTs are able to
sense strain through the variation of electric resistance. ,is
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 being at the same time for structural functions.

Li et al. [18] firstly developed piezoresistive CNT/cement
composites, using multiwalled carbon nanotubes (MWCNTs)
treated by a mixed solution of H2SO4 and HNO3, and mea-
sured the piezoresistivity of the composites under uniaxial
compression. Saafi [19] studied the piezoresistivity of the
cementitious composites containing single-walled CNTs and
demonstrated that this piezoresistive behavior is able to
detect damage in concrete structures. Han et al. [20] further
investigated the possibility of this piezoresistive behavior for
traffic monitoring. In addition, they [21] examined the effect
of stress amplitudes and loading rates on the piezoresistivity.
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Experimental results indicated that the cementitious com-
posites containing CNTs presented stable and reversible
piezoresistive responses under various conditions. Yu and
Kwon [22] also studied the piezoresistive property of the
CNT/cement composite to explore its feasibility as an
embedded stress sensor for civil structures such as roadways,
levees, and bridges. ,e results show that the electrical re-
sistance of the CNT/cement composite changes with the
compressive stress level, indicating the potential of using the
CNT/cement composite as a stress sensor for civil structures.
Recently, Konsta-Gdoutos and Aza [23] explored the pie-
zoresistivity of cementitious composites with the hybrid
addition of both CNTs and carbon nanofibers. ,e tests
showed that the composites under uniaxial compression are
highly piezoresistive.

However, the cementitious composites containing CNTs
are porous materials, and capillary water exists in cement
matrix even if the hydration process has completed.
Moreover, the cementitious composites usually work in a
moisture condition. One concern then arises that the pie-
zoresistivity may be affected by moisture content in the
composites, as water provides ions that contribute to ionic
conduction.,is effect is relevant to the practical application
of the composites as piezoresistive structural materials. Han
et al. [24] tested the effect on the piezoresistive sensitivity by
change moisture content in the composites. When the
variation of water content was 0.1, 1.3, 3.3, 5.7, 7.6, and 9.9%,
the stress sensitivity became 0.60, 0.61, 0.73, 0.68, 0.34, and
0.06 kΩ/MPa, respectively. Kim et al. [25] investigated the
piezoresistive behaviors of CNT/cement mortars with dif-
ferent water-binder ratios. ,ey found that the variation of
piezoresistive sensitivity and stability induced by moisture
content decreased when the water-binder ratio was low.

,ese efforts highlight the strong relation of piezor-
esistivity with moisture content. Due to moisture, electric
conduction in the composites will be induced by not only the
electron transmission through the network of CNTs, but also
ionic conduction through the network of capillary pores or
voids. Under deformation, these two networks may change,
leading to the variation of piezoresistive responses. ,is
means that the piezoresistive behaviors are controlled by two
kinds of mechanisms, namely, ionic conduction and electron
transmission. Unfortunately, to the knowledge of the au-
thors, the role each mechanism plays during deformation
has not been well understood. Furthermore, a predictive
theory of piezoresistivity, incorporating both mechanisms, is
still not available.

With the above in mind, the effect of moisture content
on the piezoresistive behaviors of cementitious composites
containingMWCNTs is presently considered. Five tests were
performed for the composites with variable moisture con-
tent. In order to explore the effect of ionic conduction, the
plain cementitious composites were also tested. Different
from the results previously reported, both positive and
negative piezoresistive behaviors were observed during the
testing. A possible reason for the behaviors considering both
ionic conduction and electron transmission is discussed.
Based on this, a predictive theory of piezoresistivity is
proposed and compared with test results.

2. Experimental Methods

2.1. Materials. ,e cement-based mortars were prepared
with ordinary Portland cement (42.5), and the fine aggregate
was natural sand (in accordance with China ISO Standard).
,e ratio of water/cement/sand was 0.4 :1:1.5. ,e
MWCNTs used were supplied by Chengdu Organic
Chemicals Company, China. ,eir properties are shown in
Table 1. ,e surfactant for dispersing the MWCNTs was
polyvinylpyrrolidone (PVP), as provided by Xi Long
Company of Shantou, China.

