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Featured Application: This work suggests a stabilization technique for improving the engineer-
ing properties of problematic soils (i.e., very high plastic clays of low strength and high deforma-
bility) based on the combined effect of sand, lime, and polypropylene fibers. The proposed sta-
bilization technique proved to be very effective, largely increasing the unconfined compressive
strength and ductility of clay soils.

Abstract: Improving the mechanical properties of low-strength soils (e.g., high plasticity clays) is
one of the main branches of geotechnical engineering. The adoption of stabilization techniques for
ensuring that structures will be founded on an adequately strong soil base is a common practice.
Stabilization techniques for clay soils may include inert materials (cohesionless soils), chemical
substances (cement, lime, or industrial additives), or the use of randomly distributed fibers. While
all of these additives are added to low-strength soils by mixing, the question remains whether an
optimal combination of stabilization techniques can be achieved for maximizing soil strength. Besides,
each one of these additives contributes to an increase in soil strength in a different manner (soil
replacement, chemical bonding of soil particles, and soil reinforcement respectively), while, according
to the literature, each technique has its limitations. The latter refers to a limited effect on strength
improvement and a maximum possible percentage, beyond which an additive has an adverse effect
on strength; it also refers to other factors, such as brittleness failure, material availability, overall cost,
and environment-related issues. Hence, in the present study, the efficiency of improving the basic
geotechnical properties of a very high plasticity clay (liquid limit w; = 86%) with a coupled effect
between dune sand, lime, and polypropylene (PP) fibers has been investigated. The samples prepared
by combining the three aforementioned soil improvement techniques were compared in terms of
plasticity, compaction characteristics, unconfined compressive strength (UCS), and California Bearing
Ratio (CBR) index. The experimental results show that the combination of these additives may lead
to a considerable improvement in the strength and ductility of soils, even with a small amount of lime
additive. Also, it was observed that 20% of sand, 3.4% of lime and 0.9% of fibers (by wt%) offers the
best performance in terms of strength improvement for the clay tested (i.e., 12.75 times improvement
compared to the untreated clay).

Keywords: stabilization; reinforcement; high plastic clays; lime; PP fibers

1. Introduction

In recent years, Algeria has started a significant program of repair and construction of
pavements, in line with the economic dynamics the country is experiencing. Often, these
projects are materialized in areas with problematic soils. One of these soils is the clay of
Sidi-Hadjeres in the M’sila region. This clay is characterized mainly by high sensitivity
to moisture changes; this is a major problem, since the climate in this specific region of
Algeria is arid, with hot and dry summers and cold and rainy winters. When such clay is
subjected to wet-dry cycles (due to weather or human activities), structures (such as roads)
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experience serious damages due to excessive or differential settlements, as well as due to
the catastrophic action of heave.

Randomly distributed fibers are frequently used in ground improvement in light of
their benefits (availability, simplicity of mixing with soils, and their contribution to reducing
weak planes) [1-4]. Although fiber-reinforced clays exhibited higher stiffness and ductility
than raw clay due to their increased energy absorption potential [5], polypropylene and
basalt fibers when used alone have a limited effect on strength improvement [6], while
Yadav et al. [7] observed an adverse effect of waste fibers (rubber) on the peak strength of
soils; Yadav et al. also highlighted that with increasing fiber content, the ductility increases,
while the swelling pressure decreases.

In practice, the engineering properties of cohesive soils can be improved by incorpo-
rating non-expansive soils [8] or using chemicals, such as cement, lime, or other industrial
additives, to neutralize the deformable character of the clay. Non-expansive soils contribute
to a reduction in the deformability of clay minerals by reducing their plasticity, but their
effect on strength is rather limited. For example, in the study of Amri et al. [8], when clayey
soil was mixed with dune sand (with 40% replacement), the UCS increased by 30% (from
161 to 209 kPa), while the plasticity index decreased by 18% (from 41% to 23%).

