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Abstract: The use of geopolymer as a cementitious material for geopolymer concrete (GPC) is
beneficial for the sustainable development and green transformation of the construction industry.
Geopolymer concrete has many advantages, such as high strength, heat and corrosion resistance,
low hydration heat, and carbon emissions. This paper adopted the water—binder ratio, alkaline
activator modulus, and slag replacement as the influencing factors, and used the 28-day com-
pressive strength and flexural strength of geopolymer concrete as the response values to seek a
reasonable mix design. In addition, through microstructure analysis, the mechanism of geopoly-
mer on concrete was studied. The results indicated that as the water—binder ratio increased, the
compressive strength first increased and then decreased, while the flexural strength continuously
decreased. As the amount of slag replacement increased, the compressive strength and flexural
strength would also increase. The effect of alkaline activator modulus on compressive strength
and flexural strength was not significant. Through response surface methodology (RSM) analy-
sis, the optimal design of geopolymer concrete was determined to have a water—cement ratio of
3.50, a modulus of 1.54 for alkaline activator solution, and a slag substitution rate of 47%. The
microstructure analysis showed that the water-binder ratio and slag replacement improved the
pore structure and density of concrete, thereby enhancing the macroscopic mechanical properties
of concrete. This paper can provide a theoretical basis for the application of geopolymer concrete
in engineering.

Keywords: geopolymer concrete; fly ash; slag; response surface methodology; compressive strength;
flexural strength; microstructure

1. Introduction

Concrete is extensively utilized in engineering fields such as roads, bridges, and
buildings [1-4], and stands as one of the widely used construction materials globally [5-7].
The fundamental components of concrete are cementitious materials, coarse and fine
aggregates, and water, some of which may be supplemented with other additives and
admixtures [8,9]. Ordinary silicate cement is the most commonly used cementitious material
in concrete preparation [10,11], and the global production of ordinary Portland cement
(OPCQ) is reported to exceed 4.4 billion tons per year [12,13]. However, the production of
OPC entails significant energy consumption and environmental pollution; for instance,
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1 ton of OPC requires the consumption of 3200-5500 M]J of thermal energy [14,15], while
releasing about 0.8-1 tons of harmful gases [16], thereby exacerbating the greenhouse
effect [17,18]. The cement industry contributes approximately 8% to the world’s total
carbon emissions in terms of CO, [16,19,20]. In order to harmonize building development
with green low-carbon initiatives [21,22], it is essential to replace OPC with environmentally
friendly cementitious materials [23].

The concept of geopolymers was initially introduced by Joseph Davidovits [24] in
the 1970s. According to the different activators, geopolymers could be divided into
alkali-activated geopolymers, acid-activated geopolymers, and salt-activated geopoly-
mers [25-27]. Generally speaking, alkaline activators have good excitation effects and
result in high strength. Alkali-activated geopolymer is an inorganic cementitious material
formed through a series of reactions involving substances rich in silicon and aluminum,
catalyzed by alkaline activators [28,29]. During the reaction process, the T (Si, Al)-O
chemical bonds in the aluminosilicate material break (depolymerize) under the influence
of hydroxyl (OH-) groups, subsequently leading to condensation reactions which form a
three-dimensional network structure composed of silicon and aluminum oxygen tetrahe-
dra, connected by shared oxygen atoms [30,31]. The dissolution mechanism determines
whether the active ingredients of the material can be fully released, which directly affects
the subsequent nucleation process. The nucleation mechanism determines the structure
and properties of geopolymers, while the nucleation process determines the strength and
durability of GPC. Raw materials for geopolymers come from a wide range of sources,
such as metakaolin [32], silica fume [33], clays [34], lithium slag [35], red mud [36], rice
husk [37], gangue [38], fly ash [39], slag [40]. Metakaolin has high pozzolanic activity
which contributes to the formation of a more uniform and denser network for the structure,
thereby improving the elastic modulus of the concrete. Meanwhile, it can quickly release
silicate and aluminate ions in an alkaline environment, leading to a higher early strength
and faster hardening rate. Comparatively speaking, the activity of fly ash is generally
not as strong as metakaolin, that is to say, the reaction rate is slower, and the setting time
would be extended. Hence, slag with high calcium content is normally used together
to improve the reaction rate and reduce the setting time. Compared to metakaolin, the
environmental friendliness of fly ash and slag is more significant. The biggest advan-
tage of geopolymers is their low-temperature requirement for synthesis reaction, simple
preparation process, and low energy consumption for production [41]. Geopolymer pro-
duction consumes about 40% less energy than OPC’s consumption [42] and the carbon
emissions from geopolymer preparation are only 10-20% of those from OPC’s prepara-
tion [43]. Therefore, using geopolymer as a cementitious material for geopolymer con-
crete (GPC) is conducive to sustainable development and green transformation of the
construction industry.

GPC exhibits excellent performance with high strength [44—47], heat and corrosion
resistance [48-53], low heat of hydration [54,55], and low carbon emissions [56,57]. How-
ever, the achievement of these properties requires a rational mix ratio design. From a study
using a one-factor test method [58], it was found that both 28-day compressive strength
and fluidity increased with an increase in Na,;SiOs to NaOH ratio, while the increase in
water to cement ratio led to the increase in fluidity and reduction in strength. In order to
comprehensively assess the effects of various factors, an orthogonal test method was then
utilized to optimize the mix ratios of GPC and concluded that the water—cement ratio is
the most important factor affecting the properties of GPC [59]. Ponalagappan et al. used
the Taguchi method [60] to design the mix ratios, and the analysis of variance showed that
the ratio of exciters to precursors and the slag admixture were the most significant factors
affecting the compressive strength. Li N [61] used the simplex barycenter design method
to study the mix ratio of GPC in slag base, and the results showed that the water-binder
ratio and the ratio of NayO to the cementable material were the key factors affecting the
compressive strength and setting time. However, the simplex barycentric design method
did not perform well in non-convex optimization problems.
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Compared to the mentioned design methods in last paragraph, response surface
methodology (RSM) can reduce the number of tests and obtain a continuous model [62], and
has been applied to the optimization of construction material ratios in recent years [63,64].
More specifically, RSM is an optimization method that integrates experimental design and
mathematical modeling [65,66], in which certain experimental data are obtained through
scientific experimental design and regression equations are used to fit the functional
relationship between the influencing factors and the response values [67-69].

