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ABSTRACT:

. The main objective of this study was to propose the application of soil-lime mixtures asa primary coating layerof
unpavedforestroads based on the premise that this layer can be considered mechanically similar to a flexible pavementsub base layer,
aiming to fill a gap in the current technical literature and engineering practice in this field of knowledge. In the study, a laboratory
test program was carried out in a residual gneiss soil encompassing: (i) geotechnical characterization tests; (ii) compaction tests
at the standard Proctor energy on soil specimens and on soil-lime mixturespecimens prepared with lime contents of 2, 4 and
6% related to the dry soil mass; (iii) unconfined compressive strength tests on soil specimens compacted at the standard Proctor
optimum parameters; and (iv) unconfined compressive strength tests on specimens of soil-lime mixtures compacted at the standard
Proctor optimum compaction parameters with lime contents of 2, 4 and 6%, and cured at 22.8°C in the curing periods of 3,7, 28
and 90 days. The results showed that the addition of lime resulted in: (i) reduction in soil maximum dry unit weight (gdmax) and
increase in soil optimum water content (Wope);and(ii) significant gains in soil unconfined compressive strength that evidenced the
expressive occurrence of pozzolanic reactions in the mixtures.Based on the hypothesis of a similar requirement for soil-cement
and soil-lime mixtures, the tested soil-lime mixtures met the minimum mechanical strength (1.2MPa) required for application as
a primary coating layer of unpaved forest roads.

KEYWORDS: stabilization, compaction, mechanical strength.

INTRODUCTION

For economic reasons, a forest road network does not follow the technical requirements of design and
construction of public roads,since its cost significantly affects the end value of the removed wood(Crispim
et al,, 2015). The economic aspect and construction period are main constraints in the implementation of
these roads, and most of them are built as dirtroads(Silva, Minette, Souza, Moraes, &Schettino, 2016).

The Brazilian unpaved forest road network commonly present subgrade in clayey or sandy soils that
after compaction become the foundation of the road pavement. According to EmmertandPereira (2016),a
primary coating layer of selected soil constructed over the subgrade or an uncoated subgrade frequently
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composes their engineering structure. As for the soil used in the primary coating layer of unpaved forest
roads, there is no Brazilian national technical standard recommendation available.

Regardingbearing capacity, it could be assumed that the primary coating layer of unpaved forest roads is
technically similar to the subbase layer of a conventional flexible pavement. From this point of view, and
following the Brazilian National Department of Transport Infrastructure - DNIT recommendations, the
primary coating layer soil should exhibit minimum CBR of 20% and maximum CBR expansion of 1%
(DNIT, 2006).

Currently, these values are higher than the bearing capacity of the majority of road subgrade soils from the
Zona da Mata Norte, state of Minas Gerais, Brazil, in general with CBR lower than 11% (mature residual
soils — Latosols and Argissols), and commonly below 6% [young residual soils (saprolite) and soft soils] at the
Proctor standard compaction effort. In these situations, soil stabilization can be a recommended technique
to improve the mechanical response of subgrade soils to function as a primary coating layer of unpaved forest
roads(Azadegan, Yaghoubi, & Jie, 2013).

Soil stabilization refers to the process of changing geotechnical properties of the soil to improve its strength
and durability, it has been used to improve the characteristics of road subgrade soils to meet required long-
term performance (Negi, Faizan, Siddhart, & Singh, 2013). For road pavements, lime is among the most
used chemical agents for the stabilization of subgrades and other pavement soillayers (Dash& Hussain,
2012;Baldovino, Moreira, Teixeira,[zzo,&Rose, 2018).

The improved characteristics of compacted lime-treated soils are very important to geotechnical
engineering applications such as unpaved forest roads.Recent studies by Chittoori,Puppala, Reddy, and
Marshall (2012) clearly demonstrated the environmental and cost benefits of using an excavated material
treated with lime rather than an imported material.

In Brazil, there isno DNIT technical standard for the design of soil-lime mixtures. However, in the context
of using soil-lime mixtures as a primary coating of unpaved forest roads, as a premise, minimum unconfined
compressive strength could be established based on the soil-cement mixture requirement for the subbase
layer.

