
Strength Analysis and Optimization of
Alkali Activated Slag Backfills Through
Response Surface Methodology
Xinghang Dai1, Lei Ren2, Xiaozhong Gu2, Erol Yilmaz3, Kun Fang2,3* and Haiqiang Jiang2*

1School of Civil Engineering, Liaoning Petrochemical University, Fushun, China, 2Key Laboratory of Ministry of Education on Safe
Mining of Deep Metal Mines, Northeastern University, Shenyang, China, 3Department of Civil Engineering, Geotechnical Division,
Recep Tayyip Erdogan University, Fener, Turkey, 4Department of Civil Engineering, Lakehead University, Thunder Bay, ON,
Canada

The significant difference in water-to-binder ratio, activator type and concentration
between alkali-activated slag (AAS) paste/mortar/concrete and AAS-based cemented
paste backfill (AAS-CPB) means that previous results related to the properties and mix
optimization of AAS materials cannot be directly translated to AAS-CPB. This study
statistically identifies the effect of key influential variables such as silicate modulus, slag
fineness and activator concentration on 3- and 28 day unconfined compressive strength
(UCS) of AAS-CPB by central composite design (CCD) established in response surface
methodology (RSM). In this study, the prominence of independent variables and their
relations are investigated by using ANOVA (analysis of variance) having a significant level of
0.05. ANOVA results certify that there is a strong link between the level of variable
contribution on UCS performance of AAS-CPB and curing age. Obviously, silicate
modulus and activator concentration are the most major variables influencing UCS at 3
and 28 days, respectively. Increased fineness of slag and higher pH of pore solution
enhance 3 day UCS, but restrain the further hydration of unreacted slag and subsequent
the gain in strength at advanced curing ages. The combination of independent variables of
silicate modulus (0.295), slag fineness (12630.2), activator concentration (0.45) gives the
optimum responses.

Keywords: tailings, alkali activated slag backfill, strength development, response surface methodology, activator
type, slag fineness

1 INTRODUCTION

Mining activities and ore processing are closely linked by the generation of considerable volumes of
underground voids and mine tailings, respectively (Benzaazoua et al., 2004; Hajkowicz et al., 2011). If
not managed properly, these voids and tailings can bring about severe and long-term operational
(e.g., ground or strata instability) (Jafari et al., 2021), environmental (e.g., heavy metal pollution)
(Koohestani et al., 2018) and geotechnical risks (e.g., tailings dam failure and subsidence) (Rana et al.,
2021). In recent years, technological progresses coupled with environmental regulation changes,
including cemented paste backfill (CPB) system, have also triggered the development in tailings and
voids management (Benzaazoua et al., 1999; Fall et al., 2010). Recycling mine tailings into
underground mined-out voids, CPB has been well accepted by the mining industry as one of
the most effective systems for handling tailings and underground voids (Fall et al., 2008; Ercikdi et al.,
2009b; Yilmaz et al., 2011). CPB is mainly a homogeneous material formed by uniformly blending
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mine tailings, hydraulic binders and mixing water in a certain
mass ratio (Helinski et al., 2007; Simms and Grabinsky, 2009).
Mine tailings, the fine-grained and uneconomic residue of ore
processing plant, is used at a typical solid concentration of 75-
85wt.% for making CPB (Ercikdi et al., 2013; Ouattara et al., 2018)
while mixing water, the water recycled from the plant or municipal
water, is used at a typical content of 15-25wt.% to reach a desirable
CPB slump required for its delivery to undergroundmined-out stopes
(Zhao et al., 2020). The yield stress and mechanical strength of CPB
are intensely affected by the type and quality of mine tailings and
mixing water employed for preparing CPB materials (Kesimal et al.,
2003; Simon and Grabinsky, 2013; Wu et al., 2015; Jiang and Fall
2017). Besides, the general use or ordinary Portland cement (also
known asOPC) ismost often used as a typical hydraulic binder within
CPB’s production for its versatility and availability (Ercikdi et al.,
2009a; Tariq and Yanful, 2013).