In this paper, the RSM was used to design and optimize the proportion of GPC.
The water—binder ratio, modulus of alkali exciter solution, and slag replacement were
selected as the influencing factors, while the 28-day compressive strength and flexural
strength of the GPC were set as the response values. A regression equation was used
to fit the functional relationship between the influencing factors and the response val-
ues. Then, a response surface model for the compressive strength and flexural strength
of GPC was proposed to quantify the effects of various influencing factors on the com-
pressive and flexural strengths of GPC. Also, a scanning electron microscopy (SEM) test
was conducted to analyze the mechanism of the mechanical properties of GPC, accord-
ing to the effect of different design factors. Based on the proposed model, it is pos-
sible to quickly obtain a mix proportion of GPC that simultaneously achieves the op-
timal compressive and flexural strengths without conducting multiple repeated tests.
This would provide better convenience and acceptability for the application of GPC in
engineering practice.

2. Materials and Methods
2.1. Raw Materials

The binder material used in the study was fly ash and slag. Fly ash is a byproduct
of the combustion of coal, normally in the form of spherical particles [70]. Slag, derived
from blast furnace slag, is a byproduct of the ironmaking process [71]. The utilized fly ash
was Class II, F, with a sieve residue of 19.9% in the 45 um sieve and a loss on burnout of
1.1%. Here, we have to note that fly ash of Class F has lower calcium content, leading to
a higher degree of pozzolanic activities, regardless of its particle size [72]. The utilized
slag was grade S95, with a density of 2.88 g/cm?, a specific surface area of 445 m?/kg,
and a loss on burnout of 0.55%. The chemical composition of fly ash and slag is pre-
sented in Table 1. The morphology of fly ash and slag used in the test is illustrated
in Figure 1.

Table 1. Chemical composition of fly ash and slag.

1 V)
Chemical Composition Mass Fraction/%

Fly Ash Slag

SiO, 55.04 28.11

ALOs 25.50 12.36
CaO 4.39 42.99

SO; 3.23 2.08

Fe,03 3.76 1.82
KO 1.87 1.26

Na,O 1.74 0.60
MgO 1.58 5.32
TiO, 1.16 1.93
SrO 0.87 0.14

MnO 0.12 2.75
P,0Os5 0.27 0.45

Cl 0.21 0.18
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(@) (b)
Figure 1. Morphology of fly ash and slag used in the test. (a) Fly ash; (b) Slag.

The concentration, particle size, and chemical properties of different activators can
affect the formation rate and final structure of GPC, and research showed that using a mixed
activator offered more advantages than using a single one [73]. The alkaline exciter solution
in the study was a mixture of sodium silicate and sodium hydroxide. More specifically,
water was the common tap water, and sodium hydroxide was commercially available with
analytically pure > 96%. The specific indicators of sodium silicate solution are shown in
Table 2. Figure 2 illustrates the schematic diagram of the preparation method for alkali
exciter solution.

Table 2. Indicators of sodium silicate solution.

; Mass Fraction/%
Concentration/(°Bé) Sodium Silicate Modulus H,0 assNraaZcolon ° Si0,

40 3.29 65.85 8.15 26

Solid
sodium
hydroxide

Alkaline
activator
solution

Water

Sodium
silicate
solution

Figure 2. Schematic diagram of preparation method for alkaline activator solution.

The fine aggregate was natural river sand, and the coarse aggregate was crushed
stone. The physical properties of the aggregates are presented in Table 3. Sieve tests
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were conducted using square sieves with various mesh sizes to assess the particle size
distribution of aggregates, and the results are illustrated in Figure 3.

Table 3. Table of aggregate properties.

. i . Compacted Dry Water Fineness

Material Specific Gravity Density (kg/m3)  Absorption (%) Modulus
Natural sand 2.96 1710 1.30 2.96
Crushed stone 2.88 1675 0.58 6.65

|- —=— Sand screening results

90 | — — Upper limit of sand 5
r Lower limit of sand

80 [ —w¥— Stone screening results

70 | — - = Upper limit of stones

[ = -+ =Lower limit of stones

60 |-
50

B
o
T

30 -
20 |
10
0....

Screening pass rate (%)

mesh size(mm)

Figure 3. Aggregate particle grading table.

2.2. Response Surface Method

RSM encompasses a comprehensive array of design methodologies, including full
factorial design [74], central composite design [75], Box-Behnken design [61] and Doehlert
matrix design [76], etc., which can be used to select the appropriate design method accord-
ing to the actual conditions. In this study, the Box-Behnken design was selected due to the
integration of efficiency, cost, and required accuracy.

