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ABSTRACT

1t is well known that in geotechnical engineering, soil stabilization using cement is one of the appropriate approaches
for enhancing soil characteristics. With respect to zeolite, its impact on the characteristics of cemented soil has not
been fully evaluated. Thus, in the current research, a set of laboratory tests including standard Proctor compaction and
direct shear tests (DSTs) considering four cement contents (2, 4, 6, and 8% of sand dry weight) and four zeolite contents
(0%, 30%, 60%, and 90% of cement percentage as a replacement material) was carried out. The results indicated that
the zeolite reduced Maximum Dry Density (MDD) while it increased value of Optimum Moisture Content (OMC) of
cemented sand. Through the DSTs, it has been found that the replacement of cement by zeolite up to 30%, leads to the
highest values of shear strength parameters due to the occurrence of pozzolanic and chemical reactions, particularly
the production of higher amounts of calcium aluminate and calcium silicate hydrates in comparison with zeolite-free
samples.
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ABSTRAK

Telah diketahui bahawa dalam kejuruteraan geoteknik, penstabilan tanah menggunakan simen adalah salah satu
pendekatan yang sesuai untuk meningkatkan ciri tanah. Berkenaan dengan zeolit, kesannya terhadap ciri-ciri tanah
simen belum dinilai sepenuhnya. Oleh itu, dalam penyelidikan semasa, satu set ujian makmal termasuk pemadatan
Proktor piawai dan ujian ricih langsung (DST) mempertimbangkan empat kandungan simen (2, 4, 6 dan 8% berat
kering pasir) dan empat kandungan zeolit (0%, 30 %, 60% dan 90% peratusan simen sebagai bahan pengganti)
dijalankan. Hasil kajian menunjukkan bahawa zeolit mengurangkan Ketumpatan Kering Maksimum (MDD) sementara
meningkatkan nilai Kandungan Kelembapan Optimum (OMC) pasir bersimen. Melalui DST, didapati bahawa
penggantian simen dengan zeolit hingga 30% membawa kepada nilai parameter kekuatan ricih tertinggi kerana
berlakunya tindak balas pozolan dan kimia, terutama pengeluaran kalsium aluminat dan kalsium dalam jumlah yang
lebih tinggi silikat hidrat berbanding dengan sampel bebas zeolit.

Kata kunci: Parameter kekuatan ricih; pasir,; simen; ujian pemadatan Proktor piawai, zeolit

INTRODUCTION

Some soils in a field may not have the required qualities
and characteristics for engineering purposes. These soils
have a dispersive, inflatable, weak and highly permeable
and compressible nature. The loose sandy soils with low
strength and high collapse potential are known as one of
these problematic soils. For instance, during earthquakes,
there is a high probability of decreasing the strength of loose
sandy soils which leads to the occurrence of liquefaction.
Since in some conditions such as dense urban areas and
large embankment dams, performing some improvement

methods such as dynamic compaction is not possible, soil
stabilization techniques are applied for enhancement of
soil characteristics (Khadka et al. 2020).

Different materials such as lime, cement, silica
fume, metakaolin and fly ash have been employed for
the stabilization purposes (Gao et al. 2020; Hasanzadeh
& Shooshpasha 2020, 2019). One of the most practiced
methods for stabilizing sandy soils is the addition of
cement. This simple and reliable method has been applied
in many engineering purposes such as canal lining, slope
stability and foundation engineering. Some parameters
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such as cement percentage and its type, compaction
method, curing period, particle size of the soil and porosity
affect behavior of cemented sands. Many researchers
have investigated the effect of cement as an additive on
the sandy soils (Ghadakpour et al. 2020; Liu et al. 2017;
Rasouli et al. 2017). Al-Aghbari et al. (2009) examined
the effects of cement kiln dust and ordinary Portland
cement on sandy soil and concluded that by increasing
the cement percentage, the Maximum Dry Density (MDD)
increased and the Optimum Moisture Content (OMC)
reduced which this was more pronounced for higher
cement contents. Shooshpasha and Shirvani (2015)
studied the strength characteristics of sand stabilized with
cement and reported that the addition of cement to sandy
soil decreased displacement at failure, improved shear
strength parameters, and altered the soil behavior to a
more brittle one.

