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Abstract: In geotechnical engineering, geosynthetics are widely used as a reinforcement material for its numerous advantages. Moreover, its
strain monitoring is increasingly crucial to ensure the safety of reinforced geotechnical structures. Therefore, a new sensor-enabled geo-
synthetic material named sensor-enabled geobelts (SEGB) was developed and manufactured. The SEGB has the reinforced function while
achieving self-monitoring of strain. Its essence is a kind of conductive polymer, which is made from super conductive carbon black (CB) and
high-density polyethylene (HDPE). To study the effects of temperature on the mechanical performance and the tensoresistivity of SEGB, two
types of tensile tests were performed between its service temperature ranges (−20°C to 40°C). The results demonstrate that the tensile strength
of SEGB first decreases with temperature and then becomes stable. However, the elongation at break consistently increases with the increase
of the temperature. And the measurement results of the electrical resistance indicate the tensoresistivity response of SEGB become more
sensitive with the temperature increases. Considering temperature effects, a nonlinear calibration model of the tensoresistivity was proposed
to ensure the application of SEGB at different ambient temperatures. DOI: 10.1061/(ASCE)MT.1943-5533.0002698. © 2019 American
Society of Civil Engineers.
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Introduction

Geosynthetics is a general term for synthetic materials used in the
field of civil and geotechnical engineering (Wiewel and Lamoree
2016; Ingold 1994). It is made of synthetic polymers (e.g., plastics,
chemical fiber, synthetic rubber) and is made into various types
of products (e.g., geotextiles, geomembranes, geonets, fiberglass,
geomats). These products are habitually placed inside the soil to
enhance or protect the geotechnical structure (Koerner 2005). For
instance, using geotextiles to handle the surface crackings of
highway (Sudarsanan et al. 2018), using lightweight geosynthetics
to deal with the settlements of embankment (Saride et al. 2015),
using geocells to enhance the bearing capacities of foundation
(Hegde 2017; Zhang et al. 2010), and using special geosynthetics
to reinforce the paved roads (Liu et al. 2016).

In general, using geosynthetics as an effective tool to reinforce
geotechnical structures is increasingly widespread. Subsequently,
it becomes important to ensure the safety and health of the

geosynthetic-reinforced structures via monitoring the strain of
geosynthetics. The safety and health monitoring of geotechnical
structures is a crucial task in the field of civil and geotechnical
engineering. Therefore, a series of monitoring methods were pro-
posed. The representatives are X-rays, digital imagery, fiber optic
cables, and tomographic techniques (Kawaragi et al. 2009; Aydilek
2007; Zhao and Zhang 2009; Vangla and Gali 2014; Thomas and
Cantre 2009; Zhang et al. 2014). However, due to the limitation of
monitoring scope or accuracy, these methods cannot be effectively
and efficiently applied on a large scale in the field. Therefore, it is
hoped that the geosynthetics can be simultaneously given the func-
tions of reinforcement and self-monitoring of strain, so that large-
scale and efficient safety monitoring of geotechnical structures is
available.

A new geosynthetic material called sensor-enabled geogrid
(SEGG) was developed by Hatami et al. (Yazdani et al. 2015;
Hatami et al. 2009). With a conductive coating, SEGG is able
to reinforce the geotechnical structure while monitoring its strain.
However, there are two main technical obstacles to SEGG. First,
the waterproofing of SEGG has not been solved. Second, the con-
ductive network formed by multiple ribs is too complicated, which
may affect the accuracy of monitoring (Chen 2011). These mean
the application of SEGG is confined to the laboratory, and cannot
be used in the engineering field.

Therefore, the authors developed the sensor-enabled geobelt
(SEGB), a new smart geosynthetic material, primarily made of
super conductive carbon black (CB) and high-density polyethylene
(HDPE) (Cui et al. 2018a, b; Li et al. 2018). SEGB was industrially
manufactured. Moreover, it solved the problems that restricted the
field application of SEGG and realized large-scale application in
the engineering field.

