RevistadlelaConstruccion

ESCUELA DE CONSTRUCCION CIVIL JournalofConstruction

FACULTAD DE INGENTERTA 4 [ \w S =\

Research Article

Response surface optimization of geopolymer mix parameters in
terms of key engineering properties

Sevin Ekmen 1*, Kasim Mermerdas 2 Zeynep Algin 3, Yusuf Isiker 4

1 Department of Civil Engineering, Harran University, Sanliurfa (Tlrkiye), ekmensevin@harran.edu.tr

2 Department of Civil Engineering, Harran University, Sanliurfa (Tirkiye), kasim.mermerdas@har-
ran.edu.tr

3 Department of Civil Engineering, Harran University, Sanliurfa (Tirkiye), zyilmaz@harran.edu.tr

4

Department of Mechanical Engineering, Harran University, Sanliurfa (Tlrkiye), yusuf47@harran.edu.tr
*Correspondence: ekmensevin@harran.edu.tr

Received: 27.09.2021; Accepted: 09.12.2022; Published: 29.12.2022

Citation: Ekmen, S., Mermerdas, K., Algin, Z. and Isiker, Y. (2022). Response surface optimization of geopolymer mix pa-
rameters in terms of key engineering properties. Revista de la Construccion. Journal of Construction, 21(3), 631-644.
https://doi.org/10.7764/RDLC.21.3.631.

Abstract: The main aim of the current study is to search the impact of variable matrix phase features on fly ash based
lightweight geopolymer mortars (LWGM). Another scope of the study is to obtain performance oriented optimum mixture
proportions through response surface method (RSM). In order to have low unit weight for LWGMSs, pumice aggregate was
utilized as a part of the aggregate. The investigated engineering properties are water absorption, drying shrinkage and
thermal conductivity. By performing optimization analysis, it was aimed to obtain the best numerical models representing
the experimental results depending on the input variables. The decrease of liquid (alkali activators) to powder (fly ash)
ratio, NaSiOs solution to NaOH solution ratio and increase of sodium hydroxide molarity led to improvement of compres-
sive strength. Dry thermal conductivity values in dry state were observed to be less than those of saturated ones. Moreover,
the higher sodium hydroxide molarity and lower Na,SiO3 solution to NaOH solution ratios, and liquid to powder ratios
resulted in further shrinkage reduction. Depending on the goals of maximum compressive strength, minimum water ab-
sorption, and drying shrinkage, optimum values for molarity, SS/SH, and I/p factors were determined as 14 M, 1.586, and
0.45, respectively.

Keywords: Geopolymer, water absorption, drying shrinkage, thermal conductivity, optimization.

1. Introduction

The ordinary Portland cement (OPC) consumption at high rates in the construction industry as the main binding material
results in excessive usage of natural material and hence some environmental issues. The research exhibit that the manufactur-
ing process of a ton of cement releases nearly one ton of CO, gas to the atmosphere (Li et al., 2011; Peng et al., 2013).
Thereby, the OPC production is responsible for the 7-8% of the released CO; in the atmosphere (Huntzinger & Eatmon, 2009;
Meyer, 2009; Ekmen et al., 2020). The investigations on alternative binder materials to mitigate this problem has attracted
the interests of researchers for decades. Alternative materials such as metakaolin, red mud, industrial wastes, such as, blast
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furnace slag, fly ash, silica fume, etc. have been utilized for their potential to substitute cement as supplementary cementing
materials. Moreover, they have also been used in the manufacture of pozzolanic or composite cements to overcome the high
OPC demand to avoid from its disadvantages. The geopolymer technology leads consumption of the solid residues and ac-
cordingly contributes to disposal or the storage problem of these wastes.

