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Abstract- The investigation dealt with the
stabilization of expansive soil with combinations of lime,
steel slag and reinforced with two types of fibres, copper
filaments and polypropylene fibres. The investigation
began with the characterization of the soil for its
geotechnical properties. The initial consumption of lime
required for the modification of the soil properties was
determined from the Eades and Grim pH test. Cylindrical
specimens of soil with dimensions 38 mm x 76 mm
were cast using this lime content as a stabilizer along
with varying quantities of steel slag for determination
of optimum steel slag content. The pure lime stabilized
soil as well as lime-steel slag modified soil specimens
were reinforced with different proportions of copper
filaments for determination of optimum fibre content.
One dosage of polypropylene fibres was also adopted
as reinforcement in specimen preparation. The optimal
combinations identified were then subjected to a
maximum of three cycles of wetting and drying followed
by determination of unconfined compression strength
(UCS). The expansive soil required a minimum of 3% lime
for its modification. The optimum dosage of steel slag was
identified as 5% and optimum copper filament content as
1%. Polypropylene content of 0.3% was also adopted as
one combination.Theresults of theinvestigation revealed
that lime stabilized fibre-reinforced soil with copper
filaments was the most durable combination followed by
polypropylene fibres. The introduction of steel slag in the

mix could not generate enough beneficial durability to
the soil after three cycles of wetting and drying.
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Resumen- La investigacion se ocupé de la
estabilizacion del suelo expansivo con combinaciones
de cal, escoria de acero y reforzado con dos tipos de
fibras, filamentos de cobre y fibras de polipropileno. La
investigacion comenzé con la caracterizacion del suelo
por sus propiedades geotécnicas. El consumo inicial de
cal requerido para la modificacion de las propiedades
del suelo se determiné a partir de la prueba de pH Eades
y Grim. Se moldearon muestras cilindricas de suelo con
dimensiones de 38 mmx 76 mm, utilizando este contenido
de cal como estabilizador junto con cantidades variables
de escoria de acero para la determinacion del contenido
6ptimo de escoria de acero. El suelo estabilizado con cal
pura y las muestras de suelo modificadas con escoria de
acero de cal se reforzaron con diferentes proporciones
de filamentos de cobre para determinar el contenido
optimo de fibra. También se adopt6é una dosis de fibras
de polipropileno como refuerzo en la preparacion de
muestras. Las combinaciones Optimas identificadas
se sometieron luego a un maximo de tres ciclos de
humectacion y secado, seguido de la determinacion
de la resistencia a la compresion no confinada (UCS). El
suelo expansivo requirié un minimo de 3% de cal para
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su modificacion. La dosis optima de escoria de acero se
identific6 como 5% y el contenido 6ptimo de filamento
de cobre como 1%. El contenido de polipropileno del
0.3% también se adopté como una combinacion. Los
resultados de la investigacidon revelaron que el suelo
reforzado con fibra estabilizado con cal con filamentos
de cobre fue la combinacion mas duradera seguida por
las fibras de polipropileno. La introduccion de escoria
de acero en la mezcla no pudo generar suficiente
durabilidad beneficiosa para el suelo después de tres
ciclos de humectacion y secado.

Palabras clave- Suelo; cal; escoria; fibra; resistencia;
durabilidad.

1. INTRODUCTION

Expansive soils are known all over the world for their
poor volume stability. Construction on such soils results in
disastrous effects on the structures built over them. Lime
stabilization of expansive soils has been one of the most
common solutions to mitigate the dangerous effects of ex-
pansive soils. However, there are also regions wherein the
subsoil is subjected to extreme conditions. These include
wetting-drying, freezing-thawing, high soil acidity and alka-
linity, high soil salinity, high sodic soil conditions, sulphate
rich soils, and contaminated soils. In such conditions, the
effectiveness of the stabilization used slowly reduces over
an extended period. This may lead to a reduction in the du-
rability of the stabilized soil. James and Pandian [1] suggest
that lime stabilized soils lose their effectiveness in extreme
conditions, especially in tropical climatic conditions and in
cold regions. In recent times, there have been several inves-
tigations by various researchers addressing the durability
of the lime stabilized soils [2-7]. Based on these investiga-
tions, the researchers reported that the beneficial effect of
lime in swell control and improvement of soil properties
was partially lost due to multiple cycles of wetting and dry-
ing. Literature suggests that there have been investigations
using industrial solid wastes as well as a few combinations
of lime and industrial solid wastes for soil stabilization [8].
Over the years, few of the researchers have attempted to
improve the performance of lime stabilization by combin-
ing it with pozzolans to improve its performance under
such extreme conditions. A very early study conducted by
Hoover et al. [9] attempted to study the performance of fly
ash-lime stabilized mixes. Kampala et al. [10] studied the
effect of the addition of fly ash on the wet-dry resistance
of carbide lime stabilized soil. Sabat and Nanda [11] re-
searched the performance of marble dust modification of
rice husk ash stabilized soil subjected cycles of wetting and
drying. Yilmaz and Fidan [12] explored the effect of com-
binations of lime and perlite on the wetting-drying per-
formance of clayey soil. Harichane et al. [13] attempted to
study the effect of lime-natural pozzolana on the durability
of clayey soils subjected to multiple cycles of wetting and
drying. These studies found that the addition of wastes/
pozzolans to lime during stabilization resulted in improved
performance during wetting and drying cycles. However,

despite the early attempt of using waste pozzolans with
lime, studies on the utilization of combinations of lime and
solid wastes for resistance against cycles of wetting and
drying are still very minimal. Other researchers have also
investigated the improvement of wetting-drying resistance
of soils by the inclusion of fibres. Malekzadeh and Bilsel [14]
studied the effect of polypropylene fibres on the mechani-
cal behaviour of expansive soils. They also investigated the
effect of polypropylene fibre reinforcement on the swell
and compressibility of expansive soils [15]. Phanikumar et
al. [16] investigated the effect of wetting and drying cycles
on the heave behaviour of fibre reinforced expansive soils.
Greeshma and Joseph [17] included rice straw fibres into
Kuttanad expansive clay to investigate its performance.
Others went one step further by combining lime/cement
with fibres to improve its durability performance. Prajisha
and Ajitha [18] explored the performance of banana fibre
reinforced lime stabilized soil subjected to cycles of wetting
and drying. Anggraini et al. c considered the reinforcement
benefits of nano modified coir fibre in lime treated marine
clay. Sukontasukkul and Jamsawang [20] adopted metallic
steel fibres for the strengthening of deep soil-cement col-
umns. Fatahi et al. [21] adopted polypropylene and steel fi-
bres to improve the performance of cement stabilized silty
clay. Correia et al. [22] investigated the effect of stabiliza-
tion of soil with a combination of cement, ground granulat-
ed blast furnace slag and steel fibres. The addition of fibres
to reinforce stabilized soils provided the advantage of mi-
cro-reinforcement by the fibres in resisting crack propaga-
tion when stabilized specimens were subjected to durabil-
ity conditions like wetting and drying. Each fibre type has
its own advantages and disadvantages. Natural fibres are
renewable and environment friendly. But there is always a
question over their durability when exposed to water and
require treatment to ensure increased performance. Artifi-
cial fibres like polypropylene fibres are readily available in
huge quantities and durable. But, they are comparatively
costly and have issues of floating in water during their mix-
ing with soil. They also require considerable care and effort
to ensure a uniform and intimate mix with the soil. Metallic
fibres like steel fibres have the issue of corrosion over an
extended period of time. They are however, comparatively
stronger and stiffer than other fibres. Polypropylene fibres
have been the most common type of fibre reinforcement
considered by researchers. Other types of artificial fibres
like nylon and polyester as well as natural fibres like banana
and coir have also been investigated. But, there seems to
be very few investigations considering metallic fibres in soil
micro-reinforcement. Thus, in summary, it can be seen that
researchers have attempted to improve the durability of
lime stabilized soil by addition of industrial wastes/fibres.
However, it was found that very few investigations have fo-
cussed on the combinations of lime, industrial wastes and
fibres for improving the durability performance like the
one done by Muntohar and Khasanah [23]. They examined
the performance of clayey soil stabilized with lime and rice
husk ash reinforced with polypropylene waste fibres sub-
jected to cycles of wetting and drying. There still exists a
great potential for identification of optimal combinations
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3. METHODS

The experimental methodology followed in this investiga-
tion consisted of the following stages: Collection and prepara-
tion of materials, characterization of materials, determination
of initial consumption of lime (ICL), identification of optimum
steel slag content, identification of optimum fibre content,
preparation of specimens, simulation of wetting and drying
and specimen testing. Each of the stages has been described
in detail in the following subsections.

