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Abstract. Today the road has become a necessity and an important factor in the economic and social
development of nations. Algeria knows the realization of many grandiose road projects that required large
quantities of noble materials such as aggregates and crushed sands and which unfortunately are becoming
increasingly rare. The inability of Algerian quarries to supply these materials is a reason for the valorization
of industrial waste and local materials that are in abundance. Among these materials, we find granulated
slag and dune sand. Our study presents valorization of these two materials through a formulation and
characterization of slag sand mixture composed of dune sand treated with different percentages of
granulated blast furnace slag, which acts as a hydraulic binder. The results obtained show that this
treatment improves the cohesion and mechanical properties of sand dune, which allows its use in road
engineering, particularly in the pavement layers.

1. Introduction

The industrials wastes valorization is work that aims on the one hand the protection of the
environment and on the other hand the rational and economic use of these materials in the field of civil
engineering. Among these wastes we find granulated blast furnace slag (GBFS) which serve to stabilize
and improve the mechanical properties of several soils including dune sands (DS) which present local
materials without resistance. Algeria has a large iron and steel complex that generates large quantities of
granulated slag. For example, the annual production of granulated slag is 430 000 tons [1].

The vast desert area of Algeria contains priceless quantities of dune sands. These sands cover about
60 % the surface of Algeria [2]. Granulated blast furnace slag (GBFS) is a by-product of the manufacture
of cast iron in blast furnaces, obtained by rapid cooling, and has been used as a building material since the
17t century [3]. Several research works were carried out for the valorization of (GBFS) and DS in the field
of civil engineering.

GBFS are used for soil stabilization [4—7] and for flexible and semi-rigid pavement layers [8—10]. The
GBFS is mixed with one or more sands to obtain slag sand (SS) intended especially for the base and
foundation road and highway layers. This slag sand can be manufactured in several countries which have
steel complexes which produce granulated slag such as India, China, USA, Japan, Russia, UK, Iran,
France, Turkey, Brazil,...etc.

In the cement industry, granulated slag is considered as an industrial by product with zero CO:
emissions because its substitution with clinker allows direct emission reduction of between 65 % and 95 %
[11], knowing that CO2 accounts for 82 % of the total greenhouse gas which is responsible of climate
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change [12]. For the concrete manufacture, Granulated Slag was widely used compared to others wastes
[13], it has been used as a basis material to improve the concrete strength [14].Many researchers,in their
studies, have shown that the strength of the granulated slag-based concrete is less affected by chemicals
product than the conventional concrete when exposed to an aggressive environment [15-20]. Granulated
blast furnace slags therefore have many qualities that make them interesting in several application fields.

Dune sands are generally treated and stabilized by cement and lime according to the literature [2].
However, very limited studies have focused on treating and stabilizing these sands with granulated slag for
use in road engineering.

This work is concerned with the technique of treating the dune sand by adding different percentages
of GBFS as hydraulic binders (GBFS+1 % lime). Initially, the materials used were identified and
characterized by conventional geotechnical tests and by mineralogical and chemical analyses. Then in a
second step, the study focused on the effect of hydraulic binders on the mechanical behavior in order to
determine the optimal mixture which presents the best mechanical properties making it potential candidate
for use in pavements layers.

2. Materials and methods
2.1. Materials
2.1.1. Granulated blast furnace slag GBFS

GBFS used in this study is a granulated blast furnace slag of fresh production and 0/5 mm
granulometry (Fig. 1) coming from the steel complex of El-Hadjar (Annaba, Algeria), obtained by rapid
cooling. It presents the main characteristics given in Table 1. Its reactivity coefficient a is 39. It satisfies the
criteria set by the Algerian catalog which specifies a minimum value greater than 20 [21]. Its X-ray diffraction
(XRD) analysis and Scanning Electron Microscopy (SEM) image are given in Fig. 2.
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Figure 2. Scanning Electron Microscopy (a) and X-ray diffraction analysis (b) of GBFS

