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ABSTRACT: In this study, geopolymers based on Taftan natural pozzolan and nanomaterials (nanoclay
and nanosilica) were used to stabilize sandy soil. Various parameters such as type of nanomaterial, amount
of nanomaterial, alkaline activator solution ratio and curing time were taken into account as the affecting
factors on the behavior of stabilized specimens. The unconfined compressive strength (UCS) tests were
performed to evaluate the effect of geopolymer and nanomaterials on sandy soil stabilization. Then,
the X-ray diffraction and scanning electron microscopy were performed to verify the microstructure
of the stabilized soil. The results showed that the addition of pozzolan and nanomaterials to soil and
increasing the amount of alkaline solution caused an increase in the compressive strength of the soil.
Additionally, the strength of geopolymer specimens increased with the addition of nanomaterials up to
2%, and subsequently due to the accumulation of nanomaterials decreased. The microstructural analysis
indicates a strong reaction of chemical additives and the formation of aluminosilicate gel in geopolymer
compounds, which itself increases the load-bearing capacity of the soil and stabilized. Based on this
study, natural Taftan pozzolan and nanomaterials are appropriate and beneficial alternative materials in
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the stabilization of earth structures.

1. INTRODUCTION

Many construction sites have soft and quite compressible
soils, whose resistance to applied loads during construction or
throughout their useful lifetime is not sufficient and experience
failure or excessive settlement [1,2]. The durability and
natural resistance of soil can be improved through the process
of soil stabilization [3]. One of the most common methods for
stabilizing and improving the mechanical properties of soils
is the use of chemical stabilizers such as Portland cement.
Today, Portland cement produces approximately 5-8 % of the
carbon dioxide gas in the world. Approximately, 121 liters of
fossil fuels and 111 kilowatt-hours of electricity are consumed
per ton of cement on average. [4-6]. Additionally, a large
percentage of the raw materials in cement manufacturing
comes from the extraction of natural resources which has
an adverse effect on the environment and increases the cost,
time and energy consumption [5,6]. Hence, researchers are
always searching for environmentally friendly replacements
for cement.

Geopolymers have been considered to be a proper
substitute for cement [7]. Geopolymers were initially
developed by mixing geopolymer precursors with an alkaline
activator. Geopolymer precursors include a wide range of
low-cost aluminosilicate materials, even including such
*Corresponding author’s email: vahiddavis@gmail.com

industrial waste as fly ash (class C and class F) and natural
pozzolans. Alkaline activators include alkaline solutions
of sodium silicate, potassium silicate, calcium carbide
and sodium hydroxide [8]. The use of industrial waste as a
progression for geopolymers has been evaluated by several
geotechnical researchers [9]. Additionally, according to the
McLellan report, the cost of geopolymers could be less than
that of cement [10].

Furthermore, nanomaterials have been increasingly used
in geopolymers with the development of nanotechnology.
However, the research on the effects of nanomaterials is
scarce on the properties of geopolymer in soil stabilization.
In this study, Taftan pozzolan as an eco-friendly material
and nanomaterial were used to stabilize weak soils. For this
purpose, factors affecting the compressive strength of the
stabilized soil were experimented and evaluated, which
included the curing time, the amount of alkaline solution and
application and amount of nanomaterials. Alkaline solution
with two different ratios of 0.3 and 0.45 to the total pozzolan
weight and nanomaterial (nanosilica or nanoclay) content of
1, 2, 3% of the total soil weight were examined to determine
the optimum mix design. Scanning electron microscope
(SEM) and X-ray Powder Diffraction (XRD) microstructure
analyses were used to evaluate and interpret the results of the
stabilized specimens.
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Fig.. 1. The particle size distribution of the investigated
soil.

Table 1.Chemical properties of Taftan pozzolan, nanoclay
and nanosilica

Chemical
i Taftan s
Composition Nanoclay Nanosilica
Pozzolan
(%)

Si0: 60,90 50.95 >99%

ALOs 18.45 19.6 -
Si0+ALO: 84.45 70.55 >99%

2-MATERIALS
2-1- Soil

Considering the particle size distribution (PSD), as shown
in Figure 1, the soil is classified as poorly graded sand (SP).
The optimum moisture content was determined 13 % after
standard compaction test.

2-2- Natural Taftan pozzolan

Natural Taftan pozzolan collected from Taftan volcano
district in Sistan and Baluchestan province, Iran as illustrated
in Table 1.

2-3- Nanomaterials and Alkaline Activator

The nanomaterials used in this investigation has been
nanoclay and nanosilica as presented in Table 1. The alkaline
solution used in this study is a sodium hydroxide solution
(NaOH).