2.2. Preparation of Specimens. ,ree mixes of cement-based
mortars were fabricated for the piezoresistivity test. Table 2
shows the proportions of these composites. ,e amount of
MWCNTs added was 0.1% and 0.3% by weight of cement,
respectively. ,ese additions were under the percolation
threshold value of cementitious composites containing
MWCNTs. ,ree specimens were prepared for each mix.

To disperse MWCNTs uniformly, surfactant (PVP) was
firstly mixed with water and stirred for one minute by hand.
MWCNTs were then added into this aqueous solution and
sonicated with an ultrasonicator (KQ 218 Ultrasonic gen-
erator) for 40 minutes. A rotary mixer with a flat beater was
used to mix this solution and cement for about 3 minutes.
Finally, fine sands were added. All the ingredients were
mixed for another 3 minutes.

After pouring the mixes into oiled molds
(40× 40×160mm), an electric vibrator was used to facilitate
compaction and decrease the amount of air bubbles. During
the process, four pieces of stainless metallic grids
(50×10× 2mm) were embedded in each of the specimens
for the purpose of electrical resistance measurement by the
four-probe method, as shown in Figure 1. ,e two outer
pieces (100mm apart, symmetrically positioned relative to
the center plane perpendicular to the longitudinal direction)
were for passing current, while the two inner pieces (60mm
apart, symmetrically positioned relative to the center plane
perpendicular to the longitudinal direction) were for voltage
measurement.

One day after casting, all specimens were demolded and
cured in a standard curing box with a constant temperature
of 22°C and the relative humidity above 95% until the time of
testing.

2.3. Resistance and Piezoresistivity Measurement. ,e first
test for the piezoresistivity of these composites began at the
age of 28 days. ,e test setup is shown in Figure 2. Before
testing, resistance was continuously measured till it became
stabilized. ,en, a compressive testing was performed under
repeated loads. Five loading cycles were carried out and all
stress amplitudes were controlled within the elastic regime.
,e loads were applied on the two ends in the longitudinal
direction of specimens. Both strain and resistance were
measured during the loading process. ,e 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
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(Agilent 34401A) and the four-probe method. All of the
measurements were automatically recorded through a data
logger. After the testing, in order to investigate the influence

of moisture content on the piezoresistivity of the composites,
all specimens were further dried in an oven for at least two
days at a temperature of 50°C and the relative humidity of
30% till an obvious weight loss was observed. ,ereafter,
they were cooled for one day under room conditions and
then tested for the second time. Following this procedure,
another four tests were conducted. All specimens were
weighed before each test.

,e piezoresistivity of each composite was calculated by
the following equation:

ΔR
R0

�
R − R0

R0
  × 100%, (1)

with R being resistance and R0 being the initial value prior to
any loading.

2.4. Scanning Electron Microscope (SEM) and Porosity
Analysis. ,e morphology and microstructure of the frac-
tured surfaces of the composites were observed using a
HITACHI SU 6600 scanning electron microscope at ac-
celerating voltage of 2.0 kV.,ree samples were prepared for
each mix and kept in alcohol. ,ey were dried in a vacuum-
drying oven for 24 h and gold coated before examination.

,e porosity analysis was also performed. An Auto Pore
IV 9510 Mercury Intrusion Porosimetry (MIP), able to
determine the distribution of pores from 3 nm to 1000 μm,
was used for the measurement. ,e contact angle and
mercury surface tension used were 130° and 485 erg/cm2,
respectively.

