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� A new smart geosynthetic named sensor-enabled geobelt (SEGB) was developed.
� The effects of three degradation tests on the durability of SEGB were investigated.
� Mechanical properties and tensoresistivity of SEGB after degradation were evaluated.
� The degradation mechanism of SEGB was analyzed.
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The durability of geosynthetics is important for their service life, transportation and long-term storage.
This paper presents the effects of three accelerating degradation tests (thermal oxidation, UV radiation
and corrosion) on the mechanical properties and tensoresistivity of a new smart geosynthetic material
called sensor-enabled geobelt (SEGB), which is made by high-density polyethylene (HDPE) filled with
carbon black (CB). Three characteristics obtained by two tensile tests with different loading speeds are
considered to evaluate the durability of the SEGB: tensile strength, elongation at break and electrical
resistance. The results show that the tensile strength and elongation at break decrease to different
degrees. It indicates that the mechanical properties of the SEGB deteriorate after the three degradation
tests. And the electrical resistance displays a sharp increase trend after the strain exceeds a certain num-
ber. That means the sensitivity of tensoresistivity improves. Furthermore, the degradation mechanism of
the SEGB in the three degradation tests is demonstrated. And it indicates that the chain reactions trigger
the change of these mechanical properties and the tensoresistivity of the SEGB.

� 2018 Elsevier Ltd. All rights reserved.
1. Introduction

Geosynthetics is the generic term for a series of sheets or fibroid
materials that are primarily applied in geotechnical and environ-
mental engineering [1,2]. And the geosynthetics can appear in mul-
tiple forms such as geogrids, geotextiles, geomembranes,
geomeshes, geosynthetic clay liners, geomats and geonets. Basi-
cally, all of these geosynthetics are made of polymers. After dec-
ades of material science development, the polymer used in
geosynthetics production has been converted from the original
polyamide (PA) to various types such as polypropylene (PP), poly-
ethylene (PE) and polyethylene terephthalate (PET) [3]. Benefiting
from the advantages of these polymer materials, most geosynthet-
ics are stable, strong, light, widely available, easy to transport and
cost-competitive against other alternatives. Therefore, the emer-
gence and prosperity of geosynthetics in civil engineering are noth-
ing short of remarkable.

Most often, geosynthetics are extensively used in civil engineer-
ing projects for reinforcement applications. Examples include the
stabilization of highway slopes and embankments [4,5], reinforce-
ment of foundations [6–8], and reinforcement of paved roads to
mitigate cracking and rutting [9]. As geosynthetic-reinforced struc-
tures become more globally widespread, it becomes increasingly
vital to ensure that these structures are safe and offer a satisfactory
level of serviceability through health monitoring and timely mea-
sures to prevent catastrophic failures. One of the most important
aspects of health monitoring in geosynthetic structures is to mon-
itor the geosynthetic strain during the service life and extreme
(e.g., seismic) events. Therefore, many attempts to measure soil
strains and in-soil reinforcement strains include the use of digital
imagery, X-rays, tomographic techniques and fiber optic cable
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[10–16]. However, the limited monitoring scope of these tech-
niques renders them impractical for field-scale structures. Conse-
quently, smart geosynthetic materials that are made from
conductive polymer composites are attempted for use in monitor-
ing areas. Existing research shows that using carbon black as filler
can make the polymer composite conductive [17–19], and its con-
ductivity certainly changes with pressure, tension, temperature,
etc. Therefore, the smart geosynthetics made from this type of
material have great potential in the monitoring of numerous fields
of engineering [20].

Hatami et al. proposed a new concept called the sensor-enabled
geogrid (SEGG) to add a self-sensing function to conventional
geosynthetics by adding a critical concentration of CB to the poly-
mers [21]. This function affords geosynthetics a unique and signif-
icant characteristic, by which their tensile strain can be more
conveniently measured than the conventional monitoring meth-
ods. However, an important unsolved problem remains in the ref-
erenced SEGG studies: the strain-conductivity response of SEGG
materials with multiple ribs is complex, and the accuracy of the
measurement results cannot be fully ensured [22]. Therefore, to
ensure the measurement accuracy, a new smart geosynthetic
named sensor-enabled geobelt (SEGB) was developed by the
authors [23]. The SEGB of high-density polyethylene (HDPE) filled
with carbon black (CB) was fabricated in both industry and labora-
tory. A series of in-isolation tests or in-soil tests was performed to
study its mechanical properties and tensoresistivity performance.

