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ABSTRACT

ARTICLE INFO

Global warming is widely recognized as one of the most pressing issues of our time.
One of the primary contributors to this phenomenon is the emission of CO2, which
significantly exacerbates global warming. Today, the production and industry of ce-
ment stand out as leading sources of carbon emissions. Consequently, the scientific
community is actively researching solutions to reduce cement usage. Some of these
efforts focus on alternative binders such as silica fumes and lime. In this study, the
goal is to enhance silica fume and lime binder composites, optimizing them for both
refractory and insulating properties using the Taguchi optimization method. The re-
sults indicate significant improvements in compressive and flexural strengths, which
were further validated through testing. The highest compressive strength achieved
was 11.97 MPa, while the maximum flexural strength reached 0.34 MPa. This re-
search underscores the potential of alternative binders in mitigating the environ-
mental impact of cement production while enhancing material performance in vari-
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1. Introduction

Today, climate change occurring as a result of both
anthropogenic and natural effects significantly worsens
human and environmental security (Karanafti et al.
2022). People spend most of their time in buildings, both
in their daily and working lives. These buildings are ex-
pected to have comfort features that will not threaten
human health and safety. Especially as a result of anthro-
pogenic effects, a large amount of various waste prod-
ucts is released into the environment in industrial sec-
tors. These products cause global warming, which is a
major environmental problem, by releasing greenhouse
gases such as carbon dioxide, especially disposal prob-
lems. The construction industry is one of them (Kosse et
al. 2016).

It is estimated that buildings consume more than 45%
of global energy consumption (Rashad et al. 2022a) and
this figure is expected to rise in the coming years

(Rashad et al. 2022b). Effectively managing scarce en-
ergy resources has become a top priority worldwide,
particularly as energy demand continues to grow rap-
idly. Currently, achieving comfort in energy-efficient
buildings involves using insulation materials that are not
only environmentally friendly but also energy-saving,
thanks to their thermal and mechanical properties.
These modern materials are replacing traditional op-
tions, enabling buildings to maintain comfort while re-
ducing energy consumption and environmental impact
(Van Nguyen 2023).

Thermal insulation materials are crucial for maintain-
ing comfortable indoor temperatures for both heating
and cooling while preserving the natural state of living
organisms and objects. These materials are broadly cat-
egorized into two main types: inorganic and organic. In-
organic insulation materials, such as silica fume (SF)
based geopolymers, are extensively used in the construc-
tion industry. The use of mineral additives such as mi-
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crosilica, also known as silica fume, in cementitious sys-
tems has positive effects both environmentally and eco-
nomically. It helps fill voids and exhibits a partial binding
effect, enhancing the overall performance of the material
(Yorulmaz et al. 2021; Oltulu and Sahin 2013). They are
preferred due to their low flammability and non-toxic
properties. Despite having higher thermal conductivity
compared to organic insulation materials, inorganic op-
tions like geopolymers offer superior mechanical
strength and environmental durability (Rashad et al.
2024). It has been stated that geopolymers offer numer-
ous advantages, including superior mechanical proper-
ties (Mahmoodi et al. 2022), high resistance to elevated
temperatures (Celikten et al. 2020), and resistance to
acid (Thokchom et al. 2009) and sulfate effects (Bhutta
etal. 2013), along with environmentally friendly charac-
teristics (Alakara et al. 2022). These characteristics
make them highly suitable for applications where fire
safety and longevity are critical considerations.

Alkaline liquid and pozzolanic materials are used to
bond geopolymer material components. Inorganic min-
eral additive materials such as SF, metakaolin, slag and
fly ash, rich in silica (Si) and aluminum (Al), are pre-
ferred as pozzolanic materials (Duxson et al. 2007; Tho-
In et al. 2012). Aluminum silicates in pozzolanic materi-
als enable the production of high-performance geopoly-
mer materials in terms of their physical and mechanical
properties through polymerization reaction (Zakka et al.
2021). Additionally, calcium hydroxide (lime), a weak al-
kali with a high calcium content, can be incorporated
into components to improve the setting time and early
strength of such geopolymers (Das et al. 2020). Addition-
ally, by adding waste materials such as SF, additional sil-
icate is included in the geopolymer system (Bajpai et al.
2020). The increase in the silicate/aluminate ratio in ge-
opolymers increases the strength of the produced com-
posite materials (Jena et al. 2019; Okoye et al. 2016).

SF is a refractory material that is a by-product with a
high level of pozzolanic properties, consisting of glassy
silica (SiO2) particles with an amorphous crystalline
structure, micrometric dimensions, during the manufac-
turing of silicon or iron ferrosilicon alloys (Al-Amoudi et
al. 2007; Koca 1996; Liu et al. 2009). In the production
process, it is obtained by reducing high purity quartzite
with coal in electric arc furnaces at a temperature of ap-
proximately 2000 °C (Golafshani and Behnood 2019).
When SF, lime and water are mixed in certain propor-
tions, a hydration reaction occurs. The reason why SF
shows high pozzolanic activity is attributed to its very
large surface area and amorphous character (Abo-El-
Enein et al. 1996). The molecular calcium silicate hydra-
tion (C-S-H) reaction caused by SF and water depending
on the Ca0/SiO2 ratio may differ (Cohen and Bentur
1988).