However, soil stabilization using cement has some
disadvantages such as its high cost and the release
of heavy metals. Moreover, for each ton of cement
production, approximately one ton of greenhouse gas of
CO, is generated so that the emission of around 5-8%
annual worldwide CO, is due to the process of the cement
production (Mola-Abasi et al. 2020). Hence, seeking
new sustainable materials that can fully or at least partly
substitute cement is a big challenge nowadays. Such
an optimization directly contributes to the save of the
natural resources, reduction of the energy consumption
and conservation of the environment. Zeolite, because
of its abundance in nature and eco-friendliness as well as
its high potential to increase soil strength can be a good
alternative for cement. Acceptable chemical, physical
and environmental properties of zeolite make it desirable
for the construction materials technology (Y1lmaz et al.
2007).

Zeolites are microporous, crystalline, three-
dimensional solids with well-defined structures (like a
honeycomb), composed of a network of interconnected
cages and tunnels. They have high specific surface
area and are capable of storing heat between cycles
of hydration and dehydration. Due to the high cationic
exchange capacity, zeolite can also be utilized as an
adsorbent for the elimination of contaminants in polluted
water. Apart from the abundance and low cost of zeolite,
it is mechanically resistant and can reduce the cement-
induced environmental problems. Natural zeolite, as a
volcanic material, has large amounts of reactive particles
of Al,O, and SiO, which play important roles in the
pozzolanic reactions for soil treatment (Mola-Abasi
& Shooshpasha 2017). It has been reported that the
pozzolanic activity of natural zeolite is lower than that of

silica fume while higher than that of fly ash (Poon et al.
1999). Adding zeolite as a supplementary or an additive
to the construction materials not only increases the
strength of the materials but also reduces their porosity.
Several researchers have conducted extensive
investigations on soil stabilization using zeolite (Mola-
Abasi et al. 2019). Yukselen-Aksoy (2010) studied the
impacts of two various types of zeolite on soils and found
that zeolites are mechanically stable materials which
can be utilized for embankment and landfill liner
applications. Firoozi et al. (2014) evaluated the impact
of nano-zeolite on clay characteristics. They showed
that Atterberg’s limits vary with the addition of different
nano-zeolite contents. Matolepszy and Grabowska (2015)
studied the sulphate attack resistance of cement with
zeolite and found that zeolite is very influential in reducing
sulphate attack. Mola-Abasi and Shooshpasha (2016)
studied the simultaneous impacts of cement and zeolite on
the unconfined compressive strength (UCS) of sandy soil.
They concluded that applying zeolite instead of cement
improves the UCS and strain rate at failure. However,
the porosity reduces and the cemented sand behavior
becomes more ductile. Mola-Abasi and Shooshpasha
(2017), using Group Method of Data Handling (GMDH),
proposed a polynomial model for the UCS prediction of
zeolite-cemented sand mixtures and reported that cement
and zeolite contents are the most affective factors on the
UCS.

Until now, little emphasis has been devoted to
the effect of natural zeolite on the characteristics of
the cemented sands. Moreover, due to the existence of
loose sand and high groundwater level in Mazandaran
province, Iran, the soil improvement in this area is
necessary for civil engineering projects. On the other
hand, the extensive geological distribution of zeolite in
Iran and its unique characteristics have led geotechnical
engineers to take an interest in this type of additive. Thus,
in the current paper, the effects of adding various zeolite
and cement contents on the geotechnical characteristics
of sandy soils are investigated using laboratory tests
including standard Proctor and direct shear tests (DSTs).

MATERIALS AND METHODS

The materials applied in this investigation are sand,
Portland cement and natural zeolite.

