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Abstract

The effect of temperature on the electrical resistivity of high-performance fiber-reinforced concretes (HPFRCs)
was highlighted in this investigation through an experimental approach. There are four HPFRC mixtures as
follows: HPFRC0 (no fiber), HPFRC1 (macro steel fiber, 1.5% by volume), HPFRC2 (micro steel fiber, 1.5% by
volume), and HPFRC3 (hybrid fiber, 1.0% macro steel fiber blended with 0.5% micro steel fiber). All HPFRC
specimens had an identical size of 40 × 40 × 160 mm3 (width × depth × length). The electrical resistivity
of HPFRCs was measured under three temperature levels, including 0 °C, 25 °C, and 50 °C using a chamber
machine. The research proved that the electrical resistivity of the studied HPFRCs obviously decreased with
increasing the temperature ranging from 0 °C to 50 °C. Generally, the temperature exhibited a considerable
effect on the electrical resistivities of cement-based composites.
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1. Introduction
Since the breakdown of the Morandi Bridge in Italy happened in 2018, structural health monitor-

ing (SHM) has played a very essential role to prevent catastrophic structural breakdown. Currently, the
SHM approach commonly employs attached and/or embedded sensors into the structural member to
monitor the structural response and then evaluate the structural properties in terms of load-carrying
capability and service life [1, 2]. Fig. 1 shows the schematic of a typical SHM system in a bridge
structure. As can be seen in Fig. 1, a typical SHM system comprises three main parts as follows: a
sensor network, a data processing system, and a health evaluation method for decision-making. The
current SHM approach has been still disadvantageous in the monitoring work, such as high cost, low
durability, and limited sensing area of the common sensors [3]. Moreover, the embedding of sensors
into a structure may be the main reason leading to a decrease in the load-carrying capacity of the
structure. To overcome these limitations of the present SHM systems, a new approach is proposed
employing smart construction material with self-sensing capacity for monitoring work. For operat-
ing mechanisms, the smart materials can themselves sense or respond to structural strain (stress) and
damage (cracks) based on the electrical resistivity of these materials under external loads [4, 5].

High-performance fiber-reinforced concrete (HPFRC) has recently been claimed as a superior
building material because it exhibits great compressive, flexural, and tensile resistance as well as
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Figure 1. Illustration of a common SHM system for a bridge structure

excellent ductility and toughness under external loads [6–10]. Along with the outstanding properties
mentioned above, HPFRC materials may also have smart properties like self-healing [11] and self-
strain/damage sensing [12–16]. As a result, the HPFRCs were categorized as smart or multifunctional

Figure 2. Typical electrical resistivity behavior of
a cementitious composite owing to electrical

polarization

materials [17]. For self-strain/damage sensing of
HPFRCs, the stress, strain, or damage of HPFRCs
can be simply derived by measuring their electri-
cal resistivity, with no requirement of additional
sensors like SHM’s conventional technique. It is
obvious that electrical resistivity is an important
parameter that strongly influences the self-sensing
capacity of a material. For that reason, environ-
mental factors, such as temperature, relative hu-
midity, and others affecting the electrical resis-
tivity of HPFRCs, should be investigated. In this
study, we aim to experimentally investigate the ef-
fect of temperature on the electrical resistivity of
HPFRCs. It is expected that the study findings will
provide useful information for developing and uti-
lizing the self-sensing characteristic of HPFRCs.
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2. Typical electrical resistivity behavior of cementitious composites
Fig. 2 shows the typical electrical resistivity behavior of a cementitious composite owing to elec-

trical polarization [18–20]. The electrical polarization refers to the separation of the center of positive
charge and the center of negative charge in a cementitious composite under a direct current (DC) elec-
trical field [21]. In detail, when an electric field is applied, a net electric dipole moment is created,
and this is known as the electrical polarization effect in materials. The electrical polarization happens
within cement as well as at the interface between cement and electrical contact. As can be seen from
Fig. 2, the electrical resistivity significantly increases in the early period but more and more slightly
increases with time [12]. In this behavior, two parameters, including the initial resistivity at 0 min (ρi)
and the stable resistivity at t0 = 20 min (ρ0) were experimentally investigated.

