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Abstract: With the continuous upgrading of infrastructure
construction and the gradual development of theoretical
research about engineering construction, higher perfor-
mance requirements have been put forward for concrete
materials. Therefore, to meet the engineering quality require-
ments of various concrete structures, the research direction
of engineering materials has shifted towards developing new
concrete with high strength, high ductility, high toughness,
and other multifunctional properties. Mixing two or more
types of fibers with conductive properties with the cement
matrix material allows various fibers to leverage their
strengths and weaknesses, thereby utilizing their respective
characteristics. This results in the formation of a complex-
phase conductive fiber cementitious material (CFCM), which
enhances the safety, durability, and toughness of the struc-
ture. It enables the engineering structure to exhibit intelli-
gence and resourcefulness, thereby improving its service
life and reducing the full life cycle cost of the cementitious
material structure. Additionally, this approach relatively
eases the demand for concrete materials and reduces mate-
rial consumption. This method represents one of the research
directions for new concrete. Complex-phase CFCMs are essen-
tially smart materials capable of sensing not only compres-
sive or tensile stresses but also temperature. The emergence
of CFCM represents a significant step forward in enhancing
the mechanics, functionality, and sustainability of modern
infrastructure. In this experiment, an orthogonal test invol-
ving 16 working conditions with three factors and four levels

was designed, with steel fiber (SF) type, SF content, and
carbon fiber (CF) content as the factors. The study focused
on the physical and mechanical properties of composite con-
ductive fiber cement-based materials containing both SF and
CF. Performance indicators such as flexural strength, volume
resistivity, and energized temperature rise of the composite
conductive fiber cement-based materials were tested. The
analysis of orthogonal tests produced the following results
regarding the degree of influence of each factor on the
mechanical and physical properties: the order of influence
on flexural strength was SF doping > SF type > CF doping.
Further analysis revealed that the best combination was
A4B4C4. The relationship between the effect of each factor
on resistivity is as follows: carbon fiber doping > SF doping >
SF type. Comparing the weights between the levels, it can be
observed that the optimal combination of conductivity
schemes is also A3B4C4. SF and CFs, respectively, enhanced
the mechanical and physical properties of complex-phase
conductive fiber cementitious materials. The results of the
temperature rise test on cementitious materials concluded
that there is a certain relationship between the temperature
rise and electrical conductivity. Specifically, the higher the
electrical conductivity, the greater the temperature rise
observed. Through orthogonal analysis of electrical conduc-
tivity, disregarding the effect of the non-significant influence
factor SF type on the conductive heating test, the impact of
two factors, CF doping and SF doping, on the heating test
was investigated under 16 sets of conditions, and the data
were analyzed visually. The optimal mix ratio for the test is
A3B4C4, determined through comprehensive optimization
of orthogonal and intuitive analyses. This means that the
optimal physico-mechanical properties are achieved when
using copper-plated SFs, with a SF dosage of 1.25% and a CF
dosage of 0.48%. As a preceding study in the field of intelli-
gent concrete, this experiment explores the research path of
intelligent concrete, which holds positive significance for
subsequent, more intricate research endeavors.
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1 Introduction

Concrete stands as a foundational building material integral
to the construction of civil engineering projects, including
roads, bridges, and residential structures. Its indispensable
role underscores its significance in the realm of construc-
tion, forming the essential core of diverse infrastructure
developments. In recent years, as society has rapidly devel-
oped and progressed, the inadequacy of traditional cemen-
titious materials with single functional properties has
become apparent. These materials struggle to meet the
demands of multifunctional engineering needs and address
the challenges posed by the ongoing technological revolu-
tion. The evolving landscape necessitates a reevaluation and
advancement in cementitious materials to align with con-
temporary engineering requirements and adapt to the chan-
ging dynamics brought about by the new technological era.
In contemporary times, the concept of “smart materials” has
garnered widespread attention across various spheres of
society. The incorporation of these “smart materials” into
engineering materials, particularly concrete, imparts dis-
tinctive qualities such as self-perception, self-regulation,
self-repair, and self-adaptation. This transformative integra-
tion elevates conventional concrete to the realm of “smart
concrete,” reflecting advancements that align with the prin-
ciples of self-awareness and adaptive functionality. Currently,
numerous physical and mechanical properties of smart con-
crete have become a prominent research topic. This bur-
geoning area of study reflects the heightened interest and
significance in exploring the characteristics and capabilities
of smart concrete in today’s research landscape. Among
these, conductive fiber concrete serves as the cornerstone
of intelligent concrete. It constitutes a concrete matrix incor-
porating one or more “smart materials” (conductive fibers) as
filler materials, resulting in the formation of conductive com-
posite materials [1–4]. In ordinary concrete under normal
conditions, the resistivity typically falls within the range of
106–109 Ω·cm. However, when incorporating “smart mate-
rials” into the mix, such as conductive concrete, the resistivity
can be reduced to below 104 Ω·cm [5]. These conductive mate-
rials include steel fibers (SFs) [6–8], steel slag [9,10], CFs [11],
carbon nanotubes [12,13], graphene [14,15], carbon black [16],
and others. Conductive concrete, characterized by robust
electrical conductivity, has already found application in engi-
neering for functions related to both electrical and thermal
conductivity. This versatile material serves various purposes
in relevant fields, showcasing its potential for practical use
[17]. With the increasing maturity of research on the mechan-
ical properties of SF cementitious composites, there has
been a gradual increase in research on their electrical and
thermal properties as well. However, SFs are prone to surface

corrosion and passivation in the highly alkaline environment
of the cementitiousmatrix. This leads to a gradual decrease in
the electrical conductivity of conductive cementitious compo-
sites with age. Therefore, considering the excellent strength of
SFs and their good electrical conductivity, an increasing
number of scholars are incorporating an appropriate amount
of SFs and other conductive phases into cementitious mate-
rials. This approach allows for the preparation of composite
materials that not only meet the requirements for higher
strength but also ensure the stability of electrical conductivity
in conductive cementitious composites. Guan et al. [18] incor-
porated smart concrete materials, specifically short-cut CFs,
into the concrete mix. Their findings revealed an increase in
tensile strength and demonstrated good sensitivity to tem-
perature and stress. Li et al. [19,20] conducted a study on
on-site snow melting, ice melting, and laboratory de-icing
using CF conductive concrete panels. The study results
demonstrated that the heat generated by conductive CF con-
crete effectively melts the snow on the road surface. As a
consequence, CF concrete exhibits high temperature sensi-
tivity. When an electric field is applied to CF concrete, it
induces a thermoelectric effect, commonly referred to as
the electrothermal effect, within the concrete. Hence, CF
conductive concrete finds application in projects such as
bridge pavements, airport runways, and plant roofs. Lever-
aging the electric heat effect, it achieves automatic snow
melting and de-icing, offering a greener, more efficient,
and feasible method. This approach aligns with China’s prin-
ciples of green and sustainable development.

