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Abstract. Self-sensing cement-based composite was used to monitor the flow of traffic volume. Composite
material was prepared with numerous percentages of carbon black (CB) and activated granulated ground
blast furnace slag (GGBFS). This economical and concrete friendly material having piezo resistive
properties helped to detect the wheel pressure induced by the vehicles passing over it. Initially, the pressure
sensitivity of different mix designs was investigated in the laboratory and the samples having more
sensitivity to applied load were used on the real road test for vehicle detection. Mechanical and
microstructural properties of hydrated cement composite filled with CB and GGBFS as an active filler were
also explored. Scanning electron microscopy/Electron dispersive spectroscopy (SEM/EDS) and X-ray
diffraction (XRD) analysis were carried out to characterize the microstructure and hydration product
development of different specimens at different curing ages. The tested cement composite gives a
remarkable response to both compressive and vehicular loading with excellent mechanical and
microstructural properties. The results also showed that the self-sensitive cement composite has a great
potential to use as a device for traffic monitoring.

1. Introduction

Vehicle recognition is one of the critical elements in the management and operation of the traffic
system all over the world [1, 2]. At present, various detection systems are used to accumulate and process
the traffic data. These traffic data include traffic volume, vehicle speed, vehicle length and width, traffic
density that are obtained by sensors either buried beneath the road or operational along the roadside. Until
now, many types of detectors are used to detect traffic data. Some of these include electronic, magnetic,
video, acoustic devices and optical detectors [1, 2].

Among all these sensors, the electronic sensors are preferably used because they have excellent
sensing capability, modern-day technology, resistance to all types of weather conditions and are relatively
cheaper in costs. Though these type of sensors can accurately measure the traffic flow data like traffic
volume, vehicles speed, vehicles occupancy ratio and weight of vehicles but these type of sensors also
have some defects on pavement life due their unfavorable compatibility and bond with pavement structure.
Advancement in technology, Microsoft computers, and latest communication systems encourage to
introduce the latest technologies for traffic monitoring including infrared sensors, microwave radars, and
video image processors but these advanced sensors are facing some limitations such as high
manufacturing and maintenance cost, poor performance in faulty weather conditions (fog, smoke, rain, and
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snow) and so on. Moreover, additional structures and time-consuming calibrations are mandatory to install
these type of detectors [3, 4].

In the field of Nano-technology, scientists have presented self-sensing cement based sensors
maintaining good mechanical and binding properties of cement, that provides a smart way to detect the
traffic flow [5]. These types of sensors are fabricated by filling different conductive materials into the cement
to enhance the ability to sense the stress or strain [6]. When the cement composite experiences some kind
of load, it is deformed, and the contact between conductive material and cement is effected thus affecting
the electrical resistivity of the composite [7, 8]. Vehicle detection sensors constructed with smart cement-
based mixtures have many advantages over conventional detectors, such as easy installation, easy
maintenance, low cost, useful service life, better compatibility with road structure, as they are cement-based
materials [9, 10].

In the past few decades, numerous active materials have been presented for piezo resistive cement-
based stress sensors [11]. The first reported material was carbon fiber (CF) which was used in cement to
enhance the piezo resistive properties. The relationship between applied load and change in electrical
resistance of CF based cement composite was clearly and comprehensively described in the article [6]. To
proceed this research, new supplements were introduced and studied including carbon fibers (CF) [10,
12-15], steel fibers (SF) [16—18], carbon nanotubes (CNT) [9, 19-21], carbon black (CB) [22-25], graphene
[26, 27], hybrid of carbon black and carbon fiber [24, 25], hybrid of carbon fiber and carbon nanotubes [19].
These supplements were introduced to cement because of their electrical conductivity and piezoresistivety
[28-30].

Moreover, Gwen et al., in October 2012, investigated that pozzolanic material (fly ash) with a high
content of FeO (15.10 %), when mixed with cement up to 40 % of its weight, gave a reversible response to
cyclic compressive loading. The workability and economy of cement mortar were also enhanced using
magnetic-concentrated fly ash, but a little decrease in compressive and tensile strength was reported due
to the high concentration of pozzolanic material [31]. It is noted among all the existing conductive materials,
the carbon black when mixed with cement gives mature and even response to compressive loading [22,
32, 33]. Furthermore, carbon black is very cost effective and radially available material throughout the world
[24, 34, 35].

