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Abstract: Fly ash (FA) and slag could improve the perfor-
mance of glazed hollow bead (GHB) thermal insulation
mortar, but little research touched on how the FA and
slag affect its performance and optimize its component
contents. In this study, an experimental and statistical
investigation is conducted to analyze the influences of
FA and slag variables on the performance of GHB mortar
based on the response surface methodology (RSM). The
predicted model was proved statistically significant in terms
of the fluidity, compressive strength, flexural strength, and
thermal conductivity. Then, the validated model was used to
identify the critical parameters and discuss their mechan-
isms of action. It can be found that (i) FA plays a significant
role in fluidity and compressive and flexural strength owing
to its morphological and physical filler effects; (ii) slag has
an obvious influence on compressive strength and thermal
conductivity due to its microaggregate effect. Finally,
optimization design was conducted using the desir-
ability approach of RSM to give the optimal component
of 20.73% FA and 21.49% slag. The predicted combina-
tion was validated by confirmatory tests within an error
of 1.52%. This study provides a feasible and effective
solution for optimizing GHB thermal insulation mortar
to achieve higher performance.
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1 Introduction

Due to the rapid development of building construction,
there exist a large amount of energy and resource con-
sumption, which has induced environmental problems. It
is reported that the energy dissipation through the building
walls can reach over 60% of the total energy dissipation of
buildings [1]. Therefore, developing thermal insulation in
building is an efficient method to realize the global energy
conservation of buildings and the sustainable development
of the construction industry [2,3]. Thermal insulation mate-
rial plays a critical role in designing and constructing
energy-saving buildings.

In recent decades, dozens of thermal insulation mate-
rials with a large number of closed pores inside have been
developed and applied, such as ceramsite mortar [4], foam
mortar [5], aerated mortar [6], and slag mortar [7]. Due to
the unique pore structure, the thermal insulation mortar
has a low thermal conductivity and excellent thermal insu-
lation. Among them, the glazed hollow bead (GHB) mortar
has attracted much attention due to its better thermal insu-
lation performance, satisfied fire prevention, and mechan-
ical characteristics [8—10]. The GHB embedded in mortars
acts as hollow sand and a “solid air-entraining agent” for
the construction material [11]. However, the application
of GHB mortars may reduce the compressive strength
and skid resistance owing to their loose porous struc-
ture inside, which has a negative impact on building
safety [12]. Furthermore, the fresh GHB mortar could be
considered a solid-liquid two-phase mixture, and it
may become susceptible to segregation, bleeding, or
a lack of fluidity if not properly proportioned. When
the fluidity and uniformity are poor, the pipe is prone
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to being plugged, reducing engineering efficiency and
increasing the project cost [13].

Due to the positive effects of fly ash (FA) and slag on
the various properties of mortar, including workability,
strength, and durability, the FA and slag originating from
industrial and municipal solid waste can be utilized as
additional binder compositions. In addition to the improve-
ments in properties, the partial replacement of cement
using FA and slag can address issues in carbon dioxide
emissions, waste recycling, and energy and resource con-
sumption, which would realize the sustainability of the con-
struction industry. Some investigations have been carried
out on the effect of FA and slag on the performance of GHB
mortar. Fan and Wang [14] identified the effects of FA with
different contents on the long-term drying shrinkage of GHB
mortar. It can be obtained that the drying shrinkage of GHB
mortar reduced by more than 20 with 54% FA, compared
with the blank group. Zaibo et al. [15] concluded that with
FA content increasing by 10%, both fluidity and compres-
sive strength of GHB mortar decreased by 10.6 and 13.8%,
respectively. Wan et al. [16] found that the thermal conduc-
tivity of the thermal insulation system increased by 16.17%
with 30% iron slag. It can be concluded that iron slag may
be applied as a component of thermal backfill materials to
improve the thermal conductivity. Ghosh et al. [17] identi-
fied the overall heat transfer co-efficient of thermal insulation
wall panel with 50% FA reduced by 15.58%, compared with
the blank group. Wang et al. [18] applied the FA to produce
a C40 strength-class GHB concrete while maintaining the
thermal conductivity of 0.45 W-m K. He and Liu [19] found
that FA can reduce the drying shrinkage of the GHB mortar
owing to the water loss of the mortar and the pore structure of
the cement paste based on the capillary force theory. Further-
more, Maria and Hamlin [20] revealed that the relationship
between the gel pore with a radius less than 4 nm and the
drying shrinkage showed a linear growing trend.