In the study of conductive cementitious materials, sev-
eral factors need consideration, including the resistivity of
the conductive material, cost, dispersion, and others. For
instance, carbon nanotubes exhibit excellent electrical con-
ductivity, mechanical strength, and thermal stability. When
used as a conductive phase additive in materials, they can
effectively reduce the electrical resistivity of concrete, pro-
viding more stable resistance data. However, their applica-
tion in projects is constrained by cost considerations [21].
Graphite and carbon black are easily obtainable and cost-
effective materials, exhibiting excellent electrical conduc-
tivity and serving as high-quality electrically conductive
fillers. The particle size distribution of carbon black influ-
ences its electrical conductivity. However, excessively high
graphite content in concrete may adversely impact the
mechanical properties of the material [22,23]. Carbon nano-
tubes, carbon nanofibers, carbon black nanoparticles, and
graphite all fall under the category of conductive phase
materials at the carbon nanoscale, characterized by a sub-
stantial specific surface area. However, their dispersion in
the concrete mixing process poses a challenge due to their
nanoscale dimensions. CF possesses commendable electrical,
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thermal, and mechanical properties, and it is more condu-
cive than graphite for forming a conductive network within
the concrete. Consequently, CF concrete exhibits superior
conductive properties compared to graphite concrete. As
domestic CF production technology matures and experi-
ences rapid growth, CF is no longer reliant on imports.
This development has led to a significant reduction in the
preparation costs of CF conductive concrete. SFs contribute
to favorable electrical and mechanosensitive properties
in concrete [6,7,24]. The incorporation of both CF and SF
in concrete not only leads to a significant improvement in
mechanical properties, durability, and impact resistance but
also facilitates the interlacing of fibers within the concrete,
forming a staggered conductive network. This arrangement
further enhances electrical conductivity.

To meet the engineering specifications for conductive
concrete, factors such as electrical conductivity, mechan-
ical properties, and electro-thermal effects must be taken
into account. The incorporation of conductive phase mate-
rials into cementitious materials serves to enhance the
mechanical, electrical, and thermal properties of cementi-
tious composites, all while preserving structural integrity.
Conductive fiber mortar not only serves as a research foun-
dation for cement-based materials but also functions as a
material for snow and ice melting on roads. In addition to
requiring mechanical strength and conductive stability, it
should exhibit excellent electrical and thermal conduc-
tivity. Belli et al. [25] conducted a study wherein SFs
were incorporated into mortar to investigate its physical
properties and electrical conductivity. The findings revealed
a notable enhancement, with the tensile and flexural
strength of the mortar increasing by 100% following the
inclusion of SFs. Moreover, this incorporation resulted in a
reduction in the resistivity of the mortar by one order of
magnitude. Reza et al. [26] discovered that the tensile
strength of CF reinforced mortar, with a volumetric fraction
of 0.6%, increased by approximately three times compared
to normal mortar. Chiarello and Zinno [27] conducted an
investigation into the electrical conductivity of CF-rein-
forced cement composites. They analyzed various factors
influencing it, including fiber volume fraction, fiber length,
hydration time, and sand–cement ratio. The results demon-
strated that the addition of a small quantity of CFs to the
cement mortar substantially increased the electrical conduc-
tivity of the material. In contrast, scholars such as Li and
Wang [28], Ba and Gao [29], Huang et al. [30], and Chen and
Chung [31] discovered that the inclusion of CFs led to a
reduction in the compressive strength of cementitious mate-
rials. The phenomenon wherein conductive cementitious
materials generate heat when energized is referred to as
the electrothermal effect, also known as the Joule effect.

Resistivity emerges as the primary factor influencing the
thermal power of conductive fiber mortar composites. Under
constant voltage conditions, materials with different resis-
tivities exhibit varying heating powers.

Hence, formulating conductive mortar with excellent
electrical conductivity holds great significance for its wide-
spread application in engineering. In this study, building
upon prior research, an experimental study was conducted
to investigate the compounding of SF and CF on the mechan-
ical properties, electrical conductivity, and electro-thermal
effects of cement mortar. The objective is to explore the
potential application of fiber conductive mortar in the
snow and ice melting operations of overpasses, platforms,
pavements, and other pavement structures in the cold
regions of the northeast.

2 Test materials and experimental
design

2.1 Test materials

The required raw materials for this test primarily include
concrete matrix components (cement, sand), conductive
phase materials (SFs, CFs), and admixtures (water-redu-
cing agent, dispersant, defoamer). The cement used is
ordinary silicate cement (P.O42.5) manufactured by Jilin
Yatai Group Yitong Cement Co., Ltd. Its physical properties
and chemical composition comply with the specifications
outlined in the General Silicate Cement standard (GB175-
2020) [32]. Medium sand with a fineness modulus of 2.61 is
chosen as the sand component, meeting the specifications
outlined in the Standard for Quality and Inspection Methods
of Sand and Stone for Ordinary Concrete (JGJ 52-2006) [33].
The water-reducing agent produced by Hongxiang Building
Admixture Factory in Laiyang City, Shandong Province was
selected for the test. Hydroxyethyl cellulose (HEC) and tri-
butyl phosphate (chemical molecular formula C12H27PO4)
were chosen as the dispersant and defoamer, respectively,
for the test.

The test utilized four types of SFs (shear, milled pin
type, copper-plated type, end-hook type) produced by
Hengshui Maurer Metal Products Co. Ltd, designated as
SFA, SFB, SFC, and SFD, respectively, as shown in Figure 1.
The basic properties are detailed in Table 1, and they con-
form to the standard test for Steel Fiber for Concrete (GB/T
39147-2020) [34].