2. Materials and Methods
2.1. Materials

The materials used were Portland cement (ASTM C 150), superplasticizer commercially available as
acrylic acid (CsHs02Zn*) was used as water reducing agent, activated (fine up to 99 % having larger surface
area) granulated ground blast furnace slag (FeO concentrated) [31], Carbon black with arbanion ions (Type
N-550) (Table 1 & 2) and galvanized #6 steel meshes (opening of 4.2 mm) were used as electrodes shown

in Fig. 1.
1dmm
4 2rmndOpening]

20mm

40mm

200mim Clectrode

100mm

Figure 1. Specimen structure and position of electrodes.

To achieve good sensing and mechanical properties of cement sensor, a new cement composite,
hybrid with carbon black (CB) [35] and activated granulated blast furnace slag (pozzolanic material) with
11.9 % FeO content [31] (Table 1) was used as traffic flow detector in this work. Related literature also
concludes that GGBFS with an aluminum content of 12 % (Table 2) helps in the development of hydration
product (CSH) and leads to compact and crystal microstructure [36—38]. The stress sensing ability of this
composite was investigated in the lab as well as on real road test to explore the feasibility of using as a
device for traffic flow monitoring.
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Table 1. Properties of granulated blast furnace slag.

Item Unit Specification Results

FeO % 5-13 10.76

Al203 % <18 16.72

SiO2 % <36 30.93

CaO (Ca*) % =35 39.51
MnO % <15 0.35

MgO % <12 9.44

S % <13 0.75

TiO2 % <4 3.43

Cl % <1 0.01
Moisture % <0 8.5
Resistivity Q-m - 27
Granulomere (Fineness) % 295 99
Insoluble Residue % <05 0.28
LOI % <3 0.2
Strength Grade Mpa - 35.5

Table 2. Properties of carbon black.

Iltems Unit Specifications Results
Carbon particles (CY) % 90 Min 93
Apparent Specific Volume cmi/g 14~17 16
lodine Absorption o/kg 90 Min. 97
HCL Absorption cmi/g 3.9 Min. 4.4
Resistivity Q. m 3.5 Max. 1.25
Heating Loss % 0.5 Max. 0.09
Ash % 0.4 Max. 0.07
Grit % 0.07 Max. 0.01
Insoluble residue % 30~35 32

2.2. Preparation of smart cement-based sensor

Initially, an agueous solution was made by manual stirring of water containing CB and GGBFS along
with superplasticizer namely acrylic acid (CsHsO2Zn*) as a water reducing agent. After manual mixing, a
probe-type sonicator was used to sonicate the mixture for 15 minutes at a constant nominal frequency of
24 KHz for uniform mixing. A mortar mixer was used for further mixing of the sonicated aqueous solution
and other ingredients, i.e. Portland cement, GGBFS, water (0.40 % by weight of binder) for a further 10
minutes. The mixture obtained by mixing machine was then put into the oiled molds with two galvanized
mesh electrodes as shown in Fig. 1. Vibrator was used to remove the air voids of the poured mixture. The
casted samples were covered with plastic paper to prevent it from the sudden change in atmosphere and
then demolded after 24 hours and cured at room temperature for 28 days. Subsequently, the specimens
were dried in an oven at 50 °C for five days before testing to eliminate the polarization effect due to residue
pore water contents. The mix proportions used in this study are mentioned in Table 3.

Bashir, M.T., Daniyal, M., Alzara, M., Elkady, M., Armghan, A.



Magazine of Civil Engineering, 105(5), 2021

Table 3. List of specimens and mix proportion.

Specimen Composition  Notation w/B Binders
CB GBFS C

C+CB+GGBFS (M1) 0.40 0.50 5.000 94.5
C+CB+GGBFS (M2) 0.40 1.00 10.00 89.0
C+CB+GGBFS (M3) 0.40 1.50 15.00 83.5
C+CB+GGBFS (M4) 0.40 2.00 20.00 78.0
C+CB+GGBFS (M5) 0.40 2.50 25.00 72.5
C+CB+GGBFS (M6) 0.40 2.50 30.00 67.5

C: Cement, CB: Carbon Black (wt. % of cement), GBFS: Granulated Blast Furnace Slag (wt. % of cement),
W/B: water to binder ratio.