While numerous works have been completed so far on mortar
and concrete (Rakhimova and Rakhimov, 2015), relatively little
work for the enhanced CPB performance has been done by the
use of new lab tool andmaterials. There are some clear differences
between CPB, mortar and concrete (Benzaazoua et al., 2004).
Fresh and hardened characteristics of CPB is quite different from
those of mortar and concrete (Li et al., 2021). This means that the
amount of the water used within CPB is far more than the
chemical binding capability of OPC within CPB, thereby
leading to slow acquisition in the strength and low strength,
especially for early ages. Moreover, mine fill cost as a percentage
of the investment of the mining operation accounts for about
20%, and OPC takes up to 75% of the paste backfill costs (Belem
and Benzaazoua, 2008). The usage and manufacture of OPC
ingests quantities of natural resources while discharging a large
amount of carbon dioxide (CD) to air (Turner and Collins, 2013).
As stated by statistics, making 1-ton cement consumes 1.5-ton
raw resources and produces 0.8-ton CD simultaneously (Ahmari
et al., 2012; Jiang et al., 2019). All of these disadvantages have
prompted the mining industry to seek for less expensive and
environmental-friendly alternative binders (Behera et al., 2021).

In recent years, alkali-activated slag (AAS) materials, a new
low-carbon cementitious material, have attracted increasing
attention in the concrete industry (Aydin and Baradan, 2012;
Bilim et al., 2013; Yuan et al., 2015; Gebregziabiher et al., 2016;
Abdollahnejad et al., 2019). AAS is produced by activating slag
additive with different types of activator (El-Wafa and Fukuzawa,
2018; Yang J. et al., 2019). Typical activators used for AAS are
alkali hydroxide, silicate, carbonate or sulfate (Cihangir et al.,
2015; Luukkonen et al., 2018; Korde et al., 2019). Recent research
results show that compared with OPC-based CPB (OPC-CPB),
AAS-based CPB (AAS-CPB) have excellent properties such as
better-quality fluidity (Koohestani et al., 2021; Zaibo et al., 2021;
Zhang et al., 2021), higher mechanical strength (Cihangir et al.,
2018; Jiang et al., 2020; Cavusoglu et al., 2021), and better sulfate
corrosion resistance (Cao et al., 2019b; Zhu et al., 2021b; Zheng
et al., 2021). In addition, a recent study showed that usage of AAS
in mine backfill fabrication can reduce the cementing cost up to
35% (Saedi et al., 2019). To sum up, AAS materials have great
potential to serve as promising alternative to OPC within CPB
production (Guo et al., 2021). Formulation and optimization of

AAS binder is an important subject in the design of CPB (Sun
et al., 2019). Several works suggest that the characteristics of AAS-
CPB are significantly influenced by the sort and dosage of
activator (Cihangir et al., 2015; Cihangir et al., 2018; Jiang et al.,
2019; Rena et al., 2022) as well as slag characteristics (Xue et al., 2020).
This means that the mixture proportion design of AAS-CPB is a
complex multi-variable optimization system (Fall et al., 2008).
Nevertheless, AAS-CPB materials have been classically expressed
by trial and error method to obtain the anticipated properties for a
given curing time and CPB mix recipe (Zhang and Yue, 2018; Yang
et al., 2020). Suchmethods often requiremassive workloads, which are
often unsatisfactory due to the neglect of interactions between
components (Zhou et al., 2020).

There are some methods dealing the effect of several features
on laboratory-based target variable (Köken and Lawal, 2021).
One of them is to use response surface methodology (RSM) which
uses the multivariate nonlinear regression method and strive for
the optimal experimental conditions (Oraon et al., 2006;
Palanikumar, 2007; Soto-Pérez et al., 2015). Being one of the
most entirely used experimental design ways, RSM uses central
composite design (CCD) for appraising the link between
autonomous factors and responses (Zhu et al., 2021a). Recent
work has indicated that the amount of OPC and silica fume to
have concrete’s desired unconfined compressive strength (UCS)
is optimized by using the CCDs with RSM (Anurag et al., 2021).
Time-dependent effect on the design of cementitious materials
incorporating fly ash and iron oxide as mineral additives has been
also optimized by using the RSM analysis (Gao et al., 2016).