In this sense, the Parand Department of Highways - DER/PR (DER, 2005) arbitrates the minimum
unconfined compressive strength of 1.2 MPa for using soil-cement mixtures as flexible pavement subbase
layer. On the other hand, the Sio Paulo Department of Highways - DER/SP (DER, 2006)provides a
standard for the design of the soil-lime base and subbase layers based on the CBR test, not taking into account
directly the effect of the mixture curing period on its mechanical strength. Besides, there is the consideration
that CBR is not a laboratory testing practice recommended for the evaluation of the mechanical strength of
lime stabilized reactive soils (TRB, 1987).

The addition of a percentage of lime [CaO, Ca(OH),] to a soil raises the rate of strength development and
the final strength due to the formation of secondary cementitious products (Pomakhina, Deneele, Gaillot,
Paris, &Ouvrard, 2012; Dewindt,Deneele, &Maubec, 2014; Deneele, Le Runigo, Cui, Cuisinier, & Ferber,
2016).According to the necessity to reduce the use of raw material and the consumption of natural resources,
studies are requiredto optimize use of lime in soil stabilization.

In the stabilization process, lime interacts with amorphous soil clay particles through endothermic
reactions, promoting a series of physicochemical transformations, which results in changes in plasticity
and strength of soils (Beetham,Dijkstra, & Dixon, 2014; 2015). Hatim and Mohamed (2018)report that
addition of lime to a clayey soil promotes cation exchange reactions that affect the thickness of its double
diffuse layer and, in general, with a decrease in the liquid limit, increase in the plastic limit and, therefore,
decrease in the plasticity index. Besides the modification in soil plasticity, the addition of lime to a clayey soil
can also create middle-long term cement bonding among the soil particles through pozzolanic reactions that
increase its strength and stiffness (Consoli, Lopes Jr., Prietto, Festugato, &Cruz, 2011;Chemeda, Denecle,
Christidis, &Ouvrard, 2015).Therefore, it is common to associate addition of lime to clayey soils with
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the improvement in their workability, due to cation exchange reactions with the consequent flocculation-
agglomeration of fine particles, and the gain of mechanical strength, due to pozzolanic reactions.

The mechanical strength of soil-lime mixtures is usually evaluated through unconfined compressive
strength and depends on several variables, such as soil and lime types, lime content, temperature, curing
period, and compaction effort (Al-Mukhtar, Lasledj, & Alcover, 2014; Vitale,Deneele, Paris,&Russo,
2017).According to these authors, in general, the mechanical strength of lime-treated soil increases with the
lime content and period and temperature of cure of the mixtures.

Another most used soil improvement technique is compaction, commonly associatedwith chemical
stabilization of soils for road engineering applications. In 1933, Ralph R. Proctor published his observations
on the compaction of landfills in soils, contributing significantly to the development of this technique by
presenting the ratio between the dry unit weight and the water content, for a given compaction effort
(Basheer, 2001).The method commonly utilized is the Proctor compaction test, regulated in Brazil by the
Brazilian Association of Technical Standards - ABNT (ABNT, 2016d) and by the Brazilian National
Department of Highways (DNIT, 2013). Regarding compaction, in Brazil, there is no national standard
establishing the compaction effort requirement of soil-lime mixtures for road engineering applications.
Commonly, it is used the standard Proctor compaction effort following the national recommendation for
compaction of soil-cement mixtures (DNIT, 2010).

In this context, the objective of this study was to characterize soil-lime mixtures to analyze the influence
of lime content on the soil compaction parameters and to study the effect of lime content and curing period
on the mechanical strength of the mixtures for application as a primary coating layer of unpaved forest roads.

The originality of this studylies on the application of soil-lime mixtures as aprimarycoating layer of forest
unpaved roads based on the premise that this layer can be regarded as technically similar to the subbase layer
of conventional flexible road pavement, from the mechanical strength standard requirement.The relevance
of this research focuses on that the current extension of the Brazilian unpaved forest roads network exceeds
600,000 km, commonly composed of a primary coatingand, or a subgrade soil improvement layer, depending
on the road relevance as wood transport routesbetween forests and cellulose factories. However, in the design
and construction of these roads, there is no established technical, mechanical strength requirement, and
frequently they present trafhicability problems under medium and heavy rain conditions.