In the geopolymerization process, 3-dimensional polymeric Si—-O-AIl-O bonds occur due to the reaction of alkali activators
(alkali hydroxide, alkali silicate) and aluminosilicate-based powder sources. The need to investigate the effects of the afore-
mentioned parameters has promoted intensive research on the mechanical, durability, absorption, and microstructural behavior
of geopolymers (Amran et al., 2020; Duxson et al., 2007; Hardjito et al., 2004; Kaya & Koksal, 2021; Shi et al., 2020; Zhang
etal., 2018)

There is an ongoing interest in using various lightweight aggregates in structural or nonstructural materials thanks to the
advantages such as low dead weight, better thermal insulation, fire resistance, and lower transportation cost (Mouli & Khelafi,
2008). Pumice aggregate (PA) is a lightweight aggregate containing a porous structure and a density lower than 1 gr/cm?®. Due
to the formation stage, the structure of the volcanic aggregate contains bubbles with different shapes such as interconnected
or elongated. The highest pumice aggregate deposits in the world are available in Turkey, Italy, and Greece. Turkey deposits
comprise 31.7% of the lightweight aggregate reserves in the world (Razak et al., 2015; Sarmin, 2015). When the literature
studies were examined, it was noticed that the studies about optimization of pumice-based lightweight geopolymer mortars
are limited considering various mix proportions and the matrix parameters (Wongsa et al. 2018). It is important to determine
the optimum mixture proportions of mixtures without trial studies. Hence, in this study it was adopted to contribute to com-
pleting the gap with optimization study on pumice based lightweight geopolymer mortar. A comprehensive experimental
investigation was conducted on the pumice aggregate-based lightweight geopolymer mortar considering various mix propor-
tions. Engineering properties of the mortars were evaluated through compressive strength, water absorption, shrinkage and
thermal conductivity. The chief investigation parameters were the effectiveness of different liquid to powder ratios (I/p),
sodium hydroxide molarities, and sodium silicate to sodium hydroxide ratios.

2. Materials and methods
2.1. Materials

In this experimental program, the materials of fly ash, sodium silicate, sodium hydroxide, river sand, and pumice aggregate,
and superplasticizer were utilized to make LWGM mixes.

The lightweight pumice aggregate is a volcanic material, and it was supplied from Nevsehir city in Turkey. Due to the fast-
cooling formation stage of the basaltic pumice aggregate, it contains bubbles and voids, so it has a porous and rough texture.
It is an inert material with a pH value of around 7. The pumice aggregate which is used with saturated surface dry (SSD)
condition in this study is a natural lightweight aggregate that has a specific gravity of 1.2 and, 26% water absorption value. A
regionally located river sand was employed in the fine aggregate mix. The sieve analysis results of the fine aggregates were
illustrated in Table 1 together with lower and upper limits specified in ASTM C33 standard (ASTM:C33-03, 2003).

Table 1. Sieve analysis of the used aggregates.
Sieve size  Upper limit Lower limit River sand Pumice aggregate

4.75 100 95 99.8 100
2.36 100 80 94.3 85.1
1.18 85 50 56.3 65.4
0.6 60 25 270 36.2
0.3 30 5 7.5 22
0.15 10 0 2.6 0

The composition of FA was attained by X-ray fluorescence analysis. FA was obtained from the Catalagzi thermal power
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plant in Turkey. Chemical constituents of the FA are 55.46% SiOa, 26.33% Al;O3, 6.71% Fe,03, 1.69% Ca0, 2.42% MgO,
1.08% Na20, 4.22% K0, 0.1% Cl-, and loss on ignition (LOI) value is determined to be 1.2%. The total amount of the three
main elements of Al,O3, SiO,, and Fe;0s is higher than 70% of the oxides in the fly ash. Hence, the used FA in this experi-
mental study is with conformity ASTM C-618 standard (American Society for Testing and Materials, 1997). Another im-
portant physical property of FA, namely, the specific surface area determined by BET analysis and found to be 2.02 m#g.
The specific gravity value was measured as 2.

To prepare the alkaline solutions, the following procedure was carried out. One liter of NaOH (SH) solutions were prepared
by mixing the 400, 480, and 560 g NaOH pellets with required amount of distilled water to get 10 M, 12 M, and 14 M target
sodium hydroxide molarities, respectively. Since the dissolution of sodium hydroxide pellets in water is an exothermic phe-
nomenon, NaOH solutions were prepared by gradual addition of water in the beaker until ambient heat balance is provided.
After that, the prepared solutions with different molarities were kept in the laboratory in closed tubes at room temperature
until casting of LWGMSs. The sodium silicate solution (water glass) which has SiO»/Na,O ratio of 2.5 with a specific gravity
of 1.38 was supplied from a local company. Considering the aim of providing sufficient workability, a superplasticizer with
a specific gravity of 1.07 was also exploited in the present study.

