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Abstract. Dune sands are poorly graded collapsible soils lacking fines. This experimental study explored the technical
feasibility of sustainable invigoration of fine waste materials to improve the geotechnical properties of dune sand. The fine waste
considered in this study is fine marble waste. The fine waste powder was mixed with dune sand at different contents (5, 10,15,
20, 25, 50%), where the gradation, void ratio, compaction, and shear strength characteristics were assessed for each fine marble
waste -dune sand blend. The geotechnical properties of the dune sand-fine marble waste mix delineated in this study reveal the
enhancement in compaction and gradation characteristics of dune sand. According to the results, the binary mixture of dune sand
with 20% of fine marble waste gives the highest maximum dry density and results in shear strength improvement. In addition, a
numerical study is conducted for the practical application of the binary mix in the field and tested for an isolated shallow
foundation. The elemental analysis of the fine marble waste confirms that the material is non-contaminated and can be employed
for engineering applications. Furthermore, the numerical study elucidated that the shallow surface replacement of the site with
the dune sand mixed with 20% fine marble waste gives optimal performance in terms of stress generation and settlement
behavior of an isolated footing. For a sustainable mechanical performance of the fine marble waste mixed sand, an optimum
dose of 20% fine marble waste is recommended, and some correlations are proposed. Thus, for improving dune sand’s
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geotechnical characteristics, the addition of fine marble waste to the dune sand is an environment-friendly solution.
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1. Introduction

The infrastructure development in the desert area of
Oman requires sustainable ground improvement. The dune
sands formed in the area are characterized as collapsible
soils and are not suitable for supporting infrastructure due
to their loose structure. The dune sands are usually fine-
grained and poorly graded with a small amount of silt
(Pease and Tchakerian 2002). As a general practice,
engineers blend such sands with additives to enhance
engineering performance. The success of the improvement
method depends on many factors, such as properties of sand
and the additive, purpose, field application method,
environmental concerns and economy. Recently, the most
successful method is the one that not only enhances the
engineering properties of sand but also has a low carbon
footprint (Chang et al. 2016, 2020). Using waste materials
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as additives in sand improvement is more attractive to cut
the carbon footprint associated with processing resources
obtained from natural materials.

Studds and Miller (2010) and Shillaber et al. (2016)
presented an approach to determine ground improvement
works' embodied energy and carbon dioxide contribution.
Therefore, it is interesting to utilize the fine marble waste as
an additive to improve the bearing capacity of poorly
graded dune sand. The production and disposal of fine
particles while cutting marble is one of the marble
industry's major problems. Around 50% of marble quarries
are turned to waste during the cutting process (Bilgin ef al.
2012). Several studies (Sivrikaya et al. 2014, Luodes et al.
2012) were devoted to stabilizing the problematic soils
using waste produced by the stone industry. The marble
wastes from the industry are currently destined to the
landfill for expensive disposal. The marble quarries are
located near the coastal city of Al Khaboura, Oman (Fig. 1),
and the processing of marble takes place in the industrial
zone of Sohar, Oman. The sustainable management of waste
generated from quarrying operations and stone processing
industries is an environmental concern. There is a potential
of using fine marble waste to improve poorly graded dune
sand.

Many studies (Al-Rawas et al. 2006, Mohamedzein and
Al-Aghbari 2012) explore the alternative use of fines
materials in Oman for various engineering applications.
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Fig. 1 (a) Location of sampling sites for fine marble waste and dune sand, Scanning electron microscope imags of (b)