MATERIAL AND METHODS
Soil and chemical stabilizer

The soil analyzed in this study was classified geotechnically as mature residual gneiss soil and pedologically as
Red-Yellow Latosolin accordance to theBrazilian Soil Classification System (SiBCS) (Embrapa, 2013). The
collection site of a disturbed sample was the Alto dos Barbados, in the Campus of the Federal University
of Vigosa, Minas GeraisState Brazil, on the Belo horizonte of a cut slope at the geographical coordinates
20°45°11.1” South latitude and 42°51°31.2” West longitude. The summarized data from Velten, Lima,
Fontes, and Carvalho (2012) regarding, respectively, soil mineralogy and chemistry are listed in Tables 1,
2,and 3.

Data in Table 1 support that the sand fraction of the soil showed quartz as the dominant mineral, even
though peaks of kaolinite and mica were identified. The kaolinite peaks in the sand fraction of this soil are
classified as pseudomorphic mica. The clay fraction showed kaolinite as the dominant mineral, as well as
hematite, goethite, gibbsite and hydroxy-interlayered-vermiculite (HIV) peaks.
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TABLE 1.
Soil mineralogy.
Soil fractions Soil
Fraction = 53 mum Quartz, Kaolinite, Mica
Fraction < 53 mum Kaolnite, Hematite, Goethite, Gibbsite, HIV

Velten et al. (2012).HIV: Hydroxy-interlayered vermiculite

TABLE 2.
Soil chemistry 1.
Chemical parameters
H
CEC CEC
pHin P K MNa cg" mg" o’ + B D
PZC Al
H,0
mgclm'B cmol, dm™

5.81 600 22 8 00 000 1.11 000 06 113 113 133

Velten et al. (2012).PZC: Point of Zero Charge;SB: Sum of exchangeable bases;
CEC (t): Cation exchange capacity; CEC (T): Cation exchange capacity at pH 7.0.

TABLE 3.
Soil chemistry 2.

Chemical parameters
v m 58] OMC  Prem Zn Fe Mn Cu B

% ilagkg'

653 0.0 000 038 4.0 530 442 162 113

w2

11'1gL'1 mgclrr[3

Velten et al. (2012).V: Base Saturation Index; m: Aluminum Saturation Index; SSI: Sodium
Saturation Index; OMC: Organic Carbon x 1.724 — Walkley-Black; P-rem: Remaining phosphorus.

The chemical characterization of the soil, presented in Tables 2 and 3, follow the standard procedures
proposed by Embrapa (1997). The soil presented pH higherthan 5, low organic matter content and little
amount of exchangeablebases. Regarding the PZC, defined as soilpH at the point of zero charge, it is higher
than thesoil pH. When the soil pH is lower than the soil PZC, it presents more positive than negative charges
in the clayey mineral surfaces, which favors anionic absorption.

The chemical stabilizer used in the soil-lime mixtures was a commercial calcitic hydrated lime, CH-III
type, commercialized in the city of Vigosa, in the contents of 2, 4, and 6% related to the dry soil mass. For
instance, DNIT (2006) refers to lime contents up to 5 to 6% for lime improved, and lime stabilized soils for
road applications. The chemical composition of the hydrated lime is shown in Table 4.
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TABLE 4.
Lime chemistry

Component Amount (%)
Cal 74.0

MO 0.7

510, 1.5
Calcination losses 220
Available Ca0 70.0
Ca(OH}, available 070

Ca0 on the non-volatile base ]
Maztmuim non-hidrated Ca0 1.0
Mazimum excessive moisture 1.0

Geotechnical characterization, compaction and unconfined compressive tests

The soil geotechnical characterization followed the ABNT recommendations, including: liquid limit
(ABNT, 2016a), plastic limit (ABNT, 2016b), particle size analysis (ABNT, 2016c), compaction tests
(ABNT, 2016d), specific density of solids (ABNT, 1984)and unconfined compressive tests (ABNT,
1992)performed in soil and mixtures specimens compacted at the standard Proctor effort.