The CF selected for the test, manufactured by Toray
Carbon Fiber (Guangdong) Limited Liability Company, is
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depicted in Figure 2, and its fundamental properties are
detailed in Table 2.

2.2 Experimental design

2.2.1 Base mix for cementitious materials

In this test, cement, sand, water, and water reducer were
utilized as test materials to prepare cementitious materials
with a matrix water-cement ratio of 0.49. The baseline mix
ratios for the cementitiousmaterial are presented in Table 3.

2.2.2 Orthogonal experimental design

In 2012, Yuan [35] conducted a study on the piezoelectric
properties of CF concrete. The best pressure-sensitive prop-
erties were achieved when the composite was externally
doped with 0.5% CFs. In 2020, Wang et al. [36] conducted a
study on the compressive strength, flexural strength, resis-
tivity, and pressure-sensitive properties under monotonic
loading for hybrid fiber reactive powder concrete with
varying amounts of SF and CF. The results indicate that
concrete with a steel fiber content of 1% and CF content
of 0.5% exhibits higher mechanical strength and excellent
pressure sensitivity. In order to obtain better mechanical

Figure 1: Types of SFs. (a) SFA. (b) SFB. (c) SFC. (d) SFD.

Table 1: SF performance index

Performance indicators Sheared steel fiber (SFA) Milled pinned steel fiber (SFB) SF copper plated (SFC) End hooked SF (SFD)

Fiber length (mm) 38 32 13 35
Tensile strength (MPa) 450 720 2,850 1,150
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and electrical properties, the SF and CF are selected
according to the volume of doping, in which the doping of
the four SFs is 0, 0.35, 0.65, 0.95, and 1.25%; CF doping is 0,
0.12, 0.24, 0.36, and 0.48%. Two types of fibers, SFs and CFs,
were compounded and blended into cementitious materials
to prepare complex-phase conductive fiber mortar. A three-
factor, four-level orthogonal test was designed to investigate
the electrical conductivity, flexural strength, and electrical
and thermal properties of complex-phase conductive fiber
mortar. Four different fiber dosages were designated as
design levels, utilizing SF type, SF dosage, and CF dosage
as the test factors. Sixteen groups (48) of standard mortar
specimens, each with dimensions of 40mm × 40mm ×

160mm, were fabricated. The dosage of complex-phase con-
ductive fibers is detailed in Table 4. Among them, SF and CF
represent steel fibers and carbon fibers, respectively. A, B, C,
and D represent four types of SFs (shear, milled pin, copper-
plated, and end-hooked), and the numbers after the letters
represent the volume doping of conductive fibers. For
example, SFA125 represents the shear-type SF with a volume
dosage of 1.25%, and CF24 represents the CF with a volume
dosage of 0.24%. HEC and tributyl phosphate are used as the
dispersant and antifoam agent in this test, with selected
dosages of 0.4 and 0.03% of the total mass of the cementi-
tious material, respectively.

2.3 Test methods

2.3.1 Mechanical property tests

Since the flexural strength of SF cementitious composites is
significantly higher than that of cementitious sand speci-
mens without SFs, ordinary flexural testing machines are

Figure 2: Carbon fiber.
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unable to fully fracture them. The mechanical specimens
in this study all of the dimension 40mm × 40mm ×

160 mm, and their flexural strength tests are conducted
using the three-point bending loading method. Prior to
the test, the load application position on the specimen
was marked. Subsequently, the specimen was positioned on
the flexural testing machine according to the correct place-
ment, and the flexural strength of the cement mortar was
conducted in accordance with the relevant provisions and
requirements outlined in the “Polymer-modified Cement
Mortar Test Procedure” (DL/T 5126-2021) [37]. The formula
for flexural strength is presented in Eq. (1), and the results
are accurate to 0.01 MPa.

=f
PL

b

1.5
,

b 3
(1)

where fb is the flexural strength (MPa), P is the destructive load
(N), L is the distance between supporting cylinders (mm), and b
is the side length of prismatic square section (mm).

After calculating the flexural strength value of each
specimen, the average of the flexural strength values of a

group of three specimens shall be taken as the test result. If
there are three flexural strength values exceeding ±10% of
the average value, those values should be excluded. The
average value of the remaining two values will then be
considered as the final test result for flexural strength.
The schematic diagram of the three-point bending loading
is shown in Figure 3.

2.3.2 Conductivity test

The voltammetric resistance can be categorized into internal
and external methods. Due to the significantly higher resistance
value of conductive fiber cement-based material compared to

Table 3: Cement mortar base mix ratio

Raw materials Clinker Sand Water Water reducing
agent

Dosage
(kg·m−3)

450.00 627.00 176.00 0.9

Table 4: Complex phase conductive fiber doping and orthogonal test factor level table

Test conditions SF CF

Factor (A) Factor (B) Factor (C)

SF types Mass admixture (kg·m−3) Admixture (%) Mass admixture (kg·m−3) Admixture (%)

L-1 1 (SFA) 27.3 1 (0.35) 2.12 1 (0.12)
L-2 1 (SFA) 50.7 2 (0.65) 4.24 2 (0.24)
L-3 1 (SFA) 74.1 3 (0.95) 8.48 3 (0.36)
L-4 1 (SFA) 97.5 4 (1.25) 16.96 4 (0.48)
L-5 2 (SFB) 27.3 1 (0.35) 4.24 2 (0.24)
L-6 2 (SFB) 50.7 2 (0.65) 2.12 1 (0.12)
L-7 2 (SFB) 74.1 3 (0.95) 16.96 4 (0.48)
L-8 2 (SFB) 97.5 4 (1.25) 8.48 3 (0.36)
L-9 3 (SFC) 27.3 1 (0.35) 8.48 3 (0.36)
L-10 3 (SFC) 50.7 2 (0.65) 16.96 4 (0.48)
L-11 3 (SFC) 74.1 3 (0.95) 2.12 1 (0.12)
L-12 3 (SFC) 97.5 4 (1.25) 4.24 2 (0.24)
L-13 4 (SFD) 27.3 1 (0.35) 16.96 4 (0.48)
L-14 4 (SFD) 50.7 2 (0.65) 8.48 3 (0.36)
L-15 4 (SFD) 74.1 3 (0.95) 4.24 2 (0.24)
L-16 4 (SFD) 97.5 4 (1.25) 2.12 1 (0.12)

Figure 3: Flexural strength test.
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the resistance value of the voltmeter and ammeter, employing
the external method with a large voltmeter shunt introduces
substantial test errors. Conversely, the internal method with a
small ammeter shunt minimizes test errors, resulting in highly
accurate data measurements. Therefore, the internal method is
preferred for measuring the resistance of conductive fiber
cement-based material. The circuit diagrams for the internal
and external connection methods are depicted in Figure 4.

