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 
Abstract—It is well known that cemented sand is one of the best 

approaches for soil stabilization. In some cases, a blend of sand, 
cement and other pozzolan materials such as zeolite, nano-particles 
and fiber can be widely (commercially) available and be effectively 
used in soil stabilization, especially in road construction. In this 
research, we investigate the effects of CaO which is based on the 
geotechnical characteristics of zeolite composition with sandy silt 
soil. Zeolites have low amount of CaO in their structures, that is, 
varying from 3% to 10%, and by removing the cement paste, we want 
to investigate the effect of zeolite pozzolan without any activator on 
soil samples strength. In this research, experiments are concentrated 
on various weight percentages of zeolite in the soil to examine the 
effect of the zeolite on drainage shear strength and California Bearing 
Ratio (CBR) both with and without curing. The study also 
investigates their liquid limit and plastic limit behavior and makes a 
comparative result by using Feng's and Wroth-Wood's methods in fall 
cone (cone penetrometer) device; in the final the SEM images have 
been presented. The results show that by increasing the percentage of 
zeolite in without-curing samples, the fine zeolite particles increase 
some soil's strength, but in the curing-state we can see a relatively 
higher strength toward without-curing state, since the zeolites have 
no plastic behavior, the pozzolanic property of zeolites plays a much 
higher role than cementing properties. Indeed, it is better to combine 
zeolite particle with activator material such as cement or lime to gain 
better results. 

 
Keywords—CBR, direct shear, fall-cone, sandy-silt, SEM, 

zeolite. 

I. INTRODUCTION 

EOLITES are the result of hydration from alkaline 
aluminum silicates and alkaline earth metals, which have 

a crystalline structure consisting of a three-dimensional silica 
SiO+4 network and AlO+4 aluminate. These metal elements are 
surrounded by four oxygen atoms and interspersed with 
oxygen in the corners, creating a sieve-like hexagonal 
structure with holes and porous space. The same porous 
structure keeps larger particles in place, and smaller particles 
can easily pass; for this reason, zeolite is also called "sieve 
molecular". The surface of this particle is always negative due 
to the presence of Al+4 [1]. Zeolites will balance with other 
positive particles such as Na+, K+, etc., which make a high 
capacity exchange in zeolites, and due to this reason, the 
specific surface of zeolites is much higher that makes zeolites 
to be highly reactive material [2]. It can also remove toxic and 
heavier metal cations such as Ni+3 and Cd+2 in refining and 
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sewage purification [3], and they have the same behavior as 
chitosan biopolymer in absorbing heavy metals and also 
reduce hydraulic conductivity and improve mechanical 
properties [4]. Previous studies have shown that the 
combination of zeolite with concrete tends to increase its 
cohesiveness and reducing segregation in pump-able concretes 
in 3D printing concrete devices [5]. Kaya has shown that 
because of the high exchange of cationic zeolites, bentonite-
zeolite can be used instead of bentonite-sand in the landfill 
layer with less thickness, about half of its thickness and can 
have a much lower permeability coefficient [6]. Zeolites also 
have low compression index (Cc), which due to the high 
surface area have a very low Swelling Index, while its drained 
shear strength is relatively high [7]. In another study, the 
effect of zeolites in combination with cement showed that the 
properties and characteristics of dispersive soils and highly 
swollen clay soils can be improved [8]. Georgiannou also 
reported that zeolites are very close to the family of sandy 
soils, they not only have higher cations exchange capacity but 
also because of their pozzolanic properties, they will increase 
resistance toward sandy soils [9]. The chemical analysis XRD 
carried out shows that zeolites have CaO varying between 3% 
and 10%. As we know, CaO in the presence of water causes 
Ca(OH)2 to be produced. If environmental conditions are 
available for pozzolanic reactions pH > 10.5, it can react with 
Si and Al in the base soil and form Calcium Silicate Hydrates 
cement gel (C-S-H) and Calcium Aluminum Hydrate (C-A-H) 
[10]. Therefore, this phenomenon was investigated by 
conducting tests such as direct shear, fall cone and also 
checking the CBR test on different weight percentages of 
zeolite from (5% to 35% of soil’s weight) and SEM images to 
see the CSH structures between the particles, if available, and 
its effect on the mechanical properties of sandy silt soil. 