The water-binder ratio, alkali activator modulus, and slag replacement, which are
closely linked to the performance of geopolymer concrete, are represented by A, B, and C,
respectively. Although a lower water-binder ratio could lead to higher strength of GPC,
it also might result in excessive shrinkage and the formation of cracks. The replacement
of slag could enhance the activity of GPC, thereby eliminating the curing process at high
temperatures and increasing the strength of the prepared GPC. However, due to the high
calcium content in slag, the reaction speed would be too fast, and the setting time would
be too short, if the replacement of slag was too high. This would be detrimental to the
workability of GPC. Based on preliminary experiments and literature review [41,47,77-79],
the water-binder ratio (0.34-0.42), alkali exciter solution modulus (1.0-1.6) and slag replace-
ment (10-50%) were identified as the influencing factors (Table 4), while the compressive
strength and flexural strength of GPC were served as the response values. Take the determi-
nation of the water-binder ratio as an example: a wider range of water-binder ratios was
obtained from related literature firstly, and then the preliminary experiment was conducted
to examine the workability with different water-binder ratios, thereby narrowing and
determining the range of water-binder ratio as 0.34-0.42.

A response surface model was fitted according to the experimental results and this
model analyzed the influence of each factor on the response value. In the end, the integrated
maximum values of compressive strength and flexural strength and the corresponding
optimal parameter level can be identified.
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Table 4. Coding level table.

Level
Influence Factor Code
-1 0 1
Water-binder ratio A 0.34 0.38 0.42
Alkaline activator modulus B 1 1.3 1.6
Slag replacement C 10% 30% 50%

Response surface modelling reflects the functional relationship between the influenc-
ing factors and the response values. In order to determine whether there was a statistically
significant relationship between them, an analysis of variance (ANOVA) was also con-
ducted. The overall significance of the linear equation was evaluated by examining the
mean situation of the data through the F-test. The p-value was a decreasing indicator of the
degree of confidence in the results and the level of significance was taken as 0.05. When
the p-value < 0.05, it indicated that the result was statistically significant. The F-value was
calculated using the Equations (1)-(3):

SSR=Y . (#;—7) 1)

SSE = 2?21(%’ -9;) )
B SSR/p

F= SSE/n—p—1 ©)

Here,

yi is the experimental value; 7; is the predicted value of the model; ¥ is the average of
the experimental values; SSR is the sum of regression squares; SSE is the sum of squared
errors; p is the degree of freedom of SSR; n —p — 1 is the degree of freedom of SSE.

The coefficient of determination R? was used to evaluate the goodness of fit of the
model, with a value between 0 and 1. The closer RZ was to 1, the better the model was
fitted. R? was calculated using Equations (4) and (5):

SST = SSR + SSE 4)
SSE
2 _1_
R =1 SST )

Here,

SST is the sum of squared total deviations; R? is the model determination coefficient.

In addition, the adjustment coefficient of determination (R4%) was used to increase
the model’s simplicity while ensuring the model’s reliability by eliminating the terms that
do not improve the model’s accuracy (Equation (6)). It was analyzed together with the
prediction coefficient of determination (Rp?), which reflected the predictive ability of the
model (Equation (7)). It required that the difference between R.? and sz did not exceed
0.2. Also, the coefficient of variation (C.V.) was required to be less than 10% (Equation (8)).

R\ (n
g—1 K@D nljg(fl D (6)

2 Z?:l (yi - !?i)z
Ry =1-=="3sT @
CV. = % 6)

Here,
R? is adjustment coefficient of determination; qu is the prediction coefficient of deter-
mination; C.V. is the coefficient of variation; o is the standard deviation; u is the mean value.
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2.3. Mixing Ratio Design and Preparation

The GPC in the study was designed with a water-binder ratio, modulus of alkali
exciter solution, and slag replacement to study their effects on the compressive and flexu-
ral strengths.

Based on preliminary tests and relevant literature [41,47,77-79], the range of influ-
encing factors was identified. The water—binder ratios were taken as 0.34, 0.38 and 0.42,
the alkaline activator moduli were taken as 1.0, 1.3 and 1.6, and the slag replacements
were taken as 10%, 30% and 50%, as showed in Table 4. The density of the GPC was set at
2400 kg/m?3, the sodium silicate solution at 147.04 kg/m?3, and the sand rate at 0.4.

The experimental design was based on three factors, three levels and five centroids,
resulting in a total of 17 groups. Here, 12 groups were analytical factor tests, while the
remaining 5 groups were replicated tests at the centroids of the designed area, with the
objective of determining the experimental errors. The mix ratios of each group are presented
in Table 5.

Table 5. Mix design proportions for GPC.