3.1 Collection and Preparation of Materials

The soil sample was collected from the source and
transported to the laboratory. In the laboratory, it was
crushed and pulverized into smaller fractions using a hand
rammer. It was then sieved through various sieves as per
requirement for various tests done following the codes of
BIS. The lime was used as supplied by the manufacturer.
Steel slag was crushed and sieved through 75-micron sieve
and the fine powder passing through the sieve was used
in the study. Copper filaments were cut to an aspect ratio
of 77 from long wires. Polypropylene fibres were used as
supplied by the retailer.

3.2 Characterization of Materials

The soil obtained for the investigation was subjected
to various geotechnical properties as per different codes
of BIS. The various properties evaluated include liquid and
plastic limit [25], shrinkage limit [26], specific gravity [27],
grain size distribution [28], compaction [29], unconfined
compression strength (UCS) [30] and free swell index [31].
The soil was then classified based on the guidelines of BIS
code [32]. Steel slag was subjected to a specific gravity test
following the same procedure that was adopted for soil.

3.3 Determination of Initial Consumption of Lime

Based on the existing literature, for the soil under inves-
tigation, the ICL value was determined from the Eades and
Grim pH test [33] based on the ASTM code D6276 [34].

3.4 Identification of Optimum Steel Slag Content

To determine the optimum steel slag content of the giv-
en soil sample, UCS tests were performed on the soil sam-
ples stabilized with lime (ICL). All UCS samples for deter-
mination of optimum steel slag content were compacted
to MDD and OMC of the stabilized soil obtained from mini
compaction tests [29] done based on the BIS code [35] pro-
cedure for stabilized soil. A calculated quantity of dry soil
was weighed out. To this, minimum lime content and one
trial content of steel slag by weight of dry soil was added in
dry condition and manually mixed to achieve a uniform dry
mix. The quantities of lime, steel slag and soil were calculat-
ed such that the final weight of the dry mix was equal to the
weight required for achieving the dry density of the UCS
sample, which in the present case was fixed as the MDD of

the lime stabilized soil. To this uniform dry mix, water con-
tent equal to the OMC of the stabilized soil was sprinkled
in stages, combined with manual mixing until a uniform
wet mix was achieved. This mix was packed into the con-
stant volume split mould of internal diameter, 38 mm and
height, 76 mm, and compacted by static loading. After the
samples were cast, they were immediately de-moulded
and air-cured in sealed polythene covers to prevent loss of
moisture. Three specimens were cast for each combination
of steel slag adopted for stabilization. The steel slag content
was varied from 5% to 20% in increments of 5% by weight
of dry soil for determining the optimum content. The sam-
ples were cured for 3 days before they were tested. James
and Pandian [36] had adopted a curing period of 2 days for
identifying the optimum lime content in their investigation.
The combination that gave the maximum strength/minimum
loss in strength was adopted as the optimum content.

3.5 Identification of Optimum Fibres Content

The optimum fibre content was also determined using
the same procedure as adopted for the determination of
optimum steel slag content. The soil specimens of 38 mm
diameter and 76 mm height were prepared by mixing the
minimum lime content and optimum steel slag content.
In this mix, the fibre content was varied from 0.5% to 2%
in increments of 0.5%. Three samples were prepared for
each combination and cured for 3 days. The combination
that produced the maximum strength/minimum loss in
strength was considered as the optimum fibre content.
Polypropylene fibres being one of the most commonly ad-
opted fibres, its optimum fibre content was adopted from
the literature [37], for comparison with the performance of
copper filaments.

3.6 Preparation of Test Specimens

The UCS samples were prepared in a constant volume
split mould of dimensions 38 mm x 76 mm, de-moulded
immediately and placed inside a sealable polythene cov-
er for curing. Three samples were prepared for testing
each of the combinations. Figure 2 shows the preparation
and testing of a UCS sample. Calculated quantities of soil,
lime, steel slag and filaments/fibres were packed in sealed
polythene covers for sample preparation. A steel UCS split
mould of height 76 mm and internal diameter 38 mm was
prepared by lubricating its interior with oil. The materials
were emptied on to a mixing pan and mixed in dry state
manually. The required quantity of water was sprinkled on
to it and mixed thoroughly to obtain a uniform wet mix.
The mixture was then packed into a steel UCS mould in
layers with gentle compaction provided by a compaction
plug. This was repeated until the entire wet mix was packed
into the split mould. The mould was then plugged at both
ends using the end plugs. It was loaded on to a universal
sample compacter cum extruder and compacted by apply-
ing static pressure. Care was taken to introduce the layers
of wet mix alternatively from either end of the split mould
and compacted from the corresponding end to ensure
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uniform compaction of the prepared UCS sample [38]. The
sample was then ejected after opening the split mould and
applying gentle pressure using the compaction plug. The
samples were cured at room temperature of 30°C +/- 2°Cin
sealed polythene covers for 14 days. Fig. 2 shows the prepa-
ration of samples for the investigation.

Fig. 2 PREPARATION OF SPECIMENS

Source: The authors

3.7 Simulation of Wetting and Drying

The samples were subjected to alternate cycles of wet-
ting and drying by simulating the conditions of wetting and
drying. A wet-dry cycle consisted of two phases: A 24 hours
wetting phase wherein the samples were covered by soaking
wet cotton and a 24 hours drying phase at open-air room
conditions. All specimens were subjected to 1,2 and 3 cycles
of wetting and drying after they were cured for 14 days. Va-
rious researchers have adopted a different number of cycles
for their work. Phanikumar et al. [16] adopted three cycles
of wetting and drying whereas Muntohar and Khasanah [23]
adopted four cycles. Anggraini et al. [19] adopted five cycles
of wetting and drying. Yilmaz and Fidan [12] had adopted 12
cycles of wetting and drying in their investigation.

3.8 Specimen Testing

After the end of the set period of curing and cycles of
wetting and drying, the samples were loaded axially until
failure in UCS loading frame of 50kN capacity. The rate of
strain adopted for the test was 0.625 mm/min. The various
shortlisted combinations that were evaluated for the wet-
ting and drying resistance performance is shown in Table II.

4. RESULTS AND DISCUSSION

An expansive soil was stabilized using a combination of
lime, steel slag and fibres for improving its strength. It was
then subjected to different cycles of wetting and drying to
study its durability performance. The results of the investi-
gation are discussed in the following subsections.

4.1 Optimization of Lime, Steel Slag and Fibre
Content

The ICL is the minimum lime content required to raise
the pH to 12.4. In highly alkaline conditions, the soil silica
and alumina dissolve and react with the calcium from lime
forming stabilization reaction products. Thus, high pH val-
ue is essential for stabilization reactions to proceed. The
ICL was determined using the Eades and Grim pH test [33]
based on ASTM D6276 [34]. The ICL for the soil under inves-
tigation was found to be 3% as shown in Fig. 3.

Fig. 3. DETERMINATION OF INITIAL CONSUMPTION OF LIME
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Source: The authors

STABILIZER AND FIBRE CONTENT COMBINATIONS FOR WET-DRY TESTS

Lime (%) Steel Slag (%) Coppel('ol?)lament Polyprop()(/ilsne Fibres Designation
3 0 0 0 S3L
0 0 S3L1CF
3 0 0 0.3 S3L0.3PF
3 5 1 0 S3L5SS1CF
3 5 0 0.3 S3L5SS0.3PF

Source: The authors
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of lime, wastes and fibres. This investigation attempted to
address this gap in literature by considering a combination
of lime, steel slag and copper filaments as well as poly-
propylene fibres in the stabilization and durability perfor-
mance of an expansive soil subjected to alternate cycles of
wetting and drying.

