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1. Introduction
The article by Cui et al. is a signiﬁcant contribution, given that it is
challenging to design and fabricate sensor-enabled geosynthetics (SEG)
that consistently exhibit reliable tensoresistivity performances in air
and soil environments. The contribution of the work is that the strains
calculated from the electrical conductivity measurements of SEGB
specimens were nearly the same as those interpolated from strain gauge
measurements.
While we commend the authors for the quality of their work, we
believe that some aspects of sensor-enabled geobelts (SEGB), and of
SEG in general, need further development and improvement before
they can be implemented in practice. Additionally, we have identiﬁed
areas in the paper that we believe further clariﬁcation and study details
are warranted, and/or explanations provided may have to be reconsidered or revised, as we have discussed in detail in the following
sections.
2. Experiments
The authors report the details and results of tensile, tensoresistivity
(strain-sensitive conductivity) and pull-out experiments on three types
of sensor-enabled geobelt (SEGB) specimens: 1) ‘laboratory-fabricated
SEGB’, 2) ‘industry-fabricated, unsealed SEGB’ and 3) ‘industry-fabricated, sealed SEGB’, as summarized in Table 1. We discuss the experiments and comment on the observations made by the authors in the
following separate sections.
2.1. Materials, electrical conductivity and percolation behavior
High-density polyethylene (HDPE) and a ‘super conductive’ carbon
black (CB) were used as the host matrix and the ﬁller to produce SEGB
specimens. No information was provided on the properties of the ‘super
conductive’ CB. Such designations could be construed as commercial
advertising and should be avoided in research papers because they are
not associated with certain properties (e.g. surface area, oil absorption
number and particle size) by which to estimate the structure and
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percolation behavior of CBs. The structure of CBs is determined according to the particle size, aggregate size and shape of their primary
particles, which could have considerable inﬂuences on their percolation
behavior. Smaller primary particles have higher interaggregate attractive forces, resulting in a CB with higher structure and larger agglomerate size. A low-structure CB, in contrast, is formed when the aggregates are composed of few primary particles. Higher-structure CBs
percolate at a lower concentration and produce a conductive network
that experiences less damage upon loading, thus showing a relatively
lower tensoresistivity but a greater degree of recoverability when subjected to dynamic loading (Hatami et al., 2014; Yazdani et al., 2014).
The selection of the ﬁller depends on the intended application of the
ﬁnal product. Time-varying loads applied on geosystems could progressively rupture the ﬁller network within a SEG product and decrease
its electrical conductivity and tensoresistivity. Overlooking this possibility could reduce the accuracy of the strains calculated using strainconductivity regression functions developed in the laboratory.
Fig. 2 in the subject article shows the percolation behavior of the
CB-ﬁlled HDPE composite where the CB concentration was expressed in
terms of the mixing ratio of CB to the host polymer (i.e. HDPE). Such
presentation is not accurate and could be misleading to a reader accustomed to the materials science and engineering literature where the
ﬁller concentration is customarily calculated in terms of weight/volume
of the entire composite. The percolation threshold reported in the
subject article agrees with previously-reported values (e.g. 45 wt.% by
Nakamura and Sawa, 1998). However, as evident from Figure 12 in the
subject article, such a relatively large concentration could considerably
reduce the pliability of the ﬁnal product, potentially making it prone to
cracking and therefore, causing diﬃculties in its transportation and
installation (Hatami et al., 2014). The ﬂexibility of SEGB can be increased by adding a plasticizer to its formulation.
The authors deemed a visual inspection suﬃcient for assuring the
quality of CB dispersion in the HDPE/CB blends. We argue that a visual
inspection is not a reliable technique for dispersion evaluation because
the color of a polymer usually rapidly turns to black even at small CB
concentrations. In addition, the term dispersion generally refers to the
nearly-uniform distribution of individual ﬁllers in a matrix. However,
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Table 1
Summary of experiments in the subject article.
Specimen type
Test environment
Test type

Laboratory-fabricated SEGB
Air
Fast tensile
Slow tensile

Creep

Industry-fabricated, unsealed SEGB
Air
Fast tensile
Slow tensile

Soil
Pull-out

Industry-fabricated, sealed SEGB
Soil
Pull-out

failure. Through the real-time microscopic imaging of carbon nanotubeﬁlled polymers under increasing tension, we have shown that nanocarbon agglomerates in ductile host matrices can lead to a localized
failure of the composite (Smith et al., 2015). Because the agglomerates
are local and stiﬀ sub-regions with a greatly increased CB concentration, stress becomes focused at these areas with its intensity being
proportional to the stiﬀness (size) of the agglomerates. As tension increases, stress can grow suﬃciently to rupture the largest agglomerates
followed by smaller agglomerates in a fractal mode. As the specimen
approaches failure, a large tear predominates at the site of one of the
largest agglomerates and eventually fractures the specimen.