Several works (e.g. Dai et al., 2019; Sun et al., 2020; Hefni and
Hassani, 2021) have been done on CPB materials through the
RSM technique. Nevertheless, none of them mentions the effect
of silicate modulus, slag fineness and activator concentration on
3- and 28 day UCS of AAS-CPB. To fill this information gap, an
extensive work on AAS-CPB samples by taking into account the
most inducing factors leading to high UCS values at 3 and 28 days
was carried out using the RSM analysis. A combination of
experimental design and analytical modeling was also utilized
for offering the best mixture ratios for AAS-CPB samples.

2 MATERIALS AND METHODS

2.1 Materials
2.1.1 Tailings
Silica-based tailings (ST) having a silicon dioxide of 98.6wt.% was
employed for making CPB samples. Due to the fact that mine
tailings (MT) chemistry is relatively complex and have a
profound effect on the testing results, it is critical to use ST as
aggregate material within CPB. This will eventually eradicate
hesitations in the outcomes of MT-based CPB materials (Cao
et al., 2019a). Indeed, it is pertinent to note that the grain size
distribution (GSD) of ST consisting mainly of quartz (most
prevalent mineral on Earth) is fairly akin to the mean GSD of
MT found in most modern hard rock mines worldwide (Jafari
et al., 2020). Figure 1 presents the cumulative GSD curves of ST
material which is wet analyzed on Malvern Panalytical
Mastersizer laser diffraction test device coupled with a Hydro
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S dispersion unit of a 150 ml capacity). The measurement of GSD
points that the tailings sample has contained 28.41% particle size
smaller than 20 μm. Table 1 also lists the fundamental physical
characteristics of ST considered as artificial tailings in this study.

2.1.2 Binder Materials
The binder used in this experiment includes an AAS binder and a
typical commercial p O 42.5R OPC which is used as a reference.
Slag was ensured by an iron-steel plant situated in Hubei
province, China, in powder form. Table 2 points out the main
oxide and physical analyses of as-received slag and OPC. It is
apparent that specific gravity (SG), specific surface area (SSA) and
uniformity coefficient of OPC and as-received slag materials are
respectively 3.3, 5,808 cm2/g, and 3.29, and 2.87, 7,251 cm2/g, and
9.11. GSD of as-received slag appears to be finer than that of OPC
(Figure 1). X-ray diffraction (XRD) displays that slag exhibits a
wide-peak package between (2θ) 25° and 35°, indicating that slag
is almost completely vitreous with an amorphous structure
(Figure 2). To appraise the influence of slag fineness on UCS
performance of AAS-CPB, as-received slag was ground to BET-
based SSA values of 8,073, 10,056, 11,934, 14,065 and 15,932 cm2/
g, respectively, using a ball mill. Note that Brunauer, Emmett and
Teller (BET) theory is employed for assessing gas adsorption data
and creating a SSA result stated in cm2/g. The obtained slag
materials are designated as slag-8,000, slag-10,000, slag-12,000,
slag-14,000 and slag-16,000. The GSD curves of these grinded
slags are shown in Figure 1.

2.1.3 Activators
Alkaline activator used was a mix of water glass (WG) solution
(SiO2 = 29.3%; Na2O = 12.7%; H2O = 58.0%) and sodium
hydroxide (SH) with >99% purity. SH and WG were mixed in
various proportions to obtain alkaline activators with silicate modulus
(SiO2 to Na2O ratio by mass) in the range of 0.26–0.42. WG’s density
and pH values are respectively 1,490 kg/m3 and 12.5. The mixing
water considered in this study was de-ionized water. Details on
activator’s preparation can be found elsewhere 35.