3-METHODOLOGY

The water and the sodium hydroxide solution were
weighed and the soil and pozzolan were then dry-mixed by
hand until uniformity was reached. The amount of water
in the sodium hydroxide solution was determined for each
mixture. Then, the amount of water required to reach the
optimum moisture for the soil was determined. A part of this
water was used for making the alkaline solution, and the other
part (extra water) was added to the homogeneous soil and
pozzolan composition. The sodium hydroxide solution and
nanomaterials were mixed slowly for eight minutes to obtain
a homogeneous solution. Then, the solution was added to the
initial mixture (homogeneous soil and pozzolan mixture) and
mixed. The resulting mixture was poured into three layers of
amold, with each layer compacted four times with a standard
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Fig. 2. Comparison of the effect of a different nanosilica
percent on UCS of Taftan pozzolan with an alkaline
solution ratio of 0.45.

UCS (MPa)

1 0.69

LM
S

T45 TC4s1 TC4S2 TC4s
Nanomaterials percentage

Fig. 3. Comparison of the effect of different nanoclay
percent on UCS of Taftan pozzolan with an alkaline
solution ratio of 0.45.

hammer, having a weight of 4 kg and a height of 30 cm.

The specimens were removed from the mold and treated in
room temperature until they reached their desired treatment
period (7, 28 and 90 days). Three specimens were made from
each stabilized soil specimen. The specimens are classified
into three general groups of Taftan pozzolan, soil and cement.
They are divided group 1 (specimens containing Taftan
pozzolan with an alkaline solution and pozzolan percentages
of either 0.3 or 0.45, 1-3% of nanosilica or nanoclay, and
specimens without nanomaterials (pozzolan only)), group 2
(pure soil) and group 3 (stabilized with cement percentage of
7% and 15% of soil weight).

4- RESULTS AND DISCUSSION
4-1- Mechanical properties

The compressive strength of specimens for different curing
time is obtained as shown in Figures 2 and 3 for some groups
1 specimens. The compressive strength was increased for all
specimens by an increase in curing time. However, the rate of
increase was not constant over time and was more significant
during the first 28 days. After 90-days treating, for different
nanomaterial percentages and in cases of NaOH solution
ratio of 0.3 or 0.45, the optimum percentage of nanomaterial
was 2%

After 90-days treating, for different nanomaterial
percentages and in cases of NaOH solution ratio of 0.3 or 0.45,
the optimum percentage of nanomaterial was 2%. The 90-day
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compressive strength of specimens stabilized with nanosilica
higher than nanoclay specimens. According to the chemical
properties of materials as stipulated in Table 1, nanosilica
contains 99% silica, while nanoclay only contains 50.95%
silica. Since silica is the main cause of strength in geopolymer
products, the high strength of specimens with nanosilica can be
justified [11]. The compressive strength of specimens with 0.3
alkaline solution was 10-20 % lower than that of the specimens
with 0.45 alkaline solution. Comparison of cementitious
and geopolymer specimens shows that the addition of
nanomaterials, especially nanosilica to geopolymer specimens
shows a significant increase in strength compared with cement
stabilized specimens.

4-2-Microstructural analysis (XRD and SEM)

The XRD analysis showed that the severity of peaks
in stabilized specimens with pozzolan and nanosilica (the
optimum percentage) was decreased compared to pozzolan
and pure soil specimens. The SEM analysis showed that the
soil stabilized with pozzolan and nanosilica (the optimum
percentage) had a more homogeneous structure, less
porosity and more uniform surface than the other specimens
confirming the obtained optimum mixture.

5- CONCLUSION

Natural pozzolans and nanomaterials are -effective
stabilizers for sandy soils with a brilliant increase in the
compressive strength. For appropriate geo-polymerization
and enhanced the mechanical behavior of stabilized soils
the optimum amount of nanomaterial (in this study 2%) was
necessary. The microstructural analyses (XRD and SEM)
confirmed the formation of geopolymer and effectiveness of
using pozzolan and nanomaterial to stabilizing soils.
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Fig. 1.The particle size distribution of Haft Bagh Alavi expressway’ soil
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Table 1.Physical and chemical properties of the studied soil
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Table 2.Chemical compounds of Taftan natural pozzolan, nanoclay, and nanosilica
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Table 3. Propertles of nanoclay and nanosilica
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Table 4.Performed tests
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Fig. 3.Schematic chart of the investigation’s steps