Figure 2 shows that the granulated slag is amorphous and it presents an amorphous halo angle of
around 26 = 30 ° which shows that GBFS is typically glassy. A small quantity of gehlenitemagnesian (G)
presents in the glass. This result is consistent with the results found in the literature [22-25]. It was also
observed from the SEM picture that the GBFS particles were angular in shape and the surface of slag is
rough.
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2.1.2. Dune Sand DS

The dune sand used is a fine sand of 0/1 mm granulometry from Boussaada region (Msila, Algeria).
It is siliceous considering its content of silica (SiO2) which is 97.10 %. According to the GTR 2000 soil
classification [26], dune sand belongs to class D1. It is characterized as permeable, incoherent, and poorly
graded sand. This suggests that dune sand alone will not be sufficiently compact, and subsequently its
immediate bearing index is not adequate [27, 28]. Therefore, a treatment of this sand with hydraulic binders
will be essential. The X-ray analysis shown in Fig. 3 reveals its very high quartz content.
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Figure3. DS X-ray analysis.

2.1.3. Crushed Sand CS

CS used is crushed quarry sand with a particle size of 0/6 mm; it is calcareous with carbonate content
(CaCO0sg) of 89 %.

2.1.4. Lime

The lime used in our study is a slaked lime which has a role of basic activator of the slag. It's coming
from the region of Ghardaia, Algeria. Its CaO content is greater than 50 %, it verifies the specifications for
its use for roads.

The physic-chemical characteristics of the different study materials are given in Table 1, their particle
size curves are represented in Fig. 4.

Table 1.Physico-chemical analysis of the used materials.

Material GBFS DS CS Lime
Density [g/cm?3] 2.8 2.65 281 2.58

Friability (%) 19 - 40 -

Blaine specific surface (cm?/g) 2057 - - 10165
Pistonsandequivalent (%) - 73.79 94 -
Methylenebluevalues - 0.4 0.5 -
Basicitymodulus 1.3 - - -
Finenessmodulus 3.21 0.88 4.2 -
CoefficientofuniformityCu? 3.39 1.97 14.75 -
CoefficientofcurvatureCc? 1.17 0.86 1.99 -

1CU = Dlo / D60

21<Cc= (D30)2 I Dyg xDgg <3 ,whereD1o, D3o and Deo are diameters (in mm) corresponding
respectively to 10, 30 and 60 % passing percentages.
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Material GBFS DS CS Lime
CaO (%) 45.78 0.54 40.61 64.27
SiO2 (%) 34.99 97.10 5.94 2.85
CaCOs (%) - 3.39 89.65 -
Al203 (%) 9.79 0.71 8.85 0.56
MgO (%) 3.92 0.06 3.56 0.45
Fe203 (%) 0.67 0.39 3.25 0.27

The methylene blue values of crushed sand and dune sand indicates the absence of noxious clay
particles in these sands.
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Figure 4. Particle size distribution curves of the used materials.

According to the granulometric curves, we find that our crushed sand is clean, well-graded sand and
its grain size curve reflects a continuous dimensional distribution, the uniformity coefficient (Cu> 2) confirms
the spread out curve of the granularity. On the other hand, the granulometric curve of dune sand represents
a tight granularity which is confirmed by the coefficient of uniformity value (Cu <2), so the dune sand is
clean sand as Sm class according to the GTR 2000 Soil Classification [26].

2.2. Methods

The present study deals with the effect of the addition of hydraulic binders (GBFS + 1 % lime) on the
mechanical properties of the studied sand. The different mixtures (DS+CS + GBFS + 1 % lime) called slag
sands (SS) were formulated, in the laboratory, with percentages of granulated slag (GBFS) ranging from
10 % to 30 %. In order to determine the optimal mixtures, various tests such as; compaction test, CBR test,
simple compression test and triaxial shear test were carried out to study the mechanical behavior of the
above-mentioned slag sand mixtures.