2.2 Specimen Manufacturing and UCS
Testing
Total 102 AAS-CPB specimens in triplicate were manufactured
bymixing ST, slag, alkali activator and water for about 10 min in a
double spiral blender. Prior to mixing, ST and slag were agitated
by hand for 1 min. The solid concentration and slag dosage of all
mixtures were set to 75% and 6%, respectively. Homogenized
AAS-CPB samples were cast into plastic cylindrical molds having
D×H: 50 × 100 mm. Note that there is no perforated hole at the
bottom of molds for drainage purposes. The cylindrical molds were
then cappedwith lids andmaintained in a cure roomholding 20 ± 1°C
temperature and 95% moisture until 28 days. Following the desired
cure period, the UCS tests of AAS-CPB samples were done by using a
full automatic press (i.e., Humboldt HM-5030; 50 kN capacity). UCS
test was done at a stress rate of 1mm per minute until specimen fails
under stress application. Before testing, CPB was taken out from the
curing chamber and levelled with flat and parallel end surfaces for
UCS testing. Note that the final result was calculated by averaging the
results of three diverse UCS tests.

2.3 Experimental Design and Statistical
Analysis
It has been reported that silicate modulus, slag fineness, activator
concentration and curing temperature are the key influencing
factors in the hydration of AAS binder. Since the slag nature and
curing temperature are uncontrolled variables, silicate modulus,
slag fineness and activator concentration (alkali activator/slag by
mass) were selected as independent variables and are labeled x1,
x2 and x3. UCS at 3 and 28 days were taken as the response
variables. Being the most frequently utilized RSM design, CCC
was adopted to design the experiment. The effects of each
independent variable were assessed at five levels, with the
coded values of -alpha, −1, 0, +1, +alpha (Table 3), resulting
in seventeen different experimental runs with three replicates at
the center points. The spatial distribution of these experimental
runs is illustrated in Figure 3. The levels of the variables were

FIGURE 1 | Cumulative GSD curves of the studied materials.

TABLE 1 | A summary of physical characteristics of the studied ST material.

Type/
element

D10

(μm)
D30

(μm)
D50

(μm)
D60

(μm)
Fines

(-20 μm, %)
Uniformity
coefficient

Cu

Curvature
coefficient

Cc

Specific
gravity
(−)

Specific
surface
(cm2/g)

ST 3.66 20.4 38.8 63.7 29.6 17.4 1.79 2.65 4,238

Cu = D60/D10; Cc = (D30)
2/(D10×D60).
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selected to vary from: 0.26–0.42 for silicate modulus (x1),
8,000–16000 cm2/g for slag fineness (x2) and 0.25–0.45 for
activator concentration (x3), as illustrated in Table 4. CCD’s
experimental results were tailored by using a second order
polynomial function, as demonstrated obviously in Eq. 1. The
mathematical modeling and analysis of variance (ANOVA)
were comprehensively carried out by the Design-Expert 11
software.

Y � β0 +∑
k

i

βiXi +∑
k

i�1
βiiX

2
i +∑∑

k

i< j
βijXiXj + ε (1)

where Y is the anticipated UCS response, Xi and Xj are the points
of autonomous factors xi and xj, β0 is the intercept, βi, βii and βij
are respectively the linear, quadratic and interaction coefficients,
and ε is the associated random error (Pinheiro et al., 2020).

3 RESULTS AND DISCUSSIONS

3.1 Mechanical Assessments
3.1.1 Strength Resistance
3- and 28-day UCS performance of all AAS-CPB mixtures are
presented in Table 3 and Figure 4. All AAS-CPB samples, except

for 28 day cured E12 sample, exhibit consistently superiority
in the strength over CPBs made of OPC, indicating AAS has
enormous potential to become an alternative to OPC in the
backfill industry. This distinctive disparity in the UCS
development can be explained by the difference in cement
hydrating products between AAS and OPC. Previous
researches (Wang et al., 1994; Wang and Scrivener, 1995;
Brough and Atkinson, 2002; Gruskovnjak et al., 2006)
have demonstrated that C(N)-A-S-H gel having a high
Si/Ca molar ratio is major hydration products for AAS
binder.

