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ABSTRACT: Considering the growth of the population for the development of the country’s
infrastructure, stabilization and improvement of low-quality land in order to create a strong and resistant
base are needed more than ever. So far, many improvement methods have been proposed in the world,
which is one of the most common methods of chemical stabilization using lime or cement, which are
not compatible with the environment. Therefore, nowadays, the use of pozzolans and geopolymeric
cements instead of Portland cement has attracted the attention of various researchers. In this study, the
stabilization of sandy soil in Ahvaz City with the help of metakaolin as an additive has been investigated.
In this research, the effect of different amounts of variables such as the percentage of metakaolin, the
ratio of sodium silicate to sodium hydroxide, the concentration of sodium hydroxide, and the ratio of .
. . . i . . Soil improvement
alkaline activator solution to the additive at the curing ages of 7 and 28 days have been discussed.
Samples are subjected to unconfined uniaxial compressive strength (UCS) evaluation and microstructural
investigation, X-ray diffraction (XRD) and scanning electron microscopy (SEM) analyses are used.
The results of this research show that in order to achieve optimal resistance, it is necessary to mix
20% metakaolin, the ratio of sodium silicate to sodium hydroxide is 2.5, the concentration of sodium
hydroxide is 12 Molar, and the ratio of activator solution to additive is 0.5. The strength of the sample
with 28-day curing reaches about 5 MPa, which is about 3 times more than cement samples and 23 times
more than unstabilized soil, which can be seen in the microstructural analysis of the presence of N-A-
S-H gel as the main factor in increasing the strength in the geopolymerization process.
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1- Introduction
Nowadays, due to population growth and the need for
better use of available resources, stabilization of poor lands

2- Methodology
Materials used in this research include soil, metakaolin

and the creation of strong foundations are needed more
than ever. In this regard, there are various methods. One of
the ways to improve the engineering properties of soils is
to use the chemical stabilization method. One of the main
disadvantages of common chemical improvement methods is
their lack of compatibility with the environment in the last
century. Cement, lime, all kinds of natural and industrial
additives and common polymers that are obtained from crude
oil refining today are environmentally undesirable and cause
harm to humans and the environment, including increasing
CO, production and warming air. [1]

One of the alternatives to cement and lime to reduce CO,
production is to use pozzolans and geopolymeric cements.
The origin of geopolymer chemistry was in the 1970s and
civil engineers started using it in the 1990s because it brought
advantages such as reducing CO, production compared to
cement production and the use of natural materials and waste
for its production [2].

*Corresponding author’s email: Saced ghf@sru.ac.ir

(MK), portland cement (PC) and alkaline activator solutions
(AA). In this research, Ahvaz sandy soil was prepared in
order to investigate the changes in its mechanical strength
and geotechnical behavior by stabilizing it in the presence of
MK. In this research, an attempt is made to improve the soil
by finding a new method to strengthen the bearing capacity
and increase the resistance of Ahvaz sandy soil, and to
investigate the changes created in the desired soil in a longer
period of time. The studied soil belongs to Ahvaz City. This
soil has 71.81% sand, 8.02% silt and 20.17% clay. The soil
granulation diagram is shown in Figure 1. According to the
preliminary tests on the soil studied in this research, the used
soil based on (USCS) as SC-SM classifying.

Based on the results of Proctor’s standard density test, the
maximum dry weight is 1. gr/cm?® and the optimal moisture
content is 15.5%.

Metakaolin is a type of aluminosilicate material with
high activity and is one of the pozzolans that was used first

Copyrights for this article are retained by the author(s) with publishing rights granted to Amirkabir University Press. The content of this article
o NG is subject to the terms and conditions of the Creative Commons Attribution 4.0 International (CC-BY-NC 4.0) License. For more information,

please visit https://www.creativecommons.org/licenses/by-nc/4.0/legalcode.