On the other hand, the improvement in strength with lime (chemical stabilization)
is more remarkable; in this respect, Hussain and Dhar [9,10] indicated that the strength
of clay tripled with the addition of 5% of lime, while the ductility decreased. However,
despite the improvement in strength, lime-stabilized clays were characterized by brittle
failure causing cracks in pavement layers [11]. The mechanism of strength development
for lime-stabilized clay can be explained by the calcium ions (Ca*?) resulting from the lime
(quick lime (CaO) or hydrated lime (Ca(OH),) reacting with the silica and alumina of clay
to form stronger bonds of calcium aluminate hydrates (CAH) and calcium silicate hydrates
(CSH) related to the soil particles. These processes are commonly defined in the literature
by cation exchanges, agglomeration, and flocculation phenomena [12].

More recently, there has been an increased interest in using more than one of these
additives for soil stabilization simultaneously to reduce the limitation of each one when
used alone. In this respect, Goulfi et al. [13] used dune sand along with lime to stabilize a
very expansive clay, reporting that the plasticity of clay decreased significantly when these
additives were associated. Further, the same authors reported a significant improvement in
strength and indicated that the clay treated with both lime and sand exhibits a brittle failure.
Similarly, Boz et al. [6], used 6 mm-long polypropylene (PP) fibers and lime simultaneously
to enhance the strength of kaolin (liquid limit w; = 52% and plasticity index PI = 26%).
Relatively, when kaolin was mixed with 1% polypropylene fibers (no lime added), the peak
UCS increased after 28 days of curing from 97 to 150 kPa, while the UCS reached 400 kPa
when 9% of lime was added to the previous kaolin-fiber mixture (again after 28 days of
curing). Also, the authors reported that fibers created some gaps and that the fibers were
insufficiently adhered with soil particles in the first case (no lime); however, for clays
stabilized simultaneously with lime and fibers, a more rigid soil structure were obtained.

2. Research Significance

From examining the literature, it can be observed that most experimental studies
on the topic of fiber reinforced soils have been conducted on granular or low plasticity,
fine-grained soils [14-17]. However, the fiber-sand contact mechanism differs greatly from
the respective fiber-clay mechanism. The first is purely frictional, while in the second, in
addition to friction, the contact mechanism involves adhesion, thus the latter is stronger
for high plasticity clays, although the mechanism has not yet been fully understood [14].
Furthermore, previous works indicate a rather limited effect of sand addition on the
strength of clay. However, the presence of lime significantly improves the strength but
decreases the ductility of clay [11,13].

The present study aims to investigate the potential beneficial effect of the use of
PP fibers along with lime and sand to enhance the engineering properties of a typical
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problematic soil and, in particular, to remove the restrictions associated with the use of
a single additive (the limited increase in strength and the drop of ductility for the case
of sand and lime, respectively). The experimental procedure presented herein consists of
the following successive steps: optimizing the sand content based on the UCS test results,
determining lime demand for the clay-sand mixtures based on the pH value, increasing the
fiber content progressively in the mixture from 0 to 1.2 wt% (at 0.3% intervals) to quantify
its effect on the fundamental geotechnical properties of clay.

3. Materials and Methods
3.1. Materials

The clay used in the present study was collected from the Sidi-Hadjeres region in
M'’sila, Algeria. The physical and mechanical properties of this soil are shown in Table 1,
whilst its chemical composition is described in Table 2. This soil is a montmorillonite clay,
which according to USCS classification system, it is classified as high plastic clay; further, it
is characterized by very high swelling potential according to the different criteria used to
identify expansive soils [18-20].

Table 1. Properties of clay used.

Properties Parameter Value
Liquid limit (%) 85.9
Plastic limit (%) 33.9
Plasticity index 52
Physical properties Methylene blue value 9
% passing < 80 pm (%) 75
% passing < 2 mm (%) 98
Specific gravity (g/cm3) 2.7
Classification USCS CH*
. .. Optimum water content (%) 23.64
Compaction characteristics Maximum dry density MDD 15
. . UCS (kPa) 356-361
Mechanical properties Elasticity modulus Es 284
L. Cohesion (kPa) 16.4
Shear characteristics Frictional angle (°) 143

* High plasticity clay.

Table 2. Chemical composition of clay.