3. Experimental campaign
3.1. Materials and specimen preparation

Fig. 3 displays the layout of the experimental testing program of HPFRCs. As can be seen from
Fig. 3, there were four types of HPFRCs with different steel fiber types and volume contents as fol-
lows: HPFRC0 (no fiber), HPFRC1 (macro fiber 1.5%), HPFRC2 (micro fiber 1.5%), and HPFRC3
(hybrid fiber including 1.0% macro fiber blended with 0.5% micro fiber. Table 1 provides the com-
position and compressive strength of the plain HPFRC matrix. Table 2 summarizes the features of the
two types of steel fiber used in this research, and their photos were shown in Fig. 4. According to Ta-
ble 2, the two types of steel fiber had their length/diameter ratio as follows: 35/0.5 for macro fiber and
13/0.2 for micro fiber. Among steel fiber characteristics, fiber length and aspect ratio were adopted
to strongly influence concrete performance at fresh and hardened states [7, 12]. In this research work,
we investigated two steel fibers as follows: 35/0.5 for macro fiber and 13/0.2 for micro fiber. These
steel fiber types had nearly the same aspect ratios but greatly different lengths, which may produce a
distinctive HPFRC performance, besides, both of them have been widely employed in Vietnam. All
HPFRC specimens were prism-shaped with the same size of 40 × 40 × 160 mm. The mixing detail of
HPFRC mixture could be referred to in the published document [9].

Figure 3. Layout of testing program
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Table 1. Composition & compressive strength of mortar matrix

Component Value

Cement 0.80
Silica fume 0.07
Silica sand 1.00

Fly ash 0.20
Superplas-ticizer 0.04

Water 0.26
Compressive strength (MPa) 72.00

Table 2. Properties of fibers used

Fiber type Macro fiber Micro fiber

Diameter (mm) 0.5 0.2
Length (mm) 35 13

Aspect ratio (Length/Diameter) 70 65
Density (g/cm3) 7.9 7.9

Tensile strength (MPa) > 1.200 > 2.500
Section form Circular, hooked Circular, smooth

Product origin Vietnam Vietnam

(a) Microfiber (b) Macrofiber

Figure 4. Picture of fibers used

After casting, all HPFRC specimens were placed in the laboratory room for 48 hours before de-
molding. After demolding, the HPFRC specimens were water-cured at the temperature from 22 °C to
29 °C for 28 days. Finally, the specimens were moved out from the water tank, then dried at labora-
tory temperature. In order to measure the electrical resistivity of the HPFRC specimens, the specimen
was attached with four electrodes. At each electrode, a layer of electrical conductive-paste was firstly
smeared onto the specimen surfaces to increase the electrical conductivity between the copper tapes
and the specimens, as shown in Fig. 5. As the electric conductive-paste layer became dry, the copper
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tape was attached to the electric conductive-paste layer onto the surface of the specimen. The distance
between the two outer current electrodes is 100 mm, while the distance between the two inner voltage
electrodes is 60 mm. The specimens were tested at the age of approximately 30 days. At least three
specimens of each HPFRC series were examined.

Figure 5. Preparation of tested specimen

3.2. Experiment setup

Fig. 6 shows the test setup for measuring electrical resistances of HPFRC specimens in this re-
search. There were four specimens placed in a chamber that can control temperatures ranging from

(a) Photo of chamber used
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(b) Machine scheme for measuring electrical resistance

Figure 6. Test setup for measuring the electrical resistance of HPFRCs

−15 °C to +120 °C, as illustrated in Fig. 6(a). The Fluke 8846A multimeter was employed to measure
the electrical resistance of the HPFRC specimen, as displayed in Fig. 6(b). Three temperature levels,
including 0 °C, 25 °C, and 50 °C were designed to explore the effect of temperature on the electrical
resistivity of HPFRCs. The humidity was kept at 70%. The measured electrical resistance of HPFRCs
would be modified to electrical resistivity (ρ) using Eq. (1).