i Mix Proportion/(kg/m?)
No WateIgginder 2‘1:23’1‘::; Replil;gment Sodium Solj:lium ® Fine Coarse
Modulus Fly Ash  Slag Silicate ~ Hydroxide Water Aggregate  Aggregate
1 0.38 13 30% 297.34 127.43 147.04 23.68 93.18 694 1041
I 2 0.38 13 30% 297.34 127.43 147.04 23.68 93.18 694 1041
3 0.38 1.3 30% 29734 12743 147.04 23.68 93.18 694 1041
1 0.34 13 50% 212.39 212.39 147.04 23.68 73.18 702 1053
1I 2 0.34 13 50% 212.39 212.39 147.04 23.68 73.18 702 1053
3 0.34 13 50% 212.39 212.39 147.04 23.68 73.18 702 1053
1 0.38 13 30% 297.34 127.43 147.04 23.68 93.18 694 1041
11T 2 0.38 13 30% 297.34 127.43 147.04 23.68 93.18 694 1041
3 0.38 13 30% 297.34 127.43 147.04 23.68 93.18 694 1041
1 0.38 1.6 50% 21239 212.39 147.04 16.34 93.18 694 1041
v 2 0.38 1.6 50% 212.39 212.39 147.04 16.34 93.18 694 1041
3 0.38 1.6 50% 21239  212.39 147.04 16.34 93.18 694 1041
1 0.34 1.0 30% 297.34 127.43 147.04 35.42 73.18 702 1053
\Y 2 0.34 1.0 30% 297.34 127.43 147.04 35.42 73.18 702 1053
3 0.34 1.0 30% 297.34 127.43 147.04 35.42 73.18 702 1053
1 0.34 1.6 30% 297.34 127.43 147.04 16.34 73.18 702 1053
VI 2 0.34 1.6 30% 297.34 127.43 147.04 16.34 73.18 702 1053
3 0.34 1.6 30% 297.34 127.43 147.04 16.34 73.18 702 1053
1 0.38 1.0 50% 212.39 212.39 147.04 35.42 93.18 694 1041
Vil 2 0.38 1.0 50% 212.39 212.39 147.04 35.42 93.18 694 1041
3 0.38 1.0 50% 212.39 212.39 147.04 35.42 93.18 694 1041
1 0.42 13 50% 212.39 212.39 147.04 23.68 113.18 686 1029
VIII 2 0.42 1.3 50% 212.39 212.39 147.04 23.68 113.18 686 1029
3 0.42 13 50% 212.39 212.39 147.04 23.68 113.18 686 1029
1 0.42 1.0 30% 297.34 127.43 147.04 35.42 113.18 686 1029
X 2 0.42 1.0 30% 297.34 127.43 147.04 35.42 113.18 686 1029
3 0.42 1.0 30% 297.34 127.43 147.04 35.42 113.18 686 1029
1 0.38 1.0 10% 382.30 42.48 147.04 35.42 93.18 694 1041
X 2 0.38 1.0 10% 382.30 42.48 147.04 35.42 93.18 694 1041
3 0.38 1.0 10% 382.30 42.48 147.04 35.42 93.18 694 1041
1 0.38 1.6 10% 382.30 42.48 147.04 16.34 93.18 694 1041
XI 2 0.38 1.6 10% 382.30 42.48 147.04 16.34 93.18 694 1041
3 0.38 1.6 10% 382.30 42.48 147.04 16.34 93.18 694 1041
1 0.38 1.3 30% 297.34 127.43 147.04 23.68 93.18 694 1041
XII 2 0.38 1.3 30% 297.34 127.43 147.04 23.68 93.18 694 1041
3 0.38 1.3 30% 297.34 127.43 147.04 23.68 93.18 694 1041
1 0.38 13 30% 297.34 127.43 147.04 23.68 93.18 694 1041
XIII 2 0.38 13 30% 297.34 127.43 147.04 23.68 93.18 694 1041
3 0.38 13 30% 297.34 127.43 147.04 23.68 93.18 694 1041
1 0.38 13 30% 297.34 127.43 147.04 23.68 93.18 694 1041
Xwv 2 0.38 13 30% 297.34 127.43 147.04 23.68 93.18 694 1041
3 0.38 1.3 30% 29734 12743 147.04 23.68 93.18 694 1041
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Table 5. Cont.
; Mix Proportion/(kg/m3)
No Water-Binder Qii(iil;:)er Slag Sodi S I; & Fi C
Ratio Replacement odium odium imne oarse
Modulus Fly Ash Slag Silicate =~ Hydroxide Water Aggregate  Aggregate

1 0.42 1.3 10% 382.30 42.48 147.04 23.68 113.18 686 1029

XV 2 0.42 1.3 10% 382.30 42.48 147.04 23.68 113.18 686 1029
3 0.42 1.3 10% 382.30 42.48 147.04 23.68 113.18 686 1029

1 0.42 1.6 30% 297.34 127.43 147.04 16.34 113.18 686 1029

XVI 2 0.42 1.6 30% 297.34 127.43 147.04 16.34 113.18 686 1029
3 0.42 1.6 30% 297.34 127.43 147.04 16.34 113.18 686 1029

1 0.34 1.3 10% 382.30 4248 147.04 23.68 73.18 702 1053

XVII 2 0.34 1.3 10% 382.30 42.48 147.04 23.68 73.18 702 1053
3 0.34 1.3 10% 382.30 42.48 147.04 23.68 73.18 702 1053

The GPC was prepared in the following steps:

1.  Fly ash and slag were mixed for 120 s;

Aggregates were added and mixed for a further 120 s;

3. Alkali stimulant solution was added and mixed for a further 180 s to obtain a homo-
geneous GPC mix;

4. GPC mix was poured into the mould and placed on the vibrating table for 60 s to
remove air bubbles and improve the compactness;

5. The mould was covered with a film to prevent water evaporation and the specimens
were demoulded after 24 h at room temperature;

6. Specimens were subjected to a curing process at a temperature of 20 + 2 °C and a
humidity of >95% for a period of 28 days, after which they were tested for mechani-
cal properties.

N

2.4. Test Methods
2.4.1. Mechanical Properties Test Methods

The mechanical tests of GPC were conducted referring to GB/T 50081-2019 [80] and
GB/T 50107-2010 [81].

For the compressive strength test, a specimen with the size of 100 mm x 100 mm x 100 mm
was utilized and tested at a loading rate of 0.5 MPa/s. The compressive strength was calcu-
lated using Equation (9).

£, = 0.95 x g )

Here,

fc is the compressive strength of the specimen (MPa); 0.95 is the size conversion factor
for non-standard specimens; F is the ultimate load of the specimen (N); A is the specimen
cross-section area (mm?).