Element CaO MgO Fe, O3 Al,O3 SiO, SO; Na,O
Percentages, % 11.35 2.81 5.66 13.92 46.63 0.79 0.4

Siliceous dune sand collected from Oued-Souf, Algeria, with a specific density of 2.65
and sand equivalent of 86% was used as inert stabilizer. As per USCS classification, it is
considered to be a clean, poorly-graded sand (SP), (See Figure 1).

Quick lime provided from Lime-Saida factory in Algeria was used as a treatment
agent. Its physical and chemical properties are given in Table 3.

PP fibers (locally available) were used as reinforcement elements. The technical
characteristics of these fibers are given in Table 4 (the values were obtained from technical
data sheets).
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Figure 1. Particle size distribution curve of the sand used.

Table 3. Properties of clay used.

Properties Symbol Value
Density 500
Physical properties Over 630 pm 0
Over 90 um 10
CaO 67.4-73.25
MgO <0.4
Fe203 <2
Chemical properties (%) AL O3 <1
Si02 <2.2
503 <1
CaCOs3 <10
Table 4. Characteristics of PP fibers used.
Property Value
Length (mm) 6
Diameter (mm) 0.034
Aspect ratio (L/d) 176
Strength (MPa) 350
Elasticity modulus (MPa) 3500

3.2. Methods

Fiber-reinforced soil samples can be prepared in the laboratory in both dry and wet
states and placed by pouring or pluviation [21]. However, the latter is more appropriate
for cohesionless dry soils [3]. For producing samples, oven-dried and crushed clay was
first mixed with sand in the desired proportion. Then, PP fibers were gradually added
to the mixture. The mixture was rigorously mixed until homogeneity, thereby reducing
the dispersion of results. Repeatability tests have been conducted on clay-fiber mixes for
different fiber concentrations to control the effectiveness of the mixing procedures adopted.
For example, the typical responses of fiber-reinforced samples with a fiber concentration
of 0.6% are shown in Figure 2, which indicates similar behavior in terms of curvature and
UCS (the relative variation of UCS between the two tests was less than 3%).
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Figure 2. Repeatability tests for fiber-reinforced clays (0.6% PP fiber content).

3.3. Standards Used

The maximum dry density (MDD), and the optimum moisture content (OMC) were
determined for raw clay, clay-sand, and fiber-reinforced clay (with and without lime) as per
the ASTM D698 (2012) standard [22]. Plasticity characteristics (liquid limit, plasticity limit,
plasticity index) were evaluated as per the ASTM D4318 standard [23]. UCS tests were
performed according to the ASTM D2166 [24] standard on cylindrical specimens (5 cm in
diameter and 10 cm in height).

4. Results
4.1. Optimizing Sand and Lime Contents

To optimize additives content for clay improvement, the procedure followed in this
investigation is shown in Figure 3. Accordingly, the first step was optimizing the sand
content based on the peak UCS strength. Four sand contents were used (0, 10, 20, and
30%) while the results of the UCS are shown in Figure 4. As shown, the optimal sand
content was 20%, where the strength of raw clay was increased from 361 kPa to 402 kPa.
This behavior may be explained by the fact to that the sand contributes to the rigidity of
the mixture, but further addition reduces the beneficial action of cohesion of clay on the
UCS; as shown in Table 5, the plasticity index has a larger fall beyond the optimal point.
These findings indicate a limited effect of sand on improving the strength of clay soils and
confirm that increasing the strength of clay soil by reducing its plasticity is an insufficient
practice that is valid only for soils with sand contents up to 20% (additional quantities of
sand has an adverse effect on strength). This is also shown in the UCS-PI chart in Figure 5,
where R? = 0.94. Rationally thinking, this loss in strength due to the reduction of cohesion
(and thus, the reduction in bonding between soil particles) can be replaced by chemical
(lime) or mechanical (PP fibers) strengthening.

The second step was to determine the quantity of the alkali activator necessary to
ensure the pozzolanic reactivity between clay minerals and Ca(OH), that was considered
to be the lime fixation point; further addition of lime does not bring more changes in
plasticity, as reported in the literature [12]. The lime demand was determined according to
the Eads—-Grim test [25]. Accordingly, the quantity of lime required to complete pozzolanic
hydration products is that which elevated the pH value to 12.4. As shown in Figure 6, the
results indicate that the lime demand for raw clay is equal to 8.4%, while when the clay is
mixed with 10% and 20% sand, the lime demand decreases to 6.5% and 3.4%, respectively.
However, lime demand remained unchanged for further increases in sand content. Thus,
this finding corroborates that 20% sand is the optimal quantity that should be added to this
specific clay.
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Figure 3. Flow chart of the procedure followed to optimize additives used.
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Figure 4. Effect of sand addition on UCS.

