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a b s t r a c t

The present study assesses the applicability of carbon materials-embedded polyurethane (PU) com-
posites characterized by high piezoresistive capability, as a traffic loading sensor. PU composites incor-
porating multi-wall carbon nanotubes (MWNTs), expanded graphite (EG), and a hybrid of MWNTs and
graphite nanoplatelets (GNPs) were fabricated and their electrical conductivities were measured in an
effort to determine the most suitable filler type for the piezoresistive sensor and its optimum content
ratio. The best electrical characteristics were achieved by the MWNT/PU composites as exhibiting the
percolation threshold at 5 wt.% of MWNT and the maximum electrical conductivity of 0.33 S/m at 7 wt.%.
Accordingly, the MWNT/PU composites were prepared as a piezoresistive sensor, and its sensing capa-
bilities and durability were examined by three different tests, i.e., lab-scale loading, vehicular loading,
and cyclic wheel loading tests. The composite with MWNT 5 wt.% showed the best sensing capability in
terms of the electrical resistance change rate obtained from the lab-scale and vehicular loading tests. In
addition, the cyclic wheel loading test demonstrated that the 5 wt.% MWNT-embedded PU composite
was durable during 2000 cycles of the wheel loading.

© 2015 Elsevier Ltd. All rights reserved.
1. Introduction

Fabrication of polymer-based composites is considered as a
critical area of current nanotechnology and composite science due
to their multi-functionalities and remarkable mechanical, elec-
trical, and thermal properties as well as other useful attributes [1].
In particular, the use of polymer-based composites embedded with
micro/nano-scaled carbonic materials has attracted the interest of
researchers owing to their diverse applications in the automotive,
aerospace, construction, and electronic industries [2,3]. In recent
decades, the demands for lower percolation threshold of conduc-
tive composites have motivated researchers to employ highly
conductive carbonic fillers [2]. In particular, the addition of CNTs to
polymeric matrices not only provides composites with high elec-
trical conductivity, but also alters the electrical resistance under
applied load/strain, a phenomenon known as piezoresistivity [4,5].

In the past few years, the electrical conductivity of composites
has been extensively researched and the percolation threshold
obtained from less than 1.0 wt.% to over 10.0 wt.% of filler loading.
For instance, Chen et al. (2001) prepared a EG/Polymethyl meth-
acrylate (PMMA) composite by the in-situ polymerization method,
which showed the percolation threshold at 3.5 wt.% of EG loading
[6]. Jiang et al. (2005) reported maximum electrical conductivity of
10 S/m at 7.4 wt.% of multi-walled CNTs (MWNTs) and 0.3 wt.% as
the percolation threshold for MWNT/polyimide (PI) composites
prepared by an in-situ polymerization method [7]. Moreover, Yu
and Li (2008) obtained the percolation threshold of a GNP/polyvi-
nyl alcohol (PVA) composite made by solution casting method at
4 wt.% of GNP loading whereas the peak value of electrical con-
ductivity was 10�5 S/m at 7 wt.% of GNP content [8]. McNally et al.
(2005) fabricated a polyethylene (PE) matrix containing 10 wt.% of
MWNTs using melt blending method which showed maximum
conductivity as high as 10�3 S/m and the percolation threshold at
7.5 wt.% [9]. Furthermore, She et al. (2007) manufactured a PE
composite incorporating modified EG which showed the percola-
tion threshold at 5.7 wt.% of EG loading and themaximum electrical
conductivity value of the composites was as high as 10�1 S/m at
8 wt.% [10].
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Recently, CNT-embedded polymer composites have been
frequently used as piezoresistive sensors since CNT exhibited
promising merits such as low percolation threshold, notable pie-
zoresistive characteristics, and so forth [11,12]. For instance, Kang
et al. (2009) reported that 0.05 wt.% of single-wall CNTs (SWNTs)
addition in a PI matrix showed a 2% electrical resistance change
under tensile stress of 16 MPa, while the electrical resistance of a
10 wt.% MWNT/PI system changed up to 0.35% under the same
loading conditions [13]. Also, Wichmann et al. (2009) studied the
piezoresistive response of epoxy-based composites with MWNTs
and CB under a tensile load and reported the electrical resistance
change rate from 7 to 12% as theMWNT loadingwas increased from
0.1 to 0.5 wt.% [14].