The SEGB can be used in many situations of geotechnical and
environmental engineering. And the temperature can be very differ-
ent in these diverse service environments, engineering practices
indicate that the temperature range in most situations is generally
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between −20°C and 40°C (Soleimanbeigi et al. 2014; Osterkamp
1987; Luo et al. 2018; Christopher and Majid 2017). For instance,
when this new smart geosynthetic material was applied in urban
embankments or foundations, the temperature of the environment
was high due to the thermal pipelines buried in the surrounding
soil. A subzero situation often occurs in regions of high latitude
and high altitude. Specifically, when laid in the permafrost, the
SEGB needs to work at extremely low temperatures. Even if the
SEGB is used in a usual foundation, the seasonal temperature var-
iations can impact the strength, elongation, and electrical resistance
of the SEGB. Therefore, the temperature effects on the mechanical
performance and the tensoresistivity of the SEGB must be consid-
ered, especially between the service temperature ranges (−20°C
to 40°C).

There have been no related studies of the mechanical properties
and the tensoresistivity of sensor-enabled geosynthetics such as
SEGB in this temperature range. Moreover, there have been no re-
lated studies of SEGBs as a type of conductive polymer, on its con-
ductivity change involving tensile tests, especially the tensile tests
between the temperature ranges of −20°C to 40°C. Most research
on the temperature effects on conductive polymers has been fo-
cused on electrical properties, such as positive temperature coeffi-
cient (PTC) effects or tunneling effects, of the conductive polymers
(Wan and Wen 2004; Bundur et al. 2017; Droval et al. 2008). There
have been no adequate studies on the tensoresistivity of conductive
polymers.

In this paper, to investigate the temperature effects on the
mechanical performance and the tensoresistivity of the SEGB,
a series of tensile tests was carried out within the temperature
range of −20°C to 40°C. This study aims to calibrate the strain
sensitivity of the electrical resistance of SEGB under different
temperatures.

Fabrication and Features of SEGB

Materials and Fabrication of SEGB

SEGB was primarily made of two raw materials: One is high-
density polyethylene (HDPE), which is the virgin polymer. The
other is super conductive carbon black (CB), which is the conduc-
tive master batch. The basic parametric information of HDPE is
provided in Table 1.

The industrial manufacture of SEGB is achieved by the twin-
screw extruder. And its production process can be summarized
as follows. According to the designed mass ratio, manually mix
the CB master-batch and the HDPE master-batch to uniform. Then,
respectively set the preheated temperatures of each working parti-
tion of the extruder to 180°C, 185°C, 190°C, 200°C, 213°C, and
205°C. When the temperature of the working partitions reaches
the set temperature, the CB/HDPE mixture is fed into the extruder
through the grape hopper so that the CB and HDPE are melting
mixed via high temperature. Finally, the SEGB is molded and
extruded. Note that the mixture must be kept as dry as possible
throughout the whole production process.

Percolation Region and Optimal CB Content of SEGB

As the conductive filler, the content of CB has a significant effect
on the electrical resistance of SEGB. Therefore, it is important
to determinate the content of CB before the production of SEGB.
In this study, the optimal content of CB was determined by the
percolation theory. Fig. 1 shows the percolation phenomenon in
a conductive polymer (Dong and Wang 2017; Peliskova et al.
2005). It is shown that with the increase in the conductive filler
concentration, the electrical resistance remains stable at first. When
the conductive filler exceeds a critical concentration, the electrical
resistance drastically decreases until the conductive filler reaches
the target concentration. Finally, the resistance tends to stabilize.
The critical concentration of the conductive filler is called the
percolation threshold, and the target concentration is the optimal
content of the conductive filler.