2.3. Compressive strength test

Three specimens (50x50x50 mm3) for each mix proportion were fabricated to investigate the
developed compressive strength at 3, 7, 14, 28 days according to standard test method for compressive
strength of hydraulic cement using 2 in or 50 mm cube (ASTM C109). Equation-1 can calculate the
compressive strength values.

@

Oc. =

P

A

where
oc refers to the average compressive strength of three samples (MPa);
P refers to the maximum load applied (N);
A refers to the area of the specimen (mm?2).

2.4. Tensile strength test

To calculate the tensile strength of cement based sensor, three bar-shaped samples of size
(40x40x160 mms3) for each mix design, after being cured at 3, 7, 14 & 28 days were carried out for tensile
strength according to ASTM C348. Tensile strength was calculated by Equation-2.

3FS
- 2
ot w2 @)

where
ot refers to the average tensile strength (MPa);
F refers to an applied force by a universal testing machine (N);
S refers to span (mm);
W refers to the width (mm);
h refers to depth (mm).
2.5. Analytical characterizations

Previous studies on utilization of GBFS concluded that higher replacements of this pozzolanic
material by cement restart the hydration products at early stages but increased curing age, the hydration
production can be comparable to Portland cement [36—38] at curing age of 28 days. In this research work,
the development of crystalline (hydrated) and amorphous phases (anhydrate) in cement sensor filled with
CB and GBFS, powder X-ray diffraction technique was adopted. The samples were crushed and milled into
powder (< 300 um) at curing age of 28 for XRD testing. Before testing of samples at different curing ages,
the further hydration of cement sensor was stopped by washing and repeated immersing in isopropanol for
1 hour. X-ray diffractometer scans the samples between 26 values of 10° to 60°, and the required data
were collected. X pert high score (version 3) software was used to analyze the received data employing
XRD.
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The microstructure of cement sensors was observed by employing SEM along with energy EDS (to
observe the hydration at a specific point). Isopropanol was used to stop further hydration of samples and
dried in the oven at 40 °C. After that, the samples were introduced to the machine (JEOL, EDS DETECTOR
manufactured by japan) for SEM/EDS observations.

2.6. Piezoresistivety of cement-based sensors

The laboratory test setup to assess the piezoresistive properties of (28 days cured and dried at 50 °C
in the oven for 5 days) smart cement based sensors is described in Fig. 2. All the sensors with different mix
designs were tested in the laboratory to check their sensitivity to applied stresses. Electrodes buried in the
specimens were energized by UNI-T 30-volt DC supply. Uniaxial repeated compressive loads of 20 KN and
15 KN were applied by universal testing machine. Change in resistance due to applied load was recorded
simultaneously by the data acquisition device.

P
100mm ﬂ
R
20mm I % o
Lo ——
AN Y

1.
40mm RS

20mm

100mm

USB DATA CABLE

Figure 2. Setup adopted to check the sensitivity of cement sensor to loading.
2.7. Road test

Road test of smart cement sensor was performed in an open environment to observe the feasibility
of using it as a device for vehicle detection. A trench was made in pavement and sensor was buried. Cement
paste was used to fix the sensor at its place as the vehicles have to pass over it for testing. Vehicles with
different axle loads and speed were driven to pass over self-sensing cement sensor in order to investigate
its designed sensibility (Fig. 3a and Fig. 3b).

DATA ACQUISITION
SYSTEM

,.f EMBEDDED CEMENT
SENSOR

L J
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Figure 3. Road Testing (a). Position of embedded sensor and assembly of the data acquisition
system, (b). Outdoor testing to check the response of sensor under vehicular loading).

Table 4. List of vehicles passed over cement sensor.

Sr.# Vehicle type Weight as per documents (Kg)
01 Hatchback car 1350
02 Sedan car 1600
03 Loader truck 2200

Change in electrical resistivity of cement sensor due to externally applied load denotes the sensing
property of self-sensing material and according to Ohm'’s law (Eqg. 3).

fs X = Re 3
A

where Rs, A, and L refer to the electrical resistivity of the sensor when it was attached to DC power supply,
the cross-sectional area of the sensor and the space between two electrodes, respectively.

After passing vehicle over the sensor, the resistance of the sensor will change, and Eq. 3 can be
written as Eq. 4.