For the two-electrode voltammetry measurement of
resistance, the principle equation for the derivation of
Ohm’s law formula, expressing the relationship between
voltage, current, and resistance, is illustrated in Eq. (2).

=R
U

I
. (2)

Based on the measured resistance values, the resis-
tivity of the tested parts is calculated using the volume
resistivity formula (3).

=ρ
RA

L
, (3)

where ρ is the resistivity (Ω·m), R is the resistance value
(Ω), L is the electrode spacing (m), and A is the cross-sec-
tional area (m2).

A digital multimeter served as an ammeter connected
in series to the circuit to measure the current of the spe-
cimen during the test. Additionally, a current acquisition
system was employed to transmit the electrical signal to
the computer through a converter and record the change
in the specimen current with time in real-time. The con-
ductivity performance test is illustrated in Figure 7.

2.3.3 Warming test

To investigate the warming pattern of specimens under
energized conditions for various complex-phase conductive
fiber mortars, this test applied a 64 V DC voltage to the speci-
mens. The specimenswere energized continuously for 120min,
during which the entire process involved collecting current

data and monitoring temperature changes. To maintain a con-
trolled test environment and prevent heat exchange with the
surroundings, a custom-made insulation box using benzene
insulation boards was employed.

In this study, the warming test is conducted based on
electrical conductivity. The two-electrodemethod is employed
to integrate the test block into the circuit. Monitoring of cur-
rent and voltage is achieved by connecting the current col-
lector and signal converter in series to the circuit. Real-time
current collection is performed, and the data are recorded
and saved. Qin [38] conducted resistance testing on the spe-
cimen using DC voltammetry. This method requires synchro-
nizing the voltage and current on both ends of the specimen
using the same frequency voltage collector and current col-
lector. However, ensuring the synchronicity of the two collec-
tors in practice is challenging, and the use of two collectors
also increases costs. To address this issue, an RS485 converter
was employed to collect the serial port data from the collector
into an RS485 serial port. This setup enables direct connection
with the computer for the conversion of electrical signals into
digital signals, facilitating real-timemonitoring and recording
of data.

The test instruments utilized include a laptop com-
puter, DC power supply, digital multimeter, HY004 col-
lector, and RS485 converter. The connection scheme for
receiving electrical signal data during the test is illustrated
in Figure 5.

The test was conducted with the specimen energized
for the collection of temperature data. The experimental
apparatus used included a laptop computer, thermocou-
ples, and a sheet-type temperature probe. Among these
instruments, the use of a sheet-type temperature probe is
preferred due to its ability to closely adhere to the spe-
cimen and its higher sensitivity to temperature changes.
Detailed test connections with the K-type temperature
sensor are depicted in Figure 6.

Liu [39] compared the accuracy and dispersion of the
internally buried copper sheet electrode method with the
pasted electrode method for measuring the resistance
value of conductive fiber concrete. The results indicated
that the resistance values obtained by the embedded copper
sheet electrode method were significantly larger than those
obtained by the paste electrode method. Although the error
values of both groups are within the normal error tolerance,
the paste electrode method exhibits better stability. There-
fore, in this test, the paste electrode method was selected to
conduct the conductivity and temperature rise performance
test of the conductive fiber cementitious material. For the
test setup, copper foil conductive tape is pasted on both ends
of the test piece, and a voltage of 64 V (DC power supply) is
applied for 2 h. Four sheet-type temperature probes areFigure 4: Circuit diagram of internal and external connection method.
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adhered to the specimen surface at the positions shown in
Figure 6. While the power supply is active, temperature data
are recorded every 1 s for the temperature changes at the
four positions on the specimen. The arrangement of the
lamellar temperature probes and electrodes is depicted in
Figure 7. Additionally, the temperature rise test process dia-
gram and test schematic are illustrated in Figure 8.

2.4 Specimen preparation

Measure the necessary masses of sand, cement, water
reducer, CF, SF, dispersant, defoamer (C12H27PO4), and water
according to the test design requirements and the mix ratio
for the mortar test block. Initially, sand and cement are
mixed and stirred for 30 s. Subsequently, SFs are added

sequentially, and dry mixing is continued for 60 s to achieve
a uniform mixture of each aggregate. Subsequently, the pre-
pared CF dispersion, along with water and water-reducing
agent solution, was poured into the mixer and continued to
mix for 180 s. Upon completing the molding process, it is
necessary to subject the mold to vibration on the vibration
table. Simultaneously, a plastering knife should be used to
smooth the surface of the specimen until the pulp on the
surface of the specimen mold floats without the presence of
excessive bubbles. Subsequently, the vibration table can be
turned off. The specimen surface should then be covered
with plastic wrap to maintain the humidity of the specimen.
Finally, after placing the specimens in a room for 24 h, they
can be demolded and numbered. After demolding, the speci-
mens are placed in a standard curing room under specified
conditions for 28 days. Upon completion of the curing
period, the specimens are removed and placed on an indoor
surface for 6 h to allow them to dry before conducting var-
ious performance tests. The CF dispersion method and pre-
paration flowchart are illustrated in Figures 9 and 10.

3 Orthogonal test design and result
analysis

The three analysis methods employed in the orthogonal
test are range analysis, variance analysis, and matrix ana-
lysis. Practical application demonstrates that the range

Figure 5: Data reception connection method.

Figure 7: Temperature probe and electrode arrangement.