Basic hydration occurs in the process of dissolution of
alite (CsS) and belite (C2S) in the formation of C-S-H and
calcium hydroxide (CH) precipitation. While CH is a
known crystalline phase (Petch 1961), C-S-H gel is a nat-
ural nanostructured material (Wang et al. 2024). C-S-H
precipitates as a filling material and shows a pozzolanic
effect. Thanks to this feature, the voids of the geopoly-
mer material decrease and its stability improves (Muller

etal. 2015). The highly pozzolanic nature of SF increases
its capacity to react with free lime during hydration. SF
forms C-S-H gels that provide density, strength, imper-
meability and durability in the geopolymer produced as
a result of the CH reaction (Guleria and Salhotra 2016;
Rodrigues et al. 2013). It also provides early strength
and durability by being activated through a highly alka-
line solution and thermal curing (Koca 1996). Thermal
and mechanical properties can be further improved by
selecting the most optimum ratios of SF, free lime and
water (Al Zaidi et al. 2019).

Thermal insulation materials have different ad-
vantages. These include thermal conductivity, perfora-
tion gap, site adaptability, workability, mechanical
strength, fire protection, smoke emission during fire, du-
rability, resistance to climate variations, resistance to
freeze/thaw cycles, water resistance, costs, biocompati-
bility, toxicity and environmental impacts (Giiney 2019).
In addition, high thermal protection, comfortable insula-
tion and low operating costs are expected from these
materials. Although there are many studies in the litera-
ture on improving concrete and its properties, there is
limited information on the combined use of silica fume,
free lime and water and its optimization with the
Taguchi method.

Considering the diminishing material resources and
the environmental damage caused by waste, the conver-
sion of valuable materials such as silica fume into eco-
nomic value is of great importance on a global scale. In
this study, it was aimed to recycle silica fume, which is
abundant in Tiirkiye as ferrosilicon and silicon ferro-
chrome production flue dust waste, into the economy in
an environmentally friendly way. In the present study,
the mechanical, physical and microstructural properties
of the samples produced from different amounts of high
temperature resistant silica fume, water and free lime
mixture were investigated. The effects on sound perme-
ability, thermal conductivity and water absorption of all
samples produced were investigated. These materials
were experimentally characterized using standard meth-
ods according to the relevant standards. It is clear that the
insulation material produced using waste silica fume and
lime shows promising results in terms of microstructure,
physical and chemical properties. However, considering
the constraints of limited resources and the imperative
of sustainability, the importance of studying inorganic
waste materials such as SF and lime greatly increases. In
the present study, the effect of design variables on the
physical and mechanical properties of SF with lime was
optimized by Taguchi method and the relationships be-
tween the design variables were determined. Since this
study is a first in this respect, it is believed that it will
shed light on future optimization studies.

2. Materials and Method
2.1. Experimental studies
Within the scope of this study, detailed results of the

experimental studies to be designed and optimized with
Taguchi can be obtained from the previous study (Giiney
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2019). Compressive tests were performed on 28-day
specimens according to TS EN 12390-3 (2019) and flex-
ural tests were performed according to TS EN 12390-5
(2009). Three specimens were produced for each test and
the arithmetic averages of the test results were considered.

2.2. Experimental design and optimization studies

Experimental design and optimization studies were
carried out with the Taguchi method. Comprehensive re-
sults can be obtained with a small number of experi-
ments using this technique (Calis et al. 2021; Gao et al.

Problem
determination and
material selection

Design of
experiments with
Taguchi Method

2021). Silica fume content (SD), lime content (LM), and
water binder ratio (WB) were taken as input parameters
and compressive and flexural strengths were designed
and optimized. Signal-to-noise (S/N) ratios were applied
as 'bigger is better' for flexural and compressive strength
evaluations. In addition, the contribution of each factor
to the strengths was determined by ANOVA. During the
experimental design, the number of experiments was re-
duced to 27 by Taguchi optimization. The flow diagram
of the applied method is presented in Fig. 1. The experi-
mental design proposed by Taguchi method is as shown
in Table 1.

Optimum mixing

2 . 6
Reducing the ~
e or Comparison of p

values

experiments to 27

ratios

3
Experimental Validation and
Studies evaluation of results

Fig. 1. Flow diagram of design and optimization studies.

Table 1. Mixing proportions of composites.