% _dRs B (@+2u)dL @
fs Rs L

The deformation of the sensor under compressive load is minimal so change in L (dL) can be
neglected [39], and Eq. 4 can be modified as Eq. 5.

dRs dfs
Rs fs
It can be observed from Eqg. (5) that the change in electrical resistance of the sensors is the same as

that of electrical resistivity. Furthermore, Fig. 4 shows a circuit diagram of cement sensor connected in
series with constant reference resistance and applied voltage along with the data acquisition process.

(®)
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Figure 4. Experimental setup for road testing.
Vs Vi-Vs
Rs RR

(6)

Where Rs is the resistance of sensor after the vehicle passes over it and Rris the reference

resistance of sensor before vehicle passing. Vi and Vs are the voltages before and after the application of
car load respectively. Eq. (4) can further be written as

Vv
°_XRR=Rs (7)
Vi—Vs
The car load made the change in resistance and applied of the sensor which can be expressed as
+dV
Re+dRs =AYy pp (8)
Vi—(Vs+dVs)

Where dV;s change in voltage, and it is much smaller than (Vi=Vs). Thus, Eq. (7) and (8) can be
combined and written as

dRs _ dVs

Rs Vs
Eqg. (9) clearly shows that change in resistance of cement sensor caused by vehicular loading is
approximately equaled to change in applied voltage which is taken as an indication of passing vehicles over

the smart cement-based sensor. Digital storage oscilloscope made by UNI-T (UTD20000/3000) was used
for real time sampling with the frequency of 250 hz.

9)

3. Results and Discussion

3.1. Compressive strength

The effect of partial replacement of GGBFS and CB by cement on compressive strength is shown in
Fig. 5. It can be observed from compressive strength development chart (developed at 3, 7, 14, 28 days)
that cement composite named as M4 composed of 2 % CB and 20 % GGBFS shows higher strength at 28
days than other mixes. It is due to the pozzolanic reaction of GGBFS combined with the optimum amount
of CB (1 %) to form calcium silicate hydrate (CSH). It can also be noted that the amount of GGBFS and CB
beyond M4 causes a slight decrease in compressive strength due to higher accumulation of both the filler
in cement composite [36].
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Figure 6. 28 days compressive strength chart.

3.2. Tensile strength

The tensile strength of mortars combined with CB and GGBFS at 3, 7, 14 & 28 days is shown in
Fig. 7. A slight increase in tensile strength can be observed for M3 mix as compared to other mixes, but no
major change in tensile strength was seen by adding GGBFS and CB. The minor increase in the flexural
strength is supposed to be not only from pozzolanic material filling the pores of hydration but also from the
tubes linking effect providing support to the matrix which contributes better opposition to stretching effect
produced by application of load. It is also noted that the good results will largely depend on proper
dispersion of filling material as they would be expected to perform much better regarding the tensile strength
of cement-based self-sensing material [15]. In this work, no substantial change in tensile strength is
observed compared to plane cement paste.

——M2
—tr—\3
M4
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DAYS

Figure 7. Development tensile strength of cement sensor.
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Figure 8. 28 days’ tensile strength chart.

3.3. Microstructure
3.3.1 X-ray diffraction (XRD)

Fig. 9 demonstrates the results of XRD analysis of different samples at 3, 7, 14 and 28 days curing.
Calcium hydroxide (CH), calcium silicate hydrate (CSH), ettringite, calcium, and quartz are the major
hydration products detected by X-ray diffractometer and analyzed by X pert high score (version 3) software.
CH and CSH are the hydration product of alite (C3S) and belite (C2S), ettringite is formed by hydration of
tri-calcium aluminate (CsA) and quart by impurities present in binder during the hydration process or curing
[40, 41]. It can be noted from Fig. 9(a) and (b) that M1 and M2 show relatively analogous XRD pattern.
Approximately identical peaks were observed while comparing the 28 days’ results of M3, M4, and M5, M6
that can be observed in Fig. 9(c) to (f).

The peak intensities of all the hydration products at all curing ages in M1 and M2 show no major
changes except a decrease in the peak of alite at 26 value of 33.7° and increase in peak of CH at 26 value
of 29.2° and 46.2° at 28 days curing which is clearly a sign of development of hydration products. Moreover,
it was also noted that the peak of ettringite at 14.7° disappears at 28 days curing age which indicates that
hydration of tri-calcium aluminate (C3A) is almost completed.