dune sand and (c) fine marble waste

Deb et al. (2010) added plastic and non-plastic fines to the
poorly graded sands in varying quantities to study the
changes in compaction parameters. They concluded that
adding fines up to a certain amount increases the maximum
dry unit weight of poorly graded sands. The amount of
increase depends on the uniformity coefficient value of the
sand. In the past, various additives have been employed to
improve the properties of soil; such as the use of cement
and cement bypass dust (Al-Aghbari et al. 2009, Lopez-
Querol et al. 2017), bentonite (O’Sadnick et al. 1995,
Gueddouda et al. 2010, Saberian et al. 2018), ash
(Mohamedzein and Al-Aghbari 2012), fine marble waste
(Qureshi et al. 2018), biopolymer (Qureshi et al. 2014,
2015, 2017) biopolymer and fibres (Qureshi et al. 2019),
shredded plastic waste (Kazmi 2020), reservoir sediments
(Qureshi et al. 2021), lime and cement (Aziz et al. 2021),
recycled concrete aggregates (Al-Kindi et al. 2016), and
fibre reinforcement (Consoli et al. 2009). Likewise, Park et
al. (2018) have reported that the addition of more than 20%
fines to sand has a noticeable effect on the mix's quick
undrained shear strength. Choo et al. (2017) improved the
sand by adding kaolin clay and reported the critical and
limiting fine content, porosity, and concept of interfine void
ratio. They found that the critical fine content of binary
mixture was 40%, and limiting fine content was around
80% to achieve optimum compression index and shear
modulus of treated soil. Cubrinovski and Ishihara (2002)
reported a decrease in void ratios (maximum and minimum)
of sand by the addition of fines up to 30% (transition zone),
which fill the inter-granular void spaces. Beyond the

transition zone, the void ratio is set to increase because sand
particles are replaced with fines. Therefore, making a binary
mixture of fine marble waste with poorly graded sand is
expected to have improved engineering properties
compared to pure sand.

However, apart from a study on utilizing reservoir
sediment (Qureshi et al. 2021) and fine marble waste
(Qureshi ef al. 2018), no significant studies were conducted
in Oman to utilise non-cementitious fine waste to improve
the properties of dune sand for engineering purposes. In this
regard, as an extension to the study by Qureshi et al. (2018),
the present paper aims to propose an optimized mixture of
sand-fine marble waste for a shallow surface replacement
for the construction of small buildings on poorly graded
dune sand. The authors aimed to elucidate the strength,
compaction characteristics of desert sand mixed with fine
marble waste powder at various proportions. In addition,
numerical simulations to model isolated footing resting on
pure and improved sand are reported using the COMSOL
Multi-Physics program (COMSOL Inc. 2018). The later
sections are detailing about the experimental results and the
derived conclusions.

3. Experimental program

The experimental work of compaction ASTM D689
(ASTM 2012), direct shear ASTM D3080 (ASTM 2011),
Atterberg’s Limits ASTM D4318 (ASTM 2017) and
gradation analysis ASTM D6913 (ASTM 2017) are by
using the equipment manufactured by ELE International,
U.K. The void ratios JGS 161 (JGS 2015) are determined
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by manufacturing a machine shown in Fig. 2 at the
Advanced Manufacturing Research Centre (AMRC) of the
Intaj Suhar facility at Sohar University, Oman. To achieve
the loosest possible state of geomaterials, the Japanese
Geotechnical Society (JGS) Standard suggests filling the
standard container by pouring material from a standard cone
frustum at a very low speed (Cubrinovski and Ishihara
2002). The machine has a CNC-controlled linear
mechanism that raises the cone frustum filled with
geomaterials at controllable speed, thus eliminating human
error. A scanning electron microscope equipped with
energy-dispersive spectroscopy (EDS) unit (Model JSM
6360, Jeol, Tokyo, Japan) was used to investigate the
material's phase composition and microstructural
characteristics. Pure samples of the materials were used for
SEM analysis.

3.1 Dune sand

Dune sand used in this study was sampled from Al-
Bidiya in the northern part of Wahiba dunes (Fig. 1 (a)), in
Al-Shargia Region, which is about 200km to the south of
Capital Muscat (22°24'51.9"N 58°49'57.7"E). The Wahiba
Dune Sand, formed in the Quaternary period, comprises two
physiographic units roughly divided into northern and
southern regions. The Northern Wahiba is predominantly a
large mega ridge system, whereas the Southern Wahiba
mainly comprises linear dunes, sand sheets, and sabkha
fields (Pease and Tchakerian 2002). Carbonate sands are
present throughout the Wahiba Sand area, with some quartz-
rich sands in the Southern region. The dune sand (S) used in
this study is sampled from the Northern region. The
micrograph of dune sand indicates sub-rounded particles
and lack of fines as presented in Fig. 1(b).