Table 5. Plasticity characteristics for clay-sand mixes.

Clay Sand Liquid Limit Plastic Limit Plasticity Index
(%) (%) wl (%) wp (%) PI (%)

100 0 84 32 52

90 10 79 30 49

80 20 64 20 44

70 30 55 21 34
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Figure 5. Correlation between UCS and Plasticity index.
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Figure 6. Determining lime demand.

4.2. Effect of Fibers on Compaction Characteristics

Figures 7 and 8 show the variation of compaction characteristics for raw clay, lime-
stabilized soil (unreinforced clay-sand mixture), and lime-stabilized-fiber-reinforced clay
mixes with different fiber contents. As indicated, the MDD (Maximum Dry Density) of
lime-treated-clay-sand mix decreases as the fiber content increases, which shows a pro-
portionality between fiber content and MDD (all samples were compacted at identical
compaction energies following the ASTM D698 [22] standard. For example, when adding
1.2% of fibers to the control mix, the MDD decreases by 7% in comparison to the unrein-
forced clay. The decrease in MDD for the reinforced samples is partially attributed to the
difference in unit weight between fibers and soil. It is also attributed to the difficulty to
achieve the same MDD in a reinforced (and thus, stronger) soil with the same compaction
energy. However, the gain in strength provided by fiber addition compensates the reduc-
tion in density; MDD could be increased to a desired and feasible level by increasing the
compaction energy.
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Figure 8. Optimum moisture content for different mixes.

It can also be observed that the MDD of the unreinforced clay-sand mix is slightly
higher than the respective one of the raw clay. The replacement of a percentage of clay with
sand modifies the soil structure and, as a result, the compactibility is improved, creating a
denser medium.

Another observation is that the PP fibers did not induce a significant effect on the OMC
due to their hydrophobic nature, whereas a substantial increase in OMC was observed due
to the presence of lime in the mix. The latter consumes an additional quantity of water for
humidification and chemical reactions.
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4.3. Effect of Fiber Content on UCS

The effect of fiber content on UCS is shown in Figure 9. Four fiber contents were con-
sidered: 0.3, 0.6, 0.9, and 1.2% (by wt%). Soil specimens were compacted at their respective
optimum characteristics. Samples of untreated clay (unreinforced, non-stabilized) were
compared against clay-sand mixtures (80% of clay and 20% of sand). The UCS tests were
performed after 28 and 90 days of curing in laboratory conditions (24 & 2 °C, 50 & 2% RH).
The results show that the UCS can significantly be increased when using sand, lime and
fibers together in the proper proportions.
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Figure 9. Effect of different additives on UCS.

The UCS increased from 361 to 402 kPa for the clay samples treated with sand after
28 days of curing, indicating an improvement of just 11.7%. For the samples containing
20% sand, 3.34% lime and PP fibers, the strength increased to 800, 2523, 2842, 2860, and
2474 kPa for 0, 0.3, 0.6, 0.9, and 1.2% fiber contents, respectively. From the 28 to 90 days of
curing, the strength continued to rise to even higher levels (see Figure 9); for example, for
mixtures with a fiber content of 0.6%, the UCS was as high as 4593 kPa (12.76 times higher
than that of the raw clay). There is no doubt that this remarkable increase in strength is
attributed to the combined effect of the three different additives (lime, sand, and fibers) in
the proper proportions.

The PP fibers in combination with the cementitious compounds formed by lime
will cause a substantially increase in strength. The existence of fibers limits the relative
displacements between the different ingredients, thus, improving interlocking, density and
stiffness [17,26]. Furthermore, when a soil-fiber mass is loaded, the fibers with their tensile
capacity receive part of the interparticle forces, creating a pseudo-cohesion which improves
the interfacial mechanism [3].

