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ABSTRACT

The mechanical performance of soil stabilization using lime to improve forest roads was assessed.
This study was conducted with lateritic soil (LVAd30) using lime content of 2% in the municipality
of Niquel4ndia, Goids state, Brazil. Geotechnical tests of soil characterization, compaction, and
mechanical strength were performed applying different compaction efforts and curing periods.
The results showed that lime content significantly changed the mechanical performance of
natural soil, increasing its mechanical strength and load-carrying capacity. Compaction effort
and curing time provided different responses in the unconfined compressive strength (UCS) and
California Bearing Ratio (CBR) tests. The best UCS value (786.59 kPa) for the soil-lime mixture
was achieved with modified compaction effort and curing time of 28 days. In the CBR test,
soil-lime mixtures compacted at intermediate and modified efforts and cured for 28 days were
considered for application as subbase material of flexible road pavements, being a promising
alternative for use in layers of forest roads.

Keywords: flexible pavements, forest transportation, lateritic soil, forest
management.
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1. INTRODUCTION

A network of forest roads with adequate surfacing
is essential to maintain a continuous flow of timber
transportation from planted forests in Brazil. Due to
the increased demand for wood by the business sector,
the traffic of heavy cargo trucks with a payload greater
than 40 tons is increasingly intense along these routes.
This finding has led to the need to build roads with
good load-bearing capacity and durability.

According to Sessions (2007), forest roads present a
differentiated structure in their cross-section compared to
national public highways. Forest roads are constructions
with two almost indistinguishable layers (a subgrade
or natural soil and an improved layer) and both must
bear the demands of the transport of wood and resist
climatic adversities, especially during the rainy season.
To deal with these conditions, forest roads require
good construction techniques and materials, which
are usually local soils.

In Brazil, lateritic soils, such as Oxisols, are
predominant. These soils are rich in iron and aluminum
and were formed by geological processes through
tropical weathering. Due to their wide availability, they
are a cheaper option and a more common material
for road construction for timber transportation from
forest plantations. However, roads built with such
materials are subject to deterioration owing to their
poor geotechnical and mechanical attributes when

carrying intense traffic, as well as during the rainy season
(Millogo et al., 2012). In this context, Portelinha et al.
(2012) highlighted the use of chemical stabilization
techniques using lime as an economical alternative
for soil improvement. Lime is one of the oldest road
construction materials (Dash & Hussain, 2012), whose
technological characterization as a soil stabilizing agent
was referenced in studies by Machado et al. (2006),
Consoli et al. (2009), and Cristelo et al. (2009). Lime
can increase the mechanical performance oflocal soils
for use in layers of flexible pavements.

Therefore, the objective of the present study was
to investigate, using laboratory geotechnical assays,
the technical potential of the use of hydrated lime in
the improvement of soil engineering properties of
forest roads.

2. MATERIAL AND METHODS

2.1. Study area and materials used

The study was performed in a section of a forest road
located in the municipality of Niquelandia, Goids state,
Brazil (14°26°417S; 48°44°26”W) (Figure 1) . This stretch
of road was the main access point for a road network
used for timber transportation (logs). The origin and
destination of the logs was the eucalyptus plantation
(1566 ha) and iron-nickel alloy beneficiation plant,
respectively, managed by Anglo American Company.
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Figure 1. Location of the study area and partial view of the forest road stretch.
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The materials used were local soil (LVAd30) from
the forest road and lime (CH-I Araguaia). Soil samples
were collected at 19 points at a distance of 45 meters
from each other, at 0-0.20 m depth along the forest
road, in three collection sites per sample, on the sides
and at the center of the road, using a pickaxe due to
the high degree of soil compaction. After collection,
the samples were packed in plastic bags, identified, and
sent to the Geotechnical Laboratory of the University
of Brasilia - UnB for analysis. Hydrated commercial
lime, CH-I category, containing 73.37% calcium oxide
(Ca0) was used in the experiment.