SAND
The studied sand was collected from the coastal zone
of Babolsar city, Mazandaran province, Iran. This sand
was categorized as poorly graded sand (SP) based on the



Unified Soil Classification System (ASTM D2487 2017)
with a mean grain size, specific gravity (Gs), coefficient of
uniformity and coefficient of gradation of 0.21 mm, 2.73,
1.29 and 1.04, respectively.
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CEMENT

Portland cement type I from Neka company with Gs of
3.15 and Blaine of 305 m?/kg was employed. The physical
and chemical features of this cement are presented in
Table 1.

TABLE 1. Physical and chemical characteristics of cement

Parameters Value
Autoclave expansion (%) 0.05
Initial setting time (min.) 115
Compressive strength after 3 days (kg/cm?) 185
Compressive strength after 7 days (kg/cm?) 295
Compressive strength after 28 days (kg/cm?) 397
Si0, (%) 21.90
ALO, (%) 4.86
Fe, 0, (%) 3.10
K,0 (%) 0.53
CaO (%) 63.30
MgO (%) 1.20
SO, (%) 2.04
Na,O (%) 3.07

ZEOLITE

Natural clinoptilolite type of zeolite obtained from the
mines of Semnan province of Iran with particles smaller
than 75 um, Blaine of 400 m%*kg and Gs of 2.20 was
used. The color of the used zeolite is a light cream and
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its specific weight is 11900 N/m?. This non-plastic zeolite
is categorized as ML on the basis of the Unified Soil
Classification System (ASTM D2487 2017). The gradation
curves of Babolsar sand and zeolite are shown in Figure
1. Table 2 presents chemical features of zeolite.
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FIGURE 1. Gradation curves of zeolite and Babolsar sand
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TABLE 2. Chemical properties of zeolite

Component Sio, AlLO, FeO, K,0 CaO MgO SO, Na,O
Content (%) 67.4 10.80 0.84 0.19 1.20 0.33 0.47 3.70
SAMPLE PREPARATION through the standard proctor test performed in each

To explore the impacts of zeolite and cement on the MDD
and OMC of sand, a set of standard Proctor compaction
tests was carried out according to ASTM D698 (2012).
Therefore, sand, cement (2, 4, 6, and 8% by the dry
weight of the sand) and zeolite (0%, 30%, 60%, and
90% of cement content, as a replacement material) were
mixed with different amounts of water. The mixture
was then put into a standard mold in three layers, with
each layer compacted by 25 rammer blows falling down
from a distance of 0.3 m. Moisture content and weight
of specimens were determined following compaction
phase. Standard Proctor compaction experiments were
conducted on three similar specimens for each combination
of variables, and then the average value of the findings
was recorded.

To prepare samples for DSTs, after weighting the
sand, water, cement and zeolite amounts, the sand was
mixed with cement and zeolite. The water was then
subjoined based on the OMC values (which were found

mixture). The process of mixing continued until a
uniform blend was formed. The mixtures were compacted
in three layers within the mold of 60 x 60 x 20 mm. The
surfaces of the first and second layers were scarified
slightly to promote suitable bonding with the upper layer.
To reduce the friction between sample and mold, the inside
surface of the mold was lubricated before pouring the
mixture into it. Hence, no crack was found in the sample
after the mold removal. After removing the specimens from
the mold, their heights and weights were determined.
Then, the samples were placed in plastic bags and cured
for 7 and 28 days in a humid room at 23 + 2 °C with 95%
relative moisture. The DSTs were executed based on
ASTM D3080 (2011) with a shear loading at a rate of 0.12
mm/min using three various normal stresses of 0.55,
1.20, and 1.75 kg/cm?. The failure envelope of soil was
then defined according to Mohr-Coulomb failure criterion
for evaluation of the shear strength parameters. Table 3
shows the variables considered in sample preparation and
testing.