Figure 10 shows the failure mode of two soil samples that were stressed in the un-
confined compression test apparatus, differing only in that the one is unreinforced, while
the other had been reinforced with fibers. As shown, a shear plane inclined at an angle
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of approximately 45° is visible in the case of the unreinforced clay, whereas a shear zone
exists in the case of the reinforced clay specimen. The latter is due to the bridging effect
exerted by fibers, restricting the relative displacement between the two parts of the sample.
In addition, deformation evolved slowly in the reinforced samples, thus declaring a more
ductile behavior in comparison with plain clay.

— rm.;‘-’ S I E

e E ik T

Figure 10. Failure mode of two soil samples differing only in reinforcement: unreinforced clay (left),
clay reinforced with PP fibers (right).

Figure 11 shows the stress-strain curves for the samples treated with sand, lime, and
PP fibers (the latter at different percentages). For comparative purposes, the stress-strain
curve for the untreated clay is also plotted on the same figure. As it can be seen, the effect
of these additives is appreciable in terms of peak stress, strain at failure, and initial slope.
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Figure 11. Effect of fiber content on stress-strain curves (20% sand, 3.4% lime).

4.4. CBR Test Results

The CBR (California Bearing Ratio) test is a penetration test meant for the evaluation of
the subgrade strength of roads and pavements. The relationship between the load created
by a standard circular plunger with a 50 mm diameter (the CBR test apparatus) and the
penetration depth of the plunger for both the reinforced and unreinforced samples are
plotted in Figure 12. As can be seen, the load-penetration depth response is largely affected
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by the addition of fibers. The fiber-reinforced samples are more resistant to punching shear
efforts, as compared to the unreinforced samples. The variation of the unsoaked CBR
value for the samples reinforced with different percentages of fibers is shown in Figure 13a.
It is evident from the curves that the CBR value has significantly been improved. For
instance, the CBR value increased from 6.9 to 32.9 when 0.9% of fibers were added to
the clay (i.e., a 377% improvement). The secant modulus (Ks) was also calculated from
the stress-penetration depth curve for the various CBR tests. The variation of Ks with
increasing fiber content is shown in Figure 13b. Similar to the CBR ratio, a significant
improvement in Ks is observed by fiber addition.

10
Raw clay ——0.30% —©—0.60% —3—0.90% —A— 1.20%
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Figure 12. Load-penetration CBR curves for different fiber concentrations.
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Figure 13. Effect of fiber addition on CBR value (a) and Secant modulus (b).

5. Conclusions

This research aimed to improve the geotechnical properties of very high plasticity
clay using three agents: sand, lime and PP fibers. The outcomes of this research can be
summarized as follows:

e Sand as an additive reduces the plasticity of clay, but its effect on strength is limited
(i-e., 10% improvement), while sand content should be limited to 20 wt% (for the clay
tested), since further increases in sand content reduces the UCS strength. In addition,
the use of sand reduces the demand in lime from 8.7% to 3.4% (i.e., 155% decrease).

e  Adding PP fibers to lime-stabilized-clay-sand mixtures, results in a slight decrease in
the MDD, due to the relative difference in density between fibers and soil; it is also
difficult to achieve the same level of densification in the reinforced soil with the same
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compaction energy. In terms of OMC, it is observed that PP fibers have an insignificant
effect; any such change observed was due to the presence of lime. The latter consumes
water for its pozzolanic reactions.

e Using sand, lime, and PP fibers simultaneously significantly improves the UCS
strength. For 0.6% of fiber addition, the UCS strength reached 2864 and 4593 kPa
after 28 and 90 days of curing respectively (please compare with the 361 kPa of the
untreated clay, which is 7.9 and 12.7 times lower respectively).

e An analogous improvement was observed in the CBR value and secant modulus for
0.9% of fiber addition in the lime-stabilized-clay-sand mixtures. Further addition of
fibers results in a decrease of the CBR value.

The above findings clearly show that, the simultaneous use of sand, lime, and PP
fibers is very advantageous in improving the engineering properties of very high plastic
clays. In addition to that, using these additives together reduces the lime demand and
corrects some other technical limitations commonly appear when using each one additive
separately (brittleness, limited effect on strength).
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