Figure 6: Ramp-up test connection.
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analysis method can present test data in a visually intuitive
and clear manner. Through simple numerical calculations,
results can be assessed, enabling the determination of pri-
mary and secondary factors, optimal levels, and optimal
combinations resulting from experimental optimization.
Variance analysis is a mathematical method used to differ-
entiate between the differences in experimental results
caused by changes in factor levels (or interactions) and
the differences caused by error fluctuations. As one of
the most fundamental methods of mathematical statistics,

variance analysis offers advantages such as simplicity,
minimal calculation requirements, and easy dissemina-
tion. It serves as an effective tool for analyzing experi-
mental data in scientific and production research. The
above two methods are subject to varying degrees of influ-
ence from subjective factors during the analysis process. In
contrast, matrix analysis is a relatively objective method
for processing test data. By calculating the weight of each
factor and level affecting the test results, the optimal com-
bination scheme of the test can be determined.

3.1 Mechanical properties orthogonal test
results

The research and analysis of the mechanical properties,
specifically the flexural strength, of the complex-phase
conductive fiber mortar primarily employed orthogonal
test polar analysis, analysis of variance, and matrix ana-
lysis. This approach was utilized to investigate the impact
of each factor on the flexural strength of the complex-

Figure 8: Schematic diagram of the conductivity test experiment. (a) Mortar specimen electric heat test chart. (b) Schematic diagram of mortar
specimen temperature sensitivity.

Figure 9: CF dispersion flow chart.

Figure 10: Flow chart for the preparation of complex phase conductive fiber cementitious materials.
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phase conductive fiber mortar, discerning the main and
secondary influences. The analysis involved a comprehen-
sive examination of the factors and levels, considering the
test indicators, and culminating in the identification of the
optimal combination of factors and levels. Table 5 provides
a summary of the orthogonal test results for the flexural
strength of complex-phase conductive fiber mortar.

3.1.1 Flexural strength extreme variance analysis

The results of the flexural strength under the 28-days
orthogonal test of complex-phase fiber mortar are pre-
sented in Figure 11. The test outcomes were subjected to
polar analysis, and the results of the analysis are detailed
in Table 6. In the table, L-1 represents the test conditions,
and the information regarding fiber types and dosages for
each group of conditions is presented in Table 4.

Table 6 presents the polar analysis results derived
from the orthogonal test data for complex-phase conduc-
tive fiber mortar. The polar differences in the effect of SF
type, steel fiber dosage, and CF dosage on the 28-days flex-
ural strength of complex-phase conductive fiber mortar
were 4.67, 5.79, and 2.84, respectively. The degree of influ-
ence of different factors on the 28-days flexural strength of
complex-phase conductive fiber mortar specimens is ranked
as follows: SF dosage > SF type > CF dosage. According to the
orthogonal test results, it is evident that the SF dosage has
the most significant effect on its flexural strength.

To more clearly illustrate the impact of each factor on
the flexural strength of complex-phase conductive fiber
mortar specimens at different levels, a line graph depicting
the average results obtained at each level is presented in
Figure 12.

The influence of factor A (type of SF) on the flexural
strength of mortar specimens is depicted in Figure 12. The
end-hook type SFs exhibited the most significant impact on
flexural strength, closely followed by copper-plated SFs.
The difference in the contribution to flexural strength
between these two types of SFs was merely 2.86%. The
absence of coarse aggregate in the mortar specimen results
in reduced friction between the SF and the matrix. How-
ever, the end-hook type SF, characterized by a specific
bending angle at both ends of the hook, enhances its fric-
tion with the matrix. Regarding copper-plated fibers, the
characteristic of a higher density of SFs per unit volume
plays a role. Consequently, the end-hook type SF contri-
butes the most, with the contribution values showing a
closer proximity between copper-plated SFs and the end-
hook type SFs. In Figure 12, the impact of factor B (SF
dosage) on the flexural strength of mortar specimens is

Table 5: Summary of flexural strength test results of complex-phase conductive fiber mortar

Test
conditions

Flexural
strength (MPa)

Test
conditions

Flexural
strength (MPa)

Test
conditions

Flexural
strength (MPa)

Test
conditions

Flexural
strength (MPa)

L-1 5.02 L-5 11.38 L-9 12.11 L-13 13.38
L-2 10.57 L-6 8.13 L-10 14.74 L-14 16.55
L-3 13.47 L-7 16.02 L-11 16.92 L-15 15.11
L-4 15.48 L-8 13.63 L-12 17.73 L-16 18.20

Table 6: Summary of the results of the analysis of extreme variance

Parameters A
(SF
type)

B (SF
dosage)

C (CF
dosage)

Blank
column

k1 11.14 10.47 12.07 13.83
k2 12.29 12.50 13.70 13.63
k3 15.37 15.38 13.94 14.45
k4 15.81 16.26 14.90 12.71
Polar
deviation R

4.67 5.79 2.84 1.74

Figure 11: Flexural strength of complex-phase conductive fiber mortar.
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evident. The flexural strength exhibits a consistent upward
trend with the increase in SF dosage. In other words, as the
SF dosage increases, the flexural strength also gradually
rises. The flexural strength of the mortar specimen reaches
its maximum value when the SF dosage is 1.25%. This indi-
cates that within a certain range, an increased dosage of SF
corresponds to higher flexural strength in the fiber mortar
specimen, establishing a positive and significant relation-
ship between the two. From Figure 12 and Table 6, it is
evident that factor C (CF dosage) has the smallest extreme
difference, indicating the least impact of CF dosage on the
flexural strength of the mortar specimens. With the increase
in CF dosage, the flexural strength gradually increases,
reaching its peak when the dosage of CF is 0.48%. The per-
formance of CFs in concrete and mortar specimens differs,
with the effect of CFs on flexural strength in mortar speci-
mens being more pronounced. This is attributed to the
absence of coarse aggregate incorporation, allowing the
short-cut CFs to form amore thorough bond with themortar
specimen matrix, thereby fully leveraging their high resili-
ence modulus.

3.1.2 Analysis of variance for flexural strength

The variance analysis method in the orthogonal test was
employed to analyze the results of the flexural strength test
for composite conductive fiber mortar. The analysis results
are presented in Table 7.

