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ABSTRACT: Given that environmental pollution is one of the major concerns in today’s societies,
geopolymer cement is an innovative material in the construction industry with high performance and
favorable efficiency. The production of geopolymer cement using pozzolans and aluminosilicate wastes,
which are environmentally friendly, can serve as an alternative to conventional concrete production,
addressing the pollution associated with Ordinary Portland Cement (OPC) production. This research
focuses on synthesizing geopolymer cement based on calcined clay from the Bidester region in Khash

City, enhancing its mechanical strength by adding fine clinker from rotary kilns. The experiments
were designed using the Taguchi method. Taguchi’s L16 array was proposed, and 16 experiments were
designed. The Al/Na ratio was set at one. Various levels of silica modulus of the activating solution
(0, 0.9, 1, and 1.1), the percentage of fine clinker addition (0, 5, 10, and 15), and the water-to-solid
ratio (0.25, 0.3, 0.35, and 0.4) were assessed as influencing factors, with the a28-day strength as the
response factor. Samples were maintained under 70% humidity at 23°C in a humidity cabinet. Results
indicated that with optimal factors of a silica modulus of 1.1, a water-to-solid ratio of 0.25, and a 15%
additive percentage, an average compressive strength of 81.24 MPa can be achieved, exceeding that of
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conventional OPC paste.

1- Introduction

The high energy consumption and significant dust
production lead to the use of Portland cement and its products
being less justifiable. Consequently, a new class of cement
with the potential for high durability and reduced greenhouse
gases, known as geopolymers, has gained attention. The
term “geopolymer” was first used by Professor Davidovits,
a renowned French chemist, in 1978 [1]. Geopolymerization
is a geosynthesis process that chemically integrates mineral
materials. During geopolymerization, silicate and aluminate
tetrahedra polymerize by sharing all oxygen atoms to form
amorphous or semi-crystalline molecular structures [2].
Mechanical properties are a key indicator for geopolymers
as cementitious binders for construction materials. It has
been observed that geopolymers exhibit varying uniaxial
compressive strengths (ranging from a few MPa to over
100 MPa) depending on their chemical composition,
curing temperature, curing time, and raw material sources.
Additionally, the compressive strength of geopolymers is
influenced by water content, alkaline activator, and curing
humidity [3].

The main objective of this study, considering the available
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native mineral resources, is to produce calcined clay-based
geopolymer cement. To improve its properties and leverage
the characteristics of Portland cement, fine clinker was mixed
with varying percentages, and the influential parameters on
its mechanical properties were optimized using the Taguchi
method.

2- Methodology:

Samples were conditioned in a humidity chamber (at
23°C and 70% relative humidity) for 28 days, followed
by compressive strength testing. The same environmental
conditions were applied to all samples. The experimental
data collection was done using the Taguchi method with
Minitab 16 software. Based on prior works in the field and
various reviewed articles, three factors were selected: the
silica modulus of the activating solution, the water-to-solid
ratio, and the percentage of the additive. Four levels were
considered for each factor for a more detailed examination.
The signal-to-noise (S/N) ratio was used as the response
variable, and the “Larger is better” option was selected for
this ratio in the software. Each sample had to be repeated at
least three times, leading to a total of 48 samples.

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.

247


https://dx.doi.org/10.22060/ceej.2025.22884.8069

A. R. rezvani et al., Amirkabir J. Civil. Eng., 57(2) (2025) 247-270, DOI: 10.22060/cee}.2025.22884.8069

3- Results and Discussion: The Taguchi method can predict experimental results by

The compressive strength measurements from Trial 1 employing optimal levels. Predicted optimal results from
Taguchi compared with test results under optimal conditions
are presented in Table 2.

represent the initial test of each sample, while Trial 2 and 3
represent repeated measurements in the same test sequence.

The optimal test results came from sample 13 (table 1).

Table 1. Corresponding orthogonal array and results

NO. Si/Na W/S %Additive Triall Trial2  Trial 3 SNR STDV MEAN

1 0 0.25 0 10.1 6.3 16.6 18.90 5.21 11.00
2 0 0.3 5 20.16 15.23 20.02 25.10 2.81 18.47
3 0 0.35 10 14.2 8.64 10.9 20.49 2.80 11.25
4 0 0.4 15 16.97 19.3 16.03 24.75 1.68 17.34
5 0.9 0.25 5 59.26 70.27 67.9 36.29 5.79 65.81