According to previous studies, it has been demon-
strated that both FA and slag can improve the properties
of GHB thermal insulation mortars, such as fluidity,
strength, drying shrinkage, and thermal conductivity.
Among them, it is mainly focused on the individual con-
tribution of one component, either FA or slag, to the
material properties. Until now, it has been hard to find
relevant literature reporting the simultaneous action of
FA and slag components on the performance of GHB
mortars comprehensively. In fact, there exist interactions
between various components that affect the fluidity, strength,
and thermal conductivity of GHB mortars. Little research
has been conducted to establish the correlation between
components and performances and further optimize the
formulation of GHB mortars containing FA and slag.
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To address the deficiency, the originality of this study
is to optimize the GHB thermal insulation mortars containing
FA and slag that can balance the fluidity, strength, and
thermal conductivity and finally give the optimal dosing
range of each component. Two optimized parameters
including FA and slag contents are selected. Then, the
effects of these parameters on the fluidity, strength, and
thermal conductivity of GHB mortars are investigated
individually and interactively. In order to identify the
optimum parameters, an optimization investigation is
carried out using the response surface methodology
(RSM) by maximizing the fluid and strength while mini-
mizing the thermal conductivity. The study would pro-
vide optimal component contents about the feasibility of
incorporating FA and slag as potential cementitious
materials in the thermal insulation materials.

2 Materials and experiments

2.1 Materials

Ordinary Portland cement PO 42.5, class Il FA, and granu-
lated blast furnace slag were employed as the mineral
additions in the experiment. The chemical compositions
of cement, FA, and slag are listed in Table 1. GHB is an
irregular sphere of granules, as shown in Figure 1. The
performance indicators are shown in Table 2. The particle
size distributions of cementitious materials and GHB are
shown in Figure 2. Polycarboxylate superplasticizer (PCE)
was used to improve the fluidity of the fresh mortar. Redis-
persible polymer powder (RDP), hydroxypropyl methylcel-
lulose (HPMC), tartaric acid retarder (TAR), and defoaming
agent were used as chemical additive agencies in the
experiment.

2.2 Formulation design

RSM is a collection of mathematical and statistical tech-
niques that allow multiple responses to be set for each

Table 1: Chemical compositions of cement, FA, and slag, wt%

Ca0 Sio, Al,03 Fe,03 MgOo SO; R,0
Cement 61.02 20.94 4.85 3.44 3.22 232 0.5
FA 4.01 5297 3315 4.16 1.01 1.5 2.04
Slag 40 42 16 0.57 0.41 051 0.23
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Figure 1: A photograph of GHB samples.

control variable. After all the responses are established,
the best response value (i.e., optimal component con-
tents) can be identified from the response surface or con-
tour plot [21]. In this study, two factors, including FA and
slag contents (i.e., X; and X,), are needed to be optimized,
and the test cases are typical, representing the extreme
conditions. Thus, the central composite design method in
RSM is applied to evaluate the effects of the FA and slag
contents on multiple responses. Then, a series of 13 two-
variable, five-level experiments were carried out. The
surface response tests are designed through the Design-
Expert version 12.0.6 software to identify the optimized
content of the FA and slag components. The level and
coding of the design are shown in Table 3. The FA is a
continuous variable of 10-40%, and the slag is a contin-
uous variable of 10-40%. The distance a of the axial runs
from the design center and can be calculated depending
on the number of points (ny = 2%), where k is the number
of variables (k = 2). Consequently, a can be obtained as a =
(np)"* = 1.41. The additives including PCE, HPMC, TAR, and
defoaming agent are not considered as variables, and their
contents are 0.86, 0.18, 0.1, and 0.2%, respectively.

The design matrix of the 13-point optimal experiment
is carried out, and the detailed experimental design is
shown in Table 4. Each design is evaluated indepen-
dently to investigate the influence of each variable on
the responses. In order to reduce and expand the repre-
sentativeness of the test, the duplicated points are set as

Table 2: Technical indicators of GHBs
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Figure 2: The particle size distribution of powders and GHBs.

