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Abstract

The paper industry generates significant waste volume that due to its chemical composition could be applied on the improve-
ment of soil geotechnical properties. Thus, the present study is aimed to evaluate the efficacy of addition of waste on clay
soil to improve the geotechnical properties. Tests were performed producing mixtures containing soil, 30% of waste, and
different concentrations (5-14%) of agglomerant (lime or cement). Atterberg’s limits and compressive strength were evalu-
ated. The results indicated that it is possible to add 30% of waste without losing soil original properties, while improving
Atterberg’s limits. The use of lime or cement is necessary to improve the soil strength. Increasing the lime content makes the
compressive strength follow an exponential increase trend; while using cement, a linear behavior was perceived. All these
aspects of waste reuse maximize the reuse of materials and reducing its environmental impact.
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Introduction

The paper industry is an expanding market, with an annual
growth rate up to 30% that consequently generates a signifi-
cant amount of wastes (Orlandi et al. 2017). About 0.4 ton
of waste for every ton of paper produced has also reported
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to have been generated (Toczylowska-Maminiska 2017). The
chemical characteristics of this waste can vary depending
on the type of paper produced, the wood used, and the tech-
niques applied on the production process; however, some
compounds are common to the majority of these wastes,
such as CaO, SiO, and Al,O5 (Simdo et al. 2018; Azevedo
et al. 2019). Considering the waste volume generated by the
paper industry, has been reused and applied on construction
materials (de Azevedo et al. 2018). Considering the chemi-
cal composition of paper and cellulose waste, its application
on improvement of geotechnical properties of soil has been
suggested. However, it is important to establish the technical
standards for the correct application.

Clay soils are often poor in strength due to swelling
properties and poses serious problem for construction
(Yilmaz and Civelekoglu 2009). If it is not possible to
change the construction site, one alternative could be soil
stabilization (Sharma and Hymavathi 2016). Soil stabiliza-
tion can be performed with chemical techniques, and for
this, cement is the most widely used stabilizing agent for
sandy soils (Aiban 1994), while for clay soils, the most
used materials are CaO, Ca(OH), and other materials with
carbonate contents (Yong and Ouhadi 2007; Saldanha
et al. 2018; Phanikumar and Ramanjaneya Raju 2020).
CaO is the main fraction of many sludges, such as those
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obtained from the paper industry, and could be used as soil
additives (Jarnerud et al. 2021). When the CaO reacts with
the water present in soil, Ca(OH), is formed and the soil
gains strength, because it stays drier (Rogers and Glendin-
ning 1997). Additionally, the cation replacement by Ca**
decreases the double diffuse layer thickness, and conse-
quently increases the attraction between soil particles (Zhu
and Liu 2008).

Depending on the construction objectives, soil can be
improved or modified by the addition of agglomerants.
Pavements and roads, for example, need to improve only
some characteristics such as expansive potential, humidity
content and plasticity, while for structural function it is
necessary to increase strength and durability (Kamon and
Nontananandh 1991; Ramaji 2012).

To the best of our knowledge, there is no other study
describing the application of waste from the paper industry
for clay soil geotechnical improvement. It is expected that
at more realistic conditions the mechanisms in the waste
reuse on geotechnical construction evolves. Therefore,
we evaluate whether the addition of waste from the paper
industry, associated with different proportions of lime or
cement, improves the geotechnical properties of clay soil.

Materials and methods
Soil and waste samples

The soil samples used in the tests were collected at
Joagaba city (27°9'33.24"S and 51°31'29.42"0) and the
procedures followed the recommendations of PRO 003
(DNER 1994a). The waste used was collected from a
local paper industry. The agglomerant agents used were
Portland cement CPV - high early strength type and com-
mercial hydrated lime.