2. MATERIALS USED

The various materials used in the present investigation
were the virgin expansive soil, high-quality industrial-grade
lime, steel slag, copper filaments and polypropylene fibres.
Lime was used as the primary binder, whereas steel slag
was used as an auxiliary additive. The copper filaments
and polypropylene fibres were used as random micro
reinforcement.

The virgin expansive soil adopted in this investigation
was collected from the banks of Thaiyur lake, near Kalavak-
kam, Tamil Nadu, India. The soil sample was prepared fol-
lowing the Bureau of Indian Standards (BIS) code [24]. The
soil sample was subjected to various geotechnical tests in
the laboratory according to the various codes of BIS. The
properties of soil are tabulated in Table I. High-quality in-
dustrial-grade hydrated lime was sourced from M/s. Shiyal
Chemicals, Chennai. No specific preparation methods were
adopted for lime, which was used as supplied in the com-
mercial packets. Steel slag is a by-product resulting from
the manufacturing process of steel. It is obtained during
the separation of molten steel from the impurities in the
furnace in a liquid state. It is a complex solution of silicates
and oxides, which solidifies into steel slag on cooling. Steel
slag was obtained from Jindal Steel Works, Salem. Its specif-
ic gravity was found to be 2.67. The steel slag was prepared
by crushing and sieving it through 75-micron sieve. The fin-
er fraction which passed through the 75-micron sieve was
used in the investigation. Fig. 1 shows the various materials
after preparation.

Copper filaments were adopted as fibre reinforcement
as a replacement for steel fibres adopted by certain inves-
tigators in soil stabilization. Copper was bought as wires
from a motor winding shop. It had a diameter of 0.14mm.
It was cut into filaments of 10mm length based on which
the aspect ratio was approximately 77. Polypropylene fi-

bres were used in the investigation to obtain a comparative
performance evaluation for copper filament reinforced soil.
The polypropylene fibres were purchased from a commer-
cial retailer in Chennai. It had a length of 12mm and a di-
ameter of 0.025mm, based on which its aspect ratio came
out to be 480.

Fig. 1. PREPARED VIRGIN EXPANSIVE SOIL AND STEEL SLAG

Source: The authors

Table I.
PROPERTIES OF VIRGIN SOIL

Property Value Property Value
Liquid Limit 70.0% Maximum Dry Density (MDD) 13.4 kN/m3
Plastic Limit 22.8% Optimum Moisture Content (OMC) 28.4%
Plasticity Index 47.2% Unconfined Compression Strength (UCS) 103.1 kPa
Shrinkage Limit 9.0% Free Swell Index 120%
Specific Gravity 2.68 Classification CH

Source: The authors
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The optimization of steel slag and copper filaments
contents was also done by conducting UCS tests. Fig. 4 and
Fig. 5 show the results of the UCS tests for determination
of optimal content of steel slag and copper filaments. It
can be seen that increase in steel slag content results in a
reduction of the strength of the specimens. Therefore, the
steel slag content with the minimum loss in strength was
considered to be the optimal dosage. The incorporation of
steel slag in the stabilization process is for the utilization of
solid waste for effective waste management.

The optimization of copper filament content for fibre
reinforcement of the specimens was performed using a
similar procedure. The soil stabilized with 3% lime was
amended with copper filaments starting from 0.5 % in in-
crements of 0.5 % up to 2 %, Fig. 5 shows the variation in
the strength of the specimens amended with different pro-
portions of copper filaments by the weight of the soil. From
the graph, it can be seen that there is an initial reduction in
strength of the stabilized specimen reinforced with 0.5 %
copper filaments. Further increase in the filament content
to 1% leads to a rise in strength of the specimen. However,
no further variations in the strengths were noticed for high-
er contents of copper filaments. Hence, it was concluded
that a minimum of 1% copper filaments was the optimal
dosage that resulted in the least loss in strength, Fig. 5 also
shows the optimal copper filament content for 3% lime and
5% steel slag stabilized soil. It can be seen that the optimal
copper filament content for steel slag amended lime sta-
bilized soil was also 1%. Thus, irrespective of the steel slag
amendment, the optimum copper filament content for re-
inforcing the soil came out to be 1%, Fatahi et al. [21] iden-
tified 10% of steel fibre content developed the maximum
strength for cement-treated silty clay soil. Sukontasukkul
and Jamsawang [20] found that 1% of steel fibres resulted
in the maximum flexural strength of fibre reinforced deep
soil-cement column. This was irrespective of long or short
fibre steel adopted in the study. The optimal dosage of
polypropylene fibres (0.3%) was adopted from the work
done by lJiang et al. [37], who had done extensive work
on optimizing the fibre content based on aspect ratio and
dosage. Muntohar and Khasanah [23] had adopted a similar
polypropylene waste fibre content of 0.4%.

4.2 Effect of Stabilization and Reinforcement
on the Strength

Figure 6, shows the effect of the amendment of 3% lime
with the various optimal doses of additives, viz. 5% steel
slag, 1% CF and 0.3% polypropylene fibres in different com-
binations. It can be seen that all the optimal amendments
have resulted only in a positive gain in strength due to the
modification. The polypropylene fibre modification devel-
oped the least gain in strength when compared to all com-
binations. On the other hand, the samples reinforced with
copper filaments produced the maximum gain in strength
under normal conditions. The result was in contrast to the
results obtained by Fatahi et al. [21] and Sukontasukkul and

Jamsawang [20]. Both the studies reported polypropylene
fibres developing better strength when compared to metal-
lic steel fibres. This may be because the polypropylene fibre
dosage for the soil under investigation was not identified
but rather chosen from literature for comparison. Introduc-
tion of steel slag resulted in a slight reduction in strength
in the case of copper filament reinforcement whereas it re-
sulted in an increase in strength in the case of polypropyl-
ene reinforced lime stabilized soil. Thus, different reinforce-
ment materials produce different degrees of improvement
and modification of lime stabilization. The same can also be
said for steel slag amendment of lime stabilization.

Fig. 4. DETERMINATION OF OPTIMUM STEEL SLAG CONTENT
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Fig. 5. DETERMINATION OF OPTIMUM COPPER FILAMENT CONTENT

250
=% Lime
= 3% Linie * 5% Seeel Shig
i)
.,: 1% e e
i -
bt
= 1 \\"!
sa
L]
o ns 1 1.5 ¥

Coppor Filamsont Content (%)

Source: The authors

4.3 Effect of Wetting and Drying on the
Strength of Stabilized Soil

The effect of wetting and drying cycles on the compres-
sive strength of the various specimen combinations were
studied by conducting UCS tests on the samples after sub-
jecting them to multiple cycles of wetting and drying.
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Fig. 6. EFFECT OF OPTIMAL AMENDMENTS ON LIME STABILIZATION
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4.3.1 Effect of Fibres on Durability of Lime
Stabilized Soil

Figure 7, shows the effect of fibre reinforcement on the
wetting and drying resistance of pure lime stabilized soil.
For comparison of performance, the wetting and drying
resistance of pure lime stabilized soil without fibre rein-
forcement (control) has also been shown in the figure. The
strength of the lime stabilized soil increases from 204.35
kPa to 329.31 kPa after the first cycle of wetting and dry-
ing. The increase in strength of the stabilized soil after the
first cycle of wetting and drying may be indicative of a
deficiency in water content during the moulding process.
This deficiency may have been fulfilled during the first im-
mersion cycle leading to an increase in the strength. The
lime stabilized soil loses strength on a further increase in
the number of wetting and drying cycles. The strength of
the stabilized soil decreases to 161.15 kPa for three cycles
of wetting and drying. Anggraini et al. [19] also reported a
reduction in the strength of lime treated marine clay with
an increase in cycles of wetting and drying. In the case of
copper filament reinforced lime stabilized soil as well, there
is an increase in the strength of the stabilized soil after the
first cycle of wetting and drying. Again, this may be indic-
ative of a deficiency in water content, fulfilled by the wet-
ting stage of the cycle resulting in improved strength. The
strength of the copper filament reinforced lime stabilized
soil increases from 270.58 kPa to 325.82 kPa after the first
cycle of wetting and drying. On the subsequent increase in
the number of cycles, there is a reduction in the strength
of the specimens. However, even after three cycles of wet-
ting and drying, the strength of the specimens has not low-
ered below that of the control specimens. The reduction in
strength seems to have stabilized after the second cycle
with no big difference in the strength of the specimens
subjected to two and three cycles of wetting and drying. In
general, it can be seen that the strength of the specimens
subjected to cycles of wetting and drying is higher than the
control specimens. This indicates a better resistance to wet-
ting and drying due to the reinforcement of the specimens
with copper filaments.