Fig. 2 demonstrates the change in the surface resistivity of
SEGB with its CB concentration. It is shown that once the CB con-
centration exceeds the percolation threshold, the surface resistivity
gradually decreases as the CB concentration continues to increase.
According to the percolation theory, the growth of CB concentra-
tion changes the distribution state of CB in the conductive polymer,
gradually forming a CB-conductive network. And the electrons can
be transported across the polymer barriers via the CB-conductive
network, thereby reducing the surface resistivity of SEGB (Yazdani
et al. 2015; Huang 2002). However, when the CB concentration
reaches the target concentration 47.5%, the optimal CB concentra-
tion, the surface resistivity begins to stabilize and does not continue
to decrease. It indicates that the final structure of the CB-conductive
network has been formed. Thereafter, the growth of CB concentra-
tion can no longer change the state of the CB-conductive network.

Table 1. Basic parameters of HDPE

Parameter Value

Tensile strength (Pa) 2.6 × 107

Elongation at break (%) 5.0 × 102

Density (g=cm3) 9.5 × 10−3

Fig. 1. Diagram of percolation theory of the conductive polymer.

Fig. 2. Diagram of the percolation region of SEGB.
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And thereafter, if the CB-conductive network structure is damaged,
the conductivity of the SEGB can respond.

Mechanical Properties of SEGB

The tensile strength and the elongation at break are significant
indicators that reflect the tensile properties of the SEGB, and they
are the basis for evaluating the reinforcement performance of the
SEGB. These two indicators can be obtained via the fast tensile
tests. The SEGB specimen used in the fast tensile tests is shown
in Fig. 3. And the whole process can be described as follows. First,
the specimen was installed on the universal testing machine. Then
the tensile loading speed was set to 20 mm=min according to the
Plastics-Determination of Tensile Properties (AQSIQ 2006).
Finally, the machine was start until the specimen is damaged. And
all the experimental data was automatically recorded by the ma-
chine. A typical stress-strain curve of SEGB obtained via the fast
tensile tests is shown in Fig. 4.

Tensoresistivity of SEGB

The SEGB is essentially a kind of conductive polymer. It has a
special property that its electric resistance can regularly change
with strain, which is the core principle of SEGB to achieve
self-monitoring of strain. The term tensoresistivity defines this
property, which reflects the sensitivity of conductivity to the strain.

The analysis of tensoresistivity requires the slow tensile tests. The
SEGB specimen used in the slow tensile tests is demonstrated in
Fig. 3. Its dimensions are the same as those used in the fast tensile
tests. Similarly, the slow tensile tests were carried out on the uni-
versal test machine. However, the loading mode of the slow tensile
tests is different and it can be described as follows.

One loading cycle was a total of 4 min. Within the first minute,
the tensile loading speed was set to 0.25 mm=min. Within the
following 3 min, the tensile loading speed was adjusted to
0.001 mm=min to simulate the static state. Then this loading cycle
was repeated until the strain reach to 10%. During the test, the sur-
face resistance Rs was recorded at the end of each cycle. For the
convenience of analysis, the surface resistance was normalized as
follows:

k ¼ Rs

Ro
ð1Þ

where k = normalized resistance; Ro = original surface resistance
(MΩ); and Rs = surface resistance during the test (MΩ).

A typical normalized resistance curve of SEGB obtained via the
slow tensile tests is shown in Fig. 5.

Control of Ambient Temperature

To investigate the effects of temperature on the mechanical perfor-
mance and tensoresistivity of SEGB under different temperatures, a
temperature control system was assembled and added onto the uni-
versal testing machine. The system can provide a temperature range
from−30°C to 120°C. After the temperature reached the target tem-
perature for the test, the temperature was maintained for 20 min,

Fig. 3. Dimensions of SEGB specimen used in the fast/slow tensile tests.

Fig. 4. Typical stress–strain curve of SEGB. Fig. 5. Typical normalized resistance curve of SEGB.
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and then the fast and slow tensile tests were performed. The temper-
atures controlled in the tests were from −20°C to 40°C in 5°C
intervals for a total of 13 tests. Fig. 6 shows the setting up diagram
of the slow/fast tensile test at the different temperatures.