II. MATERIALS 

The soil used in this study is sandy silt mix soil involve 
70% Firoozkooh’s sand and 30% silt, this soil yields better 
results toward the natural soil, and the physical properties of 
the soil and its grain size distribution have been shown in 
Table II and Fig. 2, respectively. 

The natural zeolite has been provided from Negin Powder 
Co. of Semnan (Iran) and the type of zeolite is clinopetilolite 
that has passed through No. 200 sieve. Its chemical and 
physical characteristics are given in Tables I and III, 
respectively. 
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Fig. 1 The Zeolite Structure 
 

TABLE I 
ENGINEERING PTOPERTIES OF SOIL USED IN THE Study 

Test NO. Soil Properties Values 

1 Specific Gravity 2.68 

2 Grain size analysis 

2 - 0.075 mm 96% 

0.075-0.005 mm 1.56% 

< 0.005 mm 2.44% 

3 Constrained Diameter 

D10 0.091 

D30 0.31 

D60 0.52 

4 Coefficient of Uniformity 5.71 

5 Coefficient of Curvature 2.03 

6 Classification based on USCS SP 

7 Compaction study 

Optimum moisture content 6.60% 

Maximum dry density (gr/cm3) 2.048 

III. TEST PROCEDURE AND APPARATUS 

The tests carried out by the soil listed with different 
percentages of zeolite was 5%, 10%, 15%, 20%, 25%, 30%, 
35% weight percent of soil and combined with soil, and 
experiments like Density, Fall Cone, Drainage Direct Shear, 
and CBR had been carried out in two situations with 14-days 

curing and without curing at optimum moisture content and 
compared to elucidate composition mechanism. 

A. Compaction Test 

The standard proctor density test was performed according 
to the ASTM D698 [11]. Experiments show that by increasing 
the percentage of zeolite in the soil composition, it reduces the 
specific gravity of the soil ranging from 2.048 to 1.72. 
Because zeolites have a much higher specific surface area, the 
absorption of moisture in them will be higher, so we can see 
that the curvature of all samples is similar to each other, and 
also as the moisture content increases, the dry density is 
increasing until optimum moisture content and then decreases, 
so we can see that as the maximum dry density decreases, the 
optimum moisture content of all the soil samples increases. 
The results are presented in Table IV and Fig. 3. 

 

 

Fig. 2 Grain Size Analysis 

 

 

Fig. 3 Standard Proctor Compaction Curve of Soil with Different Percentage of Zeolite 
 

TABLE II 
CHEMICAL COMPOSITIONS OF THE ZEOLITE SAMPLE (WEIGHT %) 

Samples SiO2 Al2O3  Fe2O3  CaO Na2O MgO  K2O 

Z102S 69.28 10.43 0.49 3.56 0.73 0.5 1.27 
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TABLE III 
PHYSICOCHEMICAL PROPERTIES OF THE ZEOLITE SAMPLE 

Sample Location Clay fraction (< 2 μm) Specific gravity (Gs) Cation capacity (mEq/100 g) 

Z102S Semnan 80% 2.19 58.8 

 
TABLE IV 

EFFECT OF ZEOLITES ON OPTIMUM MOISTURE CONTENT AND MAXIMUM DRY 

DENSITY 

No. Zeolite % OMC (%) MDD (kN/m3) 

1 0 6.6 20.48 

2 5 9 20.08 

3 10 10.2 19.5 

4 15 11.5 18.7 

5 20 12.3 18.3 

6 25 13 18 

7 30 13.8 17.93 

8 35 15.3 17.25 

B. Investigating Liquid Limit & Plastic Limit Behavior by 
Feng and Wroth-Wood Methods 

Since the tested soil (silty sand) has a low plastic range, 
determination of the consistency (Atterberg limits) of this soil 
is carried out using the fall cone test according to British 
Standard 1377 part-2 [12]. The reason for using this method is 
that the sand samples in the Casagrande cup show slippage 
when striking the cup. So it is practically impossible to 
determine the Atterberg limits with this device [13]. Also, the 
advantages of the fall cone test toward the Casagrande cup can 
be pointed out are: the convenience, speed of testing, better 
maintaining, and more reliable results in soils with low plastic 
[14]. And in the end, the calculations were compared with the 
Feng's method. 