As indicated in Table 7, there are two significant fac-
tors and one non-significant factor. The significant factors
have a significance level (P) less than 0.05. Factor C (CF
admixture) is a non-significant factor, with its significance
level (P) greater than 0.05 [40]. Given that the P-value of
factor B is lower than the P-value of factor A, it indicates
that the impact of factor B (SF dosage) on flexural strength
is more pronounced than the impact of factor A (SF type)
on flexural strength. Factor C has the least influence on
flexural strength, indicating that the contribution of CF
content to flexural strength is minimal. As the dosage of
SFs increases, the tensile strength of the complex phase
conductive cementitious materials also increases due to the
high modulus of the SFs. With higher SF content, the tensile
strength increases due to enhanced fiber bridging. However,
the tensile strain capacity at peak stress decreases [41,42]. It
can be concluded that the results of variance analysis are in
line with the findings of the range analysis.

3.1.3 Flexural strength matrix analysis

A matrix analysis was conducted on the flexural strength
test results of the complex-phase conductive fiber mortar
using the analytical method in the orthogonal test. The
summarized results are presented in Table 8.

According to the results of matrix analysis, the weight
values of its three factors are 0.3511, 0.4353, and 0.2136, respec-
tively. Based on the magnitude of the weight values, the order
of significance of the factors can be directly derived as B >A > C.
Further analysis results in the optimal combination as A4B4C4.
The matrix analysis method remains unaffected by subjective
factors throughout the entire evaluation cycle, ensuring the
high reliability of the research results. Through range, variance,

Figure 12: Orthogonal test factor analysis.

Table 7: Summary of variance analysis results

Test name Factor Sum of squared deviations Degree of freedom Mean square f ratio P ratio

Flexural strength A (SF type) 63.25 3 21.08 10.16 0.0443
B (SF dosage) 84.93 3 28.31 13.64 0.0297
C (CF dosage) 16.64 3 5.55 2.67 0.2204
Error 6.22 3 2.07
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and matrix analysis, it is observed that the impact of various
factors on the flexural strength of mortar test blocks is consis-
tent. The test results have undergone the steps of analysis,
verification, and re-verification, leading to greater accuracy in
the findings.

3.2 Conductivity orthogonal test results

The electrical conductivity (volume resistivity) of composite
conductive fiber mortar undergoes scrutiny through range
analysis, variance analysis, and matrix analysis. The discus-
sion delves into the impact of various factors on the volume
resistivity of composite conductive fiber mortar. A compre-
hensive analysis of the influence of different factors and
levels on the test index is conducted, leading to the determi-
nation of the optimal combination of factors and levels.
Table 9 summarizes the orthogonal test results for the
volume resistivity of composite conductive fiber mortar.

3.2.1 Volume resistivity polarization analysis

The results of volume resistivity under the 28-days ortho-
gonal test of complex-phase fiber mortar are depicted in

Figure 13. The test outcomes underwent characterization
through polar analysis, and the analysis results are pre-
sented in Table 10.

As observed in Table 10, the corresponding extreme
values for the three factors (A, B, and C) are 21.28, 25.01,
and 28.02, respectively. The relationship between the effect
of each factor on resistivity is as follows: (C) CF doping > (B)
SF doping > (A) SF type. The better the conductivity of the
complex-phase conductive fiber mortar, the smaller its
resistivity value. The optimized level combination is

Table 9: Summary of volume resistivity test results for complex-phase conductive fiber mortar

Test
conditions

Volume
resistivity (Ω·m)

Test
conditions

Volume
resistivity (Ω·m)

Test
conditions

Volume
resistivity (Ω·m)

Test
conditions

Volume
resistivity (Ω·m)

L-1 71.47 L-5 29.72 L-9 24.79 L-13 23.56
L-2 34.88 L-6 38.76 L-10 23.60 L-14 12.20
L-3 25.80 L-7 14.90 L-11 14.34 L-15 45.48
L-4 12.42 L-8 30.02 L-12 15.92 L-16 24.02

Table 8: Summary of matrix analysis results

Level of factors Flexural strength

Weighted calculated value Grand total

A1(SFA) 0.0716 0.3511
A2(SFB) 0.0790
A3(SFC) 0.0988
A4(SFD) 0.1017
B1(0.35%) 0.0835 0.4353
B2(0.65%) 0.0996
B3(0.95%) 0.1226
B4(1.25%) 0.1296
C1(0.12%) 0.0472 0.2136
C2(0.24%) 0.0536
C3(0.36%) 0.0545
C4(0.48%) 0.0583

Figure 13: Flexural strength of complex phase conductive fiber mortar.

Table 10: Summary of the results of the extreme variance analysis

Parameters A
(SF
type)

B (SF
dosage)

C (CF
dosage)

Blank
column

k1 36.14 37.39 37.15 28.62
k2 28.35 27.36 31.50 25.70
k3 19.66 25.13 23.20 25.78
k4 26.31 20.59 18.62 30.36
Polar
deviation R

16.48 16.79 18.53 4.66
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A3B4C4, indicating that the use of copper-plated SFs at a
dosage of 1.25% and CFs at a dosage of 0.48% has the most
significant impact on reducing mortar resistivity, resulting
in the highest degree of resistivity reduction and the best
electrical conductivity.

To better illustrate the influence of each factor on the
volume resistivity of the mortar test block at different
levels, an effect line chart has been created to represent
the average value of the results obtained at each level, as
depicted in Figure 14.

As observed in Figure 14, each type of SF has a varying
impact on resistivity, with copper-plated (SFC) concrete
exhibiting the lowest resistivity and superior electrical con-
ductivity. The rationale behind this observation is that the
copper-plated SF has a shorter and finer length, resulting in
a higher number of fibers per unit volume, facilitating inter-
lacing between the fibers. As seen in Figure 14, the resistivity
tends to decrease with the increase in SF and CF doping. The
resistivity was lower when SF doping was 1.25%, showing a
decrease of 44.93% relative to the doping level of 0.35%. Simi-
larly, when CF doping was 0.48%, the resistivity decreased by
50.12% relative to the doping of 0.12%. The reason for this is that
with increased doping of conductive phases, the structure of the

conductive backbone improves, leading to enhanced electrical
properties in both optimal and ideal scenarios.