Table 1 Characterization of the natural clay soil before the mixtures

Clay - @ < 0.002 mm (%) 69.74
Silt — 0.002 mm < @ < 0.06 mm (%) 26.64
Thin sand — 0.06 mm < @ < 0.2 mm (%) 1.13
Medium sand — 0.2 mm < @ < 0.6 mm (%) 1.67
Coarse sand — 0.6 mm < @ < 2.0 mm (%) 0.82
Boulder — 2.0 mm < @ < 60 mm (%) 0
Liquid limit (%) 53
Plastic limit (%) 37
Plastic index (%) 15
Specific weight of grains (g cm™3) 291
Textural classification Clay
H.R.B or A.AS.HT.O. A7-5

Soil and waste characterization

The clay soil used in the present study was geologically
ordinated from basaltic rocks. The sample was dried in an
oven (100 °C). Then, the soil was disaggregated with a
mortar and pestle. All procedures were performed as rec-
ommended by NBR 6457 (ABNT 2016a). The soil samples
were characterized (Table 1) by particle size, according
to NBR 7181 (ABNT 2018), determination of Atterberg’s
limits (liquid limit-LL; plastic limit—PL), according to
NBR 7180 (ABNT 2016b) and NBR 6459 (ABNT 2017),
and weight specific grain value according to ME 093
(DNER 1994b). The waste was characterized by physi-
cal and chemical properties (Table 2), according to NBRs
10,004, 10,005, 10,006, 10,007 (ABNT 2004a, b, c, d).

The sample of paper waste was dried in an oven (100
°C), followed by disaggregation of grains, made with a
mortar and pestle.

Mixtures composition and characterization

The contents used for the mixtures are shown in Table 3.
The ideal mixture proportion assumed was 70% soil and
30% waste. This proportion was used based on a compac-
tion test, since this ratio presented the highest dry weight,
lowest humidity and reduced the soil plasticity.

Table 2 Characterization of the paper industry waste

Textural classification Sandy
pH 11.3
Specific weight of grains (g cm™3) 2.73
Density 0.9992
Dry solids (%) 98.4
CaO (%) 46
MgO (%) 1.73

Table 3 Soil-waste—agglomerant agent mixtures composition tested

Mixtures

62% s0il-30% waste—8% lime
60% soil — 30% waste—10% lime
58% so0il—30% waste—12% lime
56% soil—30% waste—14% lime
65% s0il-30% waste—5% cement
62% s0il-30% waste—8% cement
60% s0il-30% waste—10% cement
58% s0il-30% waste—12% cement
56% s0il-30% waste—14% cement
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Compaction test

The compaction tests were carried in soil, waste and agglo-
merant mixtures according to NBR 7182 (ABNT 2016c¢),
using normal compaction energy. The determination of plas-
tic and liquid limits was performed as described in Soil and
waste characterization.

Molding and breaking of the specimens

Specimens were molded only for mixtures that contained
agglomerant in their composition, since the purpose was to
evaluate the behavior that occurred with the variation of the
lime or cement content. The rupture occurred with curing
periods of 7, 14 and 28 days, with 4 specimens molded for
each curing age, totaling 108 samples. Each specimen was
formed by 3 equivalent layers, totaling 5 cm in diameter and
10 cm in height. To guarantee the same amount of material
in the 3 parts, the corresponding mass of each specimen
was weighed. Compaction of specimens were performed
using a manual press (Contenco®, Brazil). Subsequently,
the specimens were placed in closed plastic bags and stored
for further analysis. The compressive strength of specimens
were tested with curing periods of 7, 14 and 28 days, and
during the last 24 h the specimens were soaked, considering
the worst possible condition. After soaking, the mass of the
specimens was measured. Finally, the compressive strength
was evaluated performing a static loading (EMIC, model
PC200, Brazil).

Statistical analysis

Statistical differences between data sets containing the
treatment group were determined using analysis of variance
(ANOVA) with Statistica® software (Statsoft Inc. Ed - ver-
sion trial). Tukey’s significant difference test was conducted
after the determination of variances (p >0.05).

Results and discussion
Soil and waste proportion

Table 4 shows the results from the compaction test and
Atterberg’s limits. The Atterberg’s limits consist of liquid
limit (LL) and plastic limit (PL), where the first is the water
content (w) below which fine-grained soil ceases to flow as a
liquid; and the second is observable transition in soil behav-
ior obtained for rolling out on a glass plate of soil threads
at water contents each side of the hand-rolling plastic limit
(O’Kelly 2021). Based on the results, it is possible to realize
that the soil substitution by waste increased the maximum
dry weight (Ygmax)» Which means there was a lower number
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Table 4 Results of compaction tests and Atterberg’s limits for the
mixtures of soil and waste