In the figure 7, is clear that the trends of polypropylene
reinforced lime stabilized soil are similar to that of pure
lime stabilized soil. The major difference is an increase in
strength up to two cycles of wetting and drying beyond
which there is a reduction in strength of the specimens.
Muntohar and Khasanah [23] reported an increase in the
strength of the specimens stabilized with a combination of
lime-rice husk ash-polypropylene fibres up to three cycles
of wetting drying. Anggraini et al. [19] reported an increase
in the strength of coir fibre reinforced lime treated marine
clay up to five cycles of wetting and drying. Muntohar and
Khasanah [23] also report that samples prepared with mois-
ture content lesser than optimum (dry side of optimum)
have a higher strength development. In the present study
as well, polypropylene fibre reinforced lime-steel slag sta-
bilized soil specimens had an increase in the strength for
more than one cycle of wetting and drying. The presence
of the fibres may have resulted in improved hydration of
the soil specimens while resisting the spread of cracking.
Anggraini et al. [19] state that the presence of the fibres in-
creased the number of wetting cycles by which sufficient
moisture for hydration was supplied, resulting in improved
strength of the specimens. Muntohar and Khasanah [23]
attribute the increase in strength with wetting and drying
cycles to two reasons. First, the increase in the duration of
chemical reactions during wetting and drying cycles and
second, the increase in the quantum of cementitious com-
pounds during wetting and drying cycles.

Fig. 7. EFFECT OF WETTING AND DRYING CYCLES ON FIBRE REINFORCED
LIME STABILIZED SOIL
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4.3.2 Effect of Fibres and Steel Slag on
Durability of Lime Stabilized Soil

The effect of fibre reinforcement was also studied on
lime stabilized soil modified with optimal steel slag con-
tent. The procedure adopted was the same as for fibre re-
inforced pure lime stabilized soil, Fig. 7 shows the effect
of wetting and drying cycles on lime-steel slag stabilized
soil. The inclusion of steel slag in the stabilization process
results in a slight modification in the response of the sta-
bilized specimens subjected to wetting and drying cycles.
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It can be seen that the lime-steel slag stabilized specimens
modified with 1% copper filaments result in better resis-
tance to wetting and drying up to two cycles. Further in-
crease in the cycles results in a drastic reduction in strength
of the stabilized specimen. Thus, the inclusion of steel slag
in the stabilization process results in strength benefits only
up to two cycles of wetting and drying.

Figure 8 also shows the effect of wetting and drying
on the 0.3% polypropylene reinforced lime-steel slag sta-
bilized soil. The inclusion of steel slag in the stabilization
process results in a similar trend as for copper filament re-
inforced lime-steel slag stabilized soil. There is a significant
benefit in the resistance to wetting and drying cycles until
two cycles. Beyond two cycles, there is a drastic reduction
in the strength of the stabilized soil. Thus, in both the cases
of copper filaments and polypropylene fibres, the benefi-
cial effect of steel slag was obtained only up to two cycles
of wetting and drying. The introduction of steel slag as a
pozzolan in the mix could not extend the resistance to a
higher number of wetting and drying cycles. Hasan et al.
[39] found that the introduction of bagasse ash in lime sta-
bilization resulted in the stabilized composite becoming
more durable when subjected to ten cycles of wetting and
drying. A similar objective attempted with steel slag in the
present investigation could not be achieved.

Fig. 8. EFFECT OF WETTING AND DRYING CYCLES ON FIBRE REINFORCED
LIME STABILIZED SOIL AMENDED WITH STEEL SLAG
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4.3.3 A Comparative Discussion

To understand the extent of strength development of
fibre reinforced lime stabilized soil subjected to alternate
cycles of wetting and drying, a comparison with similar stu-
dies was attempted. Two studies were identified for compa-
rison with the present study viz. the work done by Anggra-
ini et al. [19] and Muntohar and Khasanah [23]. These two
were selected because the former adopted a combination
of lime and fibres and the latter adopted a combination of
lime, waste and fibres. However, there are inherent limita-
tions of such a comparison. At the outset, the obvious di-
fferences in the type of soil, type of binder/stabilizer and

its content, type of auxiliary additive and its content and
lastly, the type of fibre and its contents do not allow a di-
rect one to one comparison. Therefore, this comparison is a
superficial one. Secondly, both the studies subjected these
combinations to multiple cycles of wetting and drying. But,
the comparison was limited to only 3 cycles of wetting and
drying adopted in the present study. Lastly, other studies
with a combination of lime and metallic fibres subject-
ed to wetting and drying could not be found and hence,
were not included. Table Il gives a brief overview of the
combinations used in the investigations. The combinations
shown in the table have been modified according to the
same naming convention used in the present study. Only
the optimal dosage combinations from the present study
have been shown in Table Ill.

Table lll.
OVERVIEW OF STABILIZER AND FIBRE COMBINATIONS OF THE TWO
INVESTIGATIONS
Detail Anggraini Muntohar and Present
etal.[19] Khasanah [23] Study
Stabilizer Lime Lime Lime
Type
Stabilizer o o o
Content 5% 17% 3%
Copper
. - Polypropylene Filaments
Fibre Type Coir Fibre Waste Fibre Polypropylene
Fibres
0 . 0
Fibre Content 1% 0.4% 1% (CF); 0.3%
(PF)
Auxiliary Rice Husk Ash Steel Sla
Additive g
Auxiliary
Additive - 17% 5%
Content
S3L1CF
. S5L1F*
Combina- S5LAFF* | s17Li7RHAO.4PW | SOLO-3PF
tions SBLIAF* S3L5SS1CF
S35SS0.3PF

F — Natural coir fibre, AF -~ AI(OH), modified coir fibre, FF - Fe(OH), modified
coir fibre.

Source: The authors

Figure 9 shows a graph between the residual strength
index (RSI) and no. of cycles. RSl may be defined as the
ratio of the UCS of the samples subjected to wetting and
drying cycles to that of the control samples (no wetting
and drying) [40]. The same was also adopted by Anggraini
et al. [19] as well as Muntohar and Khasanah [23]. Figure 9
represents the data under two categories. The curves for
fibre reinforced lime stabilized soil is represented by solid
lines and the curves for fibre reinforced, waste amended
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lime stabilized soil is represented by dotted lines. At the
outset, it can be seen that RSI curves of Anggraini et al.
[19] are different from that of the present study. S5L1F and
S5L1FF are very similar to each other in terms of wet-dry
resistance represented by the RSI curves. S5L1AF differen-
tiates itself after the first cycle of wetting and drying and
shows improved resistance compared to the other two.
S3L1CF of the present study is different from them in the
fact that it shows very good wet-dry resistance for the first
cycle but that resistance reduces thereafter. But all these
combinations lie within the RSl range of 1 to 1.2. The com-
bination S3L0.3PF of the present study, however, shows
a vastly different wet-dry resistance as seen from its RSI
curve. Its RSI goes as high as 1.63 at cycle two and then
drastically drops to 0.87. Comparing the work of Munto-
har and Khasanah [23] and the present study, there is a
vast difference between their corresponding RSI curves.
The wet-dry resistance of the former shows a steady im-
provement with the number of cycles (considered up to
three), with RSI value up to 2.81. In comparison, both the
combinations in the present study show improved wet-
dry resistance only up to two cycles of wetting and drying.
This may be due to a significantly high lime content adop-
ted by Muntohar and Khasanah [23], in their investigation
compared to the present study. Secondly, the difference
in auxiliary additives and their contents in both investiga-
tions could have also played a significant role.