However, few studies in the literature focused on comparison of
electrical properties of composites incorporating various carbon
fillers and determination of the percolation threshold of the com-
posites to ascertain the optimum filler content leading to the
maximum electrical resistance change rate of piezoresistive sen-
sors [15]. There also exists a lack of research in the literature in
which three-roll milling machine technique, which is fast, simple,
and compatible with standard industrial techniques, was used to
fabricate MWNT/PU composites as well as EG and hybrid of MWNT
and GNP embedded PU composites. In addition, experimental
studies to examine the piezoresistive response of MWNT/PU
composites subjected to external loads and their applicability as
traffic loading sensors were scarce.

In this study, the electrical properties and the percolation
threshold of MWNTs, EG, and a hybrid of MWNT and GNP-
embedded polyurethane (PU) composites fabricated with a three-
roll milling process were investigated. Subsequently, the piezor-
esistive characteristic of the MWNT/PU composites, which showed
a low percolation threshold, was studied through lab-scale loading
tests. In the specimen fabrication, PU was adopted as the matrix
material due to its excellent properties such as abrasion resistance,
UV durability, high hardness and impact resistance, etc., which
make this material an excellent choice to be used in awide range of
civil engineering applications such as coating on pipelines, roofs
and floors, and suitable choices for fabricating sensors [16e18].
Subsequently, the piezoresistive characteristic of the MWNT/PU
composites, which showed low percolation threshold, was studied
through lab-scale loading tests.

2. Specimen preparation

In the present study, chemical vapor deposition (CVD) growth
MWNTs were purchased of Hyosung Inc. (M1111). The purity and
diameter of the MWNTs were 96.6% and 12.29 ± 2.18 nm, respec-
tively. Acid washed graphite flakes were provided by Asbury Car-
bons Inc. (Item number 3772) as the source material to produce EG
and GNPs. PU consisted of PF-359 and E-145 and was supplied from
KangnamHwasung Chemical Co. Ltd. Toluenewas used as a solvent
for the two-component PU in an effort to make low viscous com-
posite mixtures.

In order to produce EG, the acid-washed graphite flakes were
heated to 1050 �C for 30 s with the aid of a furnace [19]. To obtain
GNPs, EG was ultrasonicated in acetone using a high power bath-
type sonicator for 8 h [19]. Subsequently, the GNPs were filtered
by a filter paper and dried at room temperature. All experiments
were conducted at room temperature.

A variety of conductive filler contents were employed in order to
investigate the electrical conductivity behavior of various types of
composites. The MWNT ratios ranged from 4 to 8 wt.% of the total
amount of two components of PU whereas the EG ratios were from
3 to 7 wt.%. Moreover, in the case of the hybrid of MWNT and GNP
embedded PU composites, the weight fraction of each filler ranged
from 2 to 5 wt.% of the total PU. The ratio of toluene was approxi-
mately 5 wt.% of the total PU. On the other hand, MWNT loadings of
5, 6, and 7 wt.% of the total PU were chosen to fabricate the pie-
zoresistive sensors (Table S1, Supplementary information).

The specimen preparation can be explained as follows: a spec-
ified amount of each component of PU was measured and poured
into a steel bowl. Afterwards, the carbon nano-materials including
MWNT, EG, and a hybrid of MWNT/GNP were measured according
to the mix proportions in Table S1. These were thoroughly mixed
with the mixture of the two components of PU for 2 min. In this
stage, toluene was added to the mixture in order to reduce the
viscosity of the mixture. It is noteworthy to say that the viscosity of
the mixture has to be low so that it will be feasible to use a three-
roll milling machine to manufacture the composites. After the
mixture was pre-mixed, the three-roll milling machine (EXAKT80S,
EXAKT Technologies Inc., Germany) was used to achieve a better
dispersion quality of MWNT, EG, and hybrid of MWNT/GNP in the
fabricated composites (Fig. S1 (a)) [20]. The mixture was poured
into the three-roll milling machine where the parallel rollers
rotated at a rate of 200 rpm [20]. Note that the gap size between the
rollers was 5 mm for theMWNT/PU composites, but it was increased
for other types of composites due to the size of carbon materials
used. This mixing process was performed five times for each batch
[20]. During this process, the fillers within premixed mixtures
could be more dispersed with the aid of the shear force applied by
the rotating rollers. A schematic illustration of this process is shown
in Fig. S1 (b). In the middle of the process, toluene was mostly
eliminated from the mixture. Afterwards, the final mixture was
poured into a 2.5 � 2.5 � 2.5 cm3 plastic mold to shape the cubic
specimens.