3. Results and Discussion

Table 3 shows the result of specimen porosity measured by
MIP. ,e total porosity of CM reached the value of 28.79%.
Even though the addition of MWCNTs might produce a
“filling void effect,” the porosity of WCM1 and WCM3
remained 27.24% and 27.19%, respectively. ,is indicates
that there existed a large number of capillary pores and voids
in the composites. Indeed, the SEM image in Figure 3
demonstrates the existence of these pores and voids. In a
moisture condition, the pores and voids are usually filled
with water, which will play an important role for the electric
conduction in the composites [25, 26]. On one side, the pore
water may connect forming pathways of ionic conduction.
On the other side, the pore water reduces the height of
potential barrier between adjacent MWCNTs, increasing the
transmission of electrons between them [27, 28].

Moisture in the composites changed after oven drying.
Table 4 shows the average weight loss of three specimens
before each piezoresistive test. It is seen that the weight loss
of CM, WCM1, and WCM3 decreased monotonically from
0.75% to 3.29%, from 0.67% to 3.36%, and from 1.12% to
3.11%, respectively. Clearly, the weight loss is attributed to

Table 1: Properties of carboxyl MWCNTs.

Outside diameter (nm) Length (μm) W(ash) (%) -COOH (%) Purity (%) Specific surface area (m2/g) Electric conductivity (s/cm)
20–30 10–30 <1.5 1.23 >95 110 100

Table 2: Mix proportions of MWCNTs reinforced cement
mortarsa.

Mix Cement Water Sand MWCNTs (%) PVP (%)
CM 1 0.4 1.5 0.00 0.04
WCM1 1 0.4 1.5 0.10 0.04
WCM3 1 0.4 1.5 0.30 0.09
aGiven as percent of cement content by mass.
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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
was obviously different from one test to another.

Accordingly, piezoresistivity varied due to moisture
content. As shown in Table 5, there appear two kinds of
piezoresistivity in the five tests, which are positive piezor-
esistivity and negative piezoresistivity, respectively. ,e
whole testing process saw the transition of piezoresistivity
from positive to negative and then positive.

It was observed in the five tests that both WCM1 and
WCM3 presented similar piezoresistive responses during

each test. Moreover, the piezoresistivity of three specimens
in the same group exhibited a similar trend. ,erefore, only
results for WCM3 and CM are given in the following.

Figure 4 depicts the piezoresistive responses of speci-
mens for the first test. In this case, moisture content was the
highest. It is seen that both CM and WCM3 had piezor-
esistive behavior. During cyclic compression, the strain
varied linearly up to the peak value about 0.3‰ and returned
to zero at the end of each cycle of loading, indicating that the
strain was within the elastic regime. In each cycle, the value
of ΔR/R0 decreased monotonically upon the compressive
loading, while increased monotonically upon unloading,
exhibiting positive piezoresistivity.

,e results suggest that the piezoresistive behavior of
cementitious composites can be induced by the transmission

Table 3: Porosity of the specimens measured by MIP.

Mix Total intruded volume (ml/g) Average pore diameter (nm) Total porosity (%) Total pore area (m2/g)
CM 0.165 21.57 28.79 30.72
WCM1 0.155 19.8 27.24 31.29
WCM3 0.146 19.74 27.19 29.76

MWCNTs

1.00µmHITACHI 2.0kV 5.9mm × 30.0k SE(UL)

(a)

1.00µmHITACHI 2.0kV 9.0mm × 30.0k SE(UL)

MWCNTs

(b)

3.00µmHITACHI 2.0kV 5.1mm × 15.0k SE(UL)

(c)

Figure 3: SEM image (a) WCM3, (b) WCM1, and (c) CM.

Table 4: Average weight loss of specimens.

Test number 1 2 3 4 5
Mass loss of CM 0 0.75% 1.57% 2.18% 3.29%
Mass loss of WCM1 0 0.67% 1.58% 2.25% 3.36%
Mass loss of WCM3 0 1.12% 1.91% 2.54% 3.11%

Table 5: Piezoresistivity for each test (P� positive; N� negative).

Test number 1 2 3 4 5
Piezoresistivity P N P P P
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of both ions and electrons. In case of high moisture, ionic
conduction plays a dominant role for the piezoresistive
behavior, while the transmission of electrons through
MWCNTs reduces the piezoresistive sensitivity, which is
reflected by the fact that the amplitude of ΔR/R0 for WCM3
is smaller than one for CM in each cycle of loading.