P. Daneshgar et al., Amirkabir J. Civil. Eng., 55(2) (2023) 73-76, DOI: 10.22060/ceej.2022.21851.7838

100

& 80 Wi

g \

5 60

5 40 \

o

220 e —
2 0

2100 10 1 0.1 0.01 0.001

Particle size (mm)

Fig. 1. Grading curve of Ahvaz sandy soil

Table 1. Independent input variables in the design of

experiments
MK (%) | SS/SH | SH (Molar) | AA/MK
5 1 6 0.2
10 1.5 8 0.3
15 2 10 0.4
20 2.5 12 0.5
25 3 14 0.6

to improve the properties of concrete and then to help the
properties of soils in construction projects. This pozzolan is
created by calcining kaolin clay at a temperature between 550
and 850 degrees Celsius, and these temperature values are
also dependent on the duration of the process, and it is the
product of the activation of kaolin clay by heat.[3]

The alkaline activator solution used in this research is a
combination of sodium hydroxide (SH) which has a density
of 2.13 gr/cm?and its degree of purity is more than 95% and
sodium silicate (SS) with a density of 1.56 gr/cm®and the
ratio of silica to sodium oxide is 2.4.

In this research, response surface Methodology (RSM)
has been used as a statistical method based on the design
of experiments with the least possible number using Design
Expert 12 software. The response surface method is based on
anonlinear multivariable model, which includes experimental
design to provide sufficient and reliable response values
and provide a mathematical model with the best fit of
experimental design information and determine the optimal
value of independent variables [4]. The variables examined
in this research include 4 parts. the weight amount of MK, the
ratio of SS/SH, the concentration of SH (molar) and also the
ratio of the AA/MK (L/S), which details the values of each
variable are presented in Table 1. Central Composite design
(CCD) has 30 combinations of variables, which include 24
different mixing design experiments and 6 replications at the
central point in order to provide high accuracy in estimating
the test error, the details of which are presented in Table 2.
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Table 2. Suggested mixing plan of Design Expert soft-

ware

Ruy | MK (%) [ SS/SH | SH (Molar) [ AA/MK

(A) B) © D)
1 10 25 12 0.3
2 10 15 12 0.5
3 15 2 14 0.4
4 20 15 8 0.3
5 15 1 10 0.4
6 20 25 12 0.5
7 15 2 10 0.4
8 10 25 12 0.5
9 15 3 10 0.4
10 15 2 10 0.4
11 10 25 8 0.3
12 20 25 8 0.5
13 25 2 10 0.4
14 20 15 8 0.5
15 15 2 10 0.4
16 20 15 12 0.3
17 15 2 10 0.4
B 10 15 8 0.3
19 10 25 8 0.5
20 5 2 10 0.4
21 15 2 10 0.6
22 20 25 8 0.3
23 20 25 12 0.3
24 15 2 6 0.4
25 15 2 10 0.4
26 10 15 8 0.5
27 20 15 12 0.5
28 15 2 10 0.4
29 15 2 10 0.2
30 10 15 12 0.3

3- Results and Discussion

After making the samples and performing the UCS tests
and entering the results in the software and then analyzing
the data, in order to reach a sample with the maximum UCS
strength, the optimal mixing plan shown in Table 3 can be
used.

Also, the comparison of the results for unstabilized soil,
stabilized soil with 3 and 5% cement and stabilized soil
based on the proposed optimal mixing scheme is shown in
Figure 2. Comparison of the results of Figure 2 shows that
the strength of the sample made with the optimal mixing
plan using metakaolin in the 7-day processing period with
a compressive strength of about 0.8 MPa is lower than the
samples stabilized with cement, but in the 28-day processing
period with a strength of 5.5 MPa was able to have a big
difference with the samples stabilized with cement. Also, the
samples made with metakaolin were 5 times and 23.5 times
more than unstabilized soil in the 7 and 28 days processing
period, respectively.
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Table 3. Optimal proposed mixing plan resulting from
statistical analysis

AA/MK
0.5

MK (%)
20

SS/SH
2.5

SH (Molar)
12

4- Conclusions

* Results show that by increasing metakaolin from 5 to
20%, the UCS strength increases in proportion to the additive
amount, and after that, increasing metakaolin does not
increase the strength further. This increase in strength is the
result of creating an amorphous gel in the sample.