Silver pastewas applied to two surface sides facing each other in
the specimen as electrodes when the DC conductivity of the com-
posites was examined. Two copper electrodes coated with silver
paste with a size of 1 cm in width, 3.5 cm in length, and 0.5 mm in
depth were embedded with a spacing of 8 mm in the MWNT/PU
composite specimens to evaluate their piezoresistivity (Fig. S2).
Due to the use of fast curing PU, all specimens were removed from
the mold after a day of curing at room temperature.

3. Test methods

3.1. Electrical conductivity

The direct contact method was chosen to measure the DC
resistance of the composites. In this method, the two probes of a
digital multi-meter (Agilent Technologies 34410A) were brought
into contact with two opposite sides of the specimen, where each
side was coated with silver paste in order to make better contact.
All measurements were conducted at room temperature.

The DC conductivity s (S/m) of the composites was calculated by
Ohm's law by plugging the obtained resistance values into the
following equation [21,22]:

s ¼ 1
r
¼ 1

R
L
A

(1)

where r (ohm$m), R, L, and A denote the DC resistivity, DC resis-
tance, the distance of the two opposite sides of the specimen, and
the cross sectional area of composite specimen, respectively
[21,22].

3.2. Piezoresistivity

In the present study, the DC resistance change of the composite
specimens under compressive loading was measured using a two-
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probe method that involves connecting two wires to respective
electrodes embedded in the specimens and was assessed by means
of a digital multi-meter (Agilent Technologies 34410A) [4]. A uni-
axial compressive cyclic load for 5 cycles with a maximum value of
1.875 kN (3 MPa) was applied by a Universal Testing Machine
(UTM: Instron 5583) at a displacement rate of 0.36 mm/min on the
specimens perpendicular to the direction of the electrodes while
the electrodes were connected to the DMM transmitting the data to
a computer synchronously via wires. As a result, the DC resistance
change under compression was recorded by the computer. Fig. 1
illustrates the experimental setup for measuring the piezor-
esistivity of the MWNT/PU composites. Note that non-conductive
tape was attached to the top and bottom surfaces of UTM, which
come in contact with the composites, to insulate the specimens
from the surface of the UTM.
Fig. 2. Logarithmic plot of electrical conductivity of various types of composites as a
function of the conductive filler content ratio.
4. Test results and discussion

4.1. Electrical conductivity

The electrical characteristics of various types of composites
fabricated in the present study were discussed in the following.
Fig. 2 presents the electrical conductivity of the composites ac-
cording to the loading levels of various conductive fillers at room
temperature. As shown in Fig. 2, the electrical conductivity of the
MWNT/PU composites dramatically increased in a range of
4e6 wt.% of MWNT loading. The electrical conductivity of the
composites with MWNT ratios lower than 4 wt.% was not
measurable due to the high level of resistivity for these composites.
The curve in Fig. 2 indicates the percolation phenomena for the
composites in which conductive networks without disconnections
are formed by MWNTs. The percolation threshold of the MWNT/PU
composites was obtained at approximately 5 wt.% of MWNT
loading as a mean value of the aforementioned MWNT content
range. Furthermore, the highest electrical conductivity value was
0.33 (S/m) at 7 wt.% of MWNTs. The electrical conductivity values
leveled off with further addition of MWNTs.

