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Abstract Carbon fiber-reinforced cement is a multifunc-

tional composite material owing to its conductive behavior.

This article presents a model for quantitative analysis of the

conductive mechanism. The model is based on the concept

that the electronic conduction dominates when the com-

posite is in dry state and is a combination of ohmic con-

tinuum conduction and tunnel transmission conduction.

Therefore, Ohm’s law and tunneling effect theory are

employed in the modeling process. Validity of the model has

been confirmed by comparison of the calculated and mea-

sured results. Furthermore, the model is applied in simu-

lating the strain sensing characteristics. Numerical results

are shown and compared with measured data obtained under

compressive loading. The agreement between theoretical

and experimental results provides further support to the

model.

Introduction

As a complicated heterogeneous composite material, car-

bon fiber-reinforced cement is of great technological

interest due to the combination of good structural proper-

ties and exceptional electrical properties. The addition of

short carbon fibers to cement enhances not only the tensile

ductility, flexural strength, and toughness but also the

electrical conductivity [1–6]. Besides, the composite is

more attractive for its multifunctional behavior, which

derives from its electrical property, including strain sens-

ing, temperature sensing, piezoresistivity effect, thermo-

electric effect, and joule heating [7–12].

The electrical conduction in carbon fiber-reinforced

cement involves ions, electrons and/or holes and comprises

three types of conduction [13, 14]. In the case of ions, there

is only one type of conduction, which is associated with the

motion of ions (such as Ca2?, K?, Na?, OH-, etc.) in pore

solution. Ionic conductivity varies in a particularly wide

range when cement contains a substantial amount of free

water. Under dry condition, the cement matrix approxi-

mates an insulating material. In the case of electrons and/or

holes, there can be two types of conduction—one associ-

ated with the motion of electrons and/or holes through the

conductive paths formed by a large amount of carbon fibers

which are tiny and contact each other, and the other

associated with the transmission conduction of electrons

between two disconnected fibers that are close enough. The

transmission conduction is dominated by the tunneling

effect. These types of conduction modes coexist in carbon

fiber–cement composite, but they are not independent. The

contribution of each type of conduction is not the same for

different fiber content. For instance, the moving of elec-

trons and/or holes through continuous fibers, or designated

as ohmic continuum conduction mode, dominates when

fiber volume fraction is higher than the percolation

threshold, thus resulting in a conductive network. In con-

trast, the electrons’ transmission plays an important role

when fiber volume fraction is below the percolation

threshold or falls within the percolation transition zone.

Although numerous researches concerning the conduc-

tive mechanism of carbon fiber-reinforced cement have

been reported previously, quantitative work is scant.

Quantitative work is very important for fundamental
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understanding of the conductive mechanism. Hence, the

main objective of this article is to investigate the conductive

mechanism of carbon fiber–cement mortar in theory, fol-

lowed by modeling of the conductive behavior. Ohm’s law

and tunneling effect theory are employed in this theoretical

study and analytic results are subsequently compared with

experimental data. A related objective is to assess numeri-

cally the strain sensitivity of carbon fiber–cement mortar-

based on the model.

Modeling

Basic assumptions

In order highlight the issue of conductive mechanism of the

carbon fiber–cement mortar, some complicated factors

originating from the heterogeneous property of the com-

posite are minimized. Thus, several assumptions are pro-

posed as below:

1. Due to the high resistivity of cement matrix in dry

state (105–107 X m), the ionic conduction through pore

solution is negligible [15]. Charge carriers, mainly the

electrons and/or holes, move only in the most convenient

way, either by contacting fibers or by tunnel transmission.

2. The distribution of fibers in cement is completely

uniform, namely, there is no clustering nor winding. Fibers

are in random of orientation.

3. Charge carriers are regarded as the same for the cases

of ohmic continuum conduction and tunnel transmission

conduction. The mobility of carriers depends on the

intensity of electric field exclusively. Yet, the passing

probability of carriers satisfies Schrödinger’s equation for

tunnel transmission conduction.