In accordance with the British Standard for determining the 
liquid limit, by recording the penetration rate in a specimen for 
5 seconds by using a cone with 80 grams weight and repeating 
the test up to four times, and further by reading the moisture 
corresponding to each penetration, a straight line is obtained 
which the moisture content corresponds to the 20 mm 
penetration of the soils is Liquid limit [12]. By using the 
Wroth-Wood's theory which is based on critical state soil 
behavior [15], and by regarding the same repetitive process, 
but with a cone three times heavier (240 grams), in which a 
line is obtained which is almost parallel and below other one, 
soil plastic limit can be determined, which for by determining 
∆W (vertical distance between the two parallel lines 
correspond to 20 mm penetration according to Fig. 5) and also 
using (1), Plastic Limit (PL) can be calculateD: 
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The second method is the calculation by Feng's method. In 

this method, after determining the liquid limit of the soil 
samples in the same manner as seen with the first method, just 
by determining the two parameters (m) line slope and (C) Y-
axis intercept from Fig. 6 were obtained by (2), the soil's 

plastic limit and plasticity index can be calculated [16], [13]. 
 

 

Fig. 4 Fall Cone Device 
 

 

Fig. 5 Wroth and Wood 1978 - Schematic theory 
 

The high numerical value of (m), which can vary up to 1, 
indicates the high rate of change in the sample's moisture 
decreasing compared to the depth of penetration. In other 
words, no matter how fine the grain is (like bentonite); this 
number is closer to 1 and vice versa. As can be seen, in sandy 
silt soils this parameter varies between 0.14 and 0.25 
depending on fine grain zeolite in the soil. 

The high (C) parameter indicates high soil plastic limit for 
which 47% for the Panama clay was reported [16]. The results 
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obtained in this study, due to the lower percentage of fine-
grained zeolites, are varying between 9.2% and 18.04% and 
represented in Tables V and VI. Also, the correlation between 
plastic limit and liquid limit by using two methods has been 
calculated and regressions were calculated as 0.987 and 0.951, 
respectively, and presented in Fig. 8. 
 

mC )2(PL            (2) 
 

 

Fig. 6 Feng Method 
 

The results shown in Fig. 8 and the comparison of the two 
methods mentioned above show a similar trend that by an 

increasing the amount of zeolites in the soil, the liquid limit 
and plastic limit of soil samples relativity for Feng's method 
change from 15.5 to 22.48 and plastic limit change from 10.99 
to 21.03 which shows no plastic behavior. 
 

 
TABLE V 

RESULTS OF LIQUID LIMITS AND PLASTIC LIMITS OF SOIL SAMPLES BY 

WROTH-WOOD METHOD 

Liquid Limit Plasticity Index Plastic Limit 
Zeolite Measured% Computed% Computed% 

0 14.35 3.897 10.453 

5 15.35 3.85 11.5 

10 16.6 3.848 12.752 

15 18.4 3.328 15.072 

20 19.03 3.08 15.95 

25 19.5 2.92 16.58 

30 21.5 3.84 17.66 

35 22.5 4.16 18.34 

 

Since the plastic index (PI) in the samples is almost 
constant, it shows no improvement in soil properties. This 
finding is consistent with the results of previous studies 
conducted by Metrenes and Perraki on pozzolans [17], [18]. 

 
TABLE VI 

RESULTS OF LIQUID LIMITS AND PLASTIC LIMITS OF SOIL SAMPLES BY FENG 

No Zeolite % LL (Measured) C m PL = C(2) m (Calculated) PI (Calculated) 

1 0 15.5 9.2019 0.2566 10.993 4.507 

2 5 16 11.239 0.2045 12.951 3.049 

3 10 16.7 13.419 0.1581 14.973 1.727 

4 15 18 15.189 0.1397 16.733 1.267 

5 20 20.35 15.41 0.2524 18.356 1.994 

6 25 20.5 15.976 0.2213 18.625 1.875 

7 30 21.5 17.007 0.225 19.877 1.623 

8 35 22.48 18.041 0.2217 21.038 1.442 

 

 