Moreover, at the increase in the filling material into cement, a little change was noted while comparing
the XRD of M3 and M4 with M1 and M2. The peak of calcium hydroxide obtained at 26 value of 19.45° and
46.2° shows no significance at curing age of 3 days because a comparatively high dose of blast furnace
slag retards the hydration process at an early age [40]. Furthermore, the peak of ettringite at 26 value of
14.7° a small peak was noted at 28 days curing age which indicates the slow hydration rate of tri-calcium
aluminate (CsA) due to high accommodation of pozzolanic fillers but interestingly 28 days’ hydration of all
the mixes (M1, M2, M3, M4) was approximately identical to each other as all the hydration products were
detected by X-ray diffractometer.

In the mix designs named as M5 and M6, high replacement of GGBFS by cement alters the hydration
process at an early age as shown in Fig. 9(e) & (f). By comparing the XRD patterns of M5 and M6 with
previous mix designs, a significant change in hydration was noted. While analyzing the patterns of both M5
and M6, no strong peaks of CH and CSH were noted at 26 value of 19.45° 29.3° 46.2° and 30.89°
respectively at curing age of 3, 7 and 14 days and much amorphous phase was developed between 15° to
54°. This is due to fact that, the GGBFS particles surrounds the cement components especially CsS, C2S
and CsA that slows down the formation process of CH (Porlandite), CSH and ettringite at early age (3, 7 &
14 days) and leads to amorphous phase (non-crystalline phase) in cement mix filled with carbon black (CB)
and granulated ground blast furnace slag (GGBFS). On the other hand, samples with 28 days hydration
could be comparable (negotiable decrease) to other mixes with relatively low GGBFS as all the hydration
products were detected at that curing age.

The contribution of CB to hydration was almost negligible. This is due to the fact that CB is not a
mechanical activator (pozzolanic material) and it was filled in cement as a conductive material to increase
to the sensitivity of cement mix to load/stress; thus a little contribution of CB to hydration of cement could
be neglected.
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Figure 9. XRD analysis of mix designs at mentioned curing ages.

3.3.2. SEM/ EDS

The SEM and EDS were used altogether to detect the microstructure and chemical composition of
hydration products of cement paste filled with blast furnace slag and carbon black as pozzolanic conductive
materials. The obtained results are shown in Fig. 10 (a) to (c).

It can be observed at 50 um scale with a very high resolution of x 270, that the paste containing a
higher amount of GBFS and CB (M4 and M6) shows dense microstructure as compared to paste with a low
amount of both fillers (M1). The filling material specially GBFS ideally covered the pores space between
unreacted cement particles and presents a compact and homogenous material because of its excellent
pozzolanic reaction with cement. The EDS result of all the three samples show no major difference in the
formation of C-S-H gel. The EDS analysis of M1 obtained around unreacted cement shows a Ca/Si ratio of
1.99 which is very much close Ca/Si ratio of plane cement, i.e. 2.02 which indicates the typical C-S-H gel
formed by the cement hydration at curing age of 28 days [42, 43]. The EDS of M4 and M6 indicates little
decrease in the Ca/Si ratio of 1.81 and 1.68, respectively. This is because of higher accommodation of
GBFS and CB in cement which slows down the formation of C-S-H gel and left unreacted particles at 28
days curing age. By analyzing the overall SEM / EDS, the cement paste filled with GBFS and CB as filing
material shows excellent and compact microstructure with the excellent chemical composition of hydration

product.
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Figure 10. SEM/EDS of mix design M1, M4, and M6.
3.3.3. Piezo-resistive response of self-sensing cement sensor