ALBIS g yiwd Cagh ) (6 s Do g 09 atwlS 30 Lyl

85 8 &Lﬁ}] 3y50 9 o Al digad Vo Colys jo il

oy g s -0
ol BY a 6)LNB wsl&a—\—a

6ol olass lawgr ouis dgame (5,Liad Caaglio (505 ojladl
e oo o o Slee bl Slp Gyl Glere 4 Gladss
kol e ol Cepw g oS Ay a5 el ool colaiul sleend
)Lum AS.’ Ja‘ysa waLQ.‘o ;MS ‘U] » 05)19 w‘ o.b}..» g_)l.’}h.v‘ Q"‘
alds LFY]asl lee slos )5 caa slge ol sl conlio
C;‘.w.'{d“)_)s)Ja‘JMLg)STJA.Co)SDQJJ‘)K5&5L»}‘WLDAJ}Q.S
CBR Marshal olfiws jl eolanwl b oiiS 4 (5 led cuoglia

30 5 el (99331 36 )10
Lgl.tb dgod g ua.'l} Sk 6‘)‘3 IRWERRPRE 6)1.&5 C»wju-n
o IS8 )0 w4 oygil g el iz slans s b
Y )‘ Sk WBLE.A Lb)‘.)s.o.; u.uLm‘ » Sl o0 00)5] -y 9 -0

Ol s |y SB Cuaglia ali¥l sl 0l VIF 03, 40

072 Olsed 5959 1) Slgagil 5 9rnS'g 1000 modes Jglome ¢ LS
FroasS jo0 b akds ¥ e 4 byl (pl g a5 ,00
lﬁ‘mﬁiwo@@&mgj?lzabxp@bwmﬁab@a
o oolal  (3bj Sl 53l Lame apal azyo il a8
GoSlas oS jlin g olgegl it SKen el g alils dlgegls
a1y Jslme ol s [¥0]090 oo gl yaclysiy a0
o9 g 03,5 Lol (Vo 5 S (Sed bglie) adyl byl
2l el balxe 048 Jol> Ko alS bglso b 0d) o2
w1y Dgo 4y g asn, Y aw o 9 (Ve s0Cm) ol wilginl CJB
5 00,5 oSTte pSelS F ey LiSx ) eolizul b o il
Sy ol Yo gl 5l 28 005 by L T LGB ST aY e
0o B 5l b aiges S 5l eolitad b g 355 (o0 oS0
Wigds o 691 Jos BUI Cugh) 5 Lo 5o sy (y9as g 00d 0351
D2166 ool 5 15 0,50 (5551 ot 0,98 CisdS 5l o aSI L
2 325 18 Glel )90 SS9, &0 4 [\ ASTM
Slgie @ Ll uSles g o sl d5ges du 0o Cands S diges
Sle 4 azgi bl 485 15 )3 aiges (o225 L (6,L88) Cueglie
Load axbo lo aiged Lo caili p Glowns (2STy (Sl joe
Cagb 516 oads oty O Saadly 50 55, ¥ S 4y il (o

yye



FYVA B YYBY dsio VYRR Jlo A 0)loud @Y 0553 ey ol lpos swlite 4 pis

UCS (MPa)

0.98

L

Nanomaterials percentage
@17day ©28day m90day

1Y (LS Jglome Cond b LT (Y559 (5)Lid Caoglio (g9 (il il (slavo ;0 3l dunn Lo ¥ JSCo
Fig. 4.Comparison of the effect of different percentages of nanoslica on the compressive strength of Taftan pozzolan with
an alkaline solution ratio of 0.3
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Fig. 5.Comparison of the effect of different percentages of nanoslica on the compressive strength of Taftan pozzolan with
an alkaline solution ratio of 0.45
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Fig. 8.Comparison of the effect of increasing alkaline solution concentration on the 90-day compressive strength of Taftan
pozzolan with different percentages of nanosilica
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Fig. 9.Comparison of the effect of increasing alkaline solution concentration on the 90-day compressive strength of Taftan
pozzolan with different percentages of nanoclay
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Fig. 11.Comparison of the effect of different percentages of nanoslica on the tensile strength of Taftan pozzolan with an
alkaline solution ratio of 0.3
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Fig. 12.Comparison of the effect of different percentages of nanoslica on the tensile strength of Taftan pozzolan with an
alkaline solution ratio of 0.45
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Fig. 13.Comparison of the effect of different percentages of nanoclay on the tensile strength of Taftan pozzolan with an
alkaline solution ratio of 0.3
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Fig. 14.Comparison of the effect of different percentages of nanoclay on the tensile strength of Taftan pozzolan with an
alkaline solution ratio of 0.45
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Table 5.Comparison of the compressive and tensile strength of specimens after 90 days of curing
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Fig. 16. The SEM images of 90-day specimens (1) TS452 and (2) TS45 with 10 kx magnification
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