Mixtures Ydmax: Woptimun LL PL
kgm™) (%) % (%)
100% soil 1409 33 71 44
90% soil—10% waste 1458 31.1 61 34
80% so0il—20% waste 1506 30.5 51 33
70% soil—30% waste 1558 28.8 50 32

of voids in the mixture, making it stronger. The reduction
of the optimum water content (Wi, is important con-
sidering the decrease in the water footprint (water needed
during the soil stabilization procedure). Atterberg’s limits
(LL and PL) values were reduced by the soil substitution
by waste, where the proportion of 70% of soil and 30% of
waste presented the best results. The tendency of reduction
on the LL and PL limits means that soil plasticity decreased,
reducing the chances of soil problems along time axis. Simi-
lar results of decreasing plasticity of soil were observed by
Mavroulidou (2018) when adding paper sludge ash to clay
soil. Other studies also reported that the LL and PL were
reduced to 34.3 and 22.5%, respectively, when treating soil
with 14% of waste from the paper industry (Teja et al. 2016).

When CaO from the waste material is mixed with clay
soils, it reacts and exchange cations with soil minerals. This
reaction result in a flocculation process (aggregation of fine
particles), which improves the soil physical characteristics,
such as plasticity decrease, and consequently the quality of
soil is improved for geotechnical applications. Lime waste
addition can be used to improve the soil quality for agro-
nomic purposes increasing soil pH and ryegrass yields (He
et al. 2009). Additionally, the chemical reaction between the
CaO and the water present in the soil, produced heat (an exo-
thermic reaction) that keeps the soil system drier with high
strength (Obuzor et al. 2012). The reuse of paper industry
waste can be applied in other fields, such as replacement of
cement in mortar (Borinaga- Trevifio et al. 2021), fabrication
of bricks and ceramics (Vashistha et al. 2019) and cementa-
tions binder (Vashistha et al. 2021).

Compaction test and Atterberg’s limits

Based on the results reported on Table 4, the proportion of
70% of soil and 30% of waste was used in the subsequent
tests, to the addition of agglomerants (lime or cement) in
the proportions of 8, 10, 12 and 14%. The results from
the compaction and Atterberg’s limits are presented on
Fig. 1 (A, B). The addition of agglomerant did not change
substantially the v4,,,, but reduced the W, which
values ranged from 1471.4 to 1398.8 kg m™3 and from
31.8 to 28.8%, respectively. The values of LL and PL were
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inversely proportional to the agglomerant concentration
increase, with higher reduction when using cement.

The soil studied here naturally presents an expressive
plasticity characteristic (Table 1), and consequently seri-
ous geotechnical problems for construction. The addition
of waste from the paper industry improved the soil quality
as can be seen by the LL and PL values (Table 4). How-
ever, this improvement is not enough for effective soil sta-
bilization, so the addition of an agglomerant is necessary
to improve the soil strength. Comparing the results from
cement and lime addition, it is possible to observe that
cement presented the best results that could be related to
the waste characteristics, which could have improved the
chemical reaction with cement (Fig. 1A).
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Fig.1 Results of compaction tests (A) and Atterberg’s limits (B)
for the mixtures of soil (S), waste (W) and agglomerant (L: lime; C:
cement)

Compressive strength test

Figure 2 shows the results from the compressive strength
obtained from the different mixtures containing lime
(Fig. 2A) or cement (Fig. 2B), and it is possible to observe
that the compressive strength was improved with an increase
in curing time. The compressive strength profile changed
along the time, however, after 14 days of curing, no signifi-
cant difference was observed among the mixtures (Fig. 2A).
After 28 days of curing, the mixture with the significant
highest compressive strength was 56% of soil and 14%
of lime, with an exponential tendency to increase behav-
ior. These changes over time can be explained by the fact
that lime chemical reactions with soil happen slowly. The
mixture with the highest lime content presented the highest
compressive strength values (950 kPa). Nevertheless, there
is a limit on the proportion of lime to be added. When the
mixture saturation is achieved, the addition of extra agglom-
erant will be inefficient (Rao and Shivananda 2005).
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Fig.2 Compressive strength from the different mixtures containing
lime (A) or cement (B). Different letters denote significant differences
(p<0.05) according to Tukey test.
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Comparing the compressive strength rates obtained
in the mixtures with 62% and 56% of soil between the 14
and 28 days of curing, it is possible to realize that the first
one presented a rate of 6.5 kPa d~ ! while the second one
presented a rate of 23.0 kPa d=! (Fig. 2A). Similar results
were reported previously, where the compressive strength
of clay soil was improved with the addition of 10% of paper
waste (1112.7 kPa) when compared with untreated clay soil
(712.4 kPa) (Khalid et al. 2012). Additionally, a maximum
compressive strength of 1,667 kPa was reached when using
14% of paper waste in highly swelling soil (Teja et al. 2016;
Phanikumar and Ramanjaneya Raju 2020) reported an
improvement of 118% (878 kPa) of clay soil compressive
strength after the addition of lime sludge and 10% of cement.