TABLE 3. Considered variables in this study

Properties Description
Soil type Poorly graded sand
Cement type Portland cement (type II)

Cement content
Type of zeolite
Zeolite content

Curing condition

2%, 4%, 6% and 8% by weight of dry sand
Natural clinoptilolite zeolite
0%, 30%, 60% and 90% of cement content

7 and 28 days in a humid room

RESULTS AND DISCUSSION

STANDARD PROCTOR COMPACTION TEST

Table 4 presents the results of standard Proctor
compaction tests for sand-cement-zeolite mixtures (C=
cement, Z= zeolite). For example, 5.6C2.4Z is sand with
5.6% cement and 2.4% zeolite. As observed, the addition
of cement to sand results in the growth of MDD and the

reduction of OMC. The MDD increase is due to the higher
Gs of cement (3.15) than sand (2.73) and its smaller
particles which can reduce the pores between the sand
grains. The reduction of OMC may be ascribed to water
self-desiccation because the relative humidity inside the
paste reduces as no flow of water to the cement paste is
permitted (Shooshpasha et al. 2019). Moreover, MDD
decreases with replacing cement by zeolite. For example,



the MDD values of 0.4C3.6Z and 4C are 1.70 and 1.85 gr/
cm?, respectively. In other words, replacement of 90% of
cement by zeolite leads to 8% decrease in MDD which is
due to lower density of zeolite in comparison with cement
and sand. Yilmaz et al. (2007) have also indicated that
the existence of zeolite in the soil composition lowers
the MDD. Considering environmental impacts of zeolite
and its lower cost than cement, the MDD reduction by
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replacing cement with zeolite is not considerable. In
addition, materials with low values of Gs such as zeolite
can be effective as backfill for retaining structures because
they apply less lateral earth pressure (Villalobos et al.
2018). It can also be seen that the OMC grows with the
increase of zeolite content. It may be related to absorption
of water by zeolites as they are water absorbents due to
their structure and chemical features (Tatlier et al. 2018).

TABLE 4. MDD and OMC values for different samples

Serial number Cement content (%) Zeolite content (%) MDD (gr/cm?) OMC (%)
Just sand 0 0 1.63 20.4
2C 2 0 1.75 15.5
1.4C0.6Z 1.4 0.6 1.73 15.8
0.8C1.2Z 0.8 1.2 1.71 16.2
0.2C1.8Z 0.2 1.8 1.68 16.5
4C 4 0 1.85 14
2.8C1.2Z 2.8 1.2 1.77 15
1.6C2.47Z 1.6 2.4 1.74 15.5
0.4C3.6Z 0.4 3.6 1.70 16.2
6C 6 0 1.89 13.5
42C1.8Z 42 1.8 1.81 14.3
2.4C3.6Z 2.4 3.6 1.78 15
0.6C5.4Z 0.6 5.4 1.74 15.4
8C 8 0 1.93 12
5.6C2.4Z 5.6 24 1.85 13.1
3.2C4.82 3.2 4.8 1.80 14.2
0.8C7.2Z 0.8 7.2 1.76 15
DSTs of varying crystallinity and composition, and affecting

As seen in Table 5, the shear strength properties of
specimens improve with the increase of cement and
curing time (c= cohesion, ¢= internal friction angle). In
fact, Portland cement consists of various minerals that
react at various rates with water, giving hydration products

the engineering characteristics of the final product. The
increase of internal friction angle with the inclusion of
cement to sand may be related to the occurrence of the
hydration reaction of cement. To state with more details,
the cementation of tiny particles shapes larger effective
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particles, which more strongly interlock with each other.
Thus, during shear, higher dilatation rates would be seen
which leads to the increase of the friction angle. It can also
be found that hydration of cement and its combination with
sand leads to the cementation and the cohesion growth.
The increase of the contact points at higher percentages
of cement affects the increase of the cohesion.