The strengths of 3 day cured AAS-CPBs range between 0.34
and 1.64, while the strengths of 28 day cured AAS-CPBs are
measured in the range of 1.71–3.64 MPa. This significant
fluctuation in UCS at both 3- and 28 day curing ages
indicates that UCS is significantly affected by the mix
composition. At 3 days, E9 with the lowest silicate modulus
produces the greatest compressive strength. Meanwhile, the
comparison of E9, E10 and E15 which have the same slag
fineness and activator concentration indicates that the
compressive strength increases with decreasing silicate
modulus. The lowest 3 day strength is observed for E11
which has the lowest slag fineness. A comparison of E11and
E15 that have the same silicate modulus and activator
concentration reveals that an increase in slag fineness from
8,000 cm2/g to 12000 cm2/g yields a 197% growth in strength.
This finding indicating that increasing slag fineness can
improve the mechanical resistance value of AAS-CPB
samples at 3 days.

The highest 28 day mechanical resistance is amazingly
measured for E13 which has the lowest activator
concentration in all the runs. By comparing E13, E14 and
E15 which have the same silicate modulus and slag fineness,
one can settle that low activator concentration is linked with
high strength. It is found, surprisingly, E12 with the highest
slag fineness and pretty high 3 day strength shows the lowest
strength. This observation shows that the influence of
autonomous variables and their connections on UCS is
time-dependent.

3.1.2 RSM Modeling
The second order polynomial model (Eq. 1) was employed to
apt measured UCS results following ANOVA. The ANOVA
results for each reliant factor is summarized in Table 4. The
absence of fit at a major level of 0.05 is employed to certify the
aptness of the developed models. The F-values for the lack of

TABLE 2 | Oxide analysis and physical characteristics of the tested slag and OPC materials.

Oxide analysis OPC Slag (as received) Physical
characteristics

OPC Slag (as received)

CaO 61.75 41.95 Specific gravity (−) 3.3 2.87
Fe2O3 4.89 0.59 Specific surface (cm2/g) 5,808 7,251
SiO2 20.21 34.02 Fines (<20 μm, %) 66.3 66.6
Al2O3 3.98 15.23 Cu (−) 3.29 9.11
MgO 2.57 6.32 Cc (−) 1.25 1.34
SO3 1.52 0.19 D50 (μm) 17.9 16.8

FIGURE 2 | Analysis of XRD profile of the studied slag material.
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fit were 2.74 for 3 day UCS model and 3.25 for 28 day UCS
model, implying that the derived models precisely apt the
measured results. The R2 values of 0.981 and 0.986 for 3-day
UCS and 28 day UCS models, respectively, also confirms the
good accuracy of the models. Plotting of the predicted values
from the models versus the measured results produce
perfectly linear curves, as shown clearly in Figure 5. All
these verify the accuracy and reliability of the response

surface models. The significance of all factors including
main or quadratic, and their interactions is assessed by
using the p-value at a significance level of 0.05. The factor
is considered statistically substantial if its p-value is below
0.05. The predicted models after removing insignificant
factors are given by Eq. 2 for 3 day UCS and Eq. 3 for
28 day UCS. As shown in Eqs 2, 3, both models are
expressed in second order polynomial form and all the
linear factors significantly affect the response. For the
3 day UCS model, the slag fineness shows the most
significant impact. The higher slag fineness and the lower
silicate modulus and activator concentration, the greater the
3 day UCS. Unlike the 3 day UCS model, the most substantial
linear variable influencing the 28 day UCS is activator
concentration. The 28 day strength is predicted to be
positively correlated with all the linear factors. Besides, the
quadratic term of activator concentration does not show
significant contribution to 3- and 28 day strength.

Y3d � 3.71 − 5.6226X1 + 0.0274X2 − 0.7679X3 + 2.1715X2
1

− 0.0002X2
2 − 0.0283X1X2 + 0.095X2X3 (2)

Y28d � −9.006 + 20.71X1 + 0.0795X2 + 4.71X3 − 6.42X2
1

− 0.0009X2
2 − 0.0438X1X2 − 15.5X1X3 (3)

3.1.3 Main and Interactional Effects
3.1.3.1 3 day UCS
To assess the effect of key and interactional variables of
autonomous factors on 3 day UCS performance, 3D response-
surface schemes are produced, as shown in Figures 6–8. These

TABLE 3 | CCD and determined reliant variables.