2.2. Mixture design and casting procedure

The mix design parameters of the study were determined to search the transport and thermal properties of pumice-based
geopolymer mortars with various SS to SH ratios, sodium hydroxide molarities, and I/p ratios. For this purpose, eighteen
mixtures were prepared considering three SS to SH ratios of 2.5, 2, 1.5, three sodium hydroxide concentrations of 10 M, 12
M, 14 M, and two |/p ratios of 0.45, 0.55 to produce LWGM samples. The mixture proportions of LWGMSs were presented in
Table 2. Total aggregate is composed of 65% river sand and 35% pumice aggregate by volume. Through the preliminary
study, it was proved that the usage of the porous pumice aggregate at high rates, resulted in a significant reduction in the
compressive strength of LWGMs. Hence, this replacement amount (35%) was adopted to realize the aim of obtaining light-
weight mortar of sufficient compressive strength. SP amount was determined as 1.5% of fly ash content. The flow diameters
measured according to ASTM C 1437 were determined to be 253 cm.

Table 2. Mix proportions of LWGM mixtures.
Sodium Sodium

Liquid/powder SS/SH ratio hydrox_ide silicatse San | a;;:zgi;%ie Superplastsicizer
(Mol\l/'Tl)rlty, (kg/m?®) (kg/m?) (kg/m?) (kg/m?)

10 188.42 888 228 9.4

12 188.42 893 230 9.4

25 14 188.42 897 231 9.4

10 175.86 887 228 94

0.45 2 12 175.86 892 229 9.4
14 175.86 897 231 9.4

10 158.28 885 228 9.4

12 158.28 891 229 9.4

15 14 158.28 897 231 94

10 215.44 873 225 8.8

25 12 215.44 878 226 8.8

14 215.44 883 227 8.8

10 201.08 872 224 8.8

055 2 12 201.08 877 226 8.8
14 201.08 883 227 8.8

10 180.97 869 224 8.8

15 12 180.97 876 225 8.8

14 180.97 883 227 8.8
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To make the dry materials ready, FA was mixed with a previously prepared fine aggregate mixture consisting of pumice
aggregate and river sand for a total of five minutes using a laboratory-type mixer. Then, the mixture of SS and SH solutions
which had been kept in ambient condition to allow heat balance before starting the casting process, and superplasticizer were
slowly added to the dry materials, and the mixing operation was continued for 5 more minutes. The same mixing procedure
was applied for all mixtures. After completion of the process, the fresh mixtures are poured into suitable molds to be used for
the experiments. The prepared mixtures were compacted in the molds through a vibrating table. The vibration period and
frequency are thoroughly adjusted to assure both full compaction and no segregation. Improper compaction results in a rise
of the pumice aggregate particles to the surface. So, this causes non-homogeneity of the mix. As soon as the compaction is
completed, the samples are kept at room temperature for approximately 1-2 hours. Later, they are covered with plastic bags
and kept in the oven under 75 °C for 24 hours. After the demolding process, the specimens are kept in ambient laboratory
condition until test time.

2.3. Test procedure

The compressive strength values of LWGMs at 28th days were determined in a previous study of the authors (Ekmen et
al. 2021) using 50x50x50 mm samples conforming to ASTM C109/C109M-16a (ASTM C109/C109M-02, 2005). In the cur-
rent study the test results were benefited for optimization. For water absorption measurement, three cubic specimens with 50
mm dimensions were kept in the ambient temperature before the testing time of 28 days according to ASTM C642-13 (Amer-
ican Society of Testing and Materials, 2006). In this study, the drying shrinkage measurement was conducted with 25x25x285
mm samples according to the C596-09 (ASTM 2009b) (ASTM C596-01, 2001).

The thermal conductivity test was performed using three 50x50x50 mm cubes for each mix by TPS 500 S Hot Disk Thermal
Constants Analyzer with a single-sided method according to 1SO 22007-2 (Ozen et al., 2022, Zheng et al., 2020). This method
is a disc heat source-based method (Isiker, 2018). Two different methods were used in thermal conductivity measurements.
The test was conducted for both dry and water-saturated condition of samples.