Table 5 also shows that the replacement of 30%
cement by zeolite improves the shear strength parameters
of cemented sand significantly. It should be noted
that one of the important reactions between zeolite and
cement particles is a time-dependent chemical reaction,
namely, pozzolanic reaction. This reaction is dependent
on chemical and mineralogical compositions of cement
and zeolite. In fact, chemically, both zeolite and cement
contain large amounts of alumina and silica. During
pozzolanic reactions, the availability of silica and alumina
from amorphous minerals increases. The alumina and silica
inside the zeolite structure grow reactions with cement to
generate calcium aluminate hydrate (CAH) and calcium
silicate hydrate (CSH) gels (Saberian et al. 2018):

Ca(OH), + ALLO, >C-A-H (1

Ca(OH), +Si0, > C-S—H 2)

When the cement-water mixture interacts with minerals
of zeolite, the zeolite alumino-silicate framework begins
to decompose in a high-pH solution under the attack
of OH". Depolymerized species, such as [AI(OH),]” and
[SiO(OH),]", enter the solution and react with Ca,’,
creating more CSH and CAH compounds, similar to those
created during the cement hydration (Mola-Abasi et al.
2017). CSH and CAH gels are the principal responsible for
the hydrated cement paste strength. These gels fill the
pores between sand and cement matrix in the Interfacial
Transition Zone (ITZ), bind the structure together and lead
to an enhancement in the strength against the shear
forces. Moreover, the inclusion of very small particles
of zeolite to cemented sand fills the void spaces between
larger particles physically. Thus, the porosity of blended
cement paste reduces and the interfacial microstructure
features of the blended cement paste, the bonding
between the particles and the shear strength improve
(Salamatpoor et al. 2018). The increase of shear strength
parameters with increasing curing period may be due
to development of pozzolanic reactions. Owing to the
pozzolanic reactions, the beneficial influence of zeolite
on the strength of cemented sand needs the long period
of curing. Thus, the shear strength parameters of samples

cured for 7 days are less than the ones cured for 28 days.
The increase of the curing period results in the formation of
stronger cementitious surfaces on the soil particles which
makes the structure of the sample more compact. While
cement tends to uniformly coat the particles of sand, a
portion of cement covers the surfaces positioned against
the void that does not contribute to the enhancement of the
shear strength. At low contents of cement, the proportion
of this inactive part is high. However, it reduces at higher
percentages of cement (as the surface of sand is not
altered). It can be expressed that the inactive portions of
the zeolite-cemented specimens are less than the zeolite-
free ones and thus, the cohesion of the zeolite-cemented
sand is higher. To examine the ductile/brittle behavior of
specimens, brittleness index (I) introduced by Bishop
(1971) was employed:

[p= 2 3)
Tp

in which T, and 7 _are peak and residual shear strengths,
respectively. When 1, tends to zero, it shows higher
ductility. Figure 2 shows variation of I, with normal
stress for sand- zeolite- cement (C=8%) mixtures. As
seen, I, decreases with increasing normal stress. In other
words, the zeolite- cemented sand becomes more ductile
with the increased normal stress. In addition, the increase
of I, with the curing time may be because of the completion
of pozzolanic reactions leading to strengthening the
chemical bonds in matrix of mixture. In regard to zeolite,
it can be observed that zeolite increases ductility of the
samples. This shows that zeolite changes the mineralogy
of zeolite-cement-sand mixture and makes less difference
between T, and 7. The presence of cement in the sand
causes the shear stress-shear strain to reach its maximum
value, which indicates that the cracking has occurred, but
the presence of zeolite leads to the more ductile behavior.
Similar results were found for other cases. It can be
observed from Table 5 and Figures 3 to 6 that for zeolite
contents more than 30%, the shear strength parameters
decrease. To clarify in more depth, it can be stated that
in the hydration of cement and pozzolanic reactions, the
amounts of SiO, and AL O, in reaction with CaO have a
significant influence on strength (Mola-Abasi et al. 2019).
For the sufficient amount of CaO, increasing SiO, and
AL O, will result in a more active pozzolanic reaction that
improves strength. With the increase of cement percentage,
the SiO, and Al O, values (reaction particles) increase
while their total value will be lower than CaO. Therefore,
it is anticipated that if the values of these particles become
higher, shear strength will enhance as well. In this case,