Ionic conduction is affected by the connection of pore
water. During loading, the pore water may connect under
compression and form pathways of ionic conduction,
resulting in the decrease of resistance. During unloading, the
pathways formed will break, and resistance increases.
However, this process is not reversible because cement
matrix may become wet as pore water flows by. As a result,
the piezoresistive sensitivity decreases. As shown in Figure 4,
the amplitude of ΔR/R0 becomes smaller and smaller with
cyclic compression going on.

Figure 5 shows the piezoresistive behaviors of both CM
andWCM3 for the second test. In this test, moisture content
reduced about 0.75% for CM and 1.12% for WCM3, re-
spectively. Due to this reduction, the resistance of specimens
increased. Surprisingly, both CM and WCM3 presented an
opposite piezoresistive response as test 1. It is observed that, in
each cycle, the value of ΔR/R0 increased monotonically upon
the compressive loading, whiledecreased monotonically upon
unloading, exhibiting negative piezoresistivity.

Furthermore, the amplitude of ΔR/R0 for CM decreased
from about 5.5% to about 4%. ,is indicates that moisture
content may affect the piezoresistive sensitivity. With the
reduction of moisture content, CM becomes less sensitive to
strain. However, the addition of MWCNTs enhances the
piezoresistive sensitivity. In this case of moisture content,
the amplitude of ΔR/R0 for WCM3 reached a value of about
6, greater than for CM.

Figures 6–8 illustrate the piezoresistive behaviors of both
CM and WCM3 for the next three tests. With the further
reduction of moisture content, the resistance of CM grad-
ually increased. Before test 5, the initial resistance became
603500Ω, about 125 times higher than one before the first
test. Accordingly, we believed that the conductivity of ce-
mentitious composites was greatly affected by the volume of
porosity and moisture content in the composites. More

specifically, decreasing the amount of water in the com-
posites resulted in the increase of electric resistance, and vice
versa. From all the tests, it was observed that the addition of
MWCNTs reduced the resistance of cementitious materials.

Again, the piezoresistive responses of both CM and
WCM3 turned to be positive. ,e value of ΔR/R0 decreased
monotonically upon the compressive loading, while it in-
creased monotonically upon unloading. In these tests, the
amplitude of ΔR/R0 for CM remained almost unchanged
with the decrease of moisture content, being about 4%. But,
the amplitude ofΔR/R0 forWCM3 increased from 5% to 6%,
obviously greater than one for CM during each cyclic
loading. ,is clearly shows that the piezoresistive responses
of cementitious composites can be induced by the ionic
conduction through pore fluids, while the addition of
MWCNTs enhances the responses.

From these results, we believe that the variation of
moisture content is one main reason for the change of
piezoresistivity. In fact, there exist two conductive networks
in cementitious composites. Network 1, being responsible
for the ionic conduction, consists of capillary pores or voids
that are filled completely or partially with water. ,ese pores
or voids may interconnect each other [26]. Network 2, being
responsible for the electronic conduction, consists of con-
nected MWCNTs or partially connected MWCNTs that are
spaced by voids or matrix. Obviously, Network 1 depends on
moisture content and the connection of capillary pores or
voids, while Network 2 is related to moisture content and the
connection of MWCNTs.

,is can be further explained with the schematic illus-
tration in Figure 9. Each network has three different con-
ductive pathways. Figure 9(a) shows the case of high
moisture content. In this figure, CR1 and CR2 refer to
parallel pathways of pores or voids filled completely with
water and are connected through transverse voids. CR3
refers to the pathway partially with water. MWCNTs may
also form three conductive pathways, completely connected
(CR4), partially connected (CR5, spaced by voids), and
partially connected (CR6, spaced by matrix). Due to drying,
moisture content will reduce. As a result, the connected
pathways CR1 and CR2 will become less (Figure 9(b)) or
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Figure 4: Piezoresistive behavior for test 1: (a) CM (R0 � 4801Ω); (b) WCM3 (R0 � 4600Ω).
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partially connected (Figure 9(c)), leading to the reduction of
ionic conduction. Moreover, drying process will increase the
potential barrier between MWCNTs and reduce the tun-
neling effect of electrons. ,e electronic conduction through
CR5 and CR6 reduces. Under compression, since both CR3
and CR5 may become connected, the ionic conduction