Fig. 9. COMPARISON OF PRESENT STUDY WITH PREVIOUS INVESTIGATIONS
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4.3.4 Percentage Strength Change Analysis

To better understand the effect of wetting and drying
on the strength of the stabilized soil samples, a percenta-
ge strength change analysis was performed. This analysis
was performed from two perspectives. The first perspecti-
ve was the change in strength with the number of cycles
of wetting and drying. The second perspective was the
strength change from that of pure lime stabilized soil for
corresponding cycles of wetting and drying, Fig. 10 shows
the strength change with the number of cycles of wetting
and drying. It can be seen that all the combinations, gain
strength after the first cycle of wetting and drying when
compared to the control specimens. However, the com-

binations S3L and S3L0.3PF gave the maximum strength
gain of 61% and 51% respectively. For the second cycle
as well all the combinations produced positive strength
gain. But, the combinations of polypropylene reinforced
stabilized soil (S3L0.3PF and S3L5SS0.3PF) produced the
maximum strength gain of 63% and 60% respectively. Af-
ter three cycles of wetting and drying, all the combina-
tions resulted in a loss in strength barring the combination
reinforced with copper filaments (S3L1CF). It still had a
strength of around 9% higher than the control specimens,
though marginally lesser than the 9.7% gain achieved af-
ter the second cycle of wetting and drying. Thus, it can be
seen that copper filament reinforced lime stabilized soil
(S3L1CF) was the most durable of all the stabilized soil
combinations. Figure 11 shows the percentage strength
change from pure lime stabilized soil for corresponding
cycles of wetting and drying.

Fig. 10. PERCENTAGE STRENGTH CHANGE WITH NO. OF CYCLES OF
WETTING AND DRYING

=5} =5MICF SHAIPF SMESSICF = SALSSSOIPF

¥ & % E

Percentage Strength Change
-

- ]
e
bl
~Bl
1 ] 3
Mool Cycles

Source: The authors

Fig. 11. PERCENTAGE STRENGTH CHANGE FROM THAT OF PURE LIME
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It can be seen from the figure that all the combinations
have given positive strength benefits when compared to
the pure lime stabilized soil, when not subjected to wetting
and drying cycles (0 Cycle). After the first cycle of wetting
and drying, pure lime stabilized soil was better than all the



ITECKNE Vol. 18 Numero 1 « ISSN 1692-1798 « ISSN Digital 2339 - 3483 « junio 2021 « 7-17

combinations as there was a strength loss when compared
to lime stabilized soil. But, copper filament (S3L1CF) and
polypropylene fibre (S3L0.3PF) reinforced lime stabilized
soil specimens were more durable compared to the steel
slag amended combinations. Their loss in strengths were
around 1% and 2.5% respectively. After two cycles of wet-
ting and drying, all the combinations were better than pure
lime stabilized soil. However, in this case, the polypropylene
fibre reinforced combinations (S3L0.3PF and S3L5550.3PF)
were better than pure lime stabilized soil (by 29% and 47%
respectively). After three cycles of wetting and drying, it is
evident that the steel slag amendment did not perform as
expected, losing strength. But, on the other hand, the fibre
reinforcement of lime stabilized soil resulted in good resis-
tance to wetting-drying. The copper filament reinforced
specimen (S3L1CF) and polypropylene fibre reinforced
specimen (S3L0.3PF) performed 83% and 15% better than
the pure lime stabilized combination (S3L), respectively.
Thus, fibre reinforced lime stabilized soil performed better
than fibre reinforced lime-steel slag stabilized soil, under
conditions of wetting and drying. The choice of including
steel slag in the stabilization can be decided based on the
extent of wet-dry cycles and the location of stabilization.
However, extensive studies with a greater number of wet-
dry cycles need to be conducted before an effective combi-
nation can be suggested for such field conditions.

5. CONCLUSION

The investigation involved studying the resistance of va-
rious combinations of lime, fibres and steel slag stabilized soil
to alternate wet-dry cycles. Steel slag was adopted as the au-
xiliary additive whereas copper filaments and polypropylene
fibres were used as reinforcement. The UCS of the specimens
exposed to 1, 2 and 3 cycles of wetting and drying was eva-
luated to study the resistance to the loss in strength against
control specimens. Based on the experimental investigations
carried out on various combinations of lime, steel slag and
fibres, the following points can be concluded.

The soil under investigation was found to be an expan-
sive soil, classified as high plastic clay. This soil required a
minimum of 3% of lime for modification of its properties.
The optimal steel slag content was found to be 5%. The
optimal dosage of copper filaments required for maximum
strength gain/minimum strength loss was found to be 1%.
This 1% filament content was found to be the optimal dos-
age irrespective of whether the soil was stabilized using
lime or combinations of lime and steel slag.

All combinations of additives and fibres identified to
be optimal dosages resulted in UCS higher than pure lime
stabilized soil. This indicates that the introduction of steel
slag as an auxiliary additive in combination with fibre re-
inforcement improves lime stabilization. Thus, steel slag
can be effectively used in soil stabilization applications, but
definitely along with fibre reinforcement.

Irrespective of combinations, all specimens investigated
increased in strength after wetting and drying, which may be
indicative of a water deficiency in the specimens. It can be su-
ggested that for soils subjected to wetting and drying cycles,
stabilization on the dry of optimum water content can prove
to be beneficial. However, more detailed investigations need
to conducted to confirm the veracity of the inference.

Introduction of auxiliary additive and fibre reinforce-
ment resulted in improved resistance to the loss in strength
when compared to pure lime stabilized soil, irrespective of
the combination of additive and fibre adopted. However,
the beneficial effect of the additive could be seen only till
two cycles of wetting and drying. The fibre reinforcement
of lime stabilized soil resulted in good resistance to wetting
and drying cycles even up to three cycles. Thus, the choice
of introducing an auxiliary additive like steel slag can be de-
cided based upon the expected severity of the cyclic condi-
tions of wetting and drying.

Based on the investigation, it can finally be concluded
that copper filament reinforcement of lime stabilized soil
was found to be more effective in resisting wetting and dry-
ing cycles. This can open up an avenue for potential reuse
of waste copper filaments from old wiring as soil reinforce-
ment. To conclude, waste copper filaments can be effec-
tively used in soil stabilization activities, especially under
conditions of wetting and drying.

Future investigations are needed with a higher number
of wetting and drying cycles for identifying an effective and
durable combination of stabilizers and fibres for resisting
extreme field conditions.
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Resumen- En el Instituto de Geografia Tropical (IGT),
y en el resto de los centros que desarrollan el Sistema
de Informacion Ambiental del pais, no se obtienen en
tiempo real las mediciones ambientales. Esto se debe
a que la tecnologia utilizada para la comunicacién de
dicha informacion, desde los sensores que la capturan
al centro donde se procesa, se encuentra obsoleta. El
objetivo de este trabajo es dar solucién a la problematica
antes planteada, empleando la comunicacion Maquina a
Maquina (M2M) como parte de la tecnologia del Internet
de las Cosas (loT). Para lograr lo anterior se revisé la
arquitectura M2M definida por Instituto Europeo de
Normas de Telecomunicaciones y, a partir de ella, se
precisé la que se debia emplear en la obtenciéon de
datos ambientales en tiempo real. Se seleccioné un area
geografica con caracteristicas especiales, ubicada en una
zona de premontana de dificil acceso en las afueras del
municipio Consolacién del Sur, provincia Pinar del Rio
de Cuba, donde en la actualidad se monitorizan factores
ambientales de interés para el pais empleando métodos
rudimentarios. En el area M2M de dicho escenario se
analizaron varias alternativas para la obtenciéon de los
datos, lo que permitié seleccionar la mas adecuada, que
es la que se explica en este trabajo.

Palabras clave- M2M; loT; redes de sensores
ambientales; arquitectura.

Abstract- In the Institute of Tropical Geography
(IGT), and in the rest of the centers that develop the
Environmental Information System of the country,
environmental measurements are not obtained in real-
time.This is because the technology used to communicate

this information, from the sensors that capture it to the
center where it is processed, is obsolete. The objective
of this work is to provide a solution to the problems
raised above using Machine to Machine communication
(M2M), as part of the Internet of Things (IoT) technology.
To achieve the above, the M2M architecture defined by
the European Telecommunications Standards Institute
was revised and, based on it, the one that should be used
to obtain environmental data in real-time was specified.
Then, a geographical area with special characteristics
was selected, located in a difficult-to-access pre-
mountain zone on the outskirts of the Consolacion del
Sur municipality, in the Pinar del Rio province of Cuba,
where environmental factors of interest for the country
are currently monitored using archaic methods. In the
M2M area of this scenario, several alternatives were
analyzed to obtain the data, which allowed selecting
the most appropriate one, which is the one explained
in this work.