Based on the assumptions proposed above, the total

resistance of carbon fiber–cement mortar is composed of

the ohmic continuum resistance and the tunnel transmis-

sion resistance. Assuming that the former is connected in

series with the latter, they are denoted as RC and RT,

respectively. Hence, the primary objective of modeling is

the calculation of RC and RT.

Ohmic continuum resistance RC

First, the number of contacting fibers should be deter-

mined. Let the fiber volume fraction be V0, the number of

all the fibers in the specimen be N. Then, the relationship

between V0 and N is

bhLV0 ¼
p
4

d2lN ð1Þ

where b, h, and L are the width, height, and length of the

specimen, respectively; d and l are the diameter and length

of a carbon fiber, respectively. The expression of N is

denoted as

N ¼ ð4bhLV0Þ
ðpd2lÞ ð2Þ

For simplicity, a two-dimensional case is considered. The

probability of contact between two single fibers depends on

the distance x between the centroids of the fibers, as shown

in Fig. 1. If the distance is greater than fiber length, then

the two fibers never contact; otherwise, there exists a

rotational range in which the two fibers connect. Thus, the

probability of contacting can be defined as

P ¼ 2u
p

ð3Þ

where u ¼ cos�1 x
l

� �
is half the rotational angle of the fiber.

Equation 3 can be rewritten as

P ¼
2 cos�1 x

l

� �

p
ð4Þ

Let us assume that the distance x is the average spacing

between fibers, and let S be the average spacing. The

expression of S can be obtained based on theoretical study

of James and James [16]

S ¼ 13:8d

ffiffiffiffiffi
1

V0

r

ð5Þ

Then Eq. 4 becomes

P ¼
2 cos�1 13:8d

l

ffiffiffiffi
1

V0

q� �

p
ð6Þ

Let the number of contacting fibers be NC which can be

expressed by the equation

NC ¼ N � P ð7Þ

Fig. 1 Schematic illustration of rotational contacting probability of

two carbon fibers in a plane
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Substituting Eqs. 2 and 6 into Eq. 7 yields

NC ¼
8bhL V0 cos�1 13:8d

l

ffiffiffiffi
1

V0

q� �

pdð Þ2l
ð8Þ

Suppose the contacting fibers form a magnitude of con-

tinuous conductive paths in the longitudinal direction of the

specimen, which is parallel to the orientation of electric field.

Conductive paths are uniformly distributed at any section,

and the contacting fibers are connected in an ideal state as

shown in Fig. 2. For this pattern, the spacing of any of two

neighboring fibers is S, and fibers are connected end-to-end.

Let the number of fibers per conductive path is NA and the

number of conductive paths is NP. The expression of NA is

NA ¼
L

S
ð9Þ

Accordingly, the resistance Rc of one conductive path is

RC ¼
ql

p
4
d2
� L

S
ð10Þ

whereq is the resistivity of carbon fiber. The ohmic continuum

resistance RC can be regarded as a series of identical resistance

Rc connected in parallel, with a total number of NP. It is

obvious that NP can be expressed as follows:

NP ¼
NC

NA

ð11Þ

Hence, the expression of RC is

RC ¼
1

NP

RC ð12Þ

Substituting Eqs. 5 and 8–11 into Eq. 12, we obtain

RC ¼
pql2L

380:88bhd2 cos�1 13:8d
l

ffiffiffiffi
1

V0

q� � ð13Þ

We should also allow for the influence of contact

resistance in the model. Assuming that the total contact

resistance, the contact resistance in one conductive path,

the contact resistance between two neighboring fibers are

RJ, Rj, Rj0, respectively. Similarly, we have the relationship

among RJ, Rj, and Rj0 as follows:

RJ ¼
1

NP

Rj ¼
1

NP

� L

S
� Rj0 ð14Þ

Incorporating Eq. 14 into Eq. 13

RC ¼
plL

380:88bh cos�1 13:8d
l

ffiffiffiffi
1

V0

q� �
ql

d2
þ p

4
Rj0

� �
ð15Þ

The contact resistance Rj0 depends on the contact with each

other state of two neighboring fibers. Suppose that the two

fibers are in perfect contacting, which can be described as

one single point contact and the contacting region is a circle.