Results and Discussions

Mechanical Properties of SEGB at the Different
Temperatures

Table 2 shows the tensile strength and elongation at break of SEGB
at the different temperatures in the fast test. In order to more ob-
viously reveal the changes of tensile strength at different temper-
atures, a ratio of tensile strength is defined as

Rt ¼
σu

σ25

ð2Þ

where Rt = ratio of tensile strength; σu = tensile strength of SEGB
(MPa); and σ25 = tensile strength at 25°C (MPa).

Analogously, a ratio of elongation at break is defined as

Re ¼
Eu

E25

ð3Þ

where Re = ratio of elongation at break; Eu = elongation at break of
SEGB; and E25 = elongation at break at 25°C.

Fig. 7 shows the variations of Rt and Re of SEGB with temper-
ature. The tensile strength within the range of 10°C to 40°C does
not change much. When the temperature is less than 10°C, the ten-
sile strength sharply increases with the decrease in temperature. At
−20°C the ratio of tensile strength reaches the maximum of 2.77.
Meanwhile, the elongation at break shows a fairly slow increasing
trend and remains at quite a low level, within the range of −20°C to
10°C, almost under 0.5. When the temperature is above 10°C, the
elongation at break rapidly rises with the growth of temperature. At
40°C, the ratio of elongation at break reaches the maximum of 1.41.

From the microperspective, when the temperature is within the
range of 10°C to 40°C, the molecular chains of the HDPE have
better flexibility compared with that within the range of −20°C
to 10°C. This flexibility allows the molecular chains to extend more
easily when they are stretched (Shimada and Szwarc 1975), and the
flexibility increases with temperature. Therefore, the elongation at
break presents a rapidly increasing trend from 10°C to 40°C. Mean-
while, the interactive forces between the molecules do not change
much. Thus, the tensile strength tends to be stability within this
temperature range. When the temperature is less than 10°C, espe-
cially less than 0°C, the interactive force between the molecules
increases as the temperature decreases because of the reduction in
the molecular kinetic energy (Patra and Yethiraj 2000; Yamashiro
et al. 2007). Therefore, the tensile strength sharply increases with
the decrease in temperature. However, within this temperature
range, the flexibility of the molecular chains sharply decreases

Fig. 6. Setup diagram of the tensile test at different temperatures: (a) SEGB specimen waiting for test; (b) temperature control system; (c) SEGB
specimen installation; and (d) SEGB specimen at −10°C.

Table 2. Tensile strength and elongation at break in the fast test

Temperature (°C) Tensile strength (MPa) Elongation at break (%)

−20 28.83799 8.16863
−15 27.27619 9.00090
−10 23.68084 8.23695
−5 19.87618 8.10300
0 16.89261 10.67217
5 12.17265 12.60156
10 11.24681 12.55769
15 10.85320 18.63143
20 10.64449 29.66825
25 10.42165 29.16059
30 11.21332 35.14102
35 11.20474 38.69881
40 11.46929 41.29270 Fig. 7. Variation curves of Rt and Re with temperature in the fast test.
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so that the elongation at break decreases to a lower level and shows
a slow increase trend with the temperature increase.

Tensoresistivity of SEGB at the Different Temperatures

The variation trends of the normalized resistance with the strain of
the SEGB at different temperatures are demonstrated in Fig. 8. The
results show remarkably consistent variation trends. In the initial
phase, the normalized resistance grows very slowly. Subsequently,
its increasing rate is significantly improved. Fig. 8 also shows that
the strain sensitivity of the electrical resistance rises with temper-
ature. This result means that as the temperature rises, the electrical
resistance can increase between the temperature ranges of−20°C to
40°C. And as shown in Fig. 8, the variation trends of the normalized
resistance with strain can be fitted via a series of quadratic poly-
nomial functions, which supports the previous research results of
the authors (Cui et al. 2018a, b; Li et al. 2018).