Table 3: Level and coding of the design of FA and slag variables

Experimental  Symbol Coded levels and values
variable
-a Low 0 High +a
-1.41 -1 0 1 1.41
FA (%) X1 3.79 10 25 40 46.21
Slag (%) X2 3.79 10 25 40 46.21

shown in Table 4. Finally, response variables including
fluidity, compressive strength, flexural strength, and thermal
conductivity can be identified after tests.

2.3 Preparation process

Figure 3 illustrates the preparation process of GHB mortar.
First, the PCE was added into water and mixed by the
LC-OES-60 cantilever electric mixer at 1,200 rpm for
2min. Then, the mixture, including PO 42.5, FA, slag,
and GHB, is weighted and put into the UJZ-15 mortar
mixer. Subsequently, the LC-OES-60 cantilever electric
mixer is used to mix at 1,000 rpm for 1 min. Finally, the
water with PCE, mixture, and additives are added to the
container and mixed at 500 rpm for 3 min to obtain the
GHB mortar.

Items Density Compressive Thermal conductivity Obturator rate of vitrified Floating rate (%)
(kg-m~3) strength (kPa) (W-m™LK™ surface (%)
Results 103 187 0.042 95 93
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Table 4: Experimental design for the formulation of GHB mortar
Run Cement (%) Water (%) GHB (%) RDP (%) FA (%) Slag (%)
1 100 50 30.76 2 25 25
2 100 50 30.76 2 25 3.79
3 100 50 30.76 2 25 25
4 100 50 30.76 2 40 10
5 100 50 30.76 2 25 25
6 100 50 30.76 2 10 40
7 100 50 30.76 2 25 46.21
8 100 50 30.76 2 25 25
9 100 50 30.76 2 46.21 25
10 100 50 30.76 2 40 40
11 100 50 30.76 2 3.79 25
12 100 50 30.76 2 10 10
13 100 50 30.76 2 25 25
the glass plate. After filling the metal cylinder with GHB
® PO 42,5 mortar, as shown in Figure 4(a), the metal cylinder is
PCE @ Fly ash

1200rpm o Slag
< I

Figure 3: The GHB mortar preparation procedure.

3 Test methods

Fluidity, compressive strength, flexural strength, and
thermal conductivity are all critical properties that are
needed to be balanced and regarded as response variables
during the optimal design process. The tests of the proper-
ties are conducted according to the Chinese standards.

3.1 Fluidity test

The flow diameter of GHB mortar is served as the critical
parameter of fluidity and tested according to the Chinese
Standard JGJ/T70-2009 [22]. The flow diameter of GHB
mortar is measured by a glass plate and a hollow metal
cylinder with an inner diameter of 30 mm and a height of
50 mm. First, the metal cylinder is placed at the center of

vertically raised sharply beyond 50 mm. Then, the mortar
remains free-flowing for 15 s. Finally, the diameter of GHB
mortar in two orthogonal directions is identified by rulers
as shown in Figure 4(b).

3.2 Strength test

The 28-day compressive and flexural strengths of GHB
mortar were studied following the Chinese Standard
GB/T 17671-2021 [23]. Specimens for compressive strength
tests were cast in three prismatic samples of 70.7 mm x
70.7 mm x 70.7 mm, while those for flexural strength tests
were cast in samples of 40 mm x 40 mm x 160 mm. Then,
the specimens were cured for 28 days at a temperature of
20°C and a humidity of 95% in standard cure chambers.
The specimens were tested by the electronic universal
testing machine to obtain their compressive and flexural
strengths, as shown in Figure 5.

3.3 Thermal conductivity test

The thermal conductivity of GHB-mortar is tested based
on the Chinese Standard GB/T 32981-2016 [24]. Specimens
were cast in 70 mm x 70 mm x 20 mm and cured for 3 days
in standard cure chambers. Then, the cured specimens
were dried for 25 days at 105°C in curing ovens. The
thermal conductivity of specimens was measured by the
Sweden Hot Disk 2500S thermal conductivity analyzer, as
shown in Figure 6.
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(b)

Figure 4: A fluidity test device (a) and its testing process (b).
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(b)

Figure 5: A strength test device and its testing process: (a) compressive test and (b) flexural test.