ρ = R ·
F
L

(1)

where ρ denotes the electrical resistivity of a material; R represents the electrical resistance of a mate-
rial; F and L are the cross-sectional area and the length between the two inner electrodes, respectively.

4. Test result and discussion
4.1. Electrical resistivity behavior of HPFRC under various temperature

Figs. 7–10 display the electrical resistivity versus time response curves of four studied HPFRC
series: HPFRC0 (Fig. 7), HPFRC1 (Fig. 8), HPFRC2 (Fig. 9), and HPFRC3 (Fig. 10). Each figure
was performed with three levels of temperature under DC electrical field. The curves of electrical
resistivity versus time of all HPFRC series are generally consistent, regardless of the temperature

(a) At 0 °C (b) At 25 °C
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(c) At 50 °C

Figure 7. Electrical resistivity behavior of HPFRC0 under various temperature level

(a) At 0 °C (b) At 25 °C

(c) At 50 °C

Figure 8. Electrical resistivity behavior of HPFRC1 under various temperature level

level. Also, the electrical polarizations are obvious with significant difference between ρi and ρ0 in
all the three cases of temperature. The most and least significant polarizations of the studied HPFRCs
are observed at 0 °C and 50 °C, respectively. The average values and standard deviations of ρi and
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ρ0 were summarized in Table 3. The increase in electrical resistivity of HPFRCs with time under
DC electrical field was completely agreed with those from the previous published documents [12–
15]. Kim et al. [16] also confimed this phenomenon for of ultra-high-performance fiber-reinforced
concretes (UHPFRCs), another type of HPFRCs.

(a) At 0 °C (b) At 25 °C

(c) At 50 °C

Figure 9. Electrical resistivity behavior of HPFRC2 under various temperature level

(a) At 0 °C (b) At 25 °C
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(c) At 50 °C

Figure 10. Electrical resistivity behavior of HPFRC3 under various temperature level

Table 3. Electrical resistivity of studied HPFRCs regarding temperature

Temp.
level

Specimen

Series

HPFRC0 HPFRC1 HPFRC2 HPFRC3

ρi

(kΩ-cm)
ρ0

(kΩ-cm)
ρi

(kΩ-cm)
ρ0

(kΩ-cm)
ρi

(kΩ-cm)
ρ0

(kΩ-cm)
ρi

(kΩ-cm)
ρ0

(kΩ-cm)

0 °C

SP1 422.8 1474.5 386.6 594.7 417.8 1027.7 423.0 1161.1
SP2 449.9 1408.7 395.0 822.8 449.0 994.4 416.8 1277.2
SP3 423.5 1668.5 393.5 652.6 422.7 1064.5 427.0 1319.7

Average value 432.1 1517.2 391.7 690.0 429.8 1028.9 422.3 1252.6
Standard deviation 15.4 135.1 4.5 118.6 16.8 35.0 5.1 82.1

25 °C

SP1 364.9 976.6 371.9 515.8 372.1 939.9 375.4 812.6
SP2 370.7 865.3 368.2 511.0 374.4 917.9 444.9 846.1
SP3 374.9 963.1 372.1 682.0 371.9 941.5 378.9 717.9

Average value 370.20 935.0 370.7 569.6 372.8 933.1 399.7 792.2
Standard deviation 5.01 60.8 2.2 97.4 1.4 13.2 39.1 66.5

50 °C

SP1 361.1 597.7 343.8 503.2 339.4 519.7 296.5 665.9
SP2 355.9 528.1 325.7 476.9 344.6 514.8 366.2 734.8
SP3 370.5 527.0 324.3 480.7 325.1 509.9 351.7 793.2