6 0.9 0.3 0 53.31 479 51.8 34.13 2.79 51.00
7 0.9 0.35 15 34 42.6 46.7 32.04 6.48 41.10
8 0.9 0.4 10 34.36 41.5 36.9 31.42 3.62 37.59
9 1 0.25 10 97.7 86.7 82.1 38.90 8.02 88.83
10 1 0.3 15 65.5 64.1 54.6 35.56 5.09 60.40
11 1 0.35 0 16.38 15.93 17.44 24.37 0.78 16.58
12 1 0.4 5 40.4 35.6 46.7 32.08 5.57 40.90
13 1.1 0.25 15 77.63 88.8 77.3 38.14 6.55 81.24
14 1.1 0.3 10 52.86 46 47.9 33.75 3.54 48.92
15 1.1 0.35 5 50 66.7 60.4 35.23 8.43 59.03
16 1.1 0.4 0 25.28 339 39.2 29.88 7.03 32.79
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Table 2. Comparison between the predicted optimal results and the result of the test performed under
optimal conditions.

Sample Si/Na W/S % Additive
predicted 1.1 0.25 15
1.1M15-25 1.1 0.25 15

4- Conclusion

The lowest strengths were observed in samples with
Si/Na = 0, highlighting the importance of sodium silicate
solution in the preparation of kaolinite-based geopolymers.
The higher alkalinity of the activating solution in materials
with a high Si/Al ratio does not necessarily lead to the
formation of geopolymer paste with higher resistance.
Regardless of the material used, a high W/S ratio increases the
distance between particles and minimizes their interactions,
thus reducing the particle interface in the geopolymer matrix
and improving the workability of the geopolymer mixture.
The use of dust clinker as a partial replacement for metakaolin
leads to a reduction in setting time due to the increased

SNR MEAN STDV
38.53 81.98 8.2
38.14 81.24 6.55

calcium content, which accelerates the setting and hardening
of geopolymer pastes.
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Fig. 1. Schematic of basic geopolymer units
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Fig. 2. Stereomicroscopic image
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Table 6. Controlled factors and different levels
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Fig. 5. The schematic steps of the synthesis of geopolymer cement sample
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Table 7. Corresponding orthogonal array and results
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Fig. 6. Column chart of compressive strength of geopolymer samples in MPa
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Table 8. Comparison between the predicted optimal results and the result of the test performed under
optimal conditions
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Table 9. Response SN ratio
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Fig. 9. The contribution of each factor to the response

N0 doy doyd g amdge Ui 393 Sl | S eh (S Hho 4o
4l s )56 93y GRS e 3 ol [l 1y (STom o
Ll GiSer iy oupde WIS =0/V0 Jlude (S5 405 o) 5 el

A2 o i 05 3l SIS doy duoyd Calisie golaw

LIl YU STAT s by (0l 5 08 Jleb Jolomo sty el
loegal )3 93,5 o3 SV Caglio b (sypoush) pmod JSils & oo
55 yesss Al 45 bl 5 i SLIS day iagl o) &

o 2Ll glgme (Lol Ll oo (Sane e (ygualil )i I i s

Y

Llods bASIy J)Ln s L &3)49 ‘_;9.)[@ SHpo & 04w LJ")I)" bla

Dye Lodl> ji 39 oy 4 (g e

LGS e 2 ylges Y Y
Wbl nygiSh calisee golaw (o GBS eR 2 (poyp 0 V) S5 5
Wols 4 Of Cand g b oo 5955 g S emy 50 Canl ok
bgiye GiiSwnp cppbiar 9 )3 ) GESen (68 jao sl Jgo

Adlge V uales Jdo &
2o y3 GSlS Aoy 8oy 5 el Jde 58S 93 (i (RSB 5

1. Interaction




YV B YFY doio VFF Jlo o oylad OV S yual lyos cwdigs 4yt

Percent

a9

Mormal Probability Plot

(response is MEAN1)

95

a0

a0

ol
S0

30

20

T0

5

-10

o

-20 10 20
Residual
Jloy @395 foges N+ S
Fig. 10. Normal distribution chart
Interaction Plot for SNRA1
Data Means
0.|30 0.%5 0.-|1-CI q $ IE] I:S
Py 40
Toel A Si/Na
-‘“-:i_-—;"\ rd_.;,!‘*?;_f// * —— 0.0
K N -4 Tp—_—nm —® 09
i & L 30 -4~ 10
SifNa 4 1
20
40
W/S
—8— 0.25
—= 030
F30 -4- 035
—&- 040
F 20

%DUST

"m‘ ){)‘39&3 -“ J&s

Fig. 11. Interaction plot

Yy




YV U YFY aban NF-F JL» &y b)meJ QY 0,93 ;)g..s)m‘ LJ‘)"& L;u)._\a.g(a 4.1).»&.’