this deﬁnition should be adjusted for nanocarbons (e.g. CB and graphene) that possess an inherent thermodynamic drive to aggregate with
neighboring particles, and the resulting aggregates tend to entangle
with neighboring aggregates to form agglomerates. Therefore, a dispersion state described as “uniform” or “good” for CB individuals in the
aggregate scale might be a misleading or inaccurate description of their
dispersion state in micro- or macroscale systems, where CBs are typically found in the form of agglomerates. In this regard, distinction
should be made between nanoscopic dispersion, which refers to the
disentanglement of individual CBs and more likely their aggregates, and
micro- and macroscopic dispersion, which refers to the distribution of
CB agglomerates throughout a composite. Our recent studies have
shown that none of the conventional imaging techniques (e.g. SEM or
AFM) is capable of characterizing ﬁller dispersion in all instances and
for all desired length scales, and a combination of diﬀerent imaging
techniques, each operating on a particular length scale, should be used
for the multiscale visualization and dispersion assessment of ﬁllers in
composites (Smith et al., 2015; Yazdani et al., 2016b).

2.2.2. Slow tensile tests
In-isolation tensoresistivity of the CB-ﬁlled HDPE specimens was
characterized through measuring the changes in their electrical conductivity values under tensile loading. Specimens doped at diﬀerent CB
concentrations around the critical (optimum) concentration (i.e. approximately 47.5 wt.%), which in the case of tension is the upper-bound
of the percolation region, were fabricated and tested. The surface resistance at a given time during tension RS normalized to the unstrained
surface resistance RS0 was plotted against tensile strain to establish the
tensoresistivity response of the specimens. The authors referred to the
data point corresponding to 10% strain in Figure 6a to identify 47.5 wt.
% as the CB concentration giving the highest tensoresistivity. We,
however, suspect that the data point could be an outlier, and the test
should have been repeated for validation. We base our supposition on
the smooth 47.5 wt.% curve shown in Figure 10a.
The linear regression equations given in Table 2 of the subject article do not seem to be accurate. For example, substituting a value of
6% for strain in the linear equation of the 44 wt.% case will yield a
value of 1.17 for normalized resistance which is much smaller than the
value of 4.5 for the corresponding data point.
Let us deﬁne gauge factor as the relative change in a specimen's
electrical resistance per unit strain as (Yazdani et al., 2014):

2.2. In-isolation tests on laboratory-fabricated SEGB
2.2.1. Fast tensile tests
Tensile tests on dog-bone–shaped specimens indicated 25% strength
reduction across the percolation region and a smooth, linear reduction
of strain at failure as the CB concentration increased. The authors attributed these observations to ‘inorganic’ CB particles diﬀusing the interspaces of HDPE molecules, thus weakening their connections and in
turn the strength, ductility and strain at failure of the composite.
While the authors did not provide any references or microscopic
images to support their inference, we believe that the authors' observations could be attributed to the reduced mobility of polymer
chains. A given polymer often contains both amorphous and crystalline
domains; e.g. 25% of HDPE could be made up of the amorphous domain
where chains are not arranged in ordered crystals (Furukawa et al.,
2006). This domain undergoes a state transition when the glass transition temperature Tg provides suﬃcient energy for segmental chain
mobility, thereby changing the polymer's state from brittle (glassy) to
ductile (rubbery). At the cure temperature, which is assumed to be
initially higher than the glass transition temperature, CB particles/aggregates not only form covalent bonds with the polymer matrix but
their high thermal conductivity facilitates the formation of a crosslinked, rigid network (i.e. polymerization). When the resulting composite is cooled down from its curing temperature, a phenomenon
known as vitriﬁcation occurs. At the onset of vitriﬁcation, the glass
transition temperature of the network approaches the cure temperature.
Therefore, molecular mobility is reduced and chemical reactions are
controlled by diﬀusion. Because of the competition between the formation of a rigid network, which depends on the segmental mobility,
and the increasing glass transition temperature that impedes the mobility, the ﬁnal material is a heterogenous mixture of amorphous and
crystalline domains. In case of a CB-ﬁlled polymer composite, the ﬁnal
material will have a higher glass transition temperature because its
polymer chains will require a higher thermal energy for the onset of
segmental motion compared to the pristine polymer. The increased
glass transition temperature will consequently make the composite relatively stiﬀer and more brittle at room temperature (Rabilloud, 1997;
Yoonessi et al., 2014).
The formation of zones of stress concentration around CB agglomerates within the composite could be another cause of premature