In addition, no insulating film is found on the fiber surface.

Then, the contact resistance Rj0 can be approximately

estimated as [17]

Rj0 ¼
q
2

ffiffiffiffiffiffiffiffiffi
pdH

kF

r

ð16Þ

where H is the hardness of carbon fiber, F the axial force

applied on the contacting region, d the deformation

coefficient of carbon fiber, and k the number of contacting

points. Substituting Eq. 16 into Eq. 15 we have

RC ¼
pqlL

380:88bh cos�1 13:8d
l

� �
l

d2
þ p

8

ffiffiffiffiffiffiffiffiffi
pdH

nF

r !

ð17Þ

Tunnel transmission resistance RT

The conduction of carbon fiber cement composite involves

numerous charge carriers transmitting between two fibers.

According to basic assumption (2), the value of spacing

between any two fibers not contacting follows a normal

distribution. For ease of calculation, the probability density

Fig. 2 Schematic illustration of

conductive paths formed by

contacting carbon fibers in the

longitudinal and cross-sectional

direction
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function of fiber spacing distribution is defined as piece-

wise linear function, as shown in Fig. 3. The distribution of

fiber spacing follows the function as below:

y ¼ 1
S2 x 0 � x � S

y ¼ 2
S � 1

S2 x S \ x � 2S

	
ð18Þ

It is well known that width of the barrier has a great

influence on the transmission current. Here, the fiber

spacing represents the width of the barrier. The tunneling

current approaches 0 if fiber spacing exceeds a critical

value. Because carriers still find the most convenient way

even if tunnel transmission conduction is involved, the

equivalent tunnel transmission resistance RT can be divided

into a large number of tiny resistors connected in parallel.

Figure 4 shows the proposed circuit model, in which RTi

represents a resistor that is equivalent to the tunnel

transmission resistance with a specific fiber spacing in

the range of tunnel transmission conduction. Therefore, RT

can be expressed by the following equation:

1

RT

¼ 1

RT1

þ � � � þ 1

RTi

þ � � � þ 1

RTn

ð19Þ

where RTi is regarded as a pure resistor with xi being the

length and p
4

d2 being the cross-sectional area, as shown in

Fig. 5. The expression of RTi should be

RTi ¼
qTi xi
p
4

d2
ð20Þ

where qTi is the corresponding resistivity. On the basis of

Ohm’s law, we have

q ¼ 1

r
¼ 1

nql
ð21Þ

where r is the conductivity of carbon fiber, n the total

number of charge carriers, q the electric charge amount of

the carrier, and l is the mobility of the carrier. Similarly,

qTi can be expressed as

qTi ¼
1

rTi

¼ 1

nTiqTilTi

ð22Þ

According to basic assumption (3), the property of carriers

moving through contacting fibers and transmitting between

two adjacent fibers is the same in essence. In other words,

the electric charge amount q and the mobility l are equal

under both of the conditions. However, there exists a

passing ratio for carriers in tunnel transmission conduction

because carriers need to hop through a barrier with width

of xi. Thus, Eq. 22 can be rewritten as

qTi ¼
1

nTi ql
ð23Þ

Dividing Eq. 21 by Eq. 23 yields

qTi ¼
n

nTi

q ¼ 1

Ti

ð24Þ

in which Ti is the transmission coefficient of the charge

carrier with energy of E hopping through a barrier of width

xi and height U0. The expression of Ti is given by

Fig. 3 Simplified probability density function of fiber spacing

distribution

Fig. 4 Equivalent electric circuit model used for the calculation of

tunnel transmission resistance

Fig. 5 Schematic illustration of one pure resistor being representa-

tive of tunneling

J Mater Sci (2010) 45:3538–3546 3541

123



Ti ¼
4E

U0

e
2
�h

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
2m U0 � Eð Þ xi

p
ð25Þ

where m is the mass of the charge carrier, and �h is the

reduced Plank’s constant. Substituting Eqs. 24 and 25 into

Eq. 20 yields

RTi ¼
qU0 xi

pd2E
e

2
�h

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
2m U0 � Eð Þ xi

p
ð26Þ

The calculation of RT is made with the aid of integral method

and then taking into account the probability density function

discussed previously. If probability of RTi within the region

of (xi, xi?1) is 1
S2 xi dx, then the number of RTi should be

1
S2 N 0xidx, where N0 represents the counts of pairs of non-

contacting fibers. Thus, the expression of RT is given by

RT ¼
Z a

0

N 0pd2E

S2qU0

e�
2
�h

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
2m U0�Eð Þx
p

dx

� ��1

ð27Þ

where a is the upper limit of barrier width for effective

tunnel transmission conduction.

We shall next determine the parameter N0 in Eq. 27. The

counts of pairs of non-contacting fibers relates to the

number of non-contacting fibers and the number of fibers

around one single fiber; let the former be Nt and the latter

be Na. Obviously, Nt can be expressed as

Nt ¼ N 1� Pð Þ ð28Þ

Na can be obtained using the theory of crowding factor

proposed by Kerekes and Schell [18]. The crowding factor

has been employed to characterize the fiber flocculation, and

it is the number of fibers in a sphere the diameter of which

equals to the length of one single fiber. Na is expressed as

Na ¼
2

3
V0ð1� PÞ l

d

� �2

ð29Þ

Since the relationship among N0, Nt and Na be

N 0 ¼ Nt � Na

2
ð30Þ

Then, we can obtain N’ by substituting Eqs. 2, 6, 28 and 29

into Eq. 30

N 0 ¼ 4bhlLV2
0

3pd4
1�

2 cos�1 13:8d
l

ffiffiffiffi
1

V0

q� �

p

0

@

1

A

2

ð31Þ

Substituting Eqs. 5 and 31 into Eq. 27, we obtain the

expression of RT

RT ¼
142:83qU0d4beab

bhlLEV3
0 eab � 1ð Þ 1�

2 cos�1 13:8d
l

ffiffiffiffi
1

V0

q� �

p

0

@

1

A

�2

ð32Þ

where b ¼ 2
�h

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
2m U0 � Eð Þ

p
:

Experimental details

Materials and specimens

Carbon fibers were isotropic PAN-based, unsized, with

length of 5 mm, as obtained from Shanghai Carbon Cor-

poration. The fiber properties are shown in Table 1.

Ordinary Portland cement which corresponds to ASTM

Type I was used throughout. The sand used was local

natural sand with specific gravity of 2.65. Silica fume was

used along with fibers to improve the dispersion of fibers in

cement mortar. The silica fume (Elkem Materials) was

used in the amount of 15% by mass of cement. The defo-

amer, used in the amount of 0.13 vol.%, was tri-butyl

phosphate. The water-reducing agent (Kao Chemical Cor-

poration, 21 s; polycarboxylic type water-reducer) was

used in the amount of 1.0% by mass of cement. Water/

cement (w/c) ratio was 0.45 (by mass) and sand/cement

(s/c) ratio was 1.0 (by mass).