The energy dispersive spectroscopy (EDS) analysis
presented in Fig. 2 confirms calcium, carbon, and oxygen to
be the dominant elements of the carbonate sand sampled
from the northern ridge of Al Shargia desert. The sand can
be classified as poorly-graded sand (SP) according to the
Unified Soil Classification System and ASTM D2487-17¢l
(ASTM 2017). The sand has a specific gravity of 2.62 and a
fine content of 3.5%. The standard proctor compaction test
followed by ASTM D698-12e¢2 (ASTM 2012) derived a
maximum dry unit weight of 16.54 kN/m? and an optimum
water content of 16.87%.

3.2 Fine marble waste

Marble is a metamorphic rock of limestone that consists
predominantly of calcite and dolomite (Dietrich and
Skinner 1979). In this study, calcite marble waste in a dust
form was used. Fine marble waste was sampled from Al
Khaboura Marble quarries located in North AlBatinah of
Oman (Fig. 1(a)). Marble waste slurry is produced as a
result of sawing and cutting of marble at the site. Water is
then removed from the slurry at the factory, and fine marble
waste is dumped at the landfill sites. Waste marble has a
high fine content of 83%. The photomicrograph of fine
marble waste (M) is presented in Fig. 1(c) indicates the
potential of fine marble waste to fill in the voids between
poorly graded sand particles, thereby improving its
gradation.
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Fig. 2 Elemental analysis of the tested materials obtained
from field emission scanning electron microscope with
energy dispersive spectroscopy (EDS)

The inorganic fine marble waste (Fig. 2) shows a high
proportion of calcium, carbon, and oxygen while has no
metallic elements. Fine marble waste was dried in the oven
at 110°C for 24 hours and passed through the No. 40 sieve
(0.425 mm) before its usage in experimental work.

4. Experimental results and discussions
4.1 Index properties

Fine marble waste was added in percentages of 5, 10,
15, 20, 25 and 50% by dry weight of the sand. The required
amount of fine marble waste was added to a dry sand
sample passing the No. 4 sieve (4.75 mm). The sand and
fine marble waste were mixed thoroughly to form a uniform
sand-fine marble waste mixture. The gradation analysis and
compaction test results on each mixture are summarized in
Table 1. The grain size distribution for all mixtures and
original sand and fine marble waste samples are plotted in
Fig. 3. The gradation analysis indicates that the addition of
fine marble waste improves the gradation of the sand-fine
marble waste mix to a certain extent. To ensure
reproducibility of the results, for each mixture, a large
amount of the sample was prepared for different tests.
Identical samples were tested, and the average value was
obtained.

The variability of the measured quantities was assessed
based on published guidelines. Average differences of less
than 10 % were considered acceptable in this study. There is
an overall increase in the maximum (€max) and minimum
(emin) void ratios of sand by adding fine marble waste, as
shown in Fig. 4. The test data evaluated regression
relationships to assess emax and emin based on the fine marble
waste contents (m).
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Table 1 Index properties of dune sand and fine marble waste mixes