Exp no Autonomous variable blend design Determined dependent variables

Coded Non-coded Y3d (MPa) Y28d (MPa)

X1 X2 X3 x1 (−) x2 (cm2/g) x3 (−)

E1 −1 −1 −1 0.30 10,000 0.3 0.84 ± 0.05 2.78 ± 0.11
E2 1 −1 −1 0.38 10,000 0.3 0.56 ± 0.11 3.31 ± 0.14
E3 −1 1 −1 0.30 14,000 0.3 1.29 ± 0.12 2.43 ± 0.08
E4 1 1 −1 0.38 14,000 0.3 0.71 ± 0.08 2.69 ± 0.09
E5 −1 −1 1 0.30 10,000 0.4 0.89 ± 0.07 2.45 ± 0.13
E6 1 −1 1 0.39 10,000 0.4 0.61 ± 0.11 2.64 ± 0.15
E7 −1 1 1 0.30 14,000 0.4 1.58 ± 0.08 2.34 ± 0.23
E8 1 1 1 0.38 14,000 0.4 1.09 ± 0.13 2.01 ± 0.25
E9 −2 0 0 0.26 12,000 0.35 1.64 ± 0.21 2.25 ± 0.21
E10 2 0 0 0.42 12,000 0.35 0.79 ± 0.13 2.51 ± 0.18
E11 0 −2 0 0.34 8,000 0.35 0.34 ± 0.04 2.41 ± 0.07
E12 0 2 0 0.24 16,000 0.35 1.21 ± 0.07 1.71 ± 0.16
E13 0 0 −2 0.34 12,000 0.25 0.67 ± 0.03 3.64 ± 0.07
E14 0 0 2 0.34 12,000 0.45 1.34 ± 0.12 2.44 ± 0.13
E15 0 0 0 0.34 12,000 0.35 1.01 ± 0.16 3.01 ± 0.06
E16 0 0 0 0.21 12,000 0.35 1.06 ± 0.08 2.91 ± 0.05
E17 0 0 0 0.21 12,000 0.35 0.96 ± 0.09 2.94 ± 0.14
EOPC — — — — — — 0.29 ± 0.03 1.95 ± 0.07

ax1: silicate modulus; x2: slag fineness; x3: activator concentration.
bY3d: 3 day UCS; Y28d: 28 day UCS.
cEOPC, refers to OPC-CPB.

FIGURE 3 | Schematic illustration of CCD (dot in the middle of cube
represents three replicates of the center point).
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figures also enable us to identify the main trend of UCS
development and then predict the optimal direction of UCS.

Figure 6 shows response surface plots of 3 day strength against
the slag fineness and silicate modulus at a fixed activator
concentration of 0.35. ANOVA shows that the slag fineness is
the most significant independent variable influencing the 3 day
strength. It is obvious that mixtures with high slag fineness give
the greatest strength. Indeed, a higher slag fineness is associated
with the increased reactivity and consequently more amount of
hydration products (Hallet et al., 2020). The quadratic effect is
also significant (Table 4 and Figure 6), but its negative coefficient
suggests antagonistic effect on the strength. The effect of slag
fineness also depends on the silicate modulus since the interaction
between slag fineness and silicate modulus is also significant

(Table 4). The results presented in Figure 6 show that the positive
effect of MT on 3 day strength become progressively less obvious
with increasing silicate modulus suggesting negative contribution
of this binary interaction. Therefore, increasing MT while
reducing silicate modulus is beneficial to the response.

ANOVA shows that the silicate modulus is the second most
significant factor affecting the 3 day strength. As displayed in
Figure 7, enhanced 3 day strength is observed with the decrease
of the silicate modulus and is emphasized by the negative
coefficient for the silicate modulus X1 (Eq. 2). This is mainly
because a higher pH accelerates the silicon and aluminum
dissolved from slag at every-early ages, thereby resulting in
more amounts of hydration products. Similar results were also
made on other alkali activated materials (Sathonsaowaphak et al.,
2009; Ahmari et al., 2012; Sukmak et al., 2013). The quadratic
effect is also significant and is expected to increase the 3 day
strength with increasing amounts. The outcomes presented in
Figure 8 and Table 4 suggests that interaction between silicate
modulus and activator concentration is negligible.