Specimens containing 0.05, 0.10, 0.15, 0.20, 0.25, and

0.40% by volume of fibers were prepared under laboratory

conditions. A rotary mixer with a flat beater was used for

mixing. Fibers were added in water, and then the defoamer,

and water-reducing agent were added and mixed for about

1 min. Then the mixture, cement, sand, and silica fume

were mixed in the mixer for 3 min. After pouring the

mixture into molds, an external vibrator was used to

facilitate compaction and decrease the amount of air bub-

bles. The specimens were demolded after 24 h and then

cured in a moist-curing room for 28 days. In order to make

sure the completely dry state, all the specimens were

heated to 105 �C for 6 h and then put in a desiccator at

room temperature.

Testing

Electrical resistivity measurements were conducted using

the four-probe method, with silver paint in conjunction

Table 1 Properties of carbon fiber

Diameter

(lm)

Density

(g cm-3)

Tensile strength

(GPa)

Young’s modulus

(GPa)

Elongation at break

(%)

Carbon content

(wc%)

Electrical resistivity

(lX m)

7 ± 0.2 1.78 [3.0 220–240 1.25–1.60 [95 15
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with copper wires for electrical contacts. Two Fluke 189

multimeters were used. Specimens were in the form of

rectangular bars of size 40 mm 9 40 mm 9 160 mm,

each consisting four electrical contacts placed perimetri-

cally around the specimen in four parallel planes perpen-

dicular to the length of the specimen. The four contacts,

labeled A, B, C, and D, were such that A and D (120 mm

apart) were for passing current, and B and C (80 mm apart)

were for voltage measurement. Figure 6 depicts the con-

figuration of the specimen for electrical measurements.

Compressive stress was applied on the entire 40 mm 9

40 mm cross section of the specimen for the purpose of

measuring the longitudinal resistance under compression in

the same direction. Loading was provided by a hydraulic

mechanical testing system (Instron 8501), and the loading

rate was fixed at 3 kN s-1. Two strain gages were attached

to the center of the specimen, one on each of two opposite

surfaces, as illustrated in Fig. 6. During compressive test-

ing, DC electrical resistance measurement was made in the

stress axis, using the four-probe method.

Results and discussion

Comparison of measured and calculated resistance

values

From the experimental work with the specimen size shown

in Fig. 6, involves b = 40 mm, h = 40 mm, and L =

80 mm. The hardness H of carbon fiber is 500 MPa [19].

The axial force F at the contacting point is assumed as the

gravity of one single fiber which is 3.43 9 10-9 N. Value

of 0.2 is assigned to the deformation coefficient d of con-

tacting region in the elastic deformation state. k is 1 for the

one single point contact. The reduced Plank’s constant

�h is 1.053 9 10-34m2 kg s-1. The mass of charge carrier

m = 9.11 9 10-31 kg because carriers are mainly elec-

trons in carbon fibers. Energy of carrier E depends on the

activation energy of electrons in fibers. Meanwhile, the

effect of the applied voltage on the carrier energy should be

evaluated. Suppose the applied voltage is V, then the

electric field intensity n is

n ¼ V

L
ð33Þ

In this electric field, charge carriers would attain velocity m,

and its direction is related to the electric field. The velocity

vector m can be given by the following expression:

v ¼ ln ð34Þ

If cement paste is regarded as an approximate semicon-

ductor, then the value of carrier mobility should be in the

range of 10–100 m2 (V s)-1 [20]. From an energy point of

view, the charge carrier gains an extra kinetic energy Ev,

which can be written as

Ev ¼
1

2
mv2 ð35Þ

Thereby, the energy E of the charge carrier in the electric

field of intensity n should be

E ¼ E0 þ Ev ð36Þ

where E0 is the energy of the charge carrier free from

electric field, which is essentially the activation energy of

the fiber. Based on prior study on the activation energy

related to carbon fiber grade, a value of 0.36 eV was used

in this case due to PAN-based carbon fiber being

amorphous type [21]. Substituting Eqs. 33–35 into Eq. 36

results in the following expression:

E ¼ E0 þ
ml2V2

2L2
ð37Þ

Charge carrier energy values with different applied volt-

ages for three levels of carrier mobility are given in

Table 2. If the applied voltage is below 5 V, then it has

negligible impact on the carrier energy. During the tests,

the voltage applied was within 3 V, thus we can treat the

value of carrier energy as a constant, i.e., 0.36 eV.