(a)

Figure 6: Thermal conductivity and its testing process: (a) thermal conductivity analyzer and (b) thermal conductivity test.
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Table 5: The experimental results of fluidity, strength, and thermal
conductivity of specimens

Runs Fluidity, = Compressive Flexural Thermal
Y; (mm) strength, strength, conductivity,
Y, (MPa) Y; (MPa) Y, (W-m™2K™)
1 124.5 22.52 4.7 0.67
2 123.5 20.83 4.57 0.68
3 125.0 22.92 4.67 0.67
4 119.0 20.07 4.20 0.68
5 121.5 23.12 4.77 0.67
6 114.0 22.05 5.03 0.70
7 126.0 19.93 4.63 0.70
8 125.5 22.85 4.83 0.67
9 117.5 18.41 4.13 0.67
10 122.0 18.35 4.17 0.68
11 107.0 22.72 5.16 0.67
12 112.5 21.46 4.87 0.67
13 122.0 22.84 4.73 0.66

4 Results and discussions

Table 5 summarizes the properties of each test formula-
tion, including fluidity (Y;), compressive strength (Y,),
flexural strength (Y3), and thermal conductivity (Y,). In
addition, the analysis of variance (ANOVA) results of the
fitted models for each case are presented in Table 6. The
comparison between predicted and actual values is illu-
strated in Figure 7. The influences of variables including
FA (X;) and slag (X,) on the response variables (Y;-Y,)
will be discussed further.

4.1 Properties
4.1.1 Fluidity

The flow diameter of GHB mortar specimens is listed in
Table 5. The ANOVA is performed to evaluate the signifi-
cance of the fitted model in Table 6. The results of R and
Adj-R? are 0.95 and 0.92, respectively, which indicates a
relative high degree of correlation between predicted and
actual values. The Adeq-precision means the signal-to-
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noise ratio, and its value of 17.20 is much larger than 4,
which suggests an adequate signal without the signifi-
cant effects of noise. The F-value of the model is 28.71,
and the p-value is only 0.0002, indicating the efficiency
of the fluidity regression model. These ANOVA results
prove the accuracy of the predicted model using RSM.
The predicted polynomial fitting equation for the flow
diameter is as follows:

Y, = 81.37 + 298.76X, — 4.14X, — 33.33X,.X, — 545X

o))
+10.56X;.

Table 7 presents the significance of FA and slag on
the fluidity of the GHB mortar. The p-value less than 0.05
indicated that the model terms were significant. In this
case, the significant model terms are X? and X; in order
of importance, which means that FA has a significant
impact on the fluidity while slag has a slight influence.
As shown in Figure 8, with the increase in FA content, the
fluidity of mortar shows an obvious increase first within
30% FA content. The phenomena may be due to the
“morphological effect” of FA and slag. Due to the smooth
surface of spherical particles, FA filler added into mortars
can diminish internal friction resistance, reduce water,
and increase fluidity. However, the shape of slag particles
appears irregular and polygonal, which has a nega-
tive impact on fluidity [25]. Another reason is that both
FA and slag can result in a “micro-aggregate effect.” The
proper contents of FA, slag, and PO 42.5 may promote
a reasonable microaggregate gradation and further improve
the pore structure of GHB mortars [26]. However, there is a
decreasing trend in fluidity with the content of FA over
30%, which is associated with the bleeding of mortars.
Part of the mortar is separated from the GHBs aggregate,
which leads to a reduction in fluidity.

4.1.2 Strength

According to the ANOVA results listed in Table 6, R? of
compressive and flexural strength are 0.99 and 0.98,
respectively, while the corresponding Adj-R*> are 0.98

Table 6: The ANOVA results of the fitted models for each response variable

Response R? Adj-R? Pred-R? Adeg-precision F-value p-Value
Y: 0.95 0.92 0.85 17.20 28.71 0.0002
Y, 0.99 0.98 0.97 32.21 155.34 <0.0001
Y3 0.98 0.97 0.94 27.37 74.19 <0.0001
Y, 0.96 0.92 0.85 15.54 28.77 0.0002
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Figure 7: A comparison of predicted values of property indexes with actual test results: (a) fluidity, (b) compressive strength, (c) flexural
strength, and (d) thermal conductivity.