Keywords- M2M; loT; networks of environmental
sensors; architecture.

1. INTRODUCCION

Las tecnologias que soportan el paradigma de Internet
de las Cosas (loT) se tornan cada vez mas importantes a
medida que se incrementa la necesidad de mejorar la com-
prensiéon de nuestro entorno y de convertirlo en inteligente.

Las redes de sensores inaldmbricos (WSN) deben ser
capaces de organizar cientos o incluso miles de nodos y
proporcionar una comunicacion confiable, por lo que es-
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tos nodos deben tener las caracteristicas de alta confiabi-
lidad, baja potencia, bajo costo, facilidad de instalacion y
mantenimiento [1]. Las redes maquina-a-maquina (M2M)
gue permiten que maquinas, sensores y controladores para
comunicarse entre si sean muy similares a LAN o WAN, por
eso a menudo se les denomina Internet de las cosas (loT).

Una red M2M consiste de una gran cantidad de nodos
M2M y un gateway que forman un drea de dominio M2M.
Cada nodo M2M es un dispositivo muy flexible e inteligente
equipado con algunas tecnologias de deteccion especificas
y puerta de enlace M2M que es responsable de conectar
el dominio de drea M2M con el dominio de red [2]. En la
comunicacién de maquina a maquina, los dispositivos se
comunican sin o casi sin intervencion humana. Tareas como
vigilancia remota, salud y monitoreo ambiental, redes inte-
ligentes, ciudades inteligentes [3], hogar y la seguridad del
tréfico y el transporte inteligente son ejemplos bien cono-
cidos de comunicaciones M2M [1].

Las aplicaciones ambientales que emplean tecnologia
M2M suelen ser inteligentes, propiciando la deteccion de
incendios forestales, contaminacion del aire, terremotos y
deslizamientos de tierra. Este tipo de aplicaciones facilitan
el monitoreo de agua potable, el descubrimiento de pro-
ductos quimicos que contaminan los rios y el mar y la de-
teccién temprana del desbordamiento de los rios. También
se emplean en la agricultura inteligente para, por ejemplo,
mejorar la calidad de los vinos y los cultivos y controlar las
condiciones de microclima en las casas verdes.

En los centros de informacidon ambiental en Cuba existen
cada vez mejores condiciones tecnoldgicas para el monito-
reo ambiental; sin embargo, aun no se completa la medicién
en tiempo real de sus observaciones en todas las estaciones
dispersas a lo largo del pais, o la tecnologia utilizada para la
comunicacién de los datos, desde los sensores que los captu-
ran al centro donde se procesa, se encuentra obsoleta.

Debido a la problemédtica existente en los centros de mo-
nitoreo ambiental, en nuestro pais, se decidié explorar la im-
plementacién de un sistema loT para obtener en tiempo real
las mediciones ambientales. En este trabajo se presenta una
arquitectura M2M para monitorear los datos ambientales en
tiempo real, la cual debe también beneficiar la coordinacion
entre centros de monitoreo, al habilitar la capacidad de anti-
ciparse ante cualquier variable climatica o agricola.

2. Sistemas M2M

Los sistemas M2M constituyen una sub-area de loT que
juega un importante papel en su implementacion [4]. El
numero de dispositivos conectados M2M alcanzaran los 13
mil millones en 2021, el 51% estardn conectados directa-
mente a Internet [5].

M2M se centra en la conectividad y se refiere a sistemas
auténomos o controlados por humanos, que involucran dis-
positivos que automaticamente recopilan datos (temperatu-

ra, humedad, velocidad, sitio, bioldgicos, sefales, etc.), inter-
cambian informacién e interactiian con el medio ambiente
segun la necesidad y sin intervenciéon del hombre [5]. Un
dispositivo en un sistema M2M no solo recopila datos para
su propio uso, también comparte los datos con otros disposi-
tivos automdaticamente para lograr ciertos objetivos [4].

Este paradigma de comunicacion facilita las comunica-
ciones ubicuas con un gran nimero de dispositivos inteli-
gentes conectados por enlaces aldmbricos / inaldmbricos,
que interactian entre si sin intervencion humana directa.
Las aplicaciones basadas en comunicacion M2M estan am-
pliamente difundidas en escenarios como redes inteligentes,
e-sanidad, redes de 4rea doméstica, transporte inteligente,
sistemas de gestion ambiental, monitoreo ambiental, ciuda-
des inteligentes y automatizaciéon industrial, entre otros [6].

Para seleccionar las tecnologias apropiadas para la ges-
tién de acceso y durante el disefio del protocolo, se deben
considerar las caracteristicas Unicas y los requerimientos
generales de M2M [7]. Por ejemplo, Wi-Fi tiene un rango de
acceso de 100 m en Wireless Local Areas Networks (WLANS),
lo cual es bastante corto para atender MTCD densamente
desplegados en grandes ambientes al aire libre. Asi, IEEE
802.11ah (Wi-Fi HaLoW) considerando diversos requisitos
de calidad del servicio (QoS), se puede integrar en productos
Wi-Fi, ya que puede ser configurado de forma flexible para
diferentes aplicaciones. IEEE 802.11 es una de las tecnologias
inaldmbricas que se esta modificando para su uso en loT de-
bido a su implementaciéon de amplio rango y soporte para
conectividad IP. Por lo tanto, es un protocolo prometedor
para la implementacién de M2M a gran escala de bajo costo
y eficiencia energética. De acuerdo con Amudo & Othman
[7], algunas caracteristicas asociadas con la gestién de acce-
so en tecnologias M2M especificas son las siguientes:

«  Wi-Fi: es posible que Wi-Fi no satisfaga completamen-
te los diversos requisitos de QoS para MTC, debiendo
modificarse para adaptarse a diferentes casos de uso.

- |EEE 802.11: las soluciones personalizadas para IEEE
802.11 pueden ser disefiadas para atender a diversas
aplicaciones de MTCD.

« ZigBee: las redes Mesh ZigBee se caracterizan por
una baja utilizacidn, ya que no tienen balizas. Las to-
pologias basadas en arboles también tienen limita-
ciones que se manifiestan en una menor eficiencia de
transmision y una estrecha sincronizacion.

+ Bluetooth: tiene problemas de gestién de energia, asi
como de agrupacién de terminales y agregacién de
datos cuando los terminales M2M deben conectarse
en una piconet (dispositivos de red que se conectan
a través de Bluetooth). Sin embargo, puede ser em-
pleado eficazmente en domética [8].

En relacién con las arquitecturas M2M, Chen & Lien [9]
abogan por un modelo de referencia de arquitectura M2M
para facilitar la colaboracién durante la implementacion
préactica y operacién entre subsistemas y entre hardware y
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software. Las comunicaciones M2M admiten informacion
auténoma (incluyendo datos y control) transporte dentro
de todo el sistemas loT basados en la nube o sistemas ciber-
fisicos. Por tanto, el modelo de referencia de comunicacion
M2M que proponen los autores referidos proveera transpa-
rencia al software de aplicacion y escalabilidad de hardware.

Cuerpos de estandares a nivel global y regional han sis-
tematizado modelos de referencia de arquitectura loT. Por
ejemplo, el Instituto Europeo de Normas de Telecomunica-
ciones (ETSI), junto con oneM2M han desarrollado estanda-
res para M2M [6]. En acapites posteriores se profundiza en
la arquitectura M2M de ETSI.