through CR3 and the electronic conduction through CR5
increase. At the same time, the tunneling effect through CR6
becomes higher with the deformation of matrix. In all these
processes, since CR4 is completely connected, the current
through CR4 does not change, and therefore CR4 will not
contribute to piezoresistivity.
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Figure 6: Piezoresistive behavior for test 3: (a) CM (R0 � 21310Ω); (b) WCM3 (R0 �19477Ω).
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Figure 5: Piezoresistive behavior for test 2: (a) CM (R0 � 5333Ω); (b) WCM3 (R0 � 5079Ω).
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Figure 7: Piezoresistive behavior for test 4: (a) CM (R0 � 49300Ω); (b) WCM3 (R0 � 48140Ω).
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Suppose that I01 is the current through Network 1 and I02
is the current through Network 2 before loading. Under
compression, the composites will deform, and the current
through the two networks becomes I1 and I2, respectively.
We have the incrementsΔI1 � I1 − I01 andΔI2 � I2 − I02.,e
total current increment through the composites is that
ΔI � ΔI1 + ΔI2. Since both ΔI1 and ΔI2 are either positive or
negative, it is probable that the following cases will appear:

Case 1. ΔI1 > 0; ΔI2 > 0. It is definite that ΔI> 0.
Consequently, ΔR/R0 < 0. ,e piezoresistivity is posi-
tive. Moreover, the addition of MWCNTs enhances the
piezoresistive sensitivity.
Case 2. ΔI1 > 0; ΔI2 < 0. If |ΔI1|> |ΔI2|, then ΔI> 0. We
still have ΔR/R0 < 0. ,e piezoresistivity is positive.
However, the ionic conduction plays a main role, and the
addition ofMWCNTs reduces the piezoresistive sensitivity.
Case 3. ΔI1 > 0; ΔI2 < 0. If |ΔI1|< |ΔI2|, then ΔI< 0. In
this case, ΔR/R0 > 0. ,e piezoresistivity is negative,

and the electronic conduction through MWCNTs plays
a main role for the piezoresistive response.
Case 4. ΔI1 < 0; ΔI2 > 0. If |ΔI1|> |ΔI2|, then ΔI< 0. As
a result, ΔR/R0 > 0. ,e piezoresistivity is negative.
Case 5. ΔI1 < 0; ΔI2 > 0. If |ΔI1|< |ΔI2|, then ΔI> 0. We
have ΔR/R0 < 0. ,e piezoresistivity is positive.
Case 6. ΔI1 < 0; ΔI2 < 0. ,en ΔI< 0. In this case,
ΔR/R0 > 0. ,e piezoresistivity is negative.

For a definite specimen, both the connection of capillary
pores or voids and the connection of MWCNTs are fixed.
WhetherΔI1 andΔI2 are positive or negative depends on the
moisture content in the material. It is seen that tunneling
effect occurs through CR3 in both Figures 9(a) and 9(c), and
current increases during compression. As a result, ΔI1 > 0.
However, in Figure 9(b), even if the tunneling current
through CR3 increases, the bridge between CR1 and CR2
may be narrowed or blocked under compression, a phe-
nomenon called “bottleneck effect” [26], which leads to the
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Figure 8: Piezoresistive behavior for test 5: (a) CM (R0 � 603500Ω); (b) WCM3 (R0 � 551200Ω).