2.2. Laboratory experimental program

In the laboratory, the soil samples were air-dried
for 72 hs for determination of the following physical
parameters according to the DNIT (2006) norms:
(a) specific gravity of solid particles; (b) complete
particle size analysis; (c) liquid limit; and (d) plastic limit.
Subsequently, the samples were classified with respect
to their geotechnical behavior using the Transportation
Research Board (TRB) road system according to the
DNIT (2006) norms and the Miniature, Compacted,
Tropical (MCT) methodology, as in Nogami & Villibor
(2009). The limits established by the ABNT norm
(1995) were applied to the particle size distribution
of soil fractions, namely: (a) clay (¢ < 0.002 mm);
(b) silt (0.002 mm < ¢ < 0.06 mm); (c) fine sand
(0.06 mm < ¢ < 0.2 mm); (d) medium sand (0.2 mm
< ¢ <0.6 mm); (e) coarse sand (0.6 mm < ¢ <2 mm);
and (f) gravel (¢ > 2 mm).

The soil-lime mixture was prepared by adding
lime and water to soil at previously defined amounts
to achieve a desirable moisture content, followed by
manual homogenization and sieving (no. 4.8 mm).
The mixture was packed in hermetically sealed plastic
bags for additional laboratory testing. The percentage
of lime employed was 2%, based on dry soil density,
according to the results reported in the study by
Portelinha et al. (2012).

After preparation of the soil-lime mixture, the
following mechanical tests were performed: (a) compaction
(ABNT, 1986); (b) unconfined compressive strength —
UCS (Trindade et al., 2006); and (c) California Bearing
Ratio - CBR (DNER, 1994). These assays were also
conducted for the local soil without addition of lime.

Determination of the compaction curves and optimum
parameters - maximum dry density (y, )and optimum

moisture content (Wopt) - was conducted according to
the Proctor method. Compaction was performed using
the dynamic Proctor mold (internal diameter = 10 cm,
height = 12.7 cm, and volume = 1000 cm?®). Standard,
intermediate, and modified compaction efforts were
used (Table 1).

For determination of the UCS, cylindrical samples
(b =5cm; h =10+ 0.05 cm) were molded based on
the compaction parameters (WOpt andy, )and static
compaction in an electric press, applying a degree of
compaction of 0.3%. When ready, the test samples
were wrapped and submitted to wet curing in a
chamber with 100% humidity and 21 °C temperature
for 1, 7, and 28 days. Three samples were molded for
each compaction effort and curing period; they were
then ruptured in a single compression press at a speed
of 1.143 mm/min, with the UCS value obtained by
means of the rupture stresses.

Expansion and CBR values were obtained from
the compacted samples according to the compaction
parameters (Wop‘ andy, ),intermediate and modified
efforts, and for the curing time of the highest UCS value.
Compaction was performed on five internal layers
using a 4.5 kg pile in a California cylinder (¢ = 15.2;
h = 12.7 cm). The samples prepared in this way were
immersed in water for 96 hs (DNER, 1994) and expansion
values were measured daily. Subsequently, the samples
were ruptured, in triplicate, in a specific press, by the
penetration of a standard piston (area = 3 in?) at a
speed of 1.143 mm/min, thus obtaining the CBR value.

2.3. Data analysis

In order to determine the most accurate results of
the UCS test, factorial analysis of variance (ANOVA)
was applied followed by Tukey’s test. Compaction
efforts and curing times were the variables considered,

Table 1. Specification of the soil compaction test
according to the ABNT (1986) norm.

Specificati Compaction Effort
ecifications

. Standard Intermediate Modified
Compaction pile 2.50 454 454
(kg)

Number of layers 3 3 5
Number of blows 2% ’1 27
per layer

Compaction

effort (kg cm?) 6 = 29
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and a significance level of 5% (p>0.05) was adopted
for all statistical analyses. The CBR and Expansion
values were compared with the recommendations of
the DNIT (2006) norms for road pavement material,
namely: (a) subgrade (CBR >2%; Expansion <2%);
(b) subgrade reinforcement (CBR 22%; <1%); (c) subbase
(CBR 220%; Expansion <1%); and (d) base (CBR 280%;
Expansion <0.5%).

3. RESULTS AND DISCUSSION

Results of the physical characterization of local soil
(Table 2) showed predominance of the sand fraction in
the samples (> 60%), with a sandy-clayey-silty texture.
This soil did not fit into any of the particle size ranges,
recommended by the DNIT (2006) norms, for use as
grain base for pavements, because it presented less than
25% of particle size >2 mm, with reference to the gravel
fraction (5.19%). The mean value for specific gravity
of solid particles was 2.69 + 0.03 kg dm™.