Considering that there is no DNIT standard for compaction of soil-lime mixtures for road engineering
applications in Brazil, compaction of soil and soil-lime mixtures occurred at the standard Proctor effort,
following the DNIT recommendation for soil-cement mixtures (DNIT, 2006).

Lime was mixed with the soil samples at 0, 2, 4, and 6% by weight of dry soil. In the preparation of lime-soil
mixtures, the addition of lime to the dry soil was performed by inclusion of water, mixture, cure of mixtures
during 1-hour (TRB, 1987; Al-Swaidani, Hammoud, & Meziab, 2016), and compaction at the standard
Proctor effort (ABNT, 2016d) to obtain the compaction curves. Cure of mixtures favors cation exchange
reactions between soil and lime, which produces changes in the electric charge densities present in the clay
particles and culminates in their flocculation (Di Santi, Fratalochi, Mazzieri, & Pasqualini, 2014).

After determination of the compaction curves, triplicate specimens presenting 100 mm in height and 50
mm in diameter, which defines a height/diameter ratio of two, were compacted at their optimum compaction
parameters for unconfined compressive tests. In sequence, the mixture specimens were sealed in transparent
plastic bags to prevent loss of moisture and cured during 3, 7, 28, and 90 days in moisture curing room at
average temperature of 22.80C.

The adopted curing periods reflect conditions to the occurrence of short-term reactions through cationic
exchanges (up to 3 days) and medium and long-term reactions through pozzolanic reactions (7 to 90 days),
responsible for significant gains in the mechanical strength of mixtures.

For the unconfined compressive test,which was performed with speed of 1.0 mmmin.”! the specimens had
to follow a set of conditions: the specimen dimensions with tolerances of + 0.5 mm in diameter and + 1 mm
in height, the apparent dry unit weight with a tolerance of £1% of target value, and the moisture content
with a tolerance of + 0.5% of target value. After testing, the unconfined compressive strength adopted was
the average of the maximum failure stresses of the three specimens with a tolerance of + 5% around the
mean. In cases where the standard deviation exceeded the pre-established tolerance, three new specimens
were compacted and tested.
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Application of soil-lime mixtures in unpaved forest roads

As a premise and regarding mechanical strength requirement, in this study, it was assumed that the primary
coating layer of unpaved forest roads is technically similar to the subbaselayer of conventional flexible
road pavement. Therefore, following the DER/PR standard for soil-cement subbase layer (DER, 2005) a
minimum unconfined compressive strength of 1.2 MPa is required for the design of soil-lime mixtures as
primary coating layer of unpaved forest roads.

RESULTS AND DISCUSSION
Geotechnical characterization tests

The grain size distribution curve of the soil is illustrated in Figure 1 and the geotechnical characterization,
including the soil classification following the Transportation Research Board System(TRB) and Unified
Soil Classification System (USC), as well as the methodologyMiniaturaCompactado Tropical (MCT)
(Nogami&Villibor, 1995)can be observed in Table 5. The grain size distribution presented in Table 5 follows
the ABNT standard (ABNT, 1995).

100 e ——
30 1 {/'
g 70 ' ' |
g 60 !
g
5 90
& s
20
10
0
0,000 0.001 0.0 0.1 1 10 100
Particle size (mm)
FIGURE 1.

Grain size distribution of soil following the ABNT standard (ABNT, 1995).

TABLE 5
Soil geotechnical characterization and classification.

Chy (%) Silt(%) Sand(%) LL(%) PL(%) PI(%) G

8

71 11 18 g2 44 38 274
Soil classification systems

TRB A-T-50200

usc CH

MCT LG

LL: liquid limit, PL: plastic limit; PI: plasticity index; Gs: specific gravity of solids; TRB: Transportation
Research Board; USC: Unified Soil Classification; MCT: Miniature, Compacted, Tropical.