CR5CR3CR1

CR6CR4CR2

(a)

CR5CR3CR1

CR6CR4CR2

(b)

CR5CR3CR1

CR6CR4CR2

(c)

Figure 9: Schematic views of conductive pathways.
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decrease of total current. ,erefore, ΔI1 < 0. Similarly, when
voids are full of water in case of higher moisture content
(Figures 9(a) and 9(b)), CR5 is conductively connected. Due
to compressive loading, the conductive area may decrease
and then ΔI2 < 0. Otherwise, CR5 becomes disconnected
(Figure 9(c)). In this case, ΔI2 > 0, since the tunneling
current through CR5 increases.

Based on the analysis, we infer that test 1 (Figure 4)
belongs to Case 2, test 2 (Figure 5) is Case 6, and the next
three tests (Figures 6–8) are Case 1.

4. Theoretical Modelling of Piezoresistivity

As discussed in Section 3, both ionic conduction and
electronic conduction may happen in the cement matrix
composites containing MWCNTs. ,e ionic conduction is
induced due to the existence of pore solutions in the
composites, while the electronic conduction occurs through
connected or adjacent MWCNTs. ,erefore, the composite
conductivity can be expressed as

σ � σ1 + σ2, (2)

where σ, σ1, and σ2 represent the composite conductivity,
ionic conductivity, and electronic conductivity, respectively.
According to Archie’s law [29],

σ1 � σwϕ
β
, (3)

where σw is the electrical conductivity of pore solution and ϕ
is the composite porosity. ,e parameter β reflects the
connectivity of pore solution, which depends on the
moisture content and pore structure, as well as the strain
during loading and unloading. Based on the tunneling
theory [28, 30], it is supposed to be

β � β0 exp(− a · ε) + 1, (4)

where β0 and a are parameters remaining to be experi-
mentally determined.

,e electronic conductivity σ2 is attributed to the
bridging conductivity of MWCNTs and the tunneling effect
between adjacent MWCNTs. It should take a similar form as
equation (3):

σ2 � σf · ϕc

f, (5)

where σf is the MWCNTs conductivity, ϕf is the volume
fraction of MWCNTs, and c reflects the tunneling effect of
MWCNTs in the composites. In the same way as β, it is
assumed that

c � c0exp(− b · ε) + 1, (6)

where c0 and b are parameters remaining to be experi-
mentally determined.

,en, we have

σ � σ1 + σ2 � σwϕ
β

+ σfϕ
c

f. (7)

It is noted that, in the case without MWCNTs,
σ � σ1 � σwϕ

β. If the composites are dry enough, the
conductivity due to pore fluids can be ignored and the

composite conductivity may be simplified to
σ � σ2 � σfϕ

c

f.
,e resistance of specimens can be calculated by

R �
ρL

A
, (8)

where L is the length between two inner electrical contacts,A
is the embedded area of electrical contact in the composites,
and ρ is the resistivity of composites. ,e piezoresistivity
defined by equation (1) becomes

ΔR
R0

�
ρLS0
ρ0L0S

− 1 (9)

where ρ0, L0, and S0 are the initial value prior to any loading.
Under the condition of uniaxial compression and with
ρ � 1/σ,

ΔR
R0

�
σ0 1 + εz( 

σ 1 − ]εz( 
2 − 1, (10)

where εz is the longitudinal strain and σ0 is the initial value
of composite conductivity. By using equation (7), we have

ΔR
R0

�
σwϕ

β0+1
0 + σfϕ

c0+1
f

σwϕ
β + σfϕ

c

f

1 + εz( 

1 − ]εz( 
2 − 1. (11)

,e porosity of composites will vary under loading and
can be calculated by [31]

ϕ �
ϕ0

1 − (1 − 2])εz

1 −
4μm + 3km(  1 −

�����������
1 − (1 − 2])εz

3


( 

4μm + 3kmϕ0
 

3

,

(12)

where ϕ0 is the initial porosity of composites and μm and km

are the shear modulus and the bulk modulus, respectively.
From equation (11), we can see that the piezoresistivity

depends on the porosity of composites, the volume fraction
of MWCTNs, and the connectivity parameters. Once these
parameters are defined, the piezoresistive behavior with
strain is determined. However, it is not easy to determine the
connectivity parameters β0, c0, a, and b. Here, we ap-
proximate them according to the following two steps.