2.1.5. Slags and mixtures formulation methodology

A slag sand can be defined as the mixture (Fig. 5), carried out in a mixing plant, of one (or more)
sand (s), a certain percentage of slag (granulated or pelletized) and a basic activator such as lime at a
dosage generally around 1 %. It is mainly used for pavement foundations. The choice of the compositions
of the SS mixes is essentially based on the following two criteria:

1. The stability before compaction (immediate stability) of the mixtures is appreciated by their
coefficients of uniformity and curvature, the aim of which is to have continuous particle size curves. We
must verify that:

Cu :Dlo / DGO > 6, (1)

1<Cc=(D,,)?/ Dyg xDgy <3. )

2. The stability of compacted mixtures is assessed by the immediate bearing test. According to the
value of the immediate bearing index (IBI), we can classify the stability of our mixture:

IBI < 25, unstable mixture;
25 < IBI < 50, medium stability;

IBI > 50, stable mixture.
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Figure 5. Slag sand mixture.

Table 2 recapitulates the formulations adopted while respecting the conditions of immediate stability.

Table 2.The Cu and Cc values of the different SS mixtures.

Formulation GBFS (%) CS (%) DS (%) Lime (%) Cu Cc
1 0 20 80 0 4.8 1.7
2 10 30 60 1 6 17
3 15 37 48 1 6.4 1
4 20 33 47 1 6 1.2
5 25 27 48 1 6 1.12
6 20 22 48 1 8.4 1.15

2.1.6. Compaction test

The compaction is widely used in many geotechnical applications for improving soil compactness
[29]. The purpose of compaction is to increase the density of a soil. This consequently reduces its rate of
deformation and improves its bearing capacity.

In this respect, the different mixtures that have been formulated by combination of dune sand with
different percentages of GBFS were compacted to different water content in order to determine the
optimal water content and the maximum dry density by the modified Proctor test according to standard
NFP94-093 [30].

2.1.7. Californian Bearing Ratio (CBR) test and simple compression test

The CBR tests were carried out on samples of a mixture of slag sand, compacted in CBR molds,
under Proctor conditions, according to standard NF P94-078 [31].The aim of this test is to assess the ability
of a soil to support the traffic load. The test consists of punching slag sand mixtures compacted with energy
of 56 blows per layer in a CBR mold and at water contents corresponding to the optimum of the Modified
Proctor test. The test CBR is carried out in a CBR press (Fig. 6) without overload, to determine the
immediate bearing indices (IBI) of the mixtures.

Figure 6. CBR press.
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Cylindrical SS samples (Fig. 7) obtained by static compaction, where the mixture is put in a single
layer in a cylindrical mold with 50 mm in diameter and 100 mm in height with double piston, then statically
compacted at a speed of 1.14 mm/min, according to the standard EN 13286-53 [32]. This method of
compaction leads to a homogeneous distribution of compaction stress [33]. The samples were then
preserved in bags at a temperature of 202 °C until the date of the compression tests according to the
standard NF EN 13286-41 [34]. These tests were performed at age of 0, 7, 14, 28, 60 and 90 days.

Figure 7. Cylindrical slag sand samples

The compression test is widely used in pavement and soil stabilization applications [2, 33]. This test
is carried out, according to the standard EN 13286-41 [34], on cylindrical slag sand samples.

2.1.8. Unconsolidated undrained triaxial test

Triaxial shear tests were performed on non-treated sand (0 % GBFS) and slag- treated sand (SS)
samples. Triaxial shear tests have been used in most of the experimental programs reported in the literature
in order to access the influencing factors on the shear strength of treated soils, which simulated the general
construction conditions of a lot of engineering projects [35]. All slag sand mixtures were statically compacted
at the Proctor optimum prior their placement in triaxial apparatus (Fig. 8). The test is carried out with a fast
speed of 1 mm/min corresponding to an unconsolidated undrained test (UU) according to the standard NF
P94-074 [36].The measurement of the axial strain was conducted with a vertical displacement sensor
located on the top of pressure cell. The axial deviatoric force was measured by axial load sensor. Three

confining pressures 63 (100 kPa, 200 kPa, and 300 kPa) were applied.