3.2.2 Analysis of variance

The variance analysis method of orthogonal test was employed
to analyze the variance of the volume resistivity test results of
the composite conductive fibermortar. The analysis results are
presented in Table 11.

It can be observed from Table 11 that the significance
levels (P) of factor B and factor C are 0.0472 and 0.0309,
respectively, both of which are less than 0.05, indicating
that both are significant factors. Among them, CF content
(C) is a highly significant influencing factor, while SF type
(B) is not a significant influencing factor. It is evident that
the results of this analysis align with the findings of the
range analysis.

3.2.3 Matrix analysis

Matrix analysis was conducted on the volume resistivity
test results of the complex-phase conductive fiber mortar
using the analytical method in the orthogonal test, and the
results are summarized in Table 12.

Figure 14: Orthogonal test factor analysis.

Table 11: Summary of variance analysis results

Test name Factor Sum of squared deviations Degree of freedom Mean square f ratio P ratio

Volume resistivity A (SF type) 552.61 3 184.20 8.86 0.0531
B (SF dosage) 604.09 3 201.36 9.69 0.0472
C (CF dosage) 825.25 3 275.08 13.24 0.0309
Error 62.34 3 20.78

Table 12: Summary of results of matrix analysis

Level of factors Flexural strength

Weighted calculated value Grand total

A1(SFA) 0.0580 0.3181
A2(SFB) 0.0739
A3(SFC) 0.1065
A4(SFD) 0.0797
B1(0.35%) 0.0571 0.3241
B2(0.65%) 0.0781
B3(0.95%) 0.0850
B4(1.25%) 0.1038
C1(0.12%) 0.0619 0.3577
C2(0.24%) 0.0730
C3(0.36%) 0.0992
C4(0.48%) 0.1235
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From Table 12, it can be observed that the sum of the
weight values for the three factors (A, B, and C) is 0.3181,
0.3241, and 0.3577, respectively. It can be concluded that the
factors affecting the electrical resistivity of the complex-
phase conductive fiber mortar are, in descending order,
C > B > A. Among the four levels of SF type (A), A3 has
the highest influence weight; among the four levels of SF
doping (B), B4 has the highest influence weight; and among
the four levels of CF doping (C), C4 has the highest influ-
ence weight. Comparing the weights between the levels,
it can be seen that the optimal combination scheme is
A3B4C4, which means copper-plated SF, with a SF content
of 0.125%, and a CF content of 0.48% should be added.
Through matrix analysis, the above range and variance
analysis are further verified, and the conclusions of the
three analysis methods are consistent with each other.

3.3 Conductive fiber mortar temperature
rise test study

3.3.1 Analysis of the amount of change in temperature
of conductive fiber mortar at elevated
temperatures

In the heating test of complex-phase conductive fiber mortar,
the temperature data from four measurement points (T1, T2,
T3, and T4) were averaged to obtain the maximum values,
minimum values, and the differences, as shown in Table 13.

3.3.2 Conductive fiber mortar temperature rise test
analysis

Zhou [43] discovered that under the same voltage, the con-
ductivity of the test specimen is enhanced, resulting in
lower resistance. Consequently, the heating power of the
test specimen increases, leading to a greater amount of
temperature change. The temperature rise test exhibits a
certain correlation with conductivity; the higher the con-
ductivity, the greater the temperature rise. In this study,
orthogonal analysis of electrical conductivity reveals that the
order of influence of the three factors on electrical conductivity
is as follows: (C) CF content > (B) SF content > (A) SF type. The
SF type factor has the lowest influence and is the least signifi-
cant factor. Therefore, the influence of the SF type factor is
ignored, and only two factors, CF doping and SF doping, are
considered for visual analysis of the data from the 16 sets of
temperature rise tests under working conditions. Utilizing
the data from Table 13, we can draw intuitive bar graphs to
analyze the temperature difference in the complex-phase

conductive fiber mortar. The following figures provide a visual
analysis of the temperature difference during the warming
process of the complex-phase conductive fiber mortar, as
shown in Figures 15 and 16.

Figure 15 illustrates the impact of CF doping on the
temperature rise test. It is evident that, with a constant
SF doping level, the temperature difference during the
heating process increases with higher CF doping levels,
indicating a proportional increase in temperature rise.
The maximum temperature difference in the warming test is
achieved when SF doping is at 1.25% and CF doping is at 0.48%,
signifying an optimal combination for the highest temperature
rise during the test. Figure 16 illustrates the impact of SF dosage
on the temperature rise test. It is evident that, with a constant
CF dosage, the temperature difference gradually increases as
the SF dosage increases. After comparing Figure 15 with Figure
16, it is found that the magnitude of change is more pro-
nounced with the increase in CF doping when the SF doping
is constant. Conversely, when the CF doping is constant, with
the gradual increase in SF doping, the magnitude of change is
relatively flat. The reason is that the conductivity of CF is
greater than that of SF. With the incorporation of CF, the con-
ductivity is greatly improved, leading to a noticeable change in
temperature rise.

3.4 Conductive mortar current change rate

To investigate the relationship between the rate of current
change and the change in temperature rise of the

Table 13: Temperature rise of complex phase conductive fiber mortar

Test
conditions

Temperature
initial
value (°C)

Temperature
final value (°C)

Temperature
difference (°C)

L-1 28.75 32.55 3.80
L-2 24.35 30.75 6.40
L-3 29.30 41.15 11.85
L-4 28.83 57.63 28.80
L-5 30.10 35.38 5.28
L-6 30.08 34.33 4.25
L-7 28.05 49.40 21.35
L-8 31.48 51.70 20.23
L-9 27.45 36.13 8.68
L-10 30.03 46.38 16.35
L-11 25.90 32.63 6.73
L-12 27.60 35.00 7.40
L-13 27.30 41.38 14.08
L-14 30.13 40.55 10.43
L-15 27.95 35.10 7.15
L-16 28.05 34.83 6.78
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composite conductive fiber mortar, a data analysis was
conducted on the obtained test data. The average tempera-
ture data obtained from the four temperature sensors were
utilized. The data for the rate of current change and the
change in temperature rise were selected at the 2 min time
point to create the relevant line chart. The analysis of the
above test leads to the conclusion that the conductivity and
temperature rise performance of Case 4 are optimal. Figure
17 illustrates the relationship between the rate of current
change, temperature, and time for Case 4.