For the flexural strength test, a specimen with the size of 100 mm x 100 mm x 400 mm
was selected and tested at a loading speed of 0.2 kN/s. The flexural strength was calculated
using Equation (10).

fr=1085x % (10)

Here,

fr is the flexural strength of the specimen (MPa); 0.85 is the size conversion factor
for non-standard specimens; F is the ultimate load of the specimen (N); L is the distance
between supports; b is the width of the specimen; & is the height of the specimen.

2.4.2. Microscopic Test Methods

The microscopic morphology of the crushed GPC specimens was obtained by microscopic
tests using a scanning electron microscope (SEM) and the following steps were employed:
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Clean the sample table with an alcohol cotton ball and blow dry;

Fix the specimen pieces to the sample stage using conductive adhesive;

Carry out the vacuuming and gold-spraying step;

Perform the test using SEM and pick up the images at the desired magnification.

Ll e

3. Results and Discussion

Before conducting the compressive and flexural strength tests, the workability of GPC
was tested, and the obtained results of slump and water retention for each group of GPC
mixture satisfied the relevant regulatory requirements.

3.1. Experimental Results

The 28 d compressive strength and 28 d flexural strength of each group of GPC are
presented in Table 6.

Table 6. Experimental test results.

Test Group Compressive Strength/MPa Flexural Strength/MPa
No. 1 2 3 Test Value 1 2 3 Test Value
I 63.1 68.3 64.6 65.4 3.45 3.38 3.20 3.35
I 69.4 83.1 81.8 81.8 4.54 3.77 3.53 3.77
I 69.0 66.0 73.4 69.5 3.62 3.48 3.51 3.54
v 83.0 85.6 88.0 85.5 3.86 3.87 3.75 3.83
Vv 60.7 53.4 56.2 56.7 3.88 3.43 3.20 3.50
VI 62.3 64.9 60.8 62.5 3.43 3.17 3.02 3.20
VI 67.3 76.4 68.8 70.8 3.61 3.08 3.38 3.36
VIII 772 78.6 68.6 74.7 2.93 3.11 3.28 3.11
IX 57.6 54.5 51.3 544 2.66 2.84 2.45 2.65
X 46.1 43.8 41.7 43.8 242 242 2.46 244
XI 20.3 18.0 18.5 18.9 2.02 1.92 1.69 1.88
XII 60.7 62.1 61.0 61.3 3.17 3.01 3.20 3.13
XIIT 59.8 63.6 73.6 63.6 3.50 3.28 3.29 3.36
XIv 69.9 67.4 60.9 66.0 3.39 3.21 3.26 3.29
XV 21.0 19.4 20.5 20.3 1.44 1.47 1.54 1.48
XVI 46.9 46.5 46.3 46.6 2.65 2.46 2.55 2.55
XVII 249 26.2 25.0 25.4 2.40 2.45 1.93 2.40

3.2. Response Surface Fitting and Validation

Based on the test results, the multivariate regression equations between water-binder
ratio (A), modulus of alkali exciter solution (B), slag admixture (C) and 28 d compressive
strength (Y1), 28 d flexural strength (Y;) were established (Equations (11) and (12)).

Compressive strength:

Y1 =65.16 —3.80 x A —1.52 x B+2555 x C — 3.40 x AB — 0.50 x AC +9.90 x BC —7.16 x A2—2.96 x B> — 745 x C>  (11)

Flexural strength:

Y, =333 —0.39 x A —0.061 x B+0.73 x C+0.050 x AB +0.065 x AC +0.26 x BC—0.27 x A% —0.086 x B — 0.37 x C2  (12)