It can be seen that all the curves in Fig. 8 demonstrated signifi-
cant similarities. Therefore, as shown in Fig. 9, a ratio can be de-
fined as the normalized resistance k divided by the normalized
resistance k10 to eliminate the effects of temperature, where the
k10 is the normalized resistance corresponding to the strain of
10%. It is shown in Fig. 9 that the variation of k=k10 is basically
independent of the temperature. Moreover, the variation trend can
be fitted via the following quadratic polynomial function:

k
k10

¼ aε2 þ bεþ c r ¼ 0.99 ð4Þ

where the fitting parameters a ¼ 0.01623, b ¼ 0.00688, and
c ¼ 0.15004; and r = correlation coefficient.

In Eq. (4), k10 is related to temperature, and the variation trend
of k10 with temperature is demonstrated in Fig. 10. It can be seen
that the k10 increases with the temperature increase. Moreover,

there is nearly a linear increase for k10 with temperature. This result
indicates that the damage to the structure of CB conductive net-
works induced by the tensile strain demonstrates a gradual increas-
ing trend with the increase of temperature. Moreover, the further
damage to the CB conductive networks triggers a continuous in-
crease in normalized resistances. Therefore, within the service tem-
perature range, the electrical conductivity response of the SEGB
becomes more sensitive as the temperature increases. Using the
linear regression analysis method, the relationship between k10
and the temperature can be established

k10 ¼ 0.09421T þ 4.163ð−20°C ≤ T ≤ 40°CÞ r ¼ 0.96 ð5Þ

where k10 = normalized resistance of SEGB when the strain is 10%;
and T = temperature; and r = correlation coefficient.

Form Eqs. (4) and (5), a nonlinear calibration model of the ten-
soresistivity was proposed within the temperature range of −20°C
to 40°C

k ¼ ð0.09421T þ 4.163Þð0.01623ε2 þ 0.00688εþ 0.15004Þ ð6Þ

It can be seen that the variables in Eq. (6) include both temper-
ature and strain.

The Eq. (6) is a uniform model, and it can be seen that the in-
dependent variables in Eq. (6) include both temperature and strain.
It means this uniform model can reflect the effects of temperature
and strain on the normalized resistance of SEGB. And as shown in
Fig. 11, the fitted values have a high consistency with the exper-
imental values.

Fig. 8. Variation curves of normalized resistance at different
temperatures.

Fig. 9. k=k10 curve of the normalized resistance.

Fig. 10. Variation curves of k10 with temperature.

Fig. 11. Fitting effect of the uniform model.
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Conclusions

In this study, the effects of temperature on the mechanical perfor-
mance and tensoresistivity of SEGB were investigated. Based on
the tests at different temperatures, a uniform tensoresistivity model
of SEGB was proposed. The following conclusions were drawn:
• The tensile strength of SEGB did not change much and showed

a good stability within the temperature range of 10°C to 40°C,
while from 10°C to−20°C, the tensile strength increased rapidly
with the decrease in temperature.

• Taking 10°C as a temperature dividing point, below 10°C, the
elongation at break of SEGB stayed at a low level and presented
a slowly increasing trend with the increase in temperature.
When the temperature was above 10°C, the elongation at
break showed a rapid increasing trend with the increase in
temperature.

• The change in the normalized resistance with the strain of SEGB
at different temperatures showed a similar trend. In the initial
phase, the normalized resistance grows very slowly. Subse-
quently, its increasing rate is significantly improved. And the
higher the temperature was, the better the tensoresistivity of
SEGB.

• Considering the influences of both temperature and strain, a non-
linear model ½k¼ ð0.09421Tþ 4.163Þð0.01623ε2þ 0.00688εþ
0.15004Þ Eq. (6)] was used to unify all the normalized
resistance-strain curves within the service temperature range.
This uniform model can be used to calibrate the tensoresistivity
and to ensure the application of SEGB at different ambient
temperatures.
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