Sand Fine marble
Material Symbol waste Fe (%)  Gs Cu Cc  USCS Classification
®) )
Sand S 100 0 350 2620 215 1.01 SP:Poorly graded sand
SMO05 95 5 779 2618 199 1.00 SP-SM: Poorly graded sand with silt
SM10 90 10 1542 2616 2.82 1.13 SM: Silty sand
SM15 85 15 22.67 2.613 3.65 1.23 SM: Silty sand
SM20 80 20 2958 2.611 4.33 1.00 SC: Clayey sand
SM25 75 25 3234 2609 5.18 1.17 SC: Clayey sand
SM50 50 50 4436 2598 4.57 0.99 SC-SM: Silty clayey sand
Fine marble M 0 100 8300 2575 947 077 CL:Leanclay
waste
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the void ratio of sand treated with higher percentages of
fines, as shown in Fig. 5. Similarly, both maximum and
Fig. 4 Void ratios of sand-fine marble waste mixes minimum void ratios are increased by adding fine marble
waste fines to the dune sand.
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The observations made in this study validate the 4.2 Compaction tests
findings of Cubrinovski and Ishihara (2002) about the void
ratio range (Ae = emax — €min) Of sands treated with different Standard Proctor compaction tests were performed on



Table 2 Maximum dry unit weight and optimum moisture content (OMC) for each mixture

Engineering characteristics of dune sand-fine marble waste mixtures

551

Compaction Sand — fine marble waste mix
properties S SMO05 SM10 SM15 SM20 SM25 SM50 M
Ydmax (KN/m?) 16.54 16.70 16.69 16.97 17.79 17.71 17.15 13.60
OMC (%) 16.89 14.26 15.06 12.58 12.76 10.82 14.09 27.90
T T T ! T ’ T
18- ASTM D598 the fine marble waste content decreases the maximum dry
Energy‘(lszégﬂkﬂth_f n/qt;gfg) dens1ty,. as shown in Fig. 8. The maximum dry unit weight
A and optimum content values for each mix are also presented
£ in Table 2. The pure dune sand having imperfect roundness
§ 16 - shows an optimum water content of 16.89% which is due to
2 _ the lubrication requirement of particles for rearrangement.
£ 15 rader, ponomal i The thin film of water formed around particles facilitates
2 e s the rearrangement which is a typical case in dune sands.
z. 4| o SMos With the addition of fine marble waste, the optimum water
< e content of the mix reduces up to marble waste content of 25
z 13 e sM20 N % and with further addition of marble waste to the dune
| e smzs s sand an increase in optimum water content is observed as
[ = SM50 shown in Fig. 7.
12" M "
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Fig. 6 Compaction test results on sand-fine marble waste
mixes
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Fig. 7 Plot between the compaction parameters and the
fine marble waste content

the mixtures following (ASTM D698-12e2 2012). The
results of compaction tests for various mixtures are shown
in Fig. 6. The data obtained for pure sand (S) is also shown
in the figure for comparison purposes. The maximum dry
unit weight is increased up to fine marble content of 20%
and then decreased with the increase in fine marble waste
content. Initially, the fine marble waste filled the voids
between the sand particles, and once the voids are filled
with fine marble waste (at about 15%), further increase in

4.3 Direct shear strength

Direct shear strength tests were performed on the sand,
fine marble waste and SMO05, 10, 15, 20, 25 and 50
specimens. The specimens (60 mm in width X 60 mm in
length x 30 mm in height) prepared for conducting the
direct shear tests were prepared by compacting the mixes at
their respective optimum moisture content to achieve
maximum dry densities. Thereafter preparation, the
specimens were dried in an oven at 110°C for 72 hours to
be at the exact condition of moisture content at the time of
direct shear tests. The tests were performed at different
levels of normal stresses (on) to compute shear strength
parameters, i.e., cohesion, ¢ and angle of internal friction, ¢
at peak, using the Mohr-Coulomb failure criteria. All the
tests were performed at a constant horizontal displacement
rate of 0.Smm/min. The tests were performed at three
normal stress levels, i.e., 50.8, 110.9, and 160.7 kPa for
each mix type. To ensure reproducibility of the results, a
large amount of the mixture was prepared for each fine
marble waste content for each test. At least two identical
tests were conducted for a single condition to obtain reliable
values. The test results displaying the plot between shear
stress and shear displacement for each mix are shown in
Fig. 8.