Entre los trabajos relacionados estudiados que imple-
mentan arquitecturas M2M se encuentra la propuesta de
Datta et al. [10] que plantea una arquitectura loT que per-
mite la interaccién en tiempo real entre clientes moéviles y
cosas inteligentes (sensores y actuadores) a través de un
gateway inaldmbrico. En [11] se propone una solucién ba-
sada en loT para deteccién de gases ambientales que pre-
ceden a un enfoque plug and play, cuya interfaz se define
utilizando el protocolo receptor/transmisor asincrono uni-
versal. La comunicacién inaldmbrica se realiza a través de
los estandares IEEE 802.15.4 y IEEE 802.11 (Wi-Fi). El sensor
propuesto en ese articulo detecta humo, oxigeno, hidrége-
no, mondxido de carbono, vapor de alcohol, petréleo licua-
do, gas, benceno, amoniaco, metano y propano. Mientras
en [12] se centran en el desarrollo de una arquitectura M2M
para aplicaciones domésticas e industriales. Especificamen-
te, para seguimiento ambiental implementado con tecno-
logia WebSocket y ZigBee, donde la red de sensores ZigBee
se utiliza para recoger datos de temperatura y humedad.
Una implementacién de sistema loT para la medicién de
calidad del aire es descrita en [13]. Se monitorean, en este
estudio, la temperatura, humedad, presién atmosférica,
densidad de polvo y concentraciones de monéxido y dié-
xido de carbono, metano y éxidos de nitrégeno. Se basa en
tecnologias de codigo abierto de software y hardware.

La principal contribucién del presente articulo radica
en la arquitectura M2M, propuesta que, con el empleo de
buenas practicas de tecnologias M2M, es implementada a
la medida de un caso real en una granja agricola ubicada
en una zona pre-montafia de dificil acceso en las afueras
del municipio Consolacién del Sur, provincia Pinar del Rio,
en Cuba, donde anteriormente se monitorizaban factores
ambientales empleando métodos rudimentarios, desco-
nectados del centro de analisis de la provincia. Con la so-
lucién propuesta, se habilita el monitoreo ambiental desde
un centro regional, con lo cual se logra analizar los datos en
tiempo real y hacer més efectivas las decisiones en el marco
del Sistema de Informacién Ambiental en Cuba.

3. METODOLOGIA

El modelo de alto nivel de arquitectura funcional ETSI
propuesto en la especificacién “TS 102690” [14] consiste en

un dominio de red y dominio de dispositivo y puerta de en-
lace, como se refleja en la Fig. 1.

Fig. 1. DOMINIOS DE LA ARQUITECTURA FUNCIONAL M2M DE ETSI [14]
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Fuente: Los autores.

Para aplicar la comunicacion M2M a la monitorizacién
ambiental en tiempo real del Sistema Nacional de Informa-
cién Ambiental, se reviso la arquitectura de referencia M2M
definida por la ETSI [14], la cual se muestra en la Fig. 2, lo
que constituye el punto de partida metodoldégico.

Los elementos que se destacan en dicha arquitectura son:

- Dispositivo M2M (Sensor): Médulo que se encuentra
en una maquina remotay que provee comunicacion
con el servidor. Usualmente, el dispositivo M2M
también tiene capacidad de proceso pudiendo eje-
cutar la aplicaciéon de negocio. Debe implementar
un protocolo para poder comunicarse con la ma-
quina donde se encuentra, y otro de comunicacién,
para el envio de informacién.

+ Red de acceso: Puede ser de fija o inalambrica. Per-
mite la conectividad entre el dispositivo M2M y el
gateway. Emplea diversas tecnologias: PLC (por las
siglas del término en inglés Power Line Communi-
cation), Ethernet, RDSI (Red Digital Servicios Inte-
grados), ADSL (por las siglas del término en inglés
Asincronyc Digital Suscriber Line), GSM (por las siglas
del término en inglés Global System for Mobile Com-
munications), UMTS (por las siglas del término en
inglés Universal Mobile Telecommunications System),
HSDPA (por las siglas del término en inglés High
Speed Digital Packet Access), WiFi, Bluetooth, RFID,
ZigBee, UWB.

+ M2M Gateway: Actia como intermediario entre
la red de acceso y la red de nucleo y provee inter-
comunicacién e interaccion entre los dispositivos
M2My entre estos y las aplicaciones. Puede ser con-
figurado para encargarse del direccionamiento y la
gestion de los dispositivos M2M.
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» Red de nucleo (Core network) M2M: Es la red encar-
gada de unir y transportar la informacién desde los
gateways a las aplicaciones.

+ Aplicaciones M2M: Las aplicaciones M2M se encar-
gan de realizar el analisis de los datos, procesarlos y
hacerlos entendibles por los seres humanos, tanto en
forma de tabla como de grafico, segun el tipo de apli-
cacion y sus funcionalidades, las que son especifica-
das por los desarrolladores. Pueden estar vinculadas
con la gestién de los dispositivos. En cada implemen-
tacion en particular se decide si la gestion se hace
donde se encuentra la aplicaciéon o desde otro lugar,
que pudiera ser un centro intermedio.

La arquitectura de comunicacién M2M que se pro-
pone para la medicion ambiental se inspira en la ar-
quitectura M2M de la ETSI [14]. Se divide en tres partes
fundamentales: drea M2M (zona de medicion), red de
comunicacién y aplicacién.

En el drea M2M (zona de medicién) se encuentran los
sensores ambientales M2M que se comunican con él o los
gateways, utilizando diferentes protocolos de comunica-
cién, tipicamente estandares (Ej.: Modbus y MQTT o proto-
colo de colas de mensajes de transporte de telemetria), que
deben ser entendidos tanto por el sensor como por el ga-
teway. En dependencia del protocolo de comunicacién que

se emplee entre estos dispositivos y del nimero de senso-
res que admite cada gateway, se utilizard por cada grupo
de sensores uno o mas gateways. En el area M2M también
pueden existir nodos de sensores, formando parte de la red
de sensores ambientales. Los nodos de sensores son dispo-
sitivos a los cuales se les puede conectar otros sensores no
M2M, brindando la posibilidad de convertir su comunica-
cién a M2M.

Los gateways M2M permiten la interconexién entre la
red de sensores y la red de comunicacion. En el area M2M
pueden existir uno o varios gateways dependiendo del nu-
mero y tecnologia de sensores que se vayan a emplear. La
mayoria de las pasarelas que se utilizan en el drea M2M son
dispositivos disefiados especificamente para aplicaciones
M2M con capacidades de almacenamiento, en memoria
RAM integrada, de los mensajes que transmiten los senso-
res, y con soporte de varias decenas de estos conectados al
mismo tiempo. Los gateways pueden conectar sensores o
nodos de sensores empleando puerto USB o puerto serie.

Entre los sensores y el gateway existe una red de peque-
fio alcance, la cual constituye la red M2M. En esta se utilizan
tipicamente los estdndares de comunicacion WiFi, ZigBee,
GSM, GPRS y Bluetooth, aunque pudieran emplearse otros
teniendo en cuenta, principalmente, las especificaciones
de los dispositivos M2M.

Fig. 2. ELEMENTOS DE LA ARQUITECTURA M2M DE REFERENCIA [14]
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Los datos obtenidos en el area M2M son enviados des-
de el gateway a las aplicaciones finales que los procesan a
través de la red de comunicaciones, la cual emplea diferen-
tes tecnologias de acceso sobre la que tipicamente se so-
porta el protocolo IP.

Como caso de estudio, se seleccioné un 4rea geogra-
fica con caracteristicas especiales, ubicada en una zona
pre-montana de dificil acceso en las afueras del municipio
Consolacion del Sur, Pinar del Rio, donde en la actualidad
se obtienen pardmetros ambientales de interés. Una vez
establecido el escenario a utilizar se analizé cémo lograr la
obtencién y transmision de los datos a la aplicacion final,
de manera que los mismos se puedan leer en tiempo real.

A continuacion, partiendo de la arquitectura de refe-
rencia, se analizaron varias alternativas para el drea M2M de
dicho escenario, escogiéndose la que se explica en este tra-
bajo, que es la mejor solucién a la situacién existente y que,
a la vez, se ajusta al presupuesto con que se cuenta para la
implementacion de la comunicacion M2M en el sistema de
informacion ambiental.

Finalmente, los datos obtenidos se deben transmitir en
tiempo real a una aplicacion final, situada en un centro de
monitoreo ambiental, que los debe procesar.

4. RESULTADOS

Para el empleo de la tecnologia M2M en el monitoreo
ambiental en tiempo real, se parte de lo que en la actuali-
dad se realiza para la obtencién de los datos ambientales
en un area geografica. La misma esta ubicada en una pre-
montaia en las afueras del municipio Consolacion del Sur,
provincia de Pinar del Rio, especificamente en una finca lla-
mada “Cascajales”. Que se encuentra a una distancia apro-

ximadamente de 40 kilémetros del centro meteorolégico
de Pinar del Rio.