According to ABNT (1995), data in Figure 1 and Table5 indicate soil geotechnical characterization as
silty-sandy clay. Also, soil classifications following the USC, TRB and MCT systems, respectively, are high
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compressibility silt, clayey soil, and lateritic clayey soil. Regarding the soil-lime mixture reaction mechanisms,
the clay fraction of 71%, plasticity index (PI) of 38% and soil mineralogy favor the occurrence of pozzolanic
reactions and, therefore, a substantial gain in mechanical strength of mixtures compared to the soil.

Compaction tests

The curves from the standard Proctor compaction tests are illustrated in Figure 2, and the optimum
compaction parameters [maximum dry unit weight (gdmax) and optimum water content (wopt)] for lime
contents of 0, 2, 4, and 6% are listed in Table 6.

Data in Figure 2 and Table 6 indicate that increases in lime content in soil-lime mixtures led to increases in
the optimum water content and decrease in the maximum dry unit weight, as reported in the literature (TRB,
1987; Hatim&Mohamed, 2017). Specifically, the reduction of the peaks, shown in Figure 2, corresponds to
the maximum specific dry weight on the ordinate axis, and the increase in the optimum water contents with
displacement of the curve to the right side on the abscissa axis.

There was an increase of 3.55% in the optimum water content in the 6% lime curve compared to the soil
curve. Cation exchange reactions between the clay fraction of soil and lime, with consequent agglomeration-
flocculation of the particles of colloids of clay minerals, explain this phenomenon. These reactions result
in a decrease of the soil diffuse double layer and consequently in clay particle flocculation in an edge-face
structure.

38 . | . ® Natuoral Soil
+ Soil + 2% Lime
W Soil + 4% Lime
136+ X Soil + 6% Lime

134}

Dry unit weight, y, (kN/m’)

23 30 32 34 36 38

water content, w (%)

FIGURE 2.
Compaction curves of soil and soil-lime mixtures.
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TABLE 6.
Optimum compaction parameters of soil and soil-lime mixtures.
Material w, (%) By, (Nm )
Soil (0% lime) 31.45 1372
Soil + 2% lime 33.30 1370
Soil + 4% lime 34 24 13.53
Soil + 6% lime 35.00 13.48

Wwopt: optimum water content; gdmax: maximum dry unit Weight.

The improvement in the compaction properties of the soil moves into a moisture range that can be easily
compacted. This effect is clearly advantageous when used on soils with a high water content. A treatment with
lime therefore makes it possible to transform a sticky plastic soil, which is difficult to compact, into a stiff,

casily handled material. After compacting, the soil has excellent load-bearing properties (Hatim&Mohamed,
2017).

Unconfined compressive tests

The relationship between the maximum average unconfined compressive strength of specimens of soil-lime
mixtures and the curing periods of 3, 7, 28, and 90 days, as well as the unconfined compressive strength of
the natural soil (NS) is shown in Figure 3.

2700

2200

—4—2% Lime

—+#—4% Lime

—

-1
=
=

1200 —8— 6% Lime
—+—NS
700

Average unconfined compression
strenght {kPa)

200

Curing period (days)

FIGURE 3.
Unconfined compressive strength versus curing period of soil and mixtures.

Compared to the soil, significant gains in the unconfined compressive strength of mixtures with the
increase in lime content and curing periods are observed in Figure 3.According to Consoli et al. (2012)
andConsoli, Prietto, da Silva Lopes, and Winter (2014) the increase in soil-lime mixture strength is directly
related to the decrease of pores and the increase in lime volume. The most significant mixture reported in
this study refers tothe lime content of 6% and curing time of 90-days, with an increase of around 730%. Also,
with 6% lime, there is a steady unconfined compressive strength gain between 7 and 90-days curing time
contrarily to Di Sante et al. (2014), who identified the time interval approximately between 3 and 30 days
as a time for development of most of the cementation reactions.

These gains observed in Figure 3 are mostly related to the development of pozzolanic reactions between
lime and soil clay fraction in the presence of water, which give rise to the formation of hydrated calcium
silicate and hydrated calcium aluminate through reactions between lime, silica and free alumina in the clay
particles (Al-Swaidani et al., 2016). The interaction between calcium ions and the clay fraction causes the
dissolution of silica and alumina from the clay fraction particles in a high pH environment. The dissolved
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ions combine with the calcium ions and form cementitious agents that interconnect the clay particles, and
are responsible for significant increases in mechanical strength.