The percolation threshold of the MWNT/PU composites was
higher than that obtained in previous studies available in the
literature. According to the review paper [19], the use of the three-
roll milling machine technique, which is speedy and simple, and
compatible with standard industrial techniques, to fabricate poly-
meric composites has shown high levels of percolation threshold
value, while other techniques such as in-situ polymerization, so-
lution compound, and combination of different techniques could
lower the percolation threshold. For instance, the percolation
threshold of MWNT/epoxy composites fabricated with a solution
compounding method was detected at 0.072 wt.% of MWNT
Fig. 1. Experimental setup for the piezoresistive sensing test using a UTM.
loading [23]. On the other hand, the obtained percolation threshold
for MWNT/PU composites in this study was lower than that ob-
tained by some composites manufactured with the melt blending
method. The use of 7.5 wt.% of MWNTs was reported as the
percolation value for MWNT/polyethylene composites prepared by
a mini-twin screw extruder [9].

Fig. 2 shows the DC electrical conductivity of EG/PU composites
versus the EG loading curve at room temperature. As observed in
the figure, the electrical conductivity values abruptly increased
near the percolation threshold of the composites, which was ac-
quired at approximately 5.5 wt.% of EG content. By further addition
of EG, the electrical conductivity value slightly increased after
6 wt.% of the EG content and leveled off at 7 wt.%. The maximum
electrical conductivity of the composites was 0.1 (S/m) at this ratio.
The DC electrical conductivity of the hybrid of MWNT and GNP
embedded PU composites versus each filler ratio is also shown in
Fig. 2. As plotted in the figure, a very low level of DC conductivity
with a maximum value of 0.022 (S/m) at 5 wt.% of each filler con-
tent was evaluated for this type of composite.

The lower level of electrical conductivity for the EG/PU and the
hybrid of MWNT and GNP embedded PU systems compared to the
conductivity of MWNT/PU composites was mainly due to the
dispersion quality of the fillers within the matrix. A SEM image of
the 6 wt.% MWNT-embedded PU composite is shown in Fig. 3. As
shown, well-dispersed MWNTs in PU matrix confirmed that
conductive networks were formed. On the contrary, agglomeration
of EGs due to their tendency to aggregate [24] was observed within
the PU matrix, as illustrated in Fig. S3. On the other hand, the SEM
image of the hybrid of 3 wt.% of MWNT and GNP/PU composite
showed a poor dispersion status due to the presence of agglomer-
ated GNPs as well as MWNT clumps, which led to a lack of inter-
connected conductive networks in the PU matrix (Fig. S4). The
amount of conductive filler was so low that the electrical conduc-
tivity of the composites was hardly measurable.
4.2. Piezoresistive response in lab scale tests

In the present study, the MWNT/PU composites outperformed
other types of composites in terms of the DC conductivity. Conse-
quently, the piezoresistivity of 5 (M-5.0), 6 (M-6.0), and 7 (M-7.0)
wt.% MWNT-embedded PU composites was investigated following
the descriptions in Section 3.2. The composites with MWNT load-
ings near the percolation threshold were chosen so that high
electrical resistance change rates could be detected using the two-
probe multi-meter with the equipment setup shown in Fig. 1 [15].



Fig. 3. SEM images of the fractured surface of MWNT/PU composites with the MWNT content of 6 wt.% at �8000 (a) and �25,000 (b).
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The DC conductivity of the composites varied under the applied
cyclic compressive stress.

The piezoresistive responses of M-5.0, M-6.0, and M-7.0 com-
posites with regard to the applied compressive stress and time are
shown in Fig. 4, respectively. As plotted, once the uniaxial
compressive load was applied on the specimen, the electrical
resistance drastically decreased until the compressive stress
reached 3 MPa. The distance between neighboring MWNTs was
minimized under compressive loads, mainly due to deformation of
the matrix materials [25]. As a result, the tunneling resistance
(Rtunnel) remarkably decreased in a nonlinear form as the
compressive stress increased [25]. Accordingly, the total resistance
of the composites nonlinearly decreased [25].

However, a decrease in the electrical resistance of the compos-
ites was examined for a short period after the compressive stress
started to be removed. This behavior corresponds to the develop-
ment of a new percolation network of the fillers caused by the
macromolecular relocation of the matrix in a slow rate [26]. Sub-
sequently, the composites showed a polymeric recovery with the
materials returning to their initial shape prior to the applied
compressive stress. At the same time, their electrical resistance
gradually increased to the same level as at the starting point. This
piezoresistive behavior was observed for all of the specimens of
various types of composites during the test.