In addition to being used as reinforcements, SEGBs are also used
in other fields such as landfills, deep foundations, and waste dis-
posal. The environment of these engineering applications is extre-
mely complex and often accompanied by high temperature, high
heat, radiation, and acidic/alkaline liquids. These aspects have
raised the requirements for the durability of SEGBs. In addition,
SEGBs are expected to have favorable durability during the service
life, transportation and long-term storage. However, durability
studies of SEGB or SEGG remain scarce. In contrast, the studies
on the durability of polymer materials have more results. For
example, several long-term durability tests of polyolefin geotex-
tiles were compared with the oxidative resistance of HDPE by
Mueller [24]. The results show that the lifetime of the HDPE is
essentially determined by the slow loss of stabilizers, and the
mechanical property degradation strongly depended on the oxida-
tion conditions. Lodi found that only the ultraviolet part of light
was harmful to the geosynthetic materials, and each material
was sensitive to a particular wavelength [25]. The main reactions
in the degradation of HDPE during long-term aging were presented
by Kriston and Mitroka [26,27]. Zanasi demonstrated a series of
suitable accelerated aging methods of HDPE [28]. These studies
add great value to the durability study of SEGB from content to
method.

Therefore, to evaluate the durability performance of SEGB, three
experiments were performed to explore the effects of adverse con-
ditions (thermal oxidation, ultraviolet radiation and acid/alkaline
corrosion) on the mechanical properties and tensoresistivity of
the SEGB.
Table 1
Physical properties of HDPE.

Density (kg/m3) Tensile strength (MPa) Elongation at break (%)

0.954 26 500
2. Fabrication and features of SEGBs

2.1. Materials and production processes of SEGBs

Two types of raw materials were used to make SEGBs: virgin
polymer using a high-density polyethylene (HDPE) and a conduc-
tive masterbatch using super conductive carbon black (master-
batch of CB). Because the components of the super conductive
carbon black and their contents were disclosed by the supplying
companies, the filler content of the CB-filled SEGB specimen in this
paper was the mixing ratio of the conductive masterbatch to the
virgin polymer (HDPE) instead of the actual content. Table 1 shows
three parameters of the HDPE.

First, the masterbatch of CB was manually mixed with HDPE
until the polymer beads appeared to be evenly distributed in the
mix. Then, the mixture was extruded using a twin-screw extruder
with a mixing section. All polymer pellets in the batch should be
preheated and completely and uniformly melted. The tempera-
tures in the working zones of the extruder were set to 180 �C,
185 �C, 190 �C, 200 �C, 213 �C, and 205 �C. The compounding proce-
dure began after reaching the target temperature, and the mixture
was melted in the working zones. The compounding procedures
began after reaching the target temperatures, and the pellets
melted in the working zones. Once extruded, the samples were
compression-molded.

2.2. Determination of the percolation region

As the filler, the content of carbon black significantly affects the
conductivity of the SEGB. Therefore, the optimal mixing ratio of
black carbon and HDPE is important to find before the production
of SEGBs. This optimal mixing ratio can be derived from the perco-
lation theory [19,21], and the percolation phenomenon is shown in
Fig. 1. Specifically, first, a batch of samples with different carbon
black contents should be made. Then, a variation curve of the sur-
face resistivity with the CB content can be certain based on a test.
Finally, the carbon black content at the sharp turning point of resis-
tance is the optimal value. The test is as follows:

The CB and HDPE mixture was poured into a prepared steel
mold and pressed for 10 min at 180 �C. Then, the mold is put into
the laboratory plate vulcanizing press machine to cool under a 24
MPa compressive stress [19,21]. The specimen with the dimen-
sions of 160 mm � 110 mm � 4 mm is obtained.

The specimen and stick conductive tapes are cleaned on the
measuring points, and the surface resistance can be measured with
a FLUKE insulation tester. The surface resistivity is defined as
follows:

qs ¼ Rs
l
d

ð1Þ

where qs is the surface resistivity; Rs is the surface resistance; d is
the electrode distance perpendicular to the two conductive adhe-
sive tapes; l is the electrode length.

Fig. 2 shows the variation curve of the surface resistivity with
the CB content. At the point of 47.5%, the surface resistivity has a
sharp decrease. Hence, the optimum CB content value was 47.5%.
The SEGBs in this paper were produced based on this CB content.

2.3. Mechanical properties of SEGBs

The tensile strength and elongation at break are two extremely
important mechanical indices. Specifically, the elongation at break
refers to the ratio of the sample length after breakage to its original
length. Both tensile strength and elongation at break can be
obtained through tensile test I.

Tensile test I was strictly performed according to the Plastics-
Determination of tensile properties [29]. Fig. 3 shows the dimen-
sions (160 mm � 15 mm � 1.7 mm) of the SEGB specimen in ten-
sile test I. Tensile test I was performed on a universal testing



Fig. 1. Percolation phenomenon in conductive polymer composites.