To find the piezoresistive response of cement sensors, change in electrical resistance was measured
in correspondence to applied compressive loads at curing age of 28 days. Cement samples filled with
different amount of CB & GGBFS as conductive fillers were put to cyclic compressive loads and the
response measured was even and reversible. The results of piezoresistive testing is shown in Fig. 11. Itis
noted after testing that cement sensor filled with 2.5 % CB and 30 % GGBFS (M6) shows higher sensitivity
to applied loading as the relative change in electrical resistivity dp/po (%) reaches about 7.5 % under the
compressive load of 15 KN shown in Fig. 7. Thus it can be concluded that CB combined with GGBFS as
hybrid filler have great sensing capability when added to cement.
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Figure 11. Application of load and a corresponding change in resistance
of cement-based sensors filled with different percentages of CB and GGBFS.
Table 5. Maximum percentage resistance of smart sensors in laboratory.
M1 (%) M2 (%) M3 (%) M4 (%) M5 (%) M6 (%)
0.933 1.5 2.5 3.75 8.33 9.36
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Figure 12. Max percentage resistivity of each sample.
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3.3.4. Vehicle detection by cement sensor

Laboratory tests on piezoresistive cement sensors were performed in order to observe their
sensitivity and feasibility to use it on the road for vehicle detection. Sensor (M6) which shows maximum
sensitivity (i.e., % age change in resistance was maximum to other cement sensors) shown in Fig. 11
(% age resistance of M6) and 12 was adopted for road testing. Different type of vehicles was passed over
underneath sensor and the voltage time history record was collected. Sudden change in voltage signals is
shown in Fig. 13. Results showed that voltage drop signal was different for a different vehicle which means
that the sensor is sensitive to vehicular weight, but the limitation was that one could not measure the exact
weight of the vehicle as the position of tyres on cement sensor was different at every trial when a vehicle
passes over it. Voltage drop was not uniform even for the same vehicle as axel weight transferred to cement
sensor by passing vehicle was not uniform because the contact area between the tyre and cement sensor
was not uniform at every trial. Thus, results could be acceptable for vehicle detection, traffic density and
vehicle speed as only peak values are required to assess these parameters. Subsequently, this outcome
indicates that smart self-sensing cement sensor is feasible to use for detection of passing vehicle as it
shows an excellent response in outdoor testing.

Moreover, it was observed that the change in environmental temperature and polarization effect
(pore water particles activation due to applied voltage) had an impact on baseline voltage (applied voltage),
but the change was continuous and gradual, which did not disturb required results.
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Figure 13. Peak values enclosed in the box shows the passing of different vehicle.

4. Conclusion

Self-sensing CB and GGBFS based cement sensors were fabricated for traffic monitoring. The
response was studied for the electrical resistance/electrical voltage of this composite to a repeated
compressive load and the vehicular load. The following conclusions are the drawn by the research:

1. The use of GGBFS combined with CB improves both compressive and tensile strength of cement
paste due to the pozzolanic reaction and filler effect of GGBFS. Although, CB is a conductive material and
does not have pozzolanic properties as compared to GGBFS, but the physical presence of CB resulted in
further increase in compressive and tensile strength of cement composite. The optimum improvement for
compressive strength is observed at M4 (1 % of CB and 10 % of GGBFS by weight of cement) due to
physical filling effect of weak spot and better development of hydration products (CSH and CH) in cement
sample but higher percentages of these fillers in cement lead to reduction in compressive strength at early
stages because of the existence of extra quantity of filler required for improvement in strength. The
improvement in tensile strength can be observed up to 1 % in M3 compared to plane cement paste. It must
be noted that tensile strength would largely depend on the dispersion of both the fillers especially GGBFS.

2. The incorporation of GGBFS in cement enhance the hydration products formation compared to
plane cement paste [36] at the same curing age but negotiable defect noted was that high (30 %)
replacement of GGBFS by cement, retardation/slowdown of hydration process was noted at early age
curing, but the later hydration shows no major difference in hydration.

3. SEM/EDS data show that use of GBFS as a pozzolanic filler improves the microstructure of
cement paste along with good chemical composition, but it slows down the early age hydration to some
extent.

4. Laboratory test to investigate the sensing capability of the cement sensor indicates that there is
a corresponding excellent relation between applied compressive load and electrical resistivity and can be
used on the road for vehicle detection.

5. The real road test cement sensor also provides an outstanding response to vehicular loading by
showing an abrupt/sudden change in baseline voltage.

In conclusion, the findings in lab and road tests indicate that the designed cement sensor has great
potential to use as a device for traffic monitoring such as vehicle detection. Moreover, self-sensing cement
composite has many advantages including good compatibility with pavement structure, long service life,
easy installation and low maintenance cost along with excellent mechanical and microstructural properties.
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