™
8 3
—
[oe]
3
1
)
2 — 125
[
2 m— M-30
m— 135
. \V1-40
M0.9
mM-25 11 65.81 88.83 8124  |°77~ Linear (M-40)
= M-30 18.5 51 60.4 48.92
= M-35 11.2 411 16.58 59.03
m M-40 17.4 37.59 409 32.79
ol J 52

S8 Cunglilo 2 oS Jlad Jglowo (o Jgo il (Sgiaw 13905 NY JSW0
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Fig. 15. XRD diffraction pattern of sample 0M1-35
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Table 10. Vibrational frequencies of the infrared spectrum of geopolymer paste
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Fig. 16. FT-IR spectrum of sample 1M10-25
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Fig. 17. The FESEM/ images related to geopolymer samples were prepared
a)15M1-30 b)0M1-35 ¢)5M-40

Jitisl) 3,ll dwle 31 odlizl 1) o &Mo wanlis cyle b il
Olows 9 o35 o Mo (slacioglio .0 adlw (ISIRI-4030
Do o odalio VY Jods ;0V-0YO Wby

ol (Jgone 2l slajlosw ns LS 3l o)lgen 500 oo 45
b oosr 0955 o b Yoomo oS el b ylosw ol (il (odied Conglio
odalin V) Jgao )3 &S jslailen .ALS o duand oyl 4yl yd (w3, Se
Srohsi) Soyes) S U & oSy slaplosw @35 0
36 5l Jyone by saplons & cuns Jod BB ded Cuglio
A o s

v

G5 ai -F

Jode shils aizs cpl 5o edlaiwl 350 adgl odle a5 pl 4 a5 b
lacoglia Lol yasligss oS e o i) iyl o YU ST/AL
Cudy glacaglio (ol @bt Gbo (g s (Ui 365 1) Gl
3 9 5Vl lie imgh olayls g SVlie b awlie )3 ol
i ool 4y 451005 sdaline lacueglio (e SI/Na =« Jgte
P dpee P8 ab p jerhB) ans ) Jolre Ol e
I Slose S 35381 b syoehisi) slagloss (3,5 boleo L (50
g3 o3lial plgi (o 93 1 ols>

) csglie xS (Y 1OMI-25 508 5 ol & 405



YV B YFY doio VFF Jlo o oylad OV S yual lyos cwdigs 4yt

BYB-Y s 1 yloww 9 (G yorkigi§ Olosw (oiod 9 (5, Cuaglile dumylin 1) Jou

Table 11. Comparison of compressive and bending strength of geopolymer cement and Portland cement 525-1

(Mpa) ;9,YA cuwglio

(Mpa) j9,Y cewoglio

(Mpa) j9,Y cewglio

;MA.D’” > ‘Sjm ;m-o-” > ‘S)LA:AS ;AM”‘ > G)LA:AS
yIY oYY oIV ¥4/ £y YVIY BYD-Y ol
ARVARY INZAS YIY tf O Y0 G ok 95 ylowmw

of PCC pavement repairs using metakaolin-based

geopolymer mortar, Cement and Concrete Composites,
65 (2016) 75-82.

[9] HM. Giasuddin, J.G. Sanjayan, P. Ranjith, Strength of
geopolymer cured in saline water in ambient conditions,

Fuel, 107 (2013) 34-39.
[10] J.E. Oh, P.J. Monteiro, S.S. Jun, S. Choi, S.M. Clark,

The evolution of strength and crystalline phases for
alkali-activated ground blast furnace slag and fly ash-
based geopolymers, Cement and Concrete Research,
40(2) (2010) 189-196.

[11] J. Davidovits, Properties of geopolymer cements, in:
First international conference on alkaline cements and

concretes, 1994, pp. 131-149.
[12] J. He, J. Zhang, Y. Yu, G. Zhang, The strength and

microstructure of two geopolymers derived from
metakaolin and red mud-fly ash admixture: A comparative

study, Construction and building materials, 30 (2012) 80-
91.

[13] R. Snellings, G. Mertens, J. Elsen, Supplementary
cementitious materials, Reviews in mineralogy and

geochemistry, 74(1) (2012) 211-278.

[14] A. Palomo, M.T. Blanco-Varela, M. Granizo, F.
Puertas, T. Vazquez, M. Grutzeck, Chemical stability of
cementitious materials based on metakaolin, Cement and

Concrete research, 29(7) (1999) 997-1004.
[15] E. Badogiannis, G. Kakali, S. Tsivilis, Metakaolin as

YA

&bo
[1] M. Zhang, Geopolymer, Next Generation Sustainable
Cementitious Material — Synthesis, Characterization and

Modeling, in, 2015.