The red curve in Figure 17 represents the results of the
heating test of the composite fiber conductive paste test
block in continuous power mode for 120min. Due to the
48 mortar specimens subjected to a 2 h warming test for
each power condition, the average values were taken for
each condition from three mortar specimens. Due to the
varying sensitivity of the test instrument, slight differences

in the initial temperature of individual mortar specimens
were observed, all falling within the error range. As seen
from the figure, the heating curve of the complex fiber
mortar specimen can be divided into two stages. The first
stage of heating is faster, mainly evidenced by a larger
temperature increase within the same energization time.
In the second stage, the temperature rise gradually slowed
down, and the curve approached a plateau, resulting in a
relatively stable temperature. This is because at a constant
temperature, the applied electric power is equal to the rate
of heat exchange between the specimen and the environ-
ment, reaching a state of thermal equilibrium.

Figure 17 shows the red and blue curves representing
the results of the conductive mortar electro-thermal per-
formance test, illustrating the relationship between the
rate of change of current and the amount of change in
warming temperature. From the figure, it can be observed

Figure 15: Effect of CF doping on warming test.

Figure 16: Effect of SF dosage on warming test.
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that the relationship between the rate of change of current
and temperature can be divided into two stages. In the first
stage, the complex-phase conductive fiber mortar exhibits
a decreasing trend in current with the increase in tempera-
ture. Given that the voltage is constant, it can be inferred
that the resistivity of the complex-phase conductive fiber
mortar gradually increases with the rise in temperature.
The phenomenon of resistivity increasing with tempera-
ture is referred to as the positive temperature coefficient
(PTC) effect. Under specific conditions, the resistivity of all
specimens increases within 30min, a phenomenon known
as the PTC effect [44]. At higher voltages, the PTC effect
dominates in all specimens, while at lower input voltages,
the negative temperature coefficient (NTC) effect domi-
nates [45]. Both the PTC effect and the NTC effect are attrib-
uted to thermal expansion, as reported by Luo et al. [46]. It
can be inferred from this that, since a 64 V DC voltage is used
in this work, under energized conditions, for a very short
period of time, first, thermal expansion causes the NTC
effect. Subsequently, thermal expansion quickly reaches a
certain level, and then the PTC effect occurs. In other words,
the PTC effect begins when a high enough degree of thermal
expansion is reached [45]. It is only because of the extremely
short time to reach sufficient expansion that the PTC effect
dominates in this test at the applied voltage. In the second
stage of the phenomenon, the current curve and tempera-
ture curve of the complex-phase conductive fiber mortar
show a gradual smoothing trend. This is due to the fact
that the internal circuit that can be connected is basically
in a stable state, and the resistivity is no longer decreasing.

As mentioned earlier, when the degree of thermal
expansion is below a certain level, the NTC effect occurs
due to the lapping of CF and SF and their close proximity to

each other. In contrast, when the thermal expansion of the
complex-phase conductive fiber material exceeds a certain
value, discontinuities between the CFs occur, leading to the
occurrence of PTC. It was found that the coefficient of
thermal expansion of cement paste is higher [47,48]. CF is
known to have a lower coefficient of thermal expansion
than cement mortar and SF. When CF is subjected to tem-
perature, its elongation is more stable than that of other
materials, and the smaller coefficient of thermal expansion
makes it more suitable for environments at both room and
elevated temperatures. Hence, CFs exhibit commendable
dimensional stability in cementitious materials, even under
the demanding conditions of high temperatures. Contrarily,
cement paste and SFs are susceptible to the thermal expan-
sion associated with high temperatures. In the case of com-
plex-phase conductive fiber mortar, where the degree of
thermal expansion is higher, the discrepancy in expansion
coefficients among cement paste, SFs, and CFs can result in
discontinuities between the fibers. As the temperature rises,
the resistance gradually decreases, manifesting a distinct
PTC effect.

4 Conclusion

In this study, the impact of resistivity and flexural strength
in complex-phase conductive fiber mortar was investi-
gated through an orthogonal test. A 64 V DC voltage was
applied to the electrodes of the conductive fiber mortar, and
the continuous recording of specimen temperature during a
2 h energization period was conducted. Warming curves
were plotted to examine the current variations throughout
the warming process. Simultaneously, the influence of dif-
ferent combinations of fiber types and dosages on the tem-
perature changes over time during mortar warming was
also explored. Finally, the electrothermal properties of the
complex-phase conductive fiber mortar were investigated in
terms of the relationship between temperature and the rate
of change of current. The following main conclusions were
drawn:
1) Based on the results of the orthogonal test on electrical

conductivity and mechanical properties, a comprehensive
analysis of the significance of each factor was conducted.
The optimal combination was identified as A3B4C4, indi-
cating that doping copper-plated SFs at 1.25% and CFs at
0.48% has a positive impact on the electrical conductivity,
mechanical properties, and electrothermal properties of the
composite conductive fiber mortar.

2) At a constant voltage, increased fiber doping results in
enhanced specimen conductivity, reduced volume

Figure 17: The change curve of current change rate and temperature
with time.
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resistivity, increased heating power, and a greater tem-
perature change.

3) The heating curve of the complex fiber mortar spe-
cimen can be divided into two stages. The first stage
exhibits a faster rate of heating, primarily characterized
by a notable increase in temperature within the same
energized duration. The second stage involves a gradual
slowdown in the heating process, and the curve
approaches a plateau, indicating a more stable tempera-
ture under continuous energization.

4) The relationship between the rate of change of current
and temperature can be divided into two phases. In the
first phase, the current of the complex-phase conduc-
tive fiber mortar tends to diminish as the temperature
increases, exhibiting a PTC effect. At higher voltages, the
PTC effect dominates in all mortar specimens. In the
second phase of the phenomenon, both the current
curve and temperature curve of the complex-phase con-
ductive fiber mortar exhibit a gradual flattening trend.
This is attributed to the fact that the internal circuit,
which can be connected, has essentially stabilized, and
the resistivity is no longer decreasing.
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