The shear strength parameters calculated by using the
Mohr-Coulomb failure criteria are also shown in Fig. 8 for
each mix type. Fig. 9 shows the plot between shear strength
and the fine marble waste content at three normal stress
levels. The mix having a fine marble waste percentage of
15-20% shows optimal performance. The change in
cohesion and angle of internal friction of sand fine marble
waste mix specimens is plotted against the fine marble
waste content in Fig. 10.

It can be seen that the angle of internal friction first
increases and then decreases; however, the cohesion
increases with the increase in the percentage of fine marble
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waste in the sand. The cohesion is around 32kPa for pure
fine marble waste and 17.8 kPa for sand with 20% fine
marble waste content, which is considered a substantial
improvement in the shear strength of cohesionless dune

sand. Since the study aims to propose a fine marble waste —
sand mix for the replacement of shallow loose sand. So, as
per the general observation of Figs. 7 and 9, SM20 provides
optimum density and shear strength for the case of shallow
surface replacement; therefore, it is recommended to study
the field application of SM20 by wusing numerical
modelling.

4.4 Numerical modelling

An increase in inter-particle cohesion of the fine marble
waste mixed sand is expected to provide significant ground
improvement in practical geotechnical applications. The
performance of improved soil was evaluated by using FEM
based foundation analysis. The FEM analysis has been
conducted by utilizing the geomechanics module of the
COMSOL Multiphysics program (COMSOL Inc. 2018).
The module effectively evaluated various foundation
engineering problems (Farooq and Naqash 2021, Harireche
et al. 2021). The foundation model was articulated by
applying a circular loading of unit radius on the surface. In
addition, the axisymmetric (cylindrical) soil strata have
been considered with natural soil underlying the treated soil
layer. The complete geometrical arrangement, dimensions
of footing and soil layers are shown in Fig. 11.
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The foundation is subjected to a building load of 200
kPa. The optimized fine marble waste treated ratio” SM20”
has been used in the numerical study. The foundation is
modelled on three ground conditions, 1) dune sand, 2) 1 m

Table 3 Input parameters for FEM analysis based on
experimental data

Material Property Sand SM20
E?lg\l‘;‘rfs;;%ht 16.541 17.793
gr(lgsgé ?SI)lgle 31.7 355
S?gzl)on 0 17.8

: *
gl;;z;: modulus* E 25 50
Soisson’s ratio* 0.3 03

surface replacement with SM20, and 3) 2 m surface
replacement with SM20. The Mohr-coulomb elastoplastic
material model is applied to simulate the soil behavior
under dry conditions. The bottom of the analyzed soil
matrix is considered a spring foundation with elastic
properties, identical to that of the natural sand. At the same
time, the curved surface along the z-axis is assumed as
roller support.

The elastic modulus and Poisson’s ratio values are
adopted per the Canadian Geotechnical Society’s
foundation engineering manual guideline. The values are
primarily based on friction angle, cohesion, and the density
of the soils (CGS, 2006).

The settlement analysis results for the foundation model
are expressed in Fig. 12. The fine marble waste treatment
has remarkably reduced the overall foundation settlement.
The 1 m soil replacement with SM20 decrease the
foundation settlement up to 26% (Fig. 12(b)). Whilst, 2 m
soil replacement yields about 33% reduction in foundation
settlement (Fig. 12(c)).

The volumetric strain evaluation results are in good
compromise with the overall settlement data. The fine
marble waste content has reduced the volumetric
contraction on foundation edges, as indicated in Fig. 13.
The diminutive bulging on the soil surface has also been
reduced. As far as volumetric strain is concerned, both 1m
and 2m treatment has revealed almost the same results. This
can be observed by comparing Fig. 13(b) and c. The stress
distribution in the soil foundation system is indicated by the
pressure diagram (Fig. 14) The pressure at any point on the
figures represents the 1st invariant of the stress tensor.

Since the concrete foundation carries most of the stress,
the minimum and maximum stresses lie within the same
range and location, i.e., in the concrete zone. However, a
more yellow portion can be seen in Fig. 14(a); this reflects
slightly higher soil stresses in the dune sand case than the 1-
m and 2-m soil treatment cases. The overall settlement for
all three cases, along the model geometry's centerline, is
summed up in Fig. 15(a), whilst the vertical stress profile is
shown in Fig. 15(b).