Figure 8 illustrates the response-surface and contour schemes
of 3 day UCS against activator concentration and slag fineness for
a silicate modulus of 0.34. Of the linear effects, the activator
content is the least weighty (Table 4). The highest 3 day strength
is achieved when activator content and slag fineness are at high
levels while the silicate modulus is held at the level of 0.34. The
influence of silicate modulus on the 3 day UCS performance
chiefly dependents on level of slag fineness. As slag fineness is
high, the increase of activator content enriches the 3 day strength
performance, and this positive effect is counteracted with a
decrease in slag fineness. This implies that the interaction of
activator concentration and slag fineness has a significant effect
on the UCS growth.

3.1.3.2 28 day UCS
Response surface and contour plots of 28 day strength were
produced against two autonomous factors whereas the third

TABLE 4 | ANOVA of RSM regression analysis.

Term 3 day UCS 28 day UCS

Degree-of-
freedom

Sum of
squares

Average
square

F
Value

p
Value

Degree-of-
freedom

Sum of
squares

Average
square

F
Value

p
Value

Model 9 2.01 0.2233 39.77 <0.0001 9 3.41 0.3785 55.19 <0.0001
X1 1 0.6931 0.6931 123.42 <0.0001 1 0.0856 0.0856 12.47 0.0096
X2 1 0.7700 0.7700 137.13 <0.0001 1 0.6045 0.6045 88.14 <0.0001
X3 1 0.2783 0.2783 49.55 0.0002 1 1.09 1.09 158.46 <0.0001
X1*X1 1 0.0462 0.0462 8.23 0.0240 1 0.4045 0.4045 58.97 0.0001
X2*X2 1 0.0724 0.0724 12.89 0.0088 1 0.9763 0.9763 142.34 <0.0001
X3*X3 1 0.0003 0.0003 0.04 0.8368 1 0.0081 0.0081 1.19 0.3123
X1*X2 1 0.0325 0.0325 5.79 0.0470 1 0.078 0.078 11.37 0.0119
X1*X3 1 0.0010 0.0010 0.18 0.6839 1 0.1081 0.1081 15.76 0.0054
X2*X3 1 0.0406 0.0406 7.23 0.0311 1 0.0066 0.0066 0.96 0.3589
Residual (error) 7 0.0393 0.0056 7 0.0480 0.0069
Lack of fit 5 0.0343 0.0069 2.74 0.2883 5 0.0427 0.0085 3.25 0.2521
Pure error 2 0.0050 0.0025 2 0.0053 0.0026
Total 16 2.05 16 3.45
R2 0.9808 0.9861
Adj-R2 0.9562 0.9682

FIGURE 4 | Plots of UCS performance of 3- and 28 day cured CPB
samples.
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one is fixed constantly, as shown in Figures 9–11. Comparing the
findings of the influence of independent variables on 3 day 6–8
and 28 day UCS (Figures 9–11) reveals that the plots for 28 days
exhibits patterns different from those for 3 days. This suggests
that the level of contribution that the variables on the strength is a
function of curing time. ANOVA shows that activator
concentration is the most significant independent variable
influencing the 28 day UCS. From Figure 9, linear effect is
observed for the activator concentration in the response
surface and counter plots. Contrary to the 3 day strength, the
28 day strength decreases with the increase of activator
concentration. Indeed, the increase of alkali promotes the
hydration of slag at earlier ages, but excessive alkali will cause
the formation of a dense shell surrounding slag particle thereby
limiting the late-age hydration of unreacted slag.

In Table 4 and Figure 9, one can observe that there is minor
interaction between activator concentration and slag fineness. This
indicates that the effect of slag fineness is conditioned by the activator

concentration, i.e. the importance of the activator concentration hides
the effect of the slag fineness. Figure 9 shows the plots of the 28-day
strength against the slag fineness and silicate modulus for an activator

FIGURE 5 | Measured and predicted strengths for 3 day (A) and 28 day (B) cured AAS-CPB samples.