The maximum rate of electrical resistance change is an impor-
tant factor to evaluate the performance of piezoresistive sensors
[4]. The average value of the maximum electrical resistance change
rate of the fabricated specimens for each type of composite was
thus calculated. This value was 92.92% for the M-5.0 composites
whereas it decreased for the M-6.0 and M-7.0 composites to 88.47
and 73.76%, respectively. This behavior can be explained by the
percolation threshold of the MWNT/PU composites and the
tunneling effect near the percolation threshold [15]. The tunneling
effect can be defined as the electron transfer through the matrix
material between neighboring MWNTs when their distance is less
than the cut-off distance and greater than the diameter of the
MWNTs [15]. Moreover, the distance between adjacent MWNTs
within the PU matrix can be lowered under the applied compres-
sive load. In accordance with the findings in Hu et al. [15], the
tunneling effect can be considerably detected near the percolation
threshold of the composites; however, this effect gradually van-
ished with further addition of conductive fillers. Accordingly, M-5.0
could potentially show a great deal of tunneling due to being close
to the percolation threshold, which would account for the signifi-
cant electrical resistance change as the external compressive load
was applied. In contrast, in the case of M-6.0 andM-7.0 composites,
the maximum electrical resistance change rates decreased since
MWNTs were additionally embedded in the composites over the
percolation threshold [15].

The maximum electrical resistance change rate of the M-5.0
composite was compared with the experimental results of other
works found in the literature. It was found that the maximum
electrical resistance change rate in this study was superior to the
values reported in the literature [13,27,28]. This can be ascribed to
the characterization of the percolation threshold and choosing
MWNT content near the percolation threshold since greater
tunneling occurs at ratios close to the percolation threshold [15].

Fig. S5 illustrates the status of MWNTs within the matrix in an
effort to understand the correlation between the tunneling effect
and the MWNT loading. When the compressive load is applied on
the composites filled with MWNT content close to, but not
exceeding the percolation threshold, the largest tunneling effect
will manifest, among the various types of composites under
compressive load (Fig. S5 (a)). However, when the MWNT ratio is
much lower than the percolation threshold (Fig. S5 (b)), the num-
ber of conductive networks within the matrix is too low. After
applying the compressive load, there exists a few connected fillers
to form conductive networks, which led to a low level of piezor-
esistivity [29]. On the other hand, when the MWNT ratio surpasses
the percolation threshold (Fig. S6), a large number of MWNTs
become close to one another, which results in forming a highly
conductive composite; the tunneling effect consequently has a
minor influence on the electrical resistance change of the M-6.0
and M-7.0 composites [29]. It can be thus said that as the MWNT
ratio increases after the percolation threshold, the electrical resis-
tance change decreases due to the comparatively lower tunneling
effect under the applied compressive load. Consequently, M-7 is
expected to show a lower electrical resistance change than M-6.

As another important factor to assess the functionality of pie-
zoresistive sensors, the stability of the sensors was examined dur-
ing the loading and unloading process [4]. This factor indicates the
reliability of the electrical resistance change rate under a cyclic
load. The electrical resistance change rates versus the applied stress
for the M-5.0, M-6.0, andM-7.0 composites are illustrated in Fig. S7.
Four cycles per each type of composite are plotted in the figures. In
accordance with the proposed concepts by Kim et al. (2014), the
stability of the piezoresistivity of the composites under cyclic
loading is thought to be lower when the gap between the hysteresis
loops in Fig. S7 is wider and vice versa [4]. As can be observed in the
figure, the widths of the curves corresponding to the M-6.0 and M-
7.0 composites were greater than those of the M-5.0 composite. As
a result, the M-5.0 type exhibited the highest consistency in terms
of electrical resistance change under the applied cyclic loads.