Fig. 2. Variation curve of the surface resistivity of the CB/HDPE specimen.

Fig. 3. SEGB specimen for tensile tests.
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machine at the tensile loading speed of 20 mm/min, until the spec-
imen broke. The tensile strength was recorded at all times in the
experiment. To avoid accidental errors, three SEGB samples were
used as a set in each run, and the data were averaged. Fig. 4 shows
a typical variation curve of the stress with strain of the SEGB.

2.4. Tensoresistivity of SEGBs

Tensoresistivity is a professional term to define the strain sen-
sitivity of the conductivity of SEGBs. More specifically, it indicates
that the surface resistance changes with different strains of SEGBs.
To analyze the change in tensoresistivity, the surface resistance
was measured by tensile test II and normalized as follows:

k ¼ Rs

Rso
ð2Þ

where k is the normalized resistance; Rso is the original resistance;
Rs is the resistance with strain.
Fig. 4. Variation curve of the stress with strain of SEGB.
As shown in Fig. 3, the dimensions (160 mm � 15 mm � 1.7
mm) of the specimen in tensile test II were identical to that in ten-
sile test I. Tensile test II was also performed on the universal test-
ing machine. However, the loading speed was cycled at 0.25 mm/
min in the first minute. Then, the loading speed became 0.001
mm/min and was maintained for 3 min until the strain reached
16%. Thus, the mode can simulate the actual situation to the max-
imum extent through a slow loading while shortening the period
as much as possible. The surface resistance R_s was recorded at
the end of each cycle. Fig. 5 shows a typical variation curve of
the normalized resistance of the SEGB.
3. Durability test of SEGBs

As previously mentioned, SEGBs can be used in some extreme
environments. During the transportation, long-term storage or ser-
vice life, the durability performance of SEGBs may be affected by
many adverse conditions. Therefore, three typical accelerating-
aging experiments (thermal oxidation, ultraviolet radiation and
acid/alkaline corrosion) were performed to investigate the effects
of high heat, ultraviolet and corrosive liquid on the mechanical
properties and tensoresistivity of SEGB.

The dimensions (160 mm � 15 mm � 1.7 mm) of the specimen
in these three tests are identical as shown in Fig. 3.
3.1. Thermal oxidation test of SEGBs

The purpose of the thermal oxidation test was to investigate the
effects of high heat on the SEGB. In the laboratory, a DHG-202 oven
was used to accelerate the aging process. First, all SEGB specimens
in the test were cleaned. Then, the specimens were placed into the
DHG-202 oven. The temperature in the test was 100 �C, and the
oxygen ratio was 21% [30,31]. The entire experiment lasted 28
days, and every 7 days, a batch of specimens was taken out for ten-
sile tests to evaluate the change in mechanical properties and
tensoresistivity.
3.2. Ultraviolet radiation test of SEGBs

The purpose of the ultraviolet radiation test was to investigate
the effect of ultraviolet exposure on the SEGB. The LX-2130 ultra-
violet aging oven was used to accelerate the aging process. The test
temperature was controlled at 20 ± 2 �C. Meanwhile, the humidity
was set at 30%. During the test, the SEGB specimens were exposed
to the ultraviolet radiation for 20 h every day. Then, 4 h apart,
another round of exposure began [32]. Every 7 days, a batch of
specimens was taken out for tensile tests to evaluate the change
in mechanical properties and tensoresistivity. The entire test pro-
cess lasted 35 days.
Fig. 5. Variation curve of the normalized resistance of the SEGB.



Fig. 7. Variation curves of Rt and Re in ultraviolet radiation test.
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3.3. Corrosion test of SEGBs

The purpose of the corrosion test was to investigate the effect of
acid and alkaline on the SEGB specimens. Two types of solutions
were used in this experiment: 0.25 mol/L H2SO4 and 0.25 mol/L
NaOH [33]. All specimens were separately immersed in two solu-
tions for 60 days. Then, on the 14th, 30th and 60th days, some
specimens were taken out for tensile tests to evaluate the change
in mechanical properties and tensoresistivity. The temperature
was set at 20 �C throughout the experiment. The pH had to be mea-
sured every 3 days so that the solute could be replenished in time
to maintain its original concentration.

4. Results and discussion

4.1. Mechanical properties of SEGBs

To clearly reflect the change in tensile strength before and after
the three tests, a ratio of tensile strength is used and is defined in
Eq. (3):

Rt ¼ ru

ruo
ð3Þ

where Rt is the ratio of tensile strength; ruois the tensile strength
before the tests; ru is the tensile strength measured during the
tests.