FIGURE 6 | Response-surface of the influence of slag fineness and its
interaction with silicate modulus at a fixed activator concentration of 0.35. FIGURE 7 |Response-surface of the influence of silicate modulus and its

interaction with activator concentration at a fixed slag fineness of
12000 cm2/g.

FIGURE 8 |Response-surface of the influence of activator concentration
and its interaction with slag fineness for a silicate modulus of 0.34.
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concentration = 0.35. As shown inTable 4, slag fineness is the second
statistically significant factor for the 28 day strength, whereas at 3 days
of curing it is of the most significance. This implies that the strength
increment with increasing fineness of slag is more pronounced at
early age rather than at later ages.

The maximum pattern of 28 day strength as a function of slag
fineness and silicate modulus can be clearly seen in Figure 10. The
28 day strength is enhanced as the slag fineness increases up to
around 10667 cm2/g; however, the trend reverses with a further
increase in the slag fineness. The quadratic effect of the slag fineness
appears to be more significant than the corresponding linear effect

and the negative coefficient suggests that the favorable effect erodes
along with the higher slag fineness. The greatest 28 day strength is
obtained around the center of the design from which variations in
the slag fineness and/or silicate modulus lead to a reduction in
strength. ANOVA also indicates that the binary interaction is
statistically significant and has a negative influence on the response.

FIGURE 9 |Response-surface of the influence of activator concentration
and its interaction with slag fineness for a silicate modulus of 0.34.

FIGURE 10 | Response-surface of the influence of slag fineness and its
interaction with silicate modulus for an activator concentration of 0.35.

FIGURE 11 | Response-surface of the influence of activator
concentration and its interaction with silicate modulus for a slag fineness of
12000 cm2/g.

FIGURE 12 | Optimization results of RSM.
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ANOVA indicates that the silicate modulus is the factor least
statistically relevant. From Figure 11, it is obvious that as the
silicate modulus increases from 0.26 to 0.42, CPBs experience a
gradual increase in the 28 day strength, followed by a decrease. This
is because an increase in silica inclines to reduce the hydration rate,
causing higher degree of hydration and enriched UCS
(Gebregziabiher et al., 2016), and the strength is a result of the
competition between the hydration rate and the hydration degree.
Moreover, it is found that the level of this transition point depends
on activator concentration, i.e. the greater the activator
concentration, the lower the transition point level. This funding
indicates that there is a strong binary interaction between the
silicate modulus and activator concentration.

3.1.4 Response Optimization
The mathematical models between UCS and the independent
variables allows finding the optimum combinations that could
produce the greatest strength at 3 and 28 days. Equal importance
is signed to the optimization goals of 3 day and 28 day UCSs. The
optimization criteria are summarized in Table 5. The desirability
function approach is used for the optimization of the responses.
As illustrated in Figure 12, the mixture with a combination of
independent variables of silicate modulus = 0.295, slag fineness =
12630.2 cm2/g, activator concentration = 0.45 (denoted as
Eoptimal) gives the optimum responses. The 3 day and 28 day
strength is predicted as 1.64 and 2.47 MPa respectively with a
global desirability of 0.955.

4 CONCLUSION

According to the results obtained from tests and analyses,
following conclusions can be drawn:

✓ The magnitude of input that autonomous variables on UCS
is a function of time. The most significant variables influencing
3- and 28 day UCS are slag fineness and activator
concentration, respectively.
✓ Increasing hydration reaction area and the pH of pore
solution favors the strength development at the very early
ages. However, it is found that excessive alkali leads to the
formation of a dense shell surrounding slag particle, thus
reducing the strength acquisition at later ages.
✓ The mix proportion giving the optimal responses is silicate
modulus = 0.295, slag fineness = 12630.2 cm2/g, activator
concentration = 0.45 with a forecast 3- and 28 day UCS of
1.64 and 2.47 MPa, respectively.

The CCD-based RSM is proved to be a reliable tool for the
optimization of AAS-CPB synthesis. This methodology can
be of great use in practice since there are fairly strong
interactions among the components of AAS-CPB. In
addition, the technical information of this investigation
will be beneficial for the design of durable, cost-effective
and sustainable AAS-CPB.
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