The predicted and tested results, along with the corresponding relative errors, are
presented in Table 7. Meanwhile, Figure 4 depicts a comparison chart between the predicted
and tested values, and as illustrated in Figure 4, the discrepancy was minimal, indicating a
high degree of accuracy in the model’s prediction.
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Table 7. Actual strength and predicted strength.
Compressive Strength Flexural Strength
No. Measured Predicted Relative Measured Predicted Relative
Value/MPa Value/MPa Error/% Value/MPa Value/MPa Error/%
1 63.1 3.3 3.45 —3.48
2 68.3 —4.5 3.38 —1.48
I 3 64.6 652 0.9 3.20 3.33 4.06
Test value 65.4 —-0.3 3.35 —0.60
1 69.4 15.9 4.54 —17.62
2 83.1 —3.2 3.77 —0.80
I 3 81.8 804 —17 3.53 3.74 5.95
Test value 81.8 -1.7 3.77 —0.80
1 69.0 —55 3.62 —8.01
2 66.0 —1.2 3.48 —4.31
II 3 734 65.2 112 3.51 3.33 ~5.13
Test value 69.5 —6.2 3.54 —5.93
1 83.0 6.9 3.86 —1.30
2 85.6 3.6 3.87 —1.55
v 3 88.0 887 0.8 3.75 3.81 1.60
Test value 85.5 3.7 3.83 —0.52
1 60.7 —6.1 3.88 —10.57
2 53.4 6.7 3.43 1.17
v 3 56.2 57.0 14 3.20 3.47 8.44
Test value 56.7 0.5 3.50 —0.86
1 62.3 —2.6 3.43 —5.25
2 64.9 —6.5 3.17 2.52
Vi 3 60.8 60.7 —02 3.02 3.25 7.62
Test value 62.5 -29 3.20 1.56
1 67.3 6.8 3.61 —5.26
2 76.4 —59 3.08 11.04
viI 3 68.8 719 45 3.38 342 1.18
Test value 70.8 1.6 3.36 1.79
1 77.2 —7.0 2.93 5.80
2 78.6 —8.7 3.11 —0.32
VI 3 68.6 718 47 3.28 3.10 —5.49
Test value 74.7 -39 3.11 —0.32
1 57.6 —24 2.66 —2.26
2 54.5 3.1 2.84 —8.45
X 3 513 562 9.6 2.45 2.60 6.12
Test value 54.4 3.3 2.65 —1.89
1 46.1 —11.9 2.42 1.65
2 43.8 —-7.3 242 1.65
X 3 417 40.6 =y 246 2.46 0.00
Test value 43.8 -7.3 244 0.82
1 20.3 —12.3 2.02 —9.41
2 18.0 —1.1 1.92 —4.69
X 3 185 17.8 38 1.69 1.83 8.28
Test value 18.9 —5.8 1.88 —2.66
1 60.7 7.4 3.17 5.05
2 62.1 5.0 3.01 10.63
XIT 3 61.0 652 6.9 3.20 3.33 4.06
Test value 61.3 6.4 3.13 6.39
1 59.8 9.0 3.50 —4.86
2 63.6 25 3.28 1.52
XTI 3 73.6 652 114 3.29 3.33 122
Test value 63.6 2.5 3.36 —0.89
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Table 7. Cont.
Compressive Strength Flexural Strength
No. Measured Predicted Relative Measured Predicted Relative
Value/MPa Value/MPa Error/% Value/MPa Value/MPa Error/%
1 69.9 —6.7 3.39 -1.77
2 67.4 -3.3 3.21 3.74
XV 3 60.9 652 7.1 3.26 3.33 2.15
Test value 66.0 —-1.2 3.29 1.22
1 21.0 3.3 1.44 4.86
2 194 11.9 1.47 2.72
XV 3 205 217 5.9 1.54 1.51 ~195
Test value 20.3 6.9 1.48 2.03
1 46.9 -1.3 2.65 —2.64
2 46.5 —-04 2.46 4.88
XVI 3 463 46.3 0.0 255 258 1.18
Test value 46.6 —0.6 2.55 1.18
1 249 13.7 2.40 0.42
2 26.2 8.0 2.45 —1.63
XVII 3 25.0 283 13.2 1.93 241 24.87
Test value 25.4 114 2.40 0.42
Predicted vs. Actual Predicted vs. Actual
100 4
£ ] /
= - o 35— .
£ = !
2 i =
5 Pl S
o 60— Vin 2
2 E{}’/ﬁ B s
8 a 3
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3 -// i
% 20— R? 0.9865 S R2 0.9853
[} o 15—
a R’ 0.9691 R,2 0.9664
o R,? 0.8666 R,2 0.9459

Experimental compressive strength /MPa

Experimental flexural strength /MPa
(a) (b)

Figure 4. Comparison between predicted actual strength and predicted strength. (a) Compressive
strength; (b) Flexural strength.

ANOVA was used to analyze the effect of variables on the response values and to
determine the most significant factor. The level of significance in this study was 0.05, i.e.,
when the p-value is <0.05, the model or factor is considered significant [82]. Table 8 shows
the ANOVA results of the regression equation.

As illustrated in Table 8, the F-values and p-values of the models developed for 28 d
compressive strength (Y1) and 28 d flexural strength (Y;) were 56.71, <0.0001 and 52.07,
<0.0001, respectively. On the other hand, the p-values of Lack of Fit were 0.2865 and 0.8721,
respectively for Y; and Y;. This demonstrated that the regression models were highly
significant with good statistical significance.

For Y7, the p-values for the single factors A, B, and C were 0.0185, 0.2603, and <0.0001,
respectively, indicating that factors A and C had a significant effect on Y, while factor B
had a non-significance. The p-values for the two-factor interaction AB, AC, and BC were
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0.0948, 0.7847, and 0.0008, respectively, indicating that factor BC had a significant effect on
Y1, while factors AB and AC had a non-significance.

Table 8. Analysis of variance.

Sum of Degree of Mean

Response Source Squares Freedom Square F-Value p-Value Notes
Model 6330.43 9 703.38 56.71 <0.0001 significant
A 115.52 1 115.52 9.31 0.0185
B 18.60 1 18.60 1.50 0.2603
C 5222.42 1 5222.42 421.08 <0.0001
AB 46.24 1 46.24 3.73 0.0948
AC 1.00 1 1.00 0.081 0.7847
y BC 392.04 1 392.04 31.61 0.0008
! A? 215.55 1 215.55 17.38 0.0042
B2 36.77 1 36.77 2.96 0.1288
C? 234.01 1 234.01 18.87 0.0034
Residual 86.82 7 12.40
Lack of Fit 49.88 3 16.63 1.80 0.2865 not significant
Pure Error 36.93 4 9.23
Cor Total 6417.25 16
Model 6.82 9 0.76 52.07 < 0.0001 significant
A 1.19 1 1.19 81.50 <0.0001
B 0.030 1 0.030 2.06 0.1941
C 4.31 1 4.31 296.04 < 0.0001
AB 0.01 1 0.01 0.69 0.4344
AC 0.017 1 0.017 1.16 0.3169
Y, BC 0.27 1 0.27 18.23 0.0037
A2 0.31 1 0.31 21.61 0.0023
B? 0.031 1 0.031 2.13 0.1880
2 0.58 1 0.58 39.78 0.0004
Residual 0.10 7 0.015
Lack of Fit 0.015 3 0.004975 0.23 0.8721 not significant
Pure Error 0.087 4 0.022
Cor Total 6.92 16

For Y, the p-values of single factors A, B, and C were < 0.0001, 0.1941, and < 0.0001,
respectively, indicating that factors A and C had a significant effect on Y;, while factor B
had a non-significance. The p-values of two-factor interaction AB, AC, and BC were 0.4344,
0.3169, and 0.0037, respectively, indicating that factor BC had a significant effect on Y,
while factors AB and AC had a non-significance.