Analogously, a ratio of elongation at break is defined in Eq. (4):

Re ¼ Eu

Euo
ð4Þ

where Reis the ratio of elongation at break; Euois the elongation at
break before tests; Eu is the elongation at break measured during
the tests.

4.1.1. Tensile strength and elongation in the thermal oxidation test
Fig. 6 shows the variation in Rt and Re of the SEGB caused by

thermal oxidation aging. As displayed in Fig. 6, compared with
the initial specimen, the tensile strength and elongation at break
after aging demonstrate a distinct decreasing trend. Moreover,
for the elongation at break, the reduction rate is accelerating.
Meanwhile the variation amplitude of the tensile strength is also
slighter than that of the elongation at break.

4.1.2. Tensile strength and elongation in the ultraviolet radiation test
Fig. 7 shows the variation of Rt and Re of the SEGB caused by

ultraviolet radiation aging. Obviously, for the reduction rate or
variation amplitude, the trends of the tensile strength and elonga-
tion at break are exceedingly similar. Moreover, the reduction
amplitude of the tensile strength and elongation at break is small.
In fact, both ratios finally decrease to approximately 0.95 after the
test. It is due to the CB. The SEGB contains a large amount (47.5%)
of CB, which is widely used as an ultraviolet stabilizer in polymers
[34]. Specifically, carbon black absorbs ultraviolet radiation and
Fig. 6. Variation curves of Rt and Re in thermal oxidation test.
dissipates the absorbed-energy as heat. Thus, the chemical reac-
tions of the degradation process (described in Section 4.3) are
retarded because of the lack of energy [34].

4.1.3. Tensile strength and elongation in the corrosion test
Fig. 8 shows the variation of Rt and Re of the SEGB caused by

acid and alkali corrosion, respectively. As noticed, the tensile
strength of the SEGB after the acid corrosion is slightly lower than
that after the alkali corrosion. However, the elongation at break
after the acid corrosion is slightly higher than that after the alkali
corrosion. More specifically, the ratio of tensile strength after the
acid and alkali corrosion is approximately 0.87 and 0.89, respec-
tively. The ratio of elongation at break after the acid and alkali cor-
rosion is approximately 0.82 and 0.79, respectively.

4.2. Tensoresistivity of SEGBs

Figs. 9–11 show the variation of the normalized resistance with
strain of the SEGB during the thermal oxidation, ultraviolet radia-
tion and corrosion tests, respectively. The results of these experi-
ments show remarkably consistent variation trends. More
specifically, within 4% of the strain, the normalized resistance
remains stable or presents a tiny growth trend. After the strain
exceeds 4%, the normalized resistance demonstrates a sharp linear
increase. These trends indicate that, after aging or corrosion, the
tensoresistivity of SEGB is more sensitive than before. When strain
reaches 16%, the normalized resistance is 7 in the ultraviolet radi-
ation, 5.5 in the acid corrosion test and 7 in the alkali corrosion
test, but in the thermal oxidation test, the normalized resistance
is approximately 2.5. Compared to other adverse factors, it indi-
cates that thermal oxidation has less effect on the tensoresistivity
of SEGBs.

4.3. Analyses of the degradation mechanism

Actually, the degradation mechanism of the SEGB is related to
the free radicals. Free radicals are atoms or groups that have elec-
trons. When its covalent bond breaks, two electrons that form a
covalent bond are shared by two fragments to become free radi-
cals. This is called homolysis. And the free radicals are unstable,
because the electrons in free radicals are not in pairs. It means that
Fig. 8. Variation curves of Rt and Re in Corrosion Test.



Fig. 9. Variation curve of the normalized resistance with strain in the thermal
oxidation test.

Fig. 10. Variation curve of the normalized resistance with strain in the ultraviolet
radiation test.

(a) Acid

(b) Alkali

Fig. 11. Variation curve of the normalized resistance with strain in the corrosion
test.
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free radicals can easily react with other molecules, ions or other
free radicals. And these chemical reactions are called chain reac-
tions, as shown in Eqs. (5-1)–(5-14). And there are a lot of recom-
bination covalent bonds in the polymers, because they are
synthesized by the process of the polymerization of monomers.
Therefore, when the energy is provided, these covalent bonds tend
to trigger the hemolysis reaction, producing free radicals. Then, the
free radicals do the chain reactions with some molecules, ions or
other free radicals. As the process intensifies, the structure of the
polymer is destroyed. Therefore, the mechanical performance of
the polymer is degraded.