Fig. 7 Comparison Feng's Results with Wroth-Wood Results 
 

B. Shear Strength Parameter 

The effect of zeolite on sandy silt was investigated by using 
the direct shear test in optimum moisture condition and under 
three normal loads (49 KPa, 98 KPa, 196 KPa) in two 

situations without curing and 14-days curing in humidity room 
machine, in 95% humidity and 25 °C, usually after 3 days the 
pozzolanic reaction occurs [17]. To perform the tests in a 
drainage state, according to the ASTM D3080 standard, to 
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determine the speed shear rate in which no water pore pressure 
being produced in the samples, it is necessary to act according 
to the recommendations of this standard. It is not easy to set 
these values, because it depends on the history of stress and 
the effective stress path, that is a time-consuming process for 
each sample, according to the standard shear speed rate, 0.5 
mm/min will be sufficient for samples [19]: 
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50 50
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             (3) 

 

ft total estimated elapsed time to failure; 50t time 

required for the specimen to achieve 50% consolidation under 
the specified normal stress. 

It is not easy to set these values, because it depends on the 
history of stress and the effective stress path, that is a time-
consuming process for each sample, according to the standard 
shear speed rate, 0.5 mm/min will be sufficient for samples 
[19]. 

According to the results, it can be seen that zeolites do not 
have cementation properties, owing to lack of insufficient 
alkaline material such as CaO and according to ASTM C618 
[20]. It is unsuccessful in supplying the basic environment pH 
> 10.5 to perform the pozzolanic reaction. However, by 
increasing the percentage of zeolite in the soil, the higher 
strength stresses with 14-days curing were obtained toward 
without-curing state, it is due to interparticle filling properties 
of zeolite and by increasing the amount of zeolites to 80%, the 
behavior of zeolites fine-grained particles overwhelms and 
governs on soil behavior. Maybe over longer curing, higher 
strength can be achieved but it does not mean that a successful 
stabilization has occurred. Similarly, researchers such as 
Mertens [17], Uzal [21], Massazza [22], Ahmadi [23], Ling 
[24] also pointed out that due to its lower amount of CaO in 
pozzolans, a successful stabilization would not occur without 
an activator. On the other hand, due to active materials such as 
SiO2 and higher surface area in zeolites, the role of pozzolanic 
reaction with Ca(OH)2 that was produced by combination with 
cement or lime which have a higher calcium amount will be 
helpful for stabilizing the soils [25].  

 

 

Fig. 8 Correlation between LL and PL of Two Methods 

 

 

(b) Soil + 20% Zeolite  

 

(a) Soil + 35% Zeolite 

Fig. 9 SEM Images of Soil with Different Percentage of Zeolites 
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TABLE VII 
INTERNAL FRICTION ANGLES RESULTED FROM DIRECT SHEAR TEST 

Effective 
Internal 
Friction 

Angel ( φ’) 