In addition, the reliability of the model was further tested by R?,R,2, sz and C.V. The
results obtained are shown in Table 9.

Table 9. Reliability test.

Standard

2 2 2 o

Model Deviation Mean R R, Ry C.V./%
Y1 3.52 56.89 0.9865 0.9691 0.8666 6.19
Y, 0.12 2.99 0.9853 0.9664 0.9459 4.03

As can be seen from Table 9, the R? of models Y; and Y, were 0.9865 and 0.9853,
R,2 were 0.9691 and 0.9664, Rp2 were 0.8666 and 0.459, and C.V. were 6.19% and 4.03%,
respectively, which indicated that the predicted data of the models were highly correlated
with the tested data and that the models were well fitted.
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The studentized outer residual is an indicator used in statistics to assess the goodness
of fit of the regression model. This can be used to determine the degree of abnormality of the
data in the regression model, and plays an important role in the diagnosis of the regression
model. As illustrated in Figure 5, the studentized outer residuals of the two models

exhibited a linear relationship, indicating that the models were well-fitted.
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Figure 5. Normality of residuals. (a) Compressive strength; (b) Flexural strength.

3.3. Response Surface Analysis

In order to ascertain the impact of each factor on the response values, 3D response
surface plots of compressive strength and flexural strength of GPC were constructed

(Figures 6-8).

Figure 6 illustrates the impact of the water-binder ratio and modulus of alkali exciter
solution on the 28-day compressive strength and flexural strength of GPC when the slag
mixing level is 0 (30%). It could be observed that, with an increase in the water-binder
ratio, the compressive strength of GPC displayed a tendency from increase to decrease,
while the flexural strength decreased continuously. As the modulus of the alkali exciter
solution increased, the compressive strength and flexural strength displayed a pattern of
initial growth followed by a decline. Comparatively, the effect of alkali exciter solution

modulus on flexural strength was relatively minor.

Figure 7 illustrates the impact of water-binder ratio and slag replacement on the
28-day compressive strength and flexural strength of GPC when the modulus level of alkali
excitant solution is 0 (1). As can be seen in Figure 7, with the increased water-binder
ratio, the compressive strength of GPC initially raised before declining, while the flexural
strength exhibited a consistent decline trend. Furthermore, the slag replacement has been
demonstrated to significantly enhance the compressive and flexural strengths of GPC.

Figure 8 illustrates the impact of alkali exciter solution modulus and slag replacement
on the 28-day compressive strength and flexural strength of GPC at a water—binder ratio
of 0 (0.38). It could be observed from the figure that with the increase in slag replacement,
the compressive strength and flexural strength of GPC were continuously enhanced. The
effect of alkali exciter solution modulus on strength was contingent on the quantity of slag
replacement. More specifically, when the quantity of slag replacement was less than 30%,
the compressive strength and flexural strength of GPC would decrease with the increase
in alkali exciter solution modulus; conversely, when the quantity of slag replacement was
greater than 30%, the compressive strength and flexural strength of GPC would increase

with the increase in alkali exciter solution modulus.

3.00
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The water-binder ratio directly affects the workability and strength of GPC. When the
water-binder ratio is excessive, a surplus of water remains in the specimen, which results
in an increase in the internal porosity of the GPC. And the excess water hinders the reaction
between the alkali activator and the silicon aluminum raw material, causing the sample
to bleed and thus affecting the progress of the polymerization reaction. Furthermore, the
excess water also increases the risk of drying and cracking and the excessive fluidity of the
geopolymer slurry may lead to a decrease in the agglomeration and dispersion, which is
also not conducive to the development of the strength of the GPC [59]. When the water—
binder ratio is too low, insufficient water is presented during the reaction, which impairs
the formation of the gel network. And the workability of GPC during mixing is poor, which
makes the polymerization reaction unable to fully react in a short time [83]. The paste
is consequently too viscous, making it difficult to flow and fill, which results in uneven
distribution and the formation of bubbles. This would lead to the formation of pores and
voids within the structure, reducing the strength of the GPC.

B: Alkaline activator modulus
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Figure 6. The effect of the interaction between water binder ratio and alkali activator modulus
on strength.

Generally speaking, alkaline activators, which could stimulate the activity of silicate
and aluminate, play an important role in the process of geological polymerization. The
concentration, particle size and chemical properties of different activators would affect
the formation rate and final structure of the polymers, which in turn affect the mechanical
properties, chemical properties and environmental effects of the materials. However, in
this study, it is found that the impact of the alkaline activator solution modulus was not
as significant as the other two influencing factors. This was caused by the value range
set in the test, especially within the modulus range of 1.0-1.6, all the resulted strengths of
GPC were relatively high. The modulus of the alkali exciter was adjusted by varying the
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quantity of sodium hydroxide added, i.e., as the quantity of sodium hydroxide increases,
the content of OH™ ions and Na* ions in the solution grows, and the modulus of the alkali
exciter decreases. When the modulus of the alkaline activator solution exceeds an optimal
range, the dissolution rates of both fly ash and slag diminish. This leads to a reduction in
the amount of gel produced through polymerization, slowing the formation of the polymer
structure, and an increase in the number of unreacted fly ash and slag particles. Conversely,
as the modulus of the alkaline activator solution is reduced, the degree of silica-aluminate
depolymerization increases with the increase in OH- ions, thereby increasing the strength

of the GPC [84]. However, when the critical value is exceeded, the excess OH™ ions
would cause the condensation reaction to occur prematurely, resulting in the premature

precipitation of the geopolymer gel and the encapsulation of the unreacted particles. This
would lead to a decrease in the strength of the GPC [85].
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Figure 7. The influence of the interaction between water binder ratio and slag replacement on strength.