In all durability tests, the thermal oxidation, ultraviolet radia-
tion or corrosion of the chemical liquids with different pH provided
the original energy to trigger the chemical reactions. Then, the
HDPE in the SEGB was degraded, and the tensile strength or elon-
gation at break decreased to different degrees. Therefore, the ther-
mal oxidation, ultraviolet radiation and chemical liquids play a
critical role in the aging or corrosion process of SEGB.

More specifically, the chain reaction has four basic steps: chain
initiation, chain propagation, chain branching, chain termination
[34]. This is a sequential process, and a series of representative
reactions are presented as follows:

RH !energy R � þH� ð5-1Þ

RH þ O2 !energy R � þHO2� ð5-2Þ

RH þ O2 þ Residual catalyzers !energy Free Radicals ð5-3Þ
Eqs. (5-1)–(5-3) show the initiation reactions energized by tem-

perature or radiation. RH is a functional group Rwith a hydrogen H.
R� is a living free radical and the symbol ‘‘�” means the carried elec-
tron. Analogously, the symbol H� and HO2� are all free radicals with
the electron.

Because oxygen is present in the environment and many impu-
rities can act as catalysts, the initiation reactions involves these
three reactions. In fact, the degradation mechanism is governed
by the transport processes of oxygen and other components in
the chemical processes. Moreover, there is also an oxidation cycle
in the initiation reaction at this stage. And the oxidation cycle is
shown in Eqs. (5-4) and (5-5):

R � þO2 ! RO2� ð5-4Þ

RO2 þ RH ! ROOH þ R� ð5-5Þ
Then, as shown in Eqs. (5-6)–(5-10), the chain reaction goes on

and the free radicals produce by the initiation reaction and the oxi-
dation cycle take part in this process. And at this step, the chain
branching reactions and the auto-propagation reactions occurred
at the same time. This stage begins when a critical concentration
of both ROOH and RO2� reached.

Chain branching reactions are triggered as expressed in Eqs. (5-
6)–(5-10):

ROOH ! RO2 þ HO2� ð5-6Þ

ROOH þ RH ! RO2 � þR � þH2O ð5-7Þ

2ROOH ! RO � þRO2 � þH2O ð5-8Þ

RO � þRH ! ROH þ R� ð5-9Þ

HO � þRH ! H2Oþ R� ð5-10Þ
At last, according to the oxygen condition, the termination reac-

tions among free radicals are divided into two types as shown in
Eqs. (5-11)–(5-14), respectively.

Sufficient oxygen supply:

2RO2� ! ROþ ROH þ O2 ð5-11Þ
Lack of oxygen:

R � þROO� ! ROOR ð5-12Þ

R � þR� ! RR ð5-13Þ

R � þRO� ! ROR ð5-14Þ
After this series of reactions, the structure of the HDPE in SEGB

will suffer certain damage in different degrees. Therefore, the ten-
sile strength and the elongation at break of the SEGB decrease to
different degrees. Moreover, these structure damage leads to the
change of the tensoresistivity of SEGB.
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More specifically, the conductivity of the SEGB mainly comes
from three aspects: the CB fillers are intrinsically conductive. In
some parts, CB fillers are directly contacted. And the electron tun-
neling between the close proximity CB fillers has conductivity.
When the structure of the HDPE in SEGB changed, it can trigger
the distribution and the local content change of CB. It means that
the structure damage of the SEGB finally leads to the change of
the CB conductive networks and its electrical resistance. Therefore,
the tensoresistivity of SEGB finally changes along with the degra-
dation process.

5. Conclusions

In this paper, the effects of the thermal oxidation, ultraviolet
radiation and acid and alkali corrosion on the mechanical proper-
ties and tensoresistivity of SEGBs were investigated. The main con-
clusions are as follows:

(1) After the thermal oxidation aging, because of the degrada-
tion, embrittlement and hardening occur in the SEGB, which
exhibits different degrees of decrease in tensile strength and
elongation at break. The reduction is correlated with the
aging time. However, the thermal oxidation aging hardly
affects the tensoresistivity.

(2) After the ultraviolet radiation, the tensoresistivity of the
SEGB significantly changed. However, the tensile strength
and elongation at break hardly decrease. Moreover, the
reductions of them are positively correlated with the aging
time. In contrast, the tensoresistivity has more correlations
with the strain.

(3) After the acid or alkali corrosion, the amplitude of the
decrease in tensile strength or elongation at break increases
with the aging time, but the rate of decline decreases. The
normalized resistance significantly increases and exhibits a
high sensitivity of tensoresistivity.

(4) The chain reactions are the internal cause of these mechan-
ical properties and tensoresistivity of the SEGB.
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