Mixture code SD (%) KM (%) WB BD (MPa) ED (MPa)
K1 59.14 40.86 0.80 9.21 0.25
Kz 59.14 40.86 0.80 9.18 0.25
K3 59.14 40.86 0.80 9.23 0.25
Ka 59.14 48.22 0.82 9.32 0.25
Ks 59.14 48.22 0.82 9.28 0.25
Ke 59.14 48.22 0.82 9.34 0.25
K7 59.14 55.76 0.90 8.47 0.23
Ks 59.14 55.76 0.90 8.42 0.23
Ko 59.14 55.76 0.90 8.45 0.23
Ki1o 51.68 40.86 0.82 11.54 0.31
K11 51.68 40.86 0.82 11.47 0.31
K12 51.68 40.86 0.82 11.51 0.31
Kiz 51.68 48.22 0.90 11.79 0.32
Kia 51.68 48.22 0.90 11.81 0.32
Kis 51.68 48.22 0.90 11.74 0.31
Kie 51.68 55.76 0.80 8.81 0.24
Kiz 51.68 55.76 0.80 8.79 0.24
Kis 51.68 55.76 0.80 8.85 0.24
K19 44.24 40.86 0.90 8.54 0.23
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Table 1. (continued)

Mixture code SD (%) KM (%) WB BD (MPa) ED (MPa)
K20 44.24 40.86 0.90 8.47 0.23
Ka1 44.24 40.86 0.90 8.43 0.23
K22 44.24 48.22 0.80 8.91 0.24
Kz3 44.24 48.22 0.80 8.83 0.24
K24 44.24 48.22 0.80 8.87 0.24
Kzs 44.24 55.76 0.82 9.21 0.25
Kz6 44.24 55.76 0.82 9.11 0.24
K27 44.24 55.76 0.82 9.17 0.25

3. Results and Discussion

The Taguchi design and optimization results that will
maximize the compressive strength are as given in Fig. 2.
According to the optimization results, the recommended
values for SD, KM and S/B are 51.68, 48.22 and 0.82, re-
spectively. These results are in line with similar studies

(Al-Waked etal. 2023; Ayasgil etal. 2022; Kang et al. 2019).

The optimum flexural strength achieved by the Taguchi
design is shown in Fig. 3. Hence, the suggested values for
SD, KM, and S/B are 51, 68, 48, 22, and 0.82, respectively.
The achieved limitations fall within the range of values
consistently reported in previous similar research. (Kaya
etal. 2023; Malathy et al. 2022).
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Fig. 2. Taguchi design results for compressive strength.
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Fig. 3. Taguchi design results for flexural strength.
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The ANOVA results within the compressive strength
optimization studies are as shown in Table 2. According
to the relevant table, since the "p" values of all compo-
nents are less than 0.005, it is concluded that they have
an effect on compressive strength (Yildizel and Calis
2019; Yildizel et al. 2022).

The ANOVA results of flexural strength are presented
in Table 3. Accordingly, the p values for SD, KM and WB
are 0.000, 0.001 and 0.004, respectively, and since all of

them are less than 0.005, it is concluded that there is an
effect on flexural strength.

The material quantities recommended by Taguchi de-
sign for SD, KM and S/B (51.68, 48.22 and 0.82) were
used in the verification casting and the results obtained
are as presented in Table 4. According to these results,
higher compressive and flexural strengths were ob-
tained as expected.

Table 2. ANOVA results for compressive strength design.

Source DF Adj SS Adj MS F p
SD 2 19.2797 9.63983 30.02 0.000
KM 2 6.9185 3.45923 10.77 0.001
S/B 2 4.8221 241103 7.51 0.004

Error 20 6.4226 0.32113
Lack of fit 2 6.3968 3.19841 2231.45 0.000
Pure error 18 0.0258 0.00143

Total 26 37.4428

Table 3. Flexural strength design ANOVA results.

Source DF Adj SS Adj MS F p
SD 2 0.01379 0.006895 30.02 0.000
KM 2 0.0049 0.002474 10.77 0.001
S/B 2 0.0035 0.001724 7.51 0.004

Error 20 0.0046 0.000230
Lack of fit 2 0.0046 0.002288 2231.45 0.000
Pure error 18 0.000018 0.000001

Total 26 0.026781

Table 4. Validation test results.

Type of experiment

Average test result (MPa)

Compressive strength (28 days)

Flexural strength (28 days)

11.97
0.34

4. Conclusions

In this study, optimization of construction materials
produced using silica fume and lime using Taguchi
method and validation of the obtained results were car-
ried out. SD, KM and S/B quantities were considered as
input values, while compressive and flexural strengths
were taken as output values. The evaluations made in the
light of the results obtained can be summarized as fol-
lows:

e According to the ANOVA results, each of the parame-
ter’s SD, KM and S/B are of great importance in com-
pressive and flexural strength optimization studies.

e The values that maximize the compressive and flex-
ural strengths were suggested by Taguchi optimiza-

tion as 51.68%, 48.22% and 0.82% for SD, KM and

S/B, respectively.

e According to the validation test results, the maximum
BD was increased to 11.97 MPa and the maximum ED
was increased to 0.34.

In future studies, further enhancement of Bulk Den-
sity (BD) and Elasticity (ED) values could be pursued us-
ing alternative optimization techniques. Exploring these
different approaches may yield more refined control
over these properties, leading to improved material per-
formance and broader applications. By employing ad-
vanced optimization methods, it is possible to achieve
even greater precision in tuning the physical and me-
chanical characteristics of the composites, potentially
unlocking new opportunities for innovation in this field.
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