The soil treatment has effectively reduced the overall
settlement in the concrete foundation and the soil. As a
result, the rigid concrete foundation has uniform settlement
along with its 50 cm depth.

The 2m soil replacement case has better performance
against settlement as compared to the 1-m case. The soil
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treatment is proved to be effective for settlement control
throughout the influence zone. The vertical stress for all
cases decreases sharply with respect to the depth in the
concrete zone (Fig. 15b). There is an abrupt change at the
middle of the foundation cross-section due to the absence of
flexural stresses. The induced vertical stress on the natural
ground is reduced with the soil treatment. There is a
marginal difference of vertical stress value at 3m depth for
1 and 2m soil substitution, with the former showing a
slightly higher value.
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Fig. 13 Comparison of volumetric strain in Z-X plane

5. Conclusions

The present study was conducted to investigate the
possibility of improving dune sands' engineering properties
by adding fine marble waste. In addition, management of
fine marble waste and efficient resource utilization by
reusing the waste has been addressed, which are the
domains of novel low carbon technologies and sustainable



Engineering characteristics of dune sand-fine marble waste mixtures 555

Pressure {kPa}

130

140
120
100

60
40
20

¥ 0.09

(a) Pure sand

Pressure {kPa}

180
160
140
120
100
a0
G0
40
20
G

V¥ -4.27

(b) 1m replacement with SM20

Pressure {kPa}

kPa
A 184

180
160
140
120

(¢) 2m replacement with SM20
Fig. 14 Comparison of stresses

development. Samples of dune sand (classified as SP) and
fine marble waste (classified as CL) collected from the Al-
Shargia desert and the marble quarry of Al Khaboura,
Oman, respectively, were mixed to study their engineering
properties. The fine marble waste was added in percentages
by weight of dry sand ranging from 5 to 50 % to make the
binary mixtures. The binary mixtures, pure sand and fine
marble waste were performed tests such as void ratio,
gradation analysis, compaction, elemental analysis,
scanning electron microscope analysis, and direct shear.
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Additional research should investigate the effects on the
strength compressibility of dune sand's binary mixture with
fine marble waste. Based on the results presented in this
paper, the following conclusions can be drawn:
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e The binary mixtures give a much higher maximum dry
unit weight than the dune sand. The addition of fine
marble waste in the sand has improved the maximum
dry unit up to a treatment ratio of 20%; however, the
optimum water content (OMC) increases from 16.8%
for pure sand to 27.9% for pure fine marble waste.

e The direct shear tests showed that the sand-fine marble
waste mixtures possess both cohesion (¢) and angle of
internal friction (¢), indicating that the fine marble waste
acted as a cementing agent between the sand particles.
The fine marble waste substantially increases the shear
strength of the treated sand. The shear strength increases
with fine marble waste content up to 20%, and then after
that, it decreases with the increase in sediment content.

e The elemental analysis of the fine marble waste
confirmed the material as non-contaminated and suitable
for engineering application without any environmental
issues. On the other hand, the fine marble waste has no
monetary value since it is a waste. If employed in
ground improvement, it eliminates the need for its
disposal in landfills. Therefore, the mixing of fine
marble waste powder to sand can improve the properties
of desert sand for shallow foundations.

o The results show that the addition of fine marble waste
can improve dune sand’s engineering properties. The
laboratory test results indicated significant increases in
the maximum dry unit weight and enhancement in
gradation. The addition of fine marble waste to sand has
improved the uniformity coefficient of the sand to some
extent, and both the maximum and minimum void ratios
are increased as well.

o The experimental results for soil improvement are
evaluated for practical applications by FEM analysis
performed for an isolated footing. The sand treated with
fine marble waste has shown a reduced foundation
settlement overall and improved stress transformation.
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