Average value 362.5 550.9 331.3 486.9 336.4 514.8 338.1 731.3
Standard deviation 7.4 40.5 10.9 14.2 10.1 4.9 36.8 63.7

Fig. 11 shows the comparison of initial resistivity and stable resistivity of the investigated HPFRCs
under different temperatures, including 0 °C (Fig. 11(a)), 25 °C (Fig. 11(b)), and 50 °C (Fig. 11(c)).
For a temperature of 0 °C, as can be seen from Fig. 11a, compared with HPFRC1 series, the HPFRC0,
HPFRC2, and HPFRC3 series generated an increase in initial and stable resistivity. For temperatures
of 25 °C and 50 °C, as displayed in Fig. 11(b) and 11(c), compared with HPFRC1, the initial resistivity
of HPFRC0, HPFRC2, and HPFRC3 exhibited a little difference, whereas the stable resistivity of
HPFRC0, HPFRC2, and HPFRC3 produced a significant increase from 792.20/569.60 = 1.39 times
(HPFRC3) to 935.00/569.60 = 1.64 times (HPFRC0) for 25 °C temperature, from 514.80/486.90 =
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1.06 times (HPFRC2) to 731.30/486.90 = 1.50 times (HPFRC0) for 50 °C temperature. The clear
reduction in stable resistivity of the HPFRC1 was thought due to the larger continuous spread of the
embedded mono macro fibers inside the specimens, leading to decreasing the electrical polarization.
The results of this study was consistent with that of the reference [12].

(a) At 0 °C (b) At 25 °C

(c) At 50 °C

Figure 11. Comparative electrical resistivity of the studied HPFRCs

4.2. Effect of temperature on electrical resistivity of HPFRCs
Fig. 12 shows the effect of temperature on electrical resistivity of four studied HPFRCs: HPFRC0

(Fig. 12(a)), HPFRC1 (Fig. 12(b)), HPFRC2 (Fig. 12(c)), and HPFRC3 (Fig. 12(d)). As can be seen
in Fig. 12, the electrical resistivity decreases with an increase in temperature from 0 °C to 50 °C
regardless of HPFRC series. According to the explanation of Butera and Waldeck [22], the lower
electrical resistivity of the studied HPFRCs, considered as a semiconductor material, was due to the
more dopant atom density in HPFRCs at greater temperature. The study results of Nguyen et al.
[15] and Kim et al. [16] also confimed the same trend of the electrical resistivity of HPFRCs with a
change of temperature, i.e., there was a reduction in both initial and stable electrical resistivity with an
increase of temperature varying from 15 to 35 °C and a constant relative humidity. Besides, the matrix
with greater strength was observed to produce the greater electrical resistivity and polarization [16].
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(a) HPFRC0 (b) HPFRC1

(c) HPFRC2 (d) HPFRC3

Figure 12. Effect of temperature condition on electrical resistivity of HPFRCs

5. Conclusions
The effect of temperature on electrical resistivity of high-performance fiber-reinforced concretes

was investigated through an experimental study. Some derived conclusions could be listed from the
research as follows:

- The electrical polarizations of the studied HPFRCs are more significant at the lower temperature.
This is really one of considerable influencing factors in assessing self-sensing or self damage-sensing
properties of HPFRCs.

- The electrical resistivity of HPFRCs obviously decreased with increasing of the temperature.
The clear trend is useful in predicting the electrical resistivity of HPFRCs in natural enviroment,
which is more conplex and uncontrolable, in comparison to laboratory enviroment.

- The initial electrical resistivity (at time of zero) of HPFRC was observed to be less sensitive to
temperature than the 20-minute electrical resistivity.

- To develop the smart characteristic of self-sensing or self damage-sensing properties of HPFRCs,
further investigation should be focused on the effect of fiber volume type and content on the electrical
properties of HPFRCs at various temperatures and humidities.
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