* Investigating the effect of the ratio of SS/SH showed
that the strength of the sample increased by a factor of 2
and then a decrease was observed. The above ratio is due to
the excessive increase of sodium silicate and the degree of
alkalinity caused by the size of the activating solution.

« In different concentrations of sodium hydroxide solution
(6 to 14 M), the results showed that the maximum strength
occurs at concentrations of 11 to 12 M and after that, we saw
a decrease in UCS.

* AA/MK in the ratio of 0.4 causes the maximum value of
UCS strength, and then the strength first becomes a constant
trend and then decreases.

* Obtaining UCS strength of 5.5 MPa in the samples
stabilized with metakaolin in the 28-day period is about
3 times the strength of the sample stabilized with Portland
cement under similar conditions, which can be introduced as
an alternative material.

* The uniaxial strength results of the 28-day curing period
show a significant increase in the strength of the samples
compared to the 7-day curing period, which proves the effect
of time on the completion of geopolymeric reactions.

* In this research, by examining different factors, extensive
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Fig. 2. Comparison of uniaxial compressive strength of
different mixing designs

changes to achieve maximum compressive strength led to the
presentation and proposal of an optimal mixing plan based on
statistical analysis (Table 3), which rarely existed in previous
studies.
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1 1-Response Surface Methodology
2 -Central Composite Design
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Table 3. Suggested mixing plan of Design Expert software
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(A) (B) © (D)
1 10 2.5 12 0.3
2 10 1.5 12 0.5
3 15 2 14 0.4
4 20 1.5 8 0.3
5 15 1 10 0.4
6 20 2.5 12 0.5
7 15 2 10 0.4
8 10 2.5 12 0.5
9 15 3 10 0.4
10 15 2 10 0.4
11 10 2.5 8 0.3
12 20 2.5 8 0.5
13 25 2 10 0.4
14 20 1.5 8 0.5
15 15 2 10 0.4
16 20 1.5 12 0.3
17 15 2 10 0.4
18 10 1.5 8 0.3
19 10 2.5 8 0.5
20 5 10 0.4
21 15 2 10 0.6
22 20 2.5 8 0.3
23 20 2.5 12 0.3
24 15 2 6 0.4
25 15 2 10 0.4
26 10 1.5 8 0.5
27 20 1.5 12 0.5
28 15 2 10 0.4
29 15 2 10 0.2
30 10 1.5 12 0.3
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Table 4. The results of the ANOVA for 7-days curing