Zeolite (%)  Without Curing  14 Days Curing  Enhancement  

0 30° 39” 30° 39” 0 

5 31° 23” 31° 18” -0.29% 

10 31° 48” 31° 59” 0.63% 

15 32° 55” 33° 25” 1.52% 

20 33° 34” 35° 32” 5.87% 

25 33° 18” 34° 55” 4.89% 

30 33° 27” 34° 49” 4.09% 

35 33° 29” 34° 57” 3.86% 

 
TABLE VIII 

CBR RESULT TESTS 

Whit-out curing 14 Days Curing 

ZEOLITE CBR 2.5 CBR 5 CBR7 CBR 2.5 CBR 5 CBR 7 

0 10.48 9.90 9.37 10.48 9.90 9.37 

5 10.89 10.42 9.91 11.52 11.10 10.98 

10 12.28 12.05 11.79 13.31 13.16 12.99 

15 13.57 12.99 12.32 16.01 15.90 15.81 

20 15.62 15.47 15.01 18.45 18.30 17.83 

25 16.39 16.24 15.81 20.89 16.76 15.01 

30 16.91 16.76 16.08 23.46 22.92 19.71 

35 17.93 16.93 16.48 25.90 20.18 17.02 

 
TABLE IX 

GENERAL RESULTS FROM DIRECT SHEAR TEST OF SAMPLES 

Without Curing 14 Days Curing 

Zeolite (%)  Vertical Stress (KPa) Failure Stress  Strain  
Zeolite 

(%)  
Vertical Stress (KPa) Failure Stress  Strain  

49 0.5533 14.30% 49 0.5533 14.30% 

0 98 0.6954 9.30% 0 98 0.6954 9.30% 

196 1.4357 18.00% 196 1.4357 18.00% 

49 0.5533 16.00% 49 0.4618 16.00% 

5 98 0.6954 9.70% 5 98 0.8823 16.00% 

196 1.4357 15.70% 196 1.4200 17.00% 

49 0.4332 12.70% 49 0.4618 15.70% 

10 98 0.6921 15.30% 10 98 0.8822 14.00% 

196 1.3530 18.30% 196 1.4212 17.70% 

49 0.4230 10.00% 49 0.5836 14.00% 

15 98 0.7760 13.70% 15 98 0.8513 17.30% 

196 1.4000 18.30% 196 1.5608 16.70% 

49 0.4100 9.70% 49 0.6431 13.30% 

20 98 0.7777 13.70% 20 98 0.9808 17.30% 

196 1.4110 16.30% 196 1.7101 17.00% 

49 0.4229 13.00% 49 0.6560 13.00% 

25 98 0.7111 14.70% 25 98 0.9485 17.00% 

196 1.3998 17.00% 196 1.6917 15.70% 

49 0.5069 10.70% 49 0.6483 12.30% 

30 98 0.8343 18.70% 30 98 0.9389 12.70% 

196 1.4974 16.30% 196 1.6799 14.00% 

49 0.4919 15.70% 49 0.6505 12.30% 

35 98 0.8317 16.00% 35 98 0.9793 12.30% 

196 1.4915 17.70% 196 1.6944 14.00% 
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(a) Direct Shear Test Results With-out Curing 
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(b) Direct Shear Test Results With 14-day Curing 

Fig. 10 Direct Shear Results 
 

Kayabali had conducted some experiments on the shear 
strength of soil’s compositions with zeolite behavior by 
triaxial shear test [26]. Also, Aksoy by the same experiments 

concluded that the effective friction angle of zeolite was 
between 34° to 36.5° [7]; the results of which are presented in 
Table VI. 
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The study of Mola-Abasi et al. examines the effect of 
zeolite on the stabilization of Babolsar sand with cement, 
which increases the resistance of single axial samples to 30% 
of zeolite. Also, the brittleness behavior of the stabilized 
samples increases with the increasing percentage of zeolite 
and decreasing its failure strain [27], which is obvious in the 
results obtained from the direct shear test which are presented 
in Figs. 10 (a) and (b). Unlike the above results without an 
activator, increase in zeolite content has decreased the failure 
strain, the results of which are presented in Table IX. 

D. CBR 

This experiment was performed according to ASTM 1883-
06 [28]; here we obviously see that there is no improvement in 
the sample's strength and the zeolite grains just filling inter-
particle. However, in samples with curing we can see an 
improvement, but, the main cause is the zeolite grains making 
agglomeration between soil particles and by curing samples, 
after two weeks, water in soil decreases and the soil grains 
stick together and make denser mass which gains strength, the 
results are presented in Table VIII. 

E. SEM Images 

Two samples (20%, 35%) were observed by SEM to 
validate the results obtained by direct shear test. Figs. 9 (a) 
and (b) represent the treated soil samples after 14 days curing, 
the zeolites particles just covered the particles and there is no 
evidence of cementitious material like (C-S-H) taking place. 

IV. CONCLUSION 

It is well known that utilizing cemented sand is one of the 
best approaches for soil stabilization. In some cases, a blend of 
sand, cement and other materials such as fiber, nanoparticles, 
and zeolite are widely available and can be effectively used in 
soil stabilization especially in road construction. In this 
research, the effect of zeolites on the soil behavior were 
investigated; in zeolites due to lower amount of alkaline 
material such as CaO, it was unsuccessful in supplying the 
basic environment (pH >10.5) and failed to perform the 
pozzolanic reaction. The results showed that by increasing the 
percentage of zeolite in the soil mix, the optimum moisture 
content will increase and the soil specific density decreases. 
The fall cone test by two methods, Feng and Wroth-Wood, 
was carried out and results showed that liquid limit increases 
as much as plastic limit, and also it is indicated that zeolites 
are not plastic. The SEM image results showed that there is no 
improvement in the soil, and the CSH gel has not been taken 
place due to low pH level in the solution and zeolite just plays 
the filler role between aggregates. 
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