Slag has a higher density than fly ash, with stronger particle hardness and hydration
strength than fly ash. Slag contains a great quantity of calcium elements, providing a
substantial amount of CaO for the reaction. CaO is readily soluble, releasing a considerable
quantity of Ca* ions, which facilitates the formation of C-S-H and C-A-S-H gels. With
the increase in slag proportion, the number of C-S5-H gel increases, which increases the
agglomeration degree of fly ash particles in the cementation reaction. Due to the bonding
reaction, the aggregation degree of fly ash particles is higher and provides nucleation points
for further reactions, thereby improving the strength of geopolymer concrete [86]. Therefore,
the increase in slag replacement leads to a notable enhancement in strength [87-89].
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Figure 8. The effect of the interaction between alkali activator modulus and slag replacement
on strength.

3.4. Multi-Objective Optimisation

Here, the joint expectation function was employed to identify the maximum response
values and the corresponding combination of factor levels [66]. The multi-objective re-
sponse problem is transformed into a single objective, whereby each independent variable
is combined to form a composite function, which is subsequently optimized in order to
achieve overall optimization [90].

The combined maximum value of compressive strength and flexural strength was
taken as the desired objective. The factor level was within the original design level. The
optimal mix ratio of GPC was sought through response surface optimization. According
to the optimization results of the model, two groups of tests were conducted to verify the
model’s prediction and optimization ability. The optimal combinations and the compressive
and flexural strengths obtained are presented in Table 10.

Table 10. Best mix ratio and its strength.

Water-Binder Alkaline Activator Slag Compressive Flexural
Ratio Modulus Replacement Strength/MPa Strength/MPa
Predicted value o 86.3 3.82
Tested value 35 1.54 47% 82.5 4.02

From Table 10 we can see, that the correlation error between the predicted model’s
results and tested values were —4.4% and 5.2%, respectively, for compressive and flex-
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ural strengths, which proved that the prediction accuracy of the established response
surface model.

3.5. Microstructure

The ANOVA of the response surface model in Section 3.2 indicated that the water—
binder ratio and slag replacement had a significant effect on the compressive and flexural
strengths of GPC.

In order to elucidate the mechanism of the effects of water-binder ratio (Figure 9), an
SEM test was carried out for the specimens with an alkali-excitant modulus of 1.3, a slag
replacement of 50%, and water-binder ratios of 0.34, 0.38, and 0.42.

B ook Foo0x T2 1r0230

(b) 0.38
Figure 9. SEM images of GPC with different water-binder ratios.

Figure 9 illustrates that when the water-binder ratio was low (0.34), the consistency
was markedly high, resulting in an uneven distribution and difficulty in discharging air
bubbles. This would inevitably lead to the formation of holes and voids within the structure,
which reduced the strength. When the water-binder ratio was too high (0.42), the paste
was distributed more uniformly, but cracks were found in the structure, as well as small
holes left by water evaporation, which also would lead to a reduction in the strength of
GPC [91].

Similarly, an SEM test was also conducted for the specimens with a water-binder ratio
of 0.38, an alkali exciter modulus of 1.3, and slag replacement of 10%, 30%, and 50% to
study the mechanism of the effects of slag replacement (Figure 10).

£ HY mag O d
R 20.00 kv 2000x T:

(b) 30%

Figure 10. SEM images of GPC with different slag admixtures.

Figure 10 illustrates that when the slag replacement was low (10%), the microstructure
of the GPC was highly porous, with numerous internal voids and numerous unreacted
fly ash particles. Consequently, the reaction generated minimal C-S-H and C-A-S-H gel
substances, and the strength of the GPC was significantly reduced. As the slag replacement
ratio increased, the microstructure of GPC gradually became more compact, with a con-
comitant reduction in pore size [92]. However, when the slag replacement was excessive
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(50%), it could be observed that the microstructure of GPC exhibited pronounced cracks.
This may be attributed to the fact that with the increase in slag replacement, more heat
was released, and the temperature difference caused cracks [93]. However, it also can be
observed that the gel fills into the cracks, thereby suppressing the reduction in strength.

4. Conclusions and Recommendations

(1) Within the scope of the experimental design, the compressive strength would first
increase and then decrease with the increase in the water-binder ratio, and would in-
crease with the growth of slag replacement, while the flexural strength would increase
with the decrease in the water-binder ratio and the increase in slag replacement. The
impact of the alkaline activator solution modulus was not as significant as the other
two influencing factors.

(2) The strength of GPC would be influenced by the interaction among factors. When the
slag replacement was high, the strength raised with the increase in the modulus of the
alkaline exciter solution; conversely, when the slag replacement was low, the strength
declined with the increase in the modulus of the alkaline exciter solution.

(3) The water-binder ratio of 3.50, the modulus of alkaline exciter solution of 1.54, and
the slag replacement of 47% were the optimal design of the proposed GPC.

(4) Too high or too low water—binder ratio led to the appearance of pores and voids in the
structure, which was detrimental to the formation of the gel network. The crumbly
structure of GPC would be formatted when the slag replacement was too low, while
cracks could occur in the structure when the slag replacement was too high.

Based on the research, the following recommendations were proposed:

(1) An appropriate design method should be selected according to actual demand when
optimizing the mix proportion of GPC.

(2) The interaction between multiple influencing factors should be considered for the
study of the performance of GPC.

(3) In the future, nanotechnology might be used to improve the dispersibility and activity
of fly ash and slag, thereby improving the microstructure, strength, and durability of
geopolymer materials.
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