En esta ubicacion geogréfica y en la mayoria de las zo-
nas de monitoreo importantes para el pais, no es posible
obtener los datos ambientales en tiempo real, debido a que
es necesaria la presencia de personas para la obtencién y
transmision de los datos dado que:

« Laestacion de monitoreo no tiene posibilidad de en-
viar los datos de manera automatica a medida que
los obtiene.

« No se utiliza una red de comunicacién desde donde
se miden los datos hasta el centro meteorolégico
provincial.

La figura 3 ilustra la situacién de monitoreo en el caso
de estudio antes de proponer la solucién M2M.

En funcion del objetivo planteado y para resolver la
problemética existente, se decidié proponer la tecnologia
M2M para la obtencién de datos ambientales en tiempo
real. Se analizaron varias alternativas para el drea M2M de
la arquitectura propuesta (Fig. 3) en las que fue necesario
tener en cuenta:

+ Losindicadores ambientales que exige el Sistema de
Informacién Ambiental (temperatura y humedad del
suelo, punto de rocio, velocidad del viento, tempera-
tura del ambiente, humedad relativa, presion atmos-
férica, calidad del aire y cantidad de lluvia), asi como
de otros recomendables para la ampliacion de este
tipo de mediciones.

« Los dispositivos M2M ambientales que proveen va-
rios fabricantes.

Fig. 3. MONITOREO DE DATOS AMBIENTALES ANTES DE LA SOLUCION M2M
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Fuente: Los autores.
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Finalmente, se escogié la alternativa que mejor solu-
ciona la situacién existente y que, a la vez, se ajusta al pre-
supuesto con que se cuenta para la implementacion de la
comunicacion M2M en el sistema de informaciéon ambien-
tal. En esta alternativa la red de sensores ambientales esta
compuesta por dispositivos de los fabricantes Libelium y
Eurotech. Se escogid para la misma el nodo de sensores in-
tegrado de Libelium, Fig. 4; llamado Waspmote Plug & Sen-
sel [15], pero solo empleando la placa de agricultura, y el
sensor ReliaSENS 18-12 [16] de la alternativa del fabricante
Eurotech, Fig.4. Ambos dispositivos admiten comunicacién
WiFi y GPRS hacia el gateway.

Fig. 4. DISPOSITIVOS 10T SELECCIONADOS EN LA SOLUCION PROPUESTA.
3-a WASPMOTE PLUG & SENSE [15] (IZQUIERDA); RELIASENS 18-12 [16]
(DERECHA)

Fuente: Los autores. .

Adicionalmente, se plantea considerar, para la estacion
agrometeoroldgica que se encuentra actualmente instala-
da en la zona de interés, el nodo de sensores estandarizado
SN802GR420-4 del fabricante Murata [17] que posibilita la
conversién de los datos de dicha estacién a la tecnologia
M2M. Para esto es necesario conectar el puerto serie RS-
232 de la estacién agrometeoroldgica al puerto serie RS-
232 que posee el nodo de sensor. De esta forma, el nodo
de sensor actia como un intermediario entre la estacion y
el gateway posibilitando la comunicacién entre estos dos
elementos en el area M2M.

El nodo de sensores por el que se optd para la es-
taciéon agrometeoroldgica, ademas del puerto serie
RS-232, tiene conexidon WiFi y admite los estandares
802.11b/g/n. La bateria interna que posee puede, como
promedio, superar los cinco afios de uso, y al agotarse lo
que requiere son tres baterias de tipo AA, que son faciles
de obtener no siendo muy costoso.

En esta solucién, los dispositivos M2M seleccionados se
puedan conectar de dos maneras:

1. Utilizando un solo gateway que conecte todos los
dispositivos mediante WiFi, que es la tecnologia de
conexion que admite tanto el nodo de sensores SN-
802GR420-4, como el Waspmote Plug & Sense y el
ReliaSENS 18-12.

2. Utilizando dos gateway: uno para comunicar, me-
diante la tecnologia celular GPRS, el Waspmote Plug
& Sense! y el ReliaSENS 18-12 Yy, el otro, para conec-
tar el nodo de sensores SN802GR420-4 via WiFi.

De estas dos posibilidades se escoge la primera ya que
es mas econémica. El gateway seleccionado es el ReliaGATE
50-21 [18] que tiene variedad de estdndares de conexioén,
los cuales pudieran ser necesarios posteriormente para am-
pliar la red de sensores en la zona de la premontana. Ade-
mas, dicho gateway esté especificamente disefiado para el
transporte de datos con el protocolo MQTT que es el proto-
colo M2M que se ha seleccionado para la implementacion
de la comunicaciéon M2M.

Esta alternativa, ademds, considera, para la gestién de
los dispositivos, el software de gestién de Eurotech ESF
[19], el cual da la posibilidad de mostrar los datos de los
sensores en tiempo real y exportarlos al formato MS Excel
para ser colocados en un servidor FTP. Se recomienda que
dicha gestién y servidor se encuentren en el Centro Meteo-
rolégico de Pinar del Rio.

Esta solucion, que permite la obtencién de los datos am-
bientales empleando la tecnologia M2M, puede adaptarse a
diferentes aplicaciones, de manera que es facil su expansion
a otros proyectos del territorio nacional, especificamente a
lugares donde se requiera la monitorizacién ambiental. La
Fig. 5 muestra la arquitectura M2M propuesta.

Fig. 5. ARQUITECTURA M2M EN ESTACION DE MONITOREO AMBIENTAL
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Fuente: Los autores.

El descubrimiento de sensores se inicia estableciendo
una conexion de los dispositivos M2M con el gateway (Re-
liaGate 50-21). Esta fase es necesaria debido a que los dis-
positivos y terminales M2M se pueden agregar o eliminar
en tiempo real. Para esta fase de descubrimiento se ofrece
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una API en el Gateway; una vez descubiertos, los sensores
pueden ser elegidos por el usuario para recibir las observa-
ciones codificadas en el Lenguaje de Etiquetado de Senso-
res SenML (Sensor Markup Language) que esta implemen-
tado en JSON. Con ello se habilita la posibilidad de que el
servidor analice eficientemente un gran nimero de meta-
datos del sensor en un periodo de tiempo muy corto.

La arquitectura propuesta se aplicé de forma experi-
mental en una estacién de monitoreo ubicada en la Finca
Cascajales del municipio Consolacién del Sur en la provin-
cia Pinar del Rio.

Se emplea, para este ejemplo, la Mapoteca Digital del
Instituto de Geografia Tropical, soportada en la platafor-
ma OpenGeo Suite [20], para mostrar en el mapa la zona
de medicién y los valores medidos desde los sensores ubi-
cados en la finca y sus alrededores. Una muestra se puede
ilustrar en la Fig. 6.

Fig. 6. APLICACION CLIENTE DE MONITOREO DE VARIABLES AMBIENTALES
BASADA EN LA ARQUITECTURA M2M
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Fuente: Los autores.

5. CONCLUSIONES

La comunicacién M2My su incorporacion en los senso-
res ambientales permite actualizar las tecnologias de moni-
torizacién existentes, y crear una red inteligente y eficiente
para la transmision de datos en tiempo real.

En este trabajo se definié una arquitectura para el empleo
de la tecnologia M2M en el monitoreo ambiental en tiempo
real. Ademas, en el mismo se explica, entre varias alternativas
analizadas, la que mejor resuelve el monitoreo ambiental en
tiempo real en un area geografica de interés para la Agencia
de Medio Ambiente y al Instituto de Geografia Tropical.

Mientras la solucidn que se propone tiene la posibilidad
de ser expandida a otros proyectos del territorio nacional,
el equipo de trabajo se encuentra laborando en otras tareas
de investigacion complementarias que deben tener su fru-
to en un futuro cercano. Entre estas investigaciones, cabe
mencionar las siguientes:

« El desarrollo de un gateway para redes de sensores
inaldmbricos, basado en plataforma Raspberry Pi, y la
evaluaciéon de su desempeio respecto a la propuesta
de arquitectura aqui presentada.

« La orquestacion de nodos niebla entre la nube y los
dispositivos loT usando FogFlow y la plataforma loT
FIWARE como middleware.
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