3. Experimental results and analysis
3.1. Compressive strength

Figure 1 demonstrates the 28-day compressive strength results of LWGMs for 1/p:0.45 and 1/p:0.55 obtained. The effects
of various sodium silicate to sodium hydroxide ratios, sodium hydroxide molarities, and the ratio of liquid to powder on the
compressive strength development of the samples can be seen from Figure 1. The increase of sodium hydroxide molarity
provided higher compressive strength results for all mixes. The highest compressive strength development was generally
obtained when sodium hydroxide concentration increased from 12 M to 14 M. The decrement of Na,SiOs; to NaOH ratio
facilitate to compressive strength improvement due to the negative effect of the excess Si amount on the geopolymerization
reaction. The variation of the liquid to powder ratio from 0.45 to 0.55 reduced the obtained compressive strength results. The
conclusion can be with respect to the higher H2O content in the specimens with the ratio of liquid to powder of 0.55 and
accordingly more porous structure. The detailed information and the discussion of compressive strength results can be found
in a previous study by Ekmen et al. (2021).
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Figure 1. Compressive strength results of the LWGMs for I/p: 0.45 and, I/p: 0.55 (adapted from authors’ previous study Ekmen et al.
2021).

3.2. Water absorption

Figure 2 illustrates the water absorption values for LWGMs with various SS to SH ratios according to sodium hydroxide
molarities at age of 28-day. The trends of the curves in Figure 2a and Figure 2b represent the relations for the liquid to powder
ratios of 0.45 and 0.55, respectively. While the water absorption results varied between 7.61-11.96 (%) at the liquid to powder
ratio of 0.45, the range was obtained as 9.96-13.59 (%) at the liquid to powder ratio of 0.55. The water absorption values
increased with the high degree of alkalinity. The increase of sodium hydroxide concentration resulted in a decrease in water
absorption values for the both liquid to powder ratios. The obtained relation can be attributed to the formation of a denser
matrix and accordingly, diminishing the void content. When Figure 2a examined, it was seen that the rate of water absorption
was decreased with the reduction of the sodium silicate to sodium hydroxide ratios at SH molarities of 12 M and 14 M. The
highest decline in water absorption of 1.98% was observed with the decrease of sodium silicate to sodium hydroxide ratio
from 2.5 to 2 at sodium hydroxide concentration of 10 M. In Figure 2b the SS to SH ratio reduction led to decrease of water
absorption results at all sodium hydroxide molarities. Besides, the alteration of Na;SiO3 to NaOH ratio from 2 to 1.5 has no
significant effect on the water absorption values at sodium hydroxide molarities of 12 M and 14 M. The highest water absorp-
tion decrease of 1.47% was reached with the decline of sodium silicate to sodium hydroxide ratio from 2.5 to 2 at 10 M
sodium hydroxide molarity.
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Figure 2. Water absorption results for a) 1/p:0.45 ratio and b) 1/p:0.55 ratio.
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3.3. Shrinkage

Figure 3 illustrates the effects of the various SS to SH ratios sodium hydroxide molarities and the ratios of liquid to powder
on the drying shrinkage values of LWGMs over 90-days of drying period. As seen in Figure 3, about 80 percent of drying
shrinkage results can be reached within 3 weeks. When the obtained data were interpreted it was also concluded that the
drying shrinkage values of LWGMs decreased as the sodium hydroxide molarity increased regardless of the SS to SH ratios
and the ratios of liquid to powder. However, the fluctuation level varied according to the two parameters. For instance, when
sodium hydroxide molarity increased from 10 M to12 M the highest drying shrinkage increment value of 44.4% was obtained
with SS to SH ratio of 2.5 and the liquid to powder ratio of 0.45.