The last factor that Kim et al. (2014) proposed to evaluate the



Fig. 4. Piezoresistivity of the M-5.0 composites for specimen 1 (a) and specimen 2 (b), M-6.0 composites for specimen 1 (c) and specimen 2 (d), and M-7.0 composites for specimen
1 (e) and specimen 2 (f).
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integrity of piezoresistive sensors is the time-based sensitivity
determined by Eq. (2) in their work [4]. In accordance with the
obtained results, the average peak shift ranged from 4.78 to 6.43%
as the MWNT content was varied (Fig. S8). The M-6.0 composite
exhibited the greatest peak shift, resulting in a lower level of sta-
bility. In addition, the lowest peak shift value was obtained by
composite type M-5.0. The lowest peak shift value is believed to be
related to the experimental result that the M-5.0 composite
showed the best performance in terms of stability.

5. Vehicle loading test

In the present work, actual vehicle loading was applied to the
composites in order to evaluate their response in a field test. Prior
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to the test, a support specimen with a size of 10 � 10 � 20 cm3

made by cement mortar was designed and composite sensors were
mounted on the mortar support specimen, as illustrated in Fig. S9.
A model of the sensor was made by foam and attached to the
middle part of a steel mold. Afterwards, the mixture of cement
mortar was poured into the steel mold and casted. After one day,
the specimen was demolded and wrapped with poly-ethylene film
in an effort to prevent loss of moisture. It was then placed in an
oven for one day at a temperature of 50 �C to accelerate the curing.

In order to conduct the vehicle loading test in the field scale, one
specimen from each M-5.0, M-6.0, and M-7.0 composite type was
chosen. The specimens were the same as those utilized in the lab
scale test. The process of installing the sensors was as follows: First,
a proper amount (25 cm in length, 15 cm inwidth, and 10e11 cm in
depth) of groundwas dug to place the cementmortar support. After
the cement mortar support specimen was placed in the correct
position, the area around the cement mortar was filled with sand to
prevent any movement of the cement mortar support specimen.
Subsequently, the piezoresistive sensor was placed in its position.
Afterwards, one end of the wires was connected to the electrode
whereas the other end of the wires was plugged in the DMM to
receive the resistance data of the sensors. The resistance data were
simultaneously collected by a computer. The experimental setup
for the field test is shown in Fig. S10.

Fig. 5 indicates the DC electrical resistance change versus time
when the vehicle load (approximately 350 kg for a vehicular wheel)
was applied at a low speed (less than 20 km/h). The piezoresistive
sensors could effectively detect every movement of the vehicle's
front wheel on the left side during the experiment. The resistance
change caused by the passing of the vehicle on the sensors was in
the form of an increase in resistance, and this confirmed detection
of passing of the front wheel on the left side. The increase in
resistance for this test resulted from the destruction of the
Fig. 5. Plots of electrical resistance versus time during
conductive networkwithin the composites due to the impact by the
vehicle load. The increase of resistance can be enhanced as the
instantaneous compressive load is increased [30,31]. The electrical
resistance change rate ranged from 2.82 to 14.55% for M-5.0,
1.67e4.32% for M-6.0, and 2.17e8.83% for M-7.0. The M-5.0 type
showed the greatest electrical resistance change rates whereas M-
6.0 showed the lowest.
6. Cyclic wheel loading test

In order to assess the durability of piezoresistive sensors, the
sensing performance of the best sensor in terms of the electrical
resistance change rate and stability of piezoresistivity was exam-
ined under a cyclic compressive load exerted by a wheel with a
weight of 400 Kg. The experimental setup for this test is shown in
Fig. S11 and theM-5.0 composite was chosen for the test. According
to the fabrication procedures in Section 5, a cement mortar support
specimen with a size of 10 � 10 � 40 cm3 was prepared and the
sensor was placed in position during this test. Subsequently, the
change in resistance of the piezoresistive sensor was measured by
the DMM and then the data were simultaneously stored in a
computer connected to the DMM, as illustrated in the Fig. S11. The
wheel employed in this test provided repetitive compressive
loading with a frequency of 0.33 Hz. The number of total cycles was
set to 2000.

Fig. 6 presents the change in resistance versus time for the M-
5.0 composite when the repetitive compressive loadwas applied by
a wheel on the composite. As shown in the figure, the change in
resistance of the composite lowered as the compressive load was
applied. Moreover, the electrical resistance in the unloading state,
decreased as the number of loading cycles increased. This phe-
nomenon may be explained by the formation of more conductive
paths inside the composite, due to the permanent deformation of
field test for M-5.0 (a), M-6.0 (b), and M-7.0 (c).