The importance of the values for liquid limit - LL
(25.2%), plastic limit - PL (18.6%), and plastic index - PI
(6.6%) is associated with the volume variation of
compacted soils, either by contraction or expansion, which
are undesirable characteristics for road construction.
The maximum excepted limits established by DNIT
(2006) for base materials used in flexible pavements
are LL = 25% and PI = 6%.

The local soil was classified as A-4(1) by the
Transportation Research Board (TRB) - indicating a
satisfactory overall quality for use as material in road
subgrades, and as LA’ (sandy lateritic) by the MCT

system, with the following order of preference: as
base of vicinal roads, reinforcement of subgrade, and
compacted subgrade. According to Nogami & Villibor
(2009), LA soils present ease of compaction and adequate
cohesion. Silva et al. (2010) highlighted the importance
of the mechanical and hydraulic properties of the soil,
considered in the MCT classification, for tropical soils.

Figure 2 illustrates the compaction curves of local
soil and soil-lime mixture for the three compaction
efforts employed. For each compaction effort, addition
of lime to the local soil caused a change in the optimal
compaction values of the mixture, obtained at the
maximum inflection point of the curves, resulting in
increased optimum moisture content (Wopl) and decreased
dry density value (y, ). Similar behavior was reported
by Ferreira et al. (2005) and Portelinha et al. (2012)
in studies on the stabilization of fine soil with lime.

Both the local soil and the soil-lime mixture
responded well to the increase in compaction effort,
with a reduction of W and an increase in y,
from the standard effort to the modified effort.
Trindade et al. (2008) associated increased values of
Y jmae With significant improvements in soil engineering
properties, such as increased shear strength and erosion
resistance. According to Hossain et al. (2007), the soil
compaction process increases mechanical strength
and cohesion of the particles. Riicknagel et al. (2013)
however, highlighted the importance of knowing the
maximum mechanical load capacity that a soil can
withstand while still preserving its functions.

Figure 3 shows the stress-strain curves obtained
in the UCS test, from which it can be inferred that

Table 2. Physical properties and TRB and MCT classifications of soil samples.

Analyzed Properties

Mean Values and

Classification

Clay (¢ < 0.002 mm)

Silt (0.002 mm < ¢ < 0.06 mm)
Fine sand (0.06 mm < ¢ < 0.2 mm)
Medium sand (0.2 mm < ¢ < 0.6 mm)
Coarse sand (0.6 mm < ¢ <2 mm)
Gravel (¢ > 2 mm)

Y, (kg dm~)

LL* (%)

PL* (%)

PI* (%)

Particle size ABNT (1995) - %

Confidence Interval

21.8+7.15
12.7 +2.43
46.6 £ 7.56

9.9 £2.58
3.74 £1.27
5.19 £2.58
2.69 £0.03
252 +4.13
18.6 £ 0.56

6.6 +3.78

A-4(2) LA

Captions: TRB = Transportation Research Board; MCT = Miniature, Compacted, Tropical; *y_ = specific gravity of solid particles;
LL = liquid limit; PL = plastic limit; PI = plasticity index (PI = LL - PL).
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Figure 2. Behavior of soil compaction curves for local soil and soil-lime mixture and their respective optimum

values (W, and y,
effort (WOP[ = 12.65%; v,
soil-lime - standard effort (W

): local soil - standard effort (WOpl
= 18.61 kN m™); local soil -
= 16.65%; y,

= 14.45%; y,
modified effort (W
= 17.10 kN m™); soil-lime - intermediate effort (W

=17.95 kN m?); local soil - intermediate
opt = = 12.15%; Yimax = = 19.42 kN m?);
= 14.03%;

Ygoax = 17.81 KN m™); and soil- llme modified effort (W =13.80%;y, . = 18.63 kN m?).

the higher the compaction effort, both for the local
soil and for the soil-lime mixture, the clearer the
inflection points of the curves, which show where the
samples were ruptured, losing their particle aggregation
structure. It is possible to observe that compaction at
the modified effort produced complete longitudinal
rupture and abrupt breaking of samples of the soil-lime
mixtures, showing a higher degree of aggregation of
the soil particles by lime. Higher compressive stress
values (kPa) were obtained for the soil-lime mixtures
as a function of the curing time applied - the longer

the curing period, the higher the kPa.