The resistance gain of the mixtures may also be related to the mineralogy of the soil under analysis. Velten
et al. (2012) performed a mineralogical characterization of the same soil and, through the X-ray diffraction
test, verified in the clay fraction that it presents kaolinite as the main mineral. Iron and aluminum oxides,
mainly hematite and gibbsite, were also detected, which give the soil high adsorption capacity. The presence of
hematite is associated with its more reddish coloration, which is a remarkable characteristic that this mineral
confers to soils, due to its high pigmentation power. It is generally found in warmer and lower moisture
environments with high iron release rates, low organic matter and high pH.

Maubec, Deneele, and Ouvrard (2017) analyzed two different clays, kaolin and bentonite, and observed
that addition of lime led to an increase of mechanical properties of these clays. These improvements
were faster with bentonite, even if the long-term performance reached by kaolinite was higher. The
coupling between macroscopic and physico-chemical aspects showed that these improvements are linked
to the development of secondary compounds, such as calcium silicate hydrates, hydrogarnet and calcium
carboaluminate hydrate phases.

The Ca-ion at higher pH promotes linkage between particles and provides the most eflicient way to form
dense, tightly packed flocs, which behave as individual coarse grained materials as silt or sand (Vitale et al.,
2017).The presence of a high pH environment is essential to guarantee the effectiveness of lime [CaO or
Ca(OH),]stabilization of clays by means of pozzolanic reactions. At these high pH levels, the solubility of
silica and alumina is largely increased. Thus, as long as the lime is available in the systemand the pH remains
high enough to maintain the solubility, pozzolanic reactions continue over time to form bonding compounds
that cause long-term strength increase (Al-Mukhtar et al.,, 2014).

According to Di Sante et al. (2014) at the end of cementation reactions, pH value is expected to hold
steady. At the same time, measurements of cations concentration in the water indicates occurrence of
reaction mechanisms, as follows: calcium concentration should initially increase due to hydrated lime
dissociation and then decrease during cation exchange and pozzolanic reactions; not further reduction in

Ca*" concentration with time means no more reactions taking place in the mixture. Sodium and potassium
concentrations are expected to increase during cation exchange and hold steady at the end of this exchange,
clearly marking the end of short term reactions.

Despite the fact that the soil chemical composition showed potassium in higher content than sodium
(Table 2), sodium exchanged to a greater extent than potassium. The reasons for this evidence are that
sodiumcomes before potassium in the lytropic series together with the capacity of some clay minerals to fix
potassium. In fact, in clay minerals, especially in illite, Na*and Ca*" are very ineffective in removing K* ions,
mainly those located in the edge interlayer sites that resultto be non-exchangeable cations.

Applications of mixtures in the improvement of subgrade soils and primary coating of
unpaved forest roads

According to data in Figure 3, the unconfined compressive strength observed in the 7-day curing period
for the lime content of 6%, in the 28-day curing period for lime contents of 4 and 6%, and in the 90-day
curing period for all lime contents exceeded 1.2 MPa, which is the minimum value recommended by DER
(2005) for application of soil-cement mixtures as subbase layer of a flexible pavement. Therefore, based on
the hypothesis of a similar requirement for soil-cement and soil-lime mixtures, the tested soil-lime mixtures
met the minimum mechanical strength required for application as a primary coating layer of unpaved forest
roads.
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CONCLUSION

Data from this research support that with increasing lime content, there wereincreases in the optimum water
content and reductions in the maximum dry unit weight caused by cation exchange reactions. Results of
unconfined compressive strength tests support application of soil-lime mixtures as a primary coating layer of
unpaved forest roads. Readers attention and scientific impact of this research are associated with the proposal
of a technical-economical viable solution, the application of cemented soil mixture as primary coating of
unpaved forest roads of the Brazilian forest-based companies, in order to solve their trafhcability problems
under medium to high-intensity rain conditions.
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