Fig. 6. Plot of electrical resistance versus time during the wheel loading test.
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the polymeric composite under compression as the number of cy-
cles increased. According to several studies in the literature
[32e34], it has been shown that a cyclic loading-unloading process
even with a low magnitude of compressive stress induced perma-
nent strain in PU material due to the change in its structure caused
by rupturing of some cell wall membranes and fracturing of some
cells and edges [32e34]. The induced permanent strain may result
in reduction of resistance, since the resultant resistance of the
specimens is proportional to the thickness of the specimens.
Moreover, the tunneling effect is another important reason for this
behavior. As the number of cycles increased, MWNTs within the
matrix become closer to each other due to the matrix deformation
under the applied compressive load. The electrical resistance of the
composite in the unloading state hence could be lowered.

The resistance change rate in the beginning of the test was as
high as 86.24%, which was considerably higher than that obtained
at the end of test, which was as low as 1.08%. It is noteworthy that
the sensor was able to detect every single compressive load applied
by the wheel, as shown in Fig. 6. Moreover, damage was not
observed in the composite after 2000 cycles.
7. Concluding remarks

In the present work, the electrical characteristics of polymer
(PU)-based composites including conductive micro/nano-sized
fillers such as MWNTs, EG, and GNPs with different filler ratios
were studied. The morphology of the composites was also exam-
ined in order to study the microstructure of the composites.
Moreover, the piezoresistive behavior of MWNT-embedded PU
composites with consideration of the percolation threshold was
studied in an effort to develop new construction materials with a
self-sensing function. Three different tests were employed to un-
derstand the piezoresistive behavior of the composites: (1) a UTM
cyclic loading test, (2) a vehicular loading test, and (3) awheel cyclic
loading test. The findings of the experimental study can be sum-
marized as follows:

(1) The maximum electrical conductivity of the MWNT-
embedded PU composites was found to be 0.33 (S/m) at
7 wt.% of MWNT content. In addition, the percolation
threshold of the composites was 5 wt.% of MWNTs. The
7 wt.% EG/PU composite showed a maximum value of elec-
trical conductivity as high as 0.1 (S/m). Moreover, the
percolation threshold of the composite was obtained at
5.5 wt.% of EG loading. In the case of the hybrid of GNP and
MWNT/PU composites, the peak value of electrical
conductivity was 0.022 (S/m), which was significantly lower
than that obtained with the other types of composites. This
was ascribed to the agglomeration of GNPs as well as pres-
ence of MWNT clumps within the matrix material.

(2) The use of 5, 6, and 7 wt.% of MWNTs in the PU matrix led to
remarkable resistance changes of the composites under a
cyclic load of 3 MPa applied by the UTM. The electrical
resistance change rate was 92.92, 88.47, and 73.76% for the
M-5.0, M-6.0, and M-7.0 composites, respectively. The M-5.0
composites exhibited the highest electrical resistance change
rate, which was comparatively higher than the results found
in the literature. This was attributable to the addition of
MWNTs with an optimum content ratio determined near the
percolation threshold.

(3) During the field test, vehicular loadingwas applied on theM-
5.0, M-6.0, and M-7.0 types of sensors. The piezoresistive
sensors were able to effectively detect the vehicle's move-
ments and the resultant electrical resistance change ranged
from 2.82 to 14.55% for M-5.0, 1.67e4.32% for M-6.0, and
2.17e8.83% for M-7.0.

(4) The durability of the piezoresistive sensor M-5.0 was studied
through cyclic loading applied by a wheel 2000 times with a
magnitude of 400 Kg. The obtained results revealed that the
sensor can effectively detect every wheel load during the
test. The electrical resistance change rate of the composite
decreased from 86.24% in the beginning cycles to 1.08% in the
last cycle.

These experimental findings demonstrated the potential of us-
ing MWNT/PU composites as piezoresistive sensors for civil struc-
tures such as roadways and bridges. Future work can be focused on
combining fabricationmethods in an effort to lower the percolation
threshold of these composites, which can eventually lead to more
economical piezoresistive sensors.
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