Figure 8. The triaxial cell.
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3. Results and Discussions

3.1. Determination of Proctor characteristics

The results obtained by the modified Proctor test are shown in Fig. 9a. The evolution of the optimum
water content and the maximum dry density is shown in Fig. 9b.
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Figure 9. a) Modified Proctor curves according to the percentage of GBFS,
b) maximum dry density and optimum water content according to the percentage of slag (GBFS).

From Fig. 9b the density increases while increasing the GBFS content contrary to the optimal water
content which reaches it's maximum for 20 % slag and then decreases beyond this value. A similar result
was observed by [1].

3.2. Determination of the immediate bearing index (IBI)

Fig. 10 shows the increase of the immediate bearing index (IBI) with increasing of the percentage of
GBFS up to the value of 25 % then decreased. According to this result, we can say that our optimal mixture
is obtained for 25 % of GBFS added with respect to the bearing capacity of this sand.
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Figure 10. Immediate bearing index (IBIl) according to GBFS content.
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3.3. Effect of GBFS on the compressive strength of SS

Fig. 11 illustrates the evolution of the compressive strength as a function of the percentages of the
binder (GBFS) for different curing times (0, 7, 28, 60 and 90 days).

23 —&— o0 days
—»— a0 days
20 - —&— 28 days

—H— 7 days

—s— 0O days

Compressive Strength (bars)

0 5 10 15 20 25 30 35
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Figure 11. Compressive strength according to GBFS content and curing times.

According to Fig. 11 the compressive strength increases proportionally to the percentages of the
added GBFS over time, without reaching a maximum. This result is similar to the result found by smaida
and al [2] on the treatment of dune sand with hydraulic binders. These remarkable mechanical
performances are due to the chemical role of the slag which consists in improving the microstructure of the
SS mixture by fixing the Portlandite (Ca (OH)2) released by the hydration of the slag. This hydraulic reaction
gives rise to a second additional calcium silicate hydrate (CSH), the phase responsible for the hardening
of slag sand over time.

3.4. The stress- strain behavior of SS

The deviatoric stress (4 = 61 — 63) versus axial strain (€1) curves obtained from the triaxial shear
tests on sand samples treated with 20 % GBFS are shown in Fig. 12. It was found that SS reveals a peaked
stress-strain curves with a peak strength increased with the increase in confining pressure.
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Figure 12. Deviatoric stress versus axial strain curves at 20 % GBFS.

The stress- strain behavior of slag sand can be described as initially rigid, linear up to a well-defined
limit point, beyond which the sand undergoes increasingly plastic deformations until failure. The same
behavior was observed in the result of Daheur [33].

Fig. 13 shows the maximum deviatoric principal stress ((max) according to GBFS content with various
confining pressures 100, 200 and 300 kpa.
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Figure 13. The maximum deviatoric principal stress according to GBFS content
with various confining pressures 100, 200 and 300 kpa.

By inspecting the curves presented in Fig. 13, it can be noted that the maximum constraint deviator
stress increases with the increase of the dosage in GBFS up to a value of 20 % then decreased.

3.5. Effect of GBFS on the friction angle and the cohesion of SS

Given the cohesive-frictional nature of soils treated with hydraulic binders, the shear strength can be
expressed as a function of the internal friction angle and of the cohesion. Table 3 gives the friction angle
and the cohesion as a function of the GBFS content. According to this result, the friction angle oscillates
between 35.7° and 41.4°. Given the value of the friction angle 38.9° for untreated sand (0 % GBFS) and
the value of 38.8° for sand treated with 30 %, we can say that the friction angle is not strongly influenced
by the GBFS content. On the other hand the cohesion increases with the increase in percentage of GBFS
and reaches a maximum value of 73.5 kpa for 25 % slag added.