GF =

(RS − RS 0)/ RS 0
× 100
ε

(1)

where ɛ is percent strain. Equation (1) gives a gauge factor of approximately 70 for the specimen ﬁlled with 44 wt.% CB. Put other way,
the surface resistance of the specimen will increase 70% per 1% strain.
This value seems to be inconceivably large for CB-ﬁlled composites, as
the resulting gauge factor of 70 is more than one order of magnitude
greater than those of typical commercial strain gauges (e.g. GF = 2).
However, the value is subject to decline if the composite undergoes a
series of cyclic deformations. Since the conductive network within the
composite consists of loosely connected CB particles and aggregates/
agglomerates, frequent loading-unloading cycles could progressively
break its structure and in turn decrease its conductivity and strain
sensitivity (Yazdani et al., 2014). We suggest that the authors examine
the tensoresistivity response of the composite under a variety of dynamic loads that are conceivable in practice.
2.2.3. Creep tests
The authors carried out in-isolation creep tests to study the longterm behavior of the composite under mechanical stress. Only the
constant load (0.1 kN) was reported, and no information was given on
the corresponding stress. Specimens containing a CB concentration in
the range 44 wt.%–50 wt.% exhibited a similar creep behavior where
primary (transient) and secondary (steady-state) creep stages were
679
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detrimental eﬀects of installation damage and the surrounding environment. Results of pull-out tests on jacketed and unjacketed SEGB
specimens were compared to examine strain compatibility at the SEGB/
HPP interface. Expectedly, the jacket reduced the specimen-soil friction
(sliding resistance), thus decreasing the pull-out strength. The authors
referred to Figure 22 to conﬁrm strain compatibility at the SEGB/HPP
interface. We, however, believe that an appreciable slippage has occurred at the interface. If material A is tightly wrapped with material B,
the stiﬀness and strength of the A/B composite are expected to be
greater than those of A, unless the interfacial bonding/adhesion between the two materials is weak/imperfect. If that is the case, a swordin-sheath fracture mode is conceivable where the wrapping material
slides along the interface, thus questioning the strain compatibility of
the two materials. Therefore, the residual stress and ‘improved ductility’ of jacketed SEGB reported in the paper are rather indicative of
imperfections in the material that could seriously reduce the accuracy
of measured strains.

evident. The secondary stage, where a balance between thermal softening and work hardening is established, is the most prominent creep
stage under common stress conditions and should be controlled in
practical applications. Out of the total creep strain of approximately
14% that was recorded in the tests, almost 5% occurred during the
secondary stage. This value suggests that creep deformations of SEGB
could be too large for geotechnical engineering applications where the
strain at failure of soils is typically around 2%–6% (Hatami and
Bathurst, 2005; Wanatowski and Chu, 2006). It is also one to two orders
of magnitude greater than conventional creep strains of 0.5%–1.3% for
geogrids (Hsiehl et al., 2008).
2.3. Industrially-fabricated, unsealed SEGB
2.3.1. In-isolation, fast tensile tests
Juxtaposition of Figures 4 and 9 of the subject article indicates that
at a given CB concentration, industrially-fabricated, sealed SEGB specimens exhibited a similar strength but considerably lower strains at
failure compared with their laboratory-fabricated counterparts. This
diﬀerence could be due to the higher temperatures and more working
zones that were used in an industrial extruder to fabricate the specimens.

3. Conclusions
Some points were made regarding the short- and long-term behaviors of SEGB in practice, their manufacturability in large scale and
repeatability of the experiments. We suggest that the inﬂuence of strain
rate and cyclic loading on the tensoresistivity response and mechanical
properties of SEGB be investigated.

2.3.2. In-isolation, slow tensile tests
The industrially-fabricated, sealed SEGB specimens exhibited considerable tensoresistivity comparable to those fabricated in the laboratory. However, similar to Table 2, the regression equations given in
Table 3 of the subject article do not seem to be accurate. For example,
substituting a value of 10% for strain in the quadratic equation of the
45 wt.% case will yield a value of 3.76 for normalized resistance which
is smaller than the value of 4.5 for the corresponding data point.
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2.3.3. In-soil tests
Specimens were tested under diﬀerent conﬁning pressures of 100
kPa, 200 kPa and 400 kPa. The same CB concentration of 45 wt.% was
used in all specimens, and its corresponding correlation function was
used to calculate strain from measured electrical conductivities. A series
of strain gauges was placed on the specimens tested under 100 kPa
conﬁning pressure to conﬁrm the accuracy of the indirectly-measured
strains. The strain gauges had a maximum elongation of 2%, making it
impossible to conﬁrm the accuracy of the readings for stresses exceeding 50% of the front-end stress at failure and greater conﬁning
pressures. Nevertheless, a good agreement was observed between the
strains measured using the strain gauges and those calculated from the
correlation function. We should note that we expected to see the same
results in Figures 16a and 18.
Given the paucity of data, it is diﬃcult to conﬁrm the accuracy of
the correlation function over ranges of tensile stresses and conﬁning
pressures conceivable in practice. However, we presume that the inisolation correlation function corresponding to a CB concentration may
not be representative for in-soil conditions and diﬀerent conﬁning
pressures. The conﬁning pressure on a SEG layer reduces the thickness
of the layer which in turn brings the CB particles and aggregates closer
to one another. As a result, the SEG layer behaves as if it were ﬁlled at a
greater CB concentration and therefore shows less strain sensitivity
(Yazdani et al., 2016a).
Since the tensoresistivity of sealed SEGB was not reported, no
comments can be made regarding the interference of the surrounding
soil with the measured conductivities.
2.4. Industrially-fabricated, sealed SEGB
A jacket (hot pyrocondensation pipe - HPP) was adhered to SEGB
specimens to examine its suitability for protecting SEGB from the
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