Step 1. Consider the composite without MWCNTs. In
this case, σ � σ1 � σwϕ

β. From the theory of four-probe
method [32],

σ �
1

F1 · F2 · C · R
, (13)

where C is a parameter relating to the positions of four
probes and F1 and F2 are geometric corrections of a
specimen. For the specimen shown in Figure 1,
C � 8.373, F1 � 1.0, and F2 � 0.9895. Prior to loading,
εz � 0. ,en, R0⟶ σ0⟶ β0.
Choosing a pair of measured resistance R and strain εz

at the beginning of loading, we have R⟶ σ⟶ a (or
multiple pairs of measured resistance R and strain εz,
and calculate the average of a ).
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Step 2. Consider the composite with MWCNTs. ,e
composite conductivity is shown in equation (7). In the
equation, β0 and a are assumed approximately to be the
same as step one. Since εz � 0 before loading,
R0⟶ σ0⟶ c0. Choosing a pair of measured re-
sistance R and strain εz at the beginning of loading,

R⟶ σ⟶ b (or multiple pairs of measured resis-
tance R and strain εz, and calculate the average of b).

Using the above formulas, we calculated the piezor-
esistive responses of specimens CM and WCM3, with the
elastic modulus of composites being 30GPa and the Poisson
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Figure 10: ,e calculated piezoresistivity of CM (a, c, e, g, i) and WCM3 (b, d, f, h, j).
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ratio being 0.21. Moreover, ϕf � 0.00115, σf � 100 s/cm,
ϕ0 � 0.28, and σw � 0.1 s/cm[33]. ,e results for the first
cycle of loading are shown in Figure 10.

It is seen thatin case of moderate moisture content (test 3
and test 4), the calculated piezoresistive responses of both
CM and WCM3 agree well with the testing results
(Figures 10(e)–10(h)), indicating that this theoretical model
can predict reasonably the piezoresistivity of cementitious
composites incorporating MWCNTs. Accordingly, it further
shows that the piezoresistive responses of the composites are
induced by not only the electronic conduction occurring
through MWCNTs, but also the ionic conduction due to
pore fluids in the composites. ,e effect of moisture content
cannot be ignored.

However, when moisture content is high or low, the
discrepancy between the calculated responses and the ex-
perimental data appears and becomes obvious with the
increase of loading.

5. Conclusions

An experimental research was performed to investigate the
piezoresistivity of cementitious composites incorporating
MWCNTs due to the variation of moisture content. ,e
variation of moisture content was controlled by drying the
specimens in an oven, and the weight loss of these specimens
was used as an index. Both positive and negative piezor-
esistivity were observed during the process of cyclic com-
pression. In most cases of moisture content, the fractional
change in resistance ΔR/R0 decreased monotonically upon
compressive loading and increased monotonically upon
unloading, exhibiting positive piezoresistivity. When
moisture content was in a specific range, the fractional
change in resistance ΔR/R0 increased monotonically upon
compressive loading and decreased monotonically upon
unloading, demonstrating negative piezoresistivity. ,e
whole transition process from positive piezoresistivity to
negative piezoresistivity and then positive piezoresistivity
was presented. Moreover, it was found that the amplitude of
piezoresistivity changed due to variation of moisture con-
tent. ,e mechanism for these phenomena is discussed.

A theoretical model of piezoresistivity, including both
ionic conduction and electronic conduction, is proposed.
,is model is able to predict the effects of porosity, the
volume fraction of MWCTNs, and the connectivity pa-
rameters on the piezoresistivity. Numerical results show
that, in case of moderate moisture content, the calculated
piezoresistive responses of specimens agree well with the
testing data. However, whenmoisture content is high or low,
discrepancy appears and becomes obvious with the increase
of loading. In future work, a more reasonable model should
be developed to overcome these drawbacks. Possible ap-
plications of piezoresistivity to practical structures for strain
sensing should also be studied.
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