Table 3. The cohesion and friction angle values as a function of GBFS.

GBFS (%) friction angle (°) Cohesion (kpa)
0 38.9 0
15 35.7 39.9
20 414 42.8
25 375 73.5
30 38.8 61.4

3.6. Use of slag sand in the foundation layer of a semi-rigid pavement

According to the comparative sizing study carried out on two types of pavement structure, the first
with an untreated sand foundation layer and the second with slag sand, we see that by using the slag sand
in the foundation layer (Fig. 14), we obtained a gain of 2 cm in thickness at the level of the gravel bitumen
base layer. This gain confirms the economic role of our material.

Asphalt concrete surface layver (6 crm)

Sand subgrade (40 cm)

Figure 14. Pavement structure made up of slag sand foundation layer.
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4. Conclusion

This article presents a feasibility study on the manufacture of a composite material based on dune
sand (DS) treated with granulated blast furnace slag (GBFS). It aims to characterize and to study the
mechanical properties of slag sand (SS) mixture prepared in the laboratory. The following conclusions can
be drawn from this study:

1. The results of our study allow to conclude that dune sand, which is a local material of low
mechanical performance can be improved with treatment with the recycled granulated slag to obtain high
resistances while increasing the percentage of slag.

2. Dune sand treatment with GGBF increases the density, bearing capacity, compression strength
and shear strength of the slag sand mixture which is suitable for road pavements;the percentages of added
GBFS play the role of a hydraulic binder which results in good compactness in the mixtures and
subsequently improves mechanical characteristics.

3.  With the increase in the percentage of GBFS, the maximum dry density increases. This result
is considered to be an indication of the improvement in the compaction characteristics of the sand stabilized
with activated slag.

4. The bearing capacity of the sand treated with GBFS is always better than those of untreated
sand (0 % of GBFS) and the maximum value of IBl is obtained for 25 % of GBFS which is 58.34 %.

5.  The compressive strength of the slag sand mixture increases with increasing GBFS content
over time without reaching the maximum; the value of the compressive strength increases from 10.94 bars
at 7 days to 15.65 bars at 180 days and it increases from 7.66 bars for untreated sand (0 % of GBFS) to
20.56 bars for 30 % of GBFS at 180 days of cure. Theseresults indicate that sand mixed with GGBS has
the potential to be used in road construction, such as in highway and road foundation layer materials.

6. These remarkable mechanical performances are due to the chemical role of the slag which
consists in improving the microstructure of the SS mixture by fixing the Portlandite (Ca(OH).) released by
the hydration of the slag. This hydraulic reaction gives rise to a second additional calcium silicate hydrate
(CSH), the phase responsible for the hardening of slag sand.

7. According to the triaxial shear test, our material has an elastoplastic behavior with a maximum
deviatoric principal stress for 20 % of slag.

8. The friction angle is not strongly influenced by the GBFS content. On the other hand the
cohesion increases with the increase in percentage of GBFS and reaches a maximum value of 73.5 kpa
for 25 % slag added.

9. Based on the results mentioned above, GBFS activated with hydraulic lime may be the
recommended additive for stabilizing the dune sands intended for use in roadways. A percentage of 20 %
and 25 % of activated slag are recommended to improve the mechanical properties of dune sand.

10. Finally, two optimal mixtures were determined to improve the characteristics of dune sand in
order to adopt it for use in pavement foundations. These mixtures are: (20 % GBFS +1 % lime +33 %
CS+47 % DS) and (25 % GBFS +1 % lime +27 % CS+48 % DS). Given the low cost of GBFS which is
approximately 3 $ per ton and DS which is in abundance, these mixtures have a double advantage of better
performance and lower cost.
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