However, considering the variation of NaOH concentration from 12 M to 14 M, the maximum shrinkage of 52.9% was
observed with the sodium silicate to sodium hydroxide ratio of 2 and liquid to powder ratio of 0.55. This inevitable finding
attributes to the improvement of the geopolymerization reaction and so volume stability. Similar results were reported by the
other researchers (Aydin & Baradan, 2014; Atis et al., 2009; Jiao, Wang, Zheng, & Huang, 2018). Overall, it was clear that
the reduction in the sodium silicate to sodium hydroxide ratio resulted in the lower the shrinkage values in all mixtures, but
higher increment levels were obtained when SS to SH ratio changed from 2 to 2.5.

In the case of the liquid to powder ratio of 0.45, when SS to SH ratio increased from 2 to 2.5, the ultimate shrinkage
increments of 35.75%, 35.4%, and 55.4% were attained with mixtures containing 10 M, 12 M, and 14 M sodium hydroxide
molarities, respectively. Regarding the mixtures containing liquid to powder ratio of 0.55, the above-mentioned values were
determined as 22%, 63.4%, and 43%, respectively.

When Figure 3 was examined, it was found that the increase of the I/p ratio from 0.45 to 0.55 caused higher drying shrink-
age results at varying rates regarding to the various SS to SH ratios and sodium hydroxide molarities. Considering the increase
in the ratio of liquid to powder, the highest drying shrinkage rise of 33.4% was obtained with the mix containing sodium
silicate to sodium hydroxide of 2 and 14 M sodium hydroxide molarity.
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Figure 3. Drying shrinkage results of LWGMs according to sodium silicate to sodium hydroxide ratios, sodium hydroxide molarities and liquid to powder ratios.
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3.4. Thermal conductivity

Thermal performance of the concrete is important for carbon emission of buildings. Thermal characteristics of building
materials have a considerable influence on the carbon emission in the building operation stage since this stage of a building's
life contributes between 50 and 70% of its overall carbon emissions (Hao et al., 2022). 40% of annual worldwide carbon
emissions come from the built environment. Building operations account for 27% of the total yearly cost, while construction
and infrastructure materials accounts for another 13%. Concrete with low thermal conductivity decreases heat loss through
walls in building structures [Dai et al., 2022]. In order to minimize heat, transfer and energy consumption in building con-
structions, low thermal conductivity concrete can be used.

Figure 4 shows the thermal conductivity results for saturated and dry conditions of LWGMs according to the various mix
parameters. As expected, the thermal conductivity values of samples in saturated conditions are higher than the samples in
dry conditions. The molarity increment resulted in higher thermal conductivity values for all mixes but with different degrees.
The highest thermal conductivity variation was determined for the mixes with Na,SiO3 to NaOH ratio of 2, when the NaOH
concentration increased from 10 M to 12 M. In general, the rise of the I/p ratio from 0.45 to 0.55 facilitated thermal conduc-
tivity decrease due to causing a higher pore structure. When the impact of the sodium silicate to sodium hydroxide ratio on
the thermal conductivity results was examined, it was concluded that there is no obvious trend that represents the relation
between the two parameters.

The influence of the SS to SH ratio varied according to the sodium hydroxide concentration and liquid to powder ratio
variation. The range of thermal conductivity values of the samples corresponding to the various SS to SH ratios, sodium
hydroxide molarities, and the ratios of liquid to powder were measured as 0.54-0.79 W/mK and 0.81-1.33 W/mK at the dry
and saturated condition of samples, respectively. The minimum thermal conductivity values of saturated and dry conditions
were determined as 0.81 W/mK and 0.54 W/mK in the samples with the ratio of liquid to powder of 0.55 and sodium hydroxide
molarity of 10 M, respectively. This study revealed that low molarity and dry concretes are more efficient in terms of carbon
emissions due to their low thermal conductivity. In addition, the best concrete for energy consumption occurred in SS/SH:2

type.
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Figure 4. The coefficient of thermal conductivity values of LWGMs according to the various mix parameters; a) I/p=0.45 and b) 1/p=0.55