Source SS um of dr Mean F-value  p-value
quares Square
Model 0.3393 14 0.0242 25.7 <0.0001
A-Metakaolin 0.0864 1 0.0864 91.59 <0.0001
B-SS/SH 0.0088 1 0.0088 9.35 0.008
C'C"“ces"ftlr ation of 0.0308 1 0.0308 3267 <0.0001
D-L/S 0.0216 1 0.0216 22.9 0.0002
AB 0.0009 1 0.0009 0.9541 0.3442
AC 0.0056 1 0.0056 5.96 0.0275
AD 0.0001 1 0.0001 0.106 0.7492
BC 0.0196 1 0.0196 20.78 0.0004
BD 0.002 1 0.002 2.15 0.1635
CD 0.0484 1 0.0484 51.31 <0.0001
A? 0.0157 1 0.0157 16.69 0.001
B? 0.0592 1 0.0592 62.76 <0.0001
C? 0.034 1 0.034 36.04 <0.0001
D? 0.05 1 0.05 53.04 <0.0001
Lack of Fit 0.0128 10 0.0013 4.74 0.0499
Pure Error 0.0014 5 0.0003
393 YA Sogldes 0,95 1> ANOVA Jgaa qulis .0 Jooa
Table 5. The results of the ANOVA for 28-days curing
Source Sum of dr Mean F-value  p-value
Squares Square
Model 46.62 14 3.33 115.01 <0.0001
A-Metakaolin 12.77 1 12.77 440.87 <0.0001
B-SS/SH 2.42 1 2.42 83.68 <0.0001
C'C"“c‘;‘g”t“’“ of 5.7 1 5.7 196.69  <0.0001
D-L/S 1.64 1 1.64 56.6 <0.0001
AB 0.0632 1 0.0632 2.18 0.1618
AC 1.22 1 1.22 42.13 <0.0001
AD 0.0382 1 0.0382 1.32 0.2702
BC 3.89 1 3.89 134.27 <0.0001
BD 0.0055 1 0.0055 0.1898 0.6697
CD 7.9 1 7.9 272.9 <0.0001
A? 1.86 1 1.86 64.08 <0.0001
B? 6.84 1 6.84 236.1 <0.0001
C? 4.11 1 4.11 141.97 <0.0001
D? 8.38 1 8.38 289.47 <0.0001
Lack of Fit 0.3542 9 0.0394 3.85 0.0759
Pure Error 0.0511 5 0.0102
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Table 7. The results of design of experiments for the
compressive strength, 28 days curing

UuCS =
-3.25776
0.179713 Metakaolin
3.48325 SS/SH
-0.738405 Concentration of SH
9.87457 L/B
0.028168 Metakaolin * Concentration of SH
0.514181 SS/SH * Concentration of SH
3.69591 Concentration of SH * L/B
-0.010345 Metakaolin®
-1.99445 SS/SH?
-0.096528 Concentration of SH?
-55.23635 L/B?
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Table 6. The results of design of experiments for the
compressive strength, 7 days curing

UCS =
-0.272083
0.022 Metakaolin
0.431667 SS/SH
-0.014167 Concentration of SH
0.966667 L/B
0.001875 Metakaolin * Concentration of SH
0.035 SS/SH * Concentration of SH
0.275 Concentration of SH * L/B
-0.000958 Metakaolin®
-0.185833 SS/SH?
-0.008802 Concentration of SH?
-4.27083 L/B?
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Fig. 3. The effect of Metakaolin additive percentage on uniaxial compressive strength
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Fig. 4. Effect of the ratio of sodium silicate to sodium hydroxide on compressive strength
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Fig.5. Effect of sodium hydroxide concentration on compressive strength
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Fig. 6. Effects of alkaline activator solution ratio to stabilizer additive on compressive strength
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C: Concentration of SH (Molar)
3

5 10 1% 20 %

A Metakaolin (%)

G2910eE 595V L (6, Lid Cuoglie a9y paiaw Jolome GRS (painod § dweasS g jiud o o &1 S (ot Coansd (S o0 g1 i U Y S

Fig. 7. The interaction of sodium silicate ratio to sodium hydroxide and sodium hydroxide solution on compressive
strength, 7 days curing
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Fig. 8. The interaction of sodium silicate ratio to sodium hydroxide and sodium hydroxide solution on compressive
strength, 28 days curing
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Fig. 9. The interaction effect of sodium silicate ratio to sodium hydroxide and concentration of sodium hydrox-
ide solution, 7 days curing

USC (Mpa)

C Concentration of SH (Molar)

839 o 595 YA LS9 jnd oy aw Jolomo CABIE (prizod 5 S g jond ot w49 CSCdonn o bes Conand (G35 o 1 535 ) o JSCS

Fig. 10. The interaction effect of sodium silicate ratio to sodium hydroxide and concentration of sodium hydroxide
solution, 28 days curing
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Fig.11. The interaction of concentration of sodium hydroxide solution and alkaline activating solution ratio to
additive, 7 days curing
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