Values in the range between 0.36 and 0.72 eV (i.e., U0/E

between 1 and 2) were assigned to the height of barrier U0.

The width of barrier a was set equal to 0.5 nm when the

value of U0/E is in the range of 1–2 [22]. Substituting these

parameters into Eqs. 17 and 32, we obtain result of total

resistance.

Fig. 6 Specimen configuration for measurements
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Comparison of measured and calculated values at dif-

ferent U0/E is shown in Fig. 7. The calculated results show

that minor changes of U0/E have a marked influence on the

total resistance values, although the shapes of curves are

similar. When U0/E is 1.005, good agreement is observed

between the calculated and measured results for the cases

of high volume fractions, but not for the cases of lower

ones, especially far below the percolation threshold (i.e.,

volume fraction of 0.05%) [23]. However, at higher U0/E

values, calculated results are nearly in agreement wit

measured results for low fiber fractions. This phenomenon

is attributed to the dependence of tunneling barrier height

on the carbon fiber content. There is a possible correlation

between barrier height and barrier width, i.e., the fiber–

fiber distance.

Table 3 shows the measured and calculated values of

resistance at different fiber fractions. Both RC and RT are

found to decrease monotonically with increasing fiber

content. The contribution of RC to the total resistance R is

rather lower than that of RT when fiber content is below the

percolation threshold. While the fiber content increases to

the vicinity of percolation threshold (volume fraction of

0.40%), the fraction of RC is highly significant. It should

also be pointed out that the contact resistance RJ has a great

effect on RC and, therefore, cannot be neglected.

Modeling of strain-sensing ability

The ability of carbon fiber-reinforced cement composite to

sense its own strain and damage is important for smart

structures and buildings. Simply using DC electrical resis-

tance measurement, embedded or attached sensors can be

applied for structural vibration control, traffic monitoring,

weighing, and building security [24, 25]. The advantages of

this self-sensing propertyincludes low cost, high durability,

and compatibility with structural materials. Chung et al.

[26, 27] investigated self-sensing of cement based materials

and attributed this piezoresistive effect to slight fiber pull-

out of crack-bridging fibers during tension and fiber push-in

upon compression. In this study, we tried to explain this

phenomenon based on the tunneling theory.

Consider a carbon fiber-reinforced cement specimen

under uniaxial tension or compression in the elastic regime,

such that the strain resulting from the applied loading in the

longitudinal distance is e. The sign of e is positive for

tension and negative for compression. We assume that part

of the strain causes the change in fiber spacing. Let U be

Table 2 Charge carrier energy with different applied voltages for

three levels of carrier mobility

Applied voltage (V) Carrier energy (eV)

Carrier mobility (m2 (V s)-1)

10 50 100

0.1 0.3600 0.3600 0.3600

0.5 0.3600 0.3600 0.3600

1 0.3600 0.3600 0.3600

5 0.3600 0.3600 0.3601

10 0.3600 0.3601 0.3604

50 0.3601 0.3628 0.3711

100 0.3604 0.3711 0.4045

0.00 0.05 0.10 0.15 0.20 0.25 0.30 0.35 0.40 0.45

2

3

4

5

6

7

8

ln
 R

 (
ln

Ω
) 

Volume fraction of carbon fiber (%)

 Measured results
 Calculated results, U

0
/E=1.005

 Calculated results, U
0
/E=1.15

 Calculated results, U
0
/E=1.5

 Calculated results, U
0
/E=1.8

Fig. 7 Comparison of measured and calculated values of resistance

at different U0/E

Table 3 Comparison of measured and calculated resistance values

Volume fraction of fiber (%) RJ (X) RC (X) RT (X) R (X) R0 (X) RC/R (%) RC/R0 (%)