[2] C.A. Hendriks, E. Worrell, D. De Jager, K. Blok, P.
Riemer, Emission reduction of greenhouse gases from
the cement industry, in: Proceedings of the fourth

international conference on greenhouse gas control

technologies, IEA GHG R&D Programme Interlaken

Austria, 1998, pp. 939-944.
[3] P. Zhang, Y. Zheng, K. Wang, J. Zhang, A review on

properties of fresh and hardened geopolymer mortar,

Composites Part B: Engineering, 152 (2018) 79-95.

[4] G. Huseien, J. Mirza, M. Ismail, Theory of geopolymer
synthesis, Theory and Applications of Geopolymer in
Civil Engineering Construction, (2016).

[5] e.a. Sperham A., Introduction to synthesise method of
Geopolymer concrete and corresponding properties,
Journal of Iranian Ceramic Society, 16(4) (2021) 13-24.
(In persian)

[6] J. Davidovits, Geopolymers: inorganic polymeric new

materials, Journal of Thermal Analysis and calorimetry,
37(8) (1991) 1633-1656.

[7] J. Davidovits, Geopolymer chemistry and applications,
Geopolymer Institute, 2008.

[8] H. Alanazi, M. Yang, D. Zhang, Z.J. Gao, Bond strength



YVe B VFY doio VFF Jlo o oyl DV 093 38 prol ) yos (wrbite &y

[22]D.Khale,R.Chaudhary, Mechanismofgeopolymerization
and factors influencing its development: a review, Journal

of materials science, 42(3) (2007) 729-746.

[23] R. Cioffi, L. Maffucci, L. Santoro, Optimization

of geopolymer synthesis by calcination and
polycondensation of a kaolinitic residue, Resources,

conservation and recycling, 40(1) (2003) 27-38.

[24] R. Fernandez, F. Martirena, K.L. Scrivener, The origin
of the pozzolanic activity of calcined clay minerals: A
comparison between kaolinite, illite and montmorillonite,

Cement and concrete research, 41(1) (2011) 113-122.

[25] P. Timakul, K. Thanaphatwetphisit, P. Aungkavattana,
Effect of silica to alumina ratio on the compressive
strength of class C fly ash-based geopolymers, Key
engineering materials, 659 (2015) 80-84.

[26] T. Phoo-ngernkham, P. Chindaprasirt, V. Sata, S.
Pangdaeng, T. Sinsiri, Properties of high calcium fly ash
geopolymer pastes with Portland cement as an additive,
International Journal of Minerals, Metallurgy, and
Materials, 20 (2013) 214-220.

[27] Y. Wang, X. Liu, W. Zhang, Z. Li, Y. Zhang, Y. Li,
Y. Ren, Effects of Si/Al ratio on the efflorescence and

properties of fly ash based geopolymer, Journal of
Cleaner Production, 244 (2020) 118852.

supplementary cementitious material: optimization of
kaolin to metakaolin conversion, Journal of thermal

analysis and calorimetry, 81(2) (2005) 457-462.

[16] J. Rocha, J.M. Adams, J. Klinowski, The rehydration
of metakaolinite to kaolinite: evidence from solid-state
NMR and cognate techniques, Journal of Solid State
Chemistry, 89(2) (1990) 260-274.

[17] J. Davidovits, Synthetic mineral polymer compound of
the silicoaluminates family and preparation process, in,

Google Patents, 1984.
[18] Y.-M. Liew, C.-Y. Heah, H. Kamarudin, Structure and

properties of clay-based geopolymer cements: A review,

Progress in Materials Science, 83 (2016) 595-629.

[19] Z. Yunsheng, S. Wei, L. Zongjin, Composition design
and microstructural characterization of calcined kaolin-

based geopolymer cement, Applied Clay Science, 47(3-
4) (2010) 271-275.

[20] M. Lahoti, P. Narang, K.H. Tan, E.-H. Yang, Mix design

factors and strength prediction of metakaolin-based

geopolymer, Ceramics international, 43(14) (2017)
11433-11441.

[21] D. Perera, O. Uchida, E. Vance, K. Finnie, Influence of
curing schedule on the integrity of geopolymers, Journal

of materials science, 42 (2007) 3099-3106.

57(2) (2025) 247-270.

DOI: 10.22060/cee].2025.22884.8069

A. R.rezvani, A. jalalkamali, S. saheli, Optimizing the mechanical properties of geopolymer
paste containing calcined clay and Dust clinker by Taguchi method, Amirkabir J. Civil Eng.,

o3 gl | o opl 4 digSer

14


https://dx.doi.org/10.22060/ceej.2025.22884.8069




	Blank Page - FA.pdf
	_GoBack