In Fig. 2B, a gradual improvement in the compressive
strength was obtained when increasing the curing time and
the cement content in the mixture. In the mixture contain-
ing 65% of soil and 5% of cement, the compressive strength
rate from the 14 to the 28 day of curing was 67.7 kPa d™ .
The best compressive strength results were obtained with
the mixture containing 56% of soil and 14% of cement,
with a daily rate of 86.9 kPa during the 14 to the 28 day
of curing. The difference observed between the results of
lime or cement addition could be explained by the fact that
the cement used was the high early strength (type-III). It is
important to highlight that different soil composition can
change the proportion of materials additions, as such as
the type of waste used to replace the agglomerant (Al-Taie
2020; Phanikumar and Ramanjaneya Raju 2020) studied the
addition of lime sludge in expansive clay soil stabilization,
and reported the increasing the waste content decreased the
liquid limit and plasticity index, and the addition of 10% of
cement generated further decrease.

The results obtained in the present study are promis-
ing due to different aspects. In the geotechnical context,
the addition of waste has the advantage of reducing the
amount of soil to be replaced in the construction site, and
also decrease the water needed for soil compaction. As a
consequence, this will reduce the construction cost (Khalid
et al. 2012). Economically, the disposal of waste represents
the main fraction of the cost involved in the paper indus-
try wastewater treatment (Mahmood and Elliott 2006), so
that the application of the waste in the construction is an
alternative to reduce these cost (Mozaffari et al. 2009). This
disposal is not considered dangerous to the environment,
once pathogens are not present (due to the high pH), and the
chemical composition favors the soil pH correction, and has
been widely used (Royer-Tardif et al. 2019). Additionally,
due to the chemical composition of these wastes (similar to
commercial lime and cement) they are primary candidates
to be used on the replacement of these natural materials in
geotechnical building (Rahmat and Kinuthia 2011; Simao
et al. 2018). The substitution of cement and lime by waste
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materials, and the reduction of the use of these materials
(cement and lime) raises in the environmental concern
related to the high energy needed to obtain them, consider-
ing the extraction process and transportation (electricity and
diesel); the resource depletion and environmental transfor-
mation in the extraction site; and the high CO, emission
rates (Obuzor et al. 2012). The replace of these materials
will decrease the amount of inputs related to pollutants
emission and materials used during the extraction process
(Saldanha et al. 2021).

All these aspects of recovery and reutilization of waste
from the paper industry are in harmony with the engineer-
ing field by focusing on maximizing the reuse of materials,
aggregating value to the residues and reducing its environ-
mental impact (Mozaffari et al. 2009; Vochozka et al. 2016).
Moreover, this practice reduces the pressure on the natural
sources of materials such as cement (Molina-Sanchez et al.
2018).

Conclusion

The mixtures containing clay soil, waste, lime or cement
presented successful results. Atterberg’s limits (LL and PL)
values were reduced by the soil substitution by waste, where
the proportion of 70% of soil and 30% of waste presented the
best results. After 28 days of curing, the mixture with the
significant highest compressive strength (7066 kPa) was 56%
of soil, 14% of cement, 30% of waste. The addition of waste
from the paper industry did not decrease the soil quality,
indicating the possibility of its application on soil stabiliza-
tion. We reinforce here the usage of 30% of waste to improve
soil quality in geotechnical construction. The concentration
of agglomerant will depends on the type of construction to
be made on the soil.

Considering that studies such as the present one here
have not been often reported, this study will be a reference
for alternative destinations of this type of waste. The adop-
tion of reuse in the construction field is expanding every
day, and is of extreme importance to the preservation of the
environment.
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