Figure 3 also shows that, for the soil-lime mixtures,
the samples presented strain in relation to their height
of between 2 and 3%, at the moment of rupture,
observed at the maximum inflection point of the
stress-strain curves, whereas for the local soil, a strain
of 4% was observed. The practical application of these
values lies in the fact that improved layers of forest
roads built with this soil-lime mixture, compacted at
the modified effort, will resist after 28 days of curing
with traffic of up to 786.89 kPa, presenting strain of
3% in its thickness. Greater stress however, may cause

cracking and degradation of pavement. The local soil

at its best response, that is, compaction at a modified
effort, would withstand 385.10 kPa, with 4% strain.

Figure 4 shows the mean values of UCS extracted from
the stress-strain curves and statistically differentiated
at 5% significance level by the Tukey’s test. Increased
values of UCS were observed for all compaction
efforts and curing times, with the addition of lime
to the local soil followed by mechanical compaction
processes. Within the same curing time, compaction
at the modified effort resulted in the best UCS results
for the soil-lime mixture. However, when the curing
factor was considered in such mixtures, the highest
UCS values were obtained for the curing times of
7 and 28 days, at the intermediate (UCS = 578.28 kPa)
and modified (UCS = 786.59 kPa) compaction efforts.

Harichane et al (2011) reported that the reaction
between soil and lime results in the formation of
cementitious compounds that bind soil particles
together and, that generally the UCS value increases
with increasing curing time. According to Aldaood et al.
(2014), addition of lime to the soil generally improves
its geotechnical properties and provokes an immediate
exothermic reaction between the CaO present in lime and
soil water, forming calcium hydroxide. The immediate
modification that occurs in the engineering properties
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Figure 3. Local soil and soil-lime mixture stress-strain curves.
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Figure 4. Mean values of UCS, in kPa, of local soil and
soil-lime mixture at different compaction efforts and
curing times. Means followed by the same letter do
not differ at 5% significance value by the Tukey test;
Error bars indicate standard deviation; Least Significant
Difference (LSD) = 56.43.

of soils is due to the cation exchange between the ions
of the soil clay fraction and the calcium present in lime
(Bergayaetal., 2006). Al-Mukhtar et al. (2010) reported
the long-term occurrence of pozzolanic reactions in
soil-lime stabilization, which are dependent on the curing
time and temperature of the mixture. These reactions
are responsible for the long-term improvement of the

mechanical properties of clays (Pomakhina et al., 2012).

The results of the CBR and Expansion tests for local
soil and soil-lime mixtures conducted at the intermediate
and modified efforts and 28-day curing time are described
in Table 3. Addition of lime to the local soil, followed by
compaction, added higher load-bearing capacity to this
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Table 3. CBR and Expansion, in %, of local soil and soil-lime mixture compacted at intermediate (IE) and
modified (ME) efforts and cured for 28 days.

Material 108 ME Flexible Paved Layer
CBR (%) Expansion (%) CBR (%) Expansion (%) (According to DNIT, 2006)
Local Soil 13.52 0.03 8.00 0.06 Subgra.de and subgrade
reinforcement
Soil-Lime Mixture ~ 59.01 0.00 60.71 0.00 Subgrade, subgrade

reinforcement and subbase

Captions: CBR = California Bearing Ratio; IE = Intermediate effort; ME = Modified effort.

construction material, which was shown by the increase
in its CBR values: 336% and 659% at the intermediate
and modified efforts, respectively.

The increase of the compaction effort for the
local soil reduced its load-bearing capacity by 40.8%.
This occurred because soil particles broke when compacted
at the modified effort, leading to soil disintegration
and resulting in a lower CBR value. The CBR value of
the soil-lime mixture remained practically unchanged
as a result of increased compaction effort. Regarding
Expansion, the values found for both local soil and
soil-lime mixture were numerically negligible. With
respect to the classification of the soil-lime mixture as
amaterial to be used on conventional road pavements,
according to the DNIT (2006) norms, local soil can be
used only as subgrade, whereas the soil-lime mixture
can also be used on the subbase layer.

4. CONCLUSIONS

Analysis of the results led to the following conclusions:
(a) addition of lime modified the mechanical behavior
of thelocal soil, increasing its strength and load-bearing
capacity - characteristics desirable for road construction;
(b) compaction effort and curing time provided different
mechanical responses of the soil-lime mixture, and at
the 28-day curing time this mixture can be considered
for application as subbase material of flexible road
pavements.
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