3.5. Optimization

Design-Expert (2010) software was used in the multi-objective optimization analysis carried out within the scope of this
research. Central composite design, which is the most widely used design method, was chosen to find the functional relation-
ship between responses and inputs. SH molarity values, SS/SH, and I/p ratios were considered as input variables and optimum
values were determined for output parameters of water absorption, compressive strength, thermal conductivity, and drying
shrinkage test results of fly ash-based lightweight geopolymer mortars. With this optimization analysis, it is aimed to obtain
the best models representing the experimental results depending on the independent input variables. These models were cre-
ated using the response surface method, which is a combination of statistical and mathematical approaches. As a result, the
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SS/SH, I/p ratios, and SH molarity values that provide the maximum compressive strength, minimum water absorption, min-
imum drying shrinkage values of fly ash-based lightweight geopolymer mortars has been reached. Multivariate regression
analyzes were performed using high order polynomial models for each response. A stepwise backward selection algorithm
was used to abbreviate the terms of models, and statistically significant model terms were determined by analysis of variance.
In addition, the exponential transformation was applied to these models of water absorption, compressive strength, thermal
conductivity, and drying shrinkage responses in order to improve the analysis results.

Formulations achieved from the regression analysis which is executed for compressive strength, water absorption, thermal
conductivity, and drying shrinkage responses, and the applied exponential transformation are given in (Equation 1-4). The
terms used in these equations, the coefficient values of these terms, and the results obtained from the variance analysis for
each output are summarized in Table 3. The p values of the compressive strength, water absorption, thermal conductivity, and
drying shrinkage response models are less than 0.05, which proves that the models representing the relationship between input
and output parameters are statistically significant.

Table 3. The coefficients given in Egs. (1-4) and analysis of variance outputs depending on the regression analysis for water absorption,
compressive strength, thermal conductivity, and drying shrinkage.
Statistical assessment

Corresponding re-

Factor  Coefficient Degree of F Contribution  Signifi-
sponse R
b SS freedom MS value P value (%) cance
Model €1=148.20235 335 7 4.79 57.38 <0.0001 - Yes
A-llp ;=296.98021  0.016 1 0.016 02  0.6682 0.05 No
B-SS/SH c;=3.36198 12.83 1 1283 15381 <0.0001 38.4 Yes
%/M"'ar' 4=24.51643 18.55 1 1855 22636 <0.0001 5551 Yes
(C,\Z’F',‘;)ress“’es”e”gth AC 05=50.05407 0018 1 0018 021 06551 0.05 No
B? c6=1.35750 0.46 1 0.46 552  0.0406 1.38 Yes
c c=105542  -369x10° 1 1.369x10° 016 0.9006 0 No
AC? cs=2.10158 071 1 071 847  0.0155 2.12 Yes
Residual 0.83 10 0.083 2.48 -
Model  a;=4.14103 2.83 4 071  150.73 <0.0001 - Yes
A-llp 2,=5.40288 131 1 131 27974 <0.0001 4531 Yes
B-SS/SH a;=1.27223 0.33 1 033 7047 <00001  11.41 Yes
Water absorption (%) i%'/'v'o'ar' 2,=0.15454 115 1 115 24412 <0.0001  39.78 Yes
B? 25=0.40109 0.04 1 0.04 856  0.0118 1.38 Yes
Residual 0.061 13 4'69(2)(10- 211 Yes
Model  b;=0.52536 0.12 3 0038 1856 <0.0001 - Yes
A-llp b,=0.67684 0.021 1 0021 997  0.007 14.48 Yes
Thermal conductivity B-SS/SH b:=0.098061 0.029 1 0029 1395 0.0022 20 Yes
(W/mK) %‘/Mo'ar' b=0.036993  0.066 1 0066 3176 <0.0001 4552 Yes
Residual 0.029 14 2.068x10 20 Yes
Model  d;=3627.78543 32914.95 7 470214 8098 <0.0001 - Yes
A-llp d,=7822.01811  12.55 1 1255 022  0.652 0.04 No
B-SS/SH ds=02.26683  18440.69 1 1844069 31757 <0.0001  56.15 Yes
. _ C-Molar- | 66536748 12752.55 1 1275255 219.61 <0.0001  38.83 Yes
Drying shrinkage. (10" _1tY
) AC ds=1331.51049  63.59 1 63.59 11 032 0.19 No
B? d6=42.66724 455.12 1 45512  7.84 0.0188 1.39 Yes
c? d,=28.88240 28.13 1 2813 048 05023 0.09 No
AC? dg=56.43880 509.65 1 509.65 878  0.0142 155 Yes
Residual 580.68 10 58.07 1.77 -
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SS: Sum of squares, MS: Mean of squares