0.05a 7.00 12.98 1541.46 1554.44 1791.84 0.84 0.73

0.10b 4.04 7.50 180.62 188.12 227.59 3.40 3.30

0.15c 3.52 6.53 48.18 54.71 37.27 11.94 17.53

0.20c 3.29 6.09 27.78 33.87 27.64 17.99 22.05

0.25c 3.15 5.83 18.03 23.87 23.09 24.45 25.27

0.40c 2.93 5.44 7.19 12.63 10.10 43.05 53.82

a U0/E is 1.8, b U0/E is 1.15, c U0/E is 1.005
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the percentage of strain. Assuming that each of the fiber

spacing contributes equally to the strain and letting Da be

the distance change, we have

UeL ¼ DaN 0 ð38Þ

Thus, we obtain

Da ¼ UeL
N 0

ð39Þ

From Eq. 39, we know that Da shares the same as sign as e.
Then, the tunnel transmission resistance RT is

RT ¼
Za

0

N 0pd2E

S2qU0

e�
2
�h

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
2m U0�Eð Þ
p

xþDað Þ dx

0

@

1

A ð40Þ

Substituting Eq. 39 into Eq. 40, we obtain

RT ¼
190:44qU0beab

pEV0N 0 eab � 1ð Þ e
UbL

N0 e ð41Þ

The total resistance would be

R ¼ RC þ RT ð42Þ

Under the condition of fixed fiber content, we can use the

following equation as short form of R

R ¼ Aþ BeCe ð43Þ

It is found in Eq. 43 that the total resistance is an expo-

nential function of strain. A and B represent ohmic contin-

uum resistance and tunnel transmission resistance without

loading, respectively.

Owing to minor damage that occurred to cement matrix

during compressive loading, the measured resistance is

usually irreversible after the first cycle, but it stabilizes

after several cycles of loading and unloading. Based on this

effect, measurement of resistance was not conducted until

the fourth cycle of compressive loading was applied.

Assuming the value of U as 100%, we observe that the

strain contributes to the fiber spacing change completely.

Figure 8 shows the comparison of the measured and the

calculated fractional resistance values versus strain, and the

stress values versus strain. The calculated results agree well

with the measured data, although some difference is

observed at relatively high strain values. The high strain

causes microcracking in cement, which in turn results in

the redistribution of fibers. This can influence the tunnel

transmission conduction to some extent. Table 4 shows the

measured and calculated fractional resistance values at

-650 microstrain. It can be observed that the fractional

resistance, whether measured or calculated, decreases

along with increasing fiber content. This is in accordance
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Fig. 8 Comparison of

measured and calculated values

of fractional resistance versus

strain and stress values versus

strain at different fiber volume

fractions. a 0.05%, b 0.15%,

c 0.25%, d 0.40%

Table 4 Measured and calculated fractional resistance values at

-650 microstrain

Fiber volume fraction (%) Measured DR/R Calculated DR/R

0.05 -23.9 -19.6

0.15 -16.2 -15.9

0.25 -5.7 -5.5

0.40 -0.62 -0.48
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with the gauge factor proposed in Ref. [11]. The gauge

factor in longitudinal direction decreases as the fiber con-

tent increases in the region of both below and in the

vicinity of percolation threshold.

Conclusions

A model for quantitatively analyzing the conductive

mechanism of carbon fiber reinforced cement mortar is

provided, based on the notion that the electrical behavior is

mainly contributed by electronic conduction. The conduc-

tion is due to the contact of fibers and the tunnel trans-

mission. Good agreement between model and experiment

was attained by selecting appropriate values of parameters.

Subsequently, the model was applied to simulating the

strain-sensing ability in the process of compressive load-

ing. The agreement between the measured and calculated

results provides further support to the model presented

here.
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