if zeolite percentage increases, the SiO, and ALO, will
grow but CaO reduces. When zeolite replacement is
below 30%, pozzolanic particles are more efficient and
when it becomes more than 30%, CaO particles have
higher influence. As presented in Table 6, with replacing
30% cement by zeolite, the sum of ALLO, and SiO,
(35.5+6.7=42.2%) is close to CaO content (44.6%). This
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is indicative of the highest improvement of shear strength
parameters at this zeolite content. If particles of SiO, and
AlO, become more than the particles of CaO (specimens
with more than 30% replaced zeolite), pozzolanic reactions
and consequently, the amounts of CSH and CAH reduce
due to the decrease of CaO and cement amounts.

TABLE 5. The values of shear strength parameters for sand with various percentages of zeolite and cement after 7 and 28 days

Serial number 7 days 28 days
¢ (kg/cm?) ¢ (Degrees) ¢ (kg/cm?) ¢ (Degrees)
Just sand 0 35.2 0 35.2
2C 0.14 38.8 0.24 47.1
1.4C0.6Z 0.17 39.2 0.28 48.3
0.8C1.2Z 0.12 36.6 0.19 454
0.2C1.8Z 0.10 34.9 0.16 44.1
4C 0.25 40.6 0.42 49.5
2.8C1.2Z 0.36 422 0.46 50.2
1.6C2.4Z 0.24 41 0.38 47.9
0.4C3.6Z 0.18 40.3 0.35 45.6
6C 0.30 43.8 0.44 50
4.2C1.8Z 0.34 48.2 0.49 51.1
2.4C3.6Z 0.32 47.9 0.45 50.6
0.6C5.4Z 0.29 45.5 0.40 48.8
8C 0.41 47 0.52 52.4
5.6C2.4Z 0.47 52.6 0.64 55.1
3.2C4.82 0.42 50.7 0.60 53.8
0.8C7.2Z 0.38 49.9 0.55 52.7
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TABLE 6. Chemical characteristics of the cement replaced by 30% zeolite

Content SiO, (%) ALO, (%) CaO (%)
0.7 cement 15.3 34 443
0.3 zeolite 20.2 3.2 0.3
Total 35.5 6.7 44.6
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FIGURE 2. Variation of brittleness index with normal stress for sand- cement
(C=8%)- zeolite mixture (a) 7 days (b) 28 days of curing period
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FIGURE 4. Variation of shear stress with normal stress for sand with
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CONCLUSION

In this research, zeolite was used as a natural and an
inexpensive pozzolan-based mineral to improve the
compaction characteristics and shear strength parameters
of the cemented sand. The most significant results
obtained by this study are as follows: The addition of
cement into the sand increased the MDD through filling
the spaces between sand particles and its greater specific
gravity than sand while with the inclusion of zeolite
into the cemented sand, the MDD decreased due to its
lower density than that of the cement. Shear strength
parameters increased with increasing cement, normal
stress and curing time. The optimum amount of cement
replacement by zeolite for the highest improvement in
the shear strength parameters was achieved at 30%. In other
words, substitution of 30% zeolite is sufficient to produce
a noticeable gain in shear strength. The zeolite in the
presence of humidity develops compounds with cement
properties such as calcium aluminate hydrate and calcium
silicate hydrate gels which can lead to the improvement
of shear strength through binding the matrix, filling the
pores and increasing density of the transition zone. The
process of cement production is time-consuming and
expensive in Iran. In addition, cement production uses
lots of energy and generates carbon dioxide, nitrogen
oxide and particulate air suspensions. However, zeolite
production is cheaper, requires less energy and also
induces less pollution. Furthermore, from an economic
viewpoint, huge reserves of zeolite can be found in Iran.

Therefore, using zeolite can be an appropriate option to
decrease consumption of cement.
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