1

Compressive strength = (¢; — ¢;A + c3B — ¢,C + csAC — cB? + ¢,C? — cgAC?)oe7 (Eq.1)
1
Water absorption = (a; + a,A — a3B — a,C + asB?)os (Eq.2)
1

Thermal conductivity = (a; — a,A — a3B + a,C)z22 (Eq-3)

1
Drying shrinkage = (—d; + dy,A — d3B + d,C — dsAC + dgB? — d,C? + dgAC?)o77 (Eq.4)

Three-dimensional response surface graphs for compressive strength, water absorption, thermal conductivity, and drying
shrinkage models (Equation 1-4.) were given in Figure 5, 6, 7 and 8. Figure 5, 6, 7 and 8. show the effects of SH molarity,
SS/SH, and I/p ratios on compressive strength, water absorption, thermal conductivity, and drying shrinkage responses.
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Figure 5. Three-dimensional representation of the response surface model for compressive strength
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Figure 6. Three-dimensional representation of the response surface model for water absorption.
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Figure 7. Three-dimensional representation of the response surface model for thermal conductivity.
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Figure 8. Three-dimensional representation of the response surface model for drying shrinkage

In this study, the response surface method determines the relationship between factors such as molarity, SS/SH, and I/p
ratios and responses, as well as to reach the combined effect of the factors on the properties of lightweight geopolymer mortars
and to achieve the optimum SS/SH, I/p and SH molarity values that give the maximum compressive strength, minimum water
absorption and drying shrinkage values. Figure 9 illustrates the alteration of the desirability approach obtained from the opti-
mization study performed on compressive strength, water absorption, thermal conductivity, and drying shrinkage responses.
The data gained from the optimization analysis using the response surface method is presented in Table 4. Optimum values
for molarity, SS/SH, and I/p factors were determined as 14 M, 1.586, and 0.45, respectively, depending on the goals of max-

imum compressive strength, minimum water absorption, and drying shrinkage. The desirability value of this optimization
analysis was obtained as 0.996.

Table 4. The obtained findings from the optimization investigation

Input and output factors Optimum and predicted output values
I/p 0.45
SS/SH 1.586

Molarity (M) 14

Compressive strength (MPa) 31.519
Water absorption (%) 7.689
Thermal conductivity (W/mK) 0.784
Drying shrinkage (10-6) 379.3
Desirability 0.996
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Figure 9. Three-dimensional graphical representation of the desirability function obtained from optimization analysis.

Conclusions and comments

The study aims to determine some critical engineering properties of LWGMs and optimizing the data obtained from labor-
atory study. The conclusions drawn can be given as follows:

1.

2.

At higher sodium hydroxide concentration and lower SS to SH ratio, significant enhancement regarding the engineering
properties of LWGMSs were observed as a result of the improved development of geopolymerization reaction.

Lower absorption characteristics were achieved at the liquid to powder ratio of 0.45 mainly depending on the molarity
of the NaOH solution and SS/SH ratio. The LWGMSs water absorption values seemed to be more sensitive to the change
in I/p ratio than molarity and SS/SH ratio.

The shrinkage behavior of LWGMs is directly affected from I/p ratio. The higher I/p ratio the higher the shrinkage is.
However, the molarity of the mixes seemed to be more dominant due to the effect on the geopolymerization and hence
stiffness and porosity of the material.

. The range of thermal conductivity values of the samples were seemed to have similar values for cement based conven-

tional mortars (0.7-1.3 W/mK). However, in some instances, especially for dry case measurement, the coefficient of
thermal conductivity values was observed to relatively lower than conventional mortars.

. The obtained experimental findings were utilized to perform response surface-based optimization modelling of the crit-

ical mix parameters. The obtained desirability of optimization by means of the maximization of compressive strength,
and minimization water absorption, and drying shrinkage was 0.996. Depending on the aforementioned goals optimum
values for molarity, SS/SH ratio, and I/p parameters were determined as 14 M, 1.586, and 0.45, respectively.
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