Table 7: The ANOVA results of the fitted models for fluidity

Source Degrees of F-value p-Value Significant
freedom
Model 5 28.71 0.0002 Yes
X1 1 40.28 0.0004 Yes
X3 1 3.02 0.1258 No
XX 1 0.2104 0.6603 No
)(12 1 97.83 <0.0001 Yes
X22 1 0.0367 0.8535 No
Lack of fit 3 0.5426 0.6786 No

and 0.97, respectively. It is suggested that the predicted
values in fitted models can be highly correlated with
actual values of strength in test. The Adeq-precision of
compressive and flexural strength are 32.21 and 27.37,
respectively. Correspondingly, the F-values are 155.34
and 74.19, respectively. The p-values of these parameters
are less than 0.0001, which indicates the accuracy of the
strength regression model. The polynomial fitting equation
of the 28-day compressive strength model is as follows:

Y, = 10.46 + 50.32X; + 64.78X, — 51.33X%,X, — 101.33X} @
- 109.56X3.
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3D Surface

Figure 8: The influence of components on the fluidity of GHB mortar:

Table 8 presents the significance of FA and slag on
the flexural strength of the GHB mortar. The significant
model terms can be identified as X;, X7, X7, X,X,, and X,
in order of importance, which means that both FA and
slag have a significant influence on fluidity. With the
increase of FA and slag, the compressive strength of
mortar increases first and then decreases gradually, as
shown in Figure 9. There is a maximum compressive
strength at the point of 20% FA and 25% slag. The
increasing trend in compressive strength may be asso-
ciated with the “physical filler effect.” The higher fine-
ness of FA and slag can provide a physical filling effect to
improve the compactness and compressive strength of
GHB mortar, together with the amount of crystal phase
Ca(OH), and harmful pour reduction [27]. However, the
incorporation of a large amount of FA and slag may

DE GRUYTER
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(a) 3D plot and (b) contour plot.

reduce the reactive GHB content and result in a reduction
in compressive strength.

Furthermore, the polynomial fitting equation of the
28-day flexural strength can be obtained as follows:

Y5 = 4.49 + 0.26X; + 5.03X, — 4.22X,X, — 5.44X}

) G)
- 7.44X2.

Based on the ANOVA results for flexural strength, the
significant model terms can be identified as X;, X7, and X?
in order of importance. It can be found that FA exhibits a
dominant role in the 28-day flexural strength of GHB
mortar. Since the pozzolanic reaction between FA and
cement lags behind cement hydration, the GHB mortar
strength at early curing age performs poorly and decreases
with increasing FA content, as shown in Figure 10. When
FA content is fairly high, cement is remarkably diluted,

Table 8: The ANOVA results of the fitted models for compressive and flexural strength

Source Compressive strength Flexural strength
F-value p-Value Significant F-value p-Value Significant

Model 155.34 <0.0001 Yes 74.19 <0.0001 Yes
X1 346.57 <0.0001 Yes 345.70 <0.0001 Yes
X3 15.99 0.0052 Yes 1.79 0.2229 No
XX 29.56 0.0010 Yes 2.80 0.1383 No
)(12 200.35 <0.0001 Yes 8.09 0.0249 Yes
X22 234.19 <0.0001 Yes 15.13 0.0060 Yes
Lack of fit 0.9213 0.5071 No 0.5964 0.6501 No
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Figure 9: The influence of components on the compressive strength of GHB mortar: (a) 3D plot and (b) contour plot.

resulting in little hydration product in the GHB mortar and
being unable to provide sufficient flexural strength. There-
fore, the “diluting action” of FA at an early curing age
contributes to the adverse effects of FA [28].

However, the slag content-flexural strength curve
shows an increasing trend, as shown in Figure 10. The
phenomenon is attributed to the “physical filler effect”
that the compactness and flexural strength of GHB mortar
would be enhanced due to the gaps between cement par-
ticles filled by finer slag particles. Another reason is that
the slag could promote the hydration reaction and reduce

28d Flexural strength (MPa)

the calcium ion concentration between cement and coarse
aggregates. Thus, the flexural strength of GHB mortar was
improved after the addition of slag.

4.1.3 Thermal conductivity

Based on the ANOVA results listed in Table 6, R? and Adj-
R? in the predicted thermal conductivity model are 0.96
and 0.92, respectively, which indicates that the model is
statistically significant. The Adeq-precisions and F-values

0.4 28d Flexural strength (MPa)

0.325
4025
w

0.175

0.1

0.1 0.175 0.4

0.25
FA

(b)

Figure 10: The influence of components on the flexural strength of GHB mortar: (a) 3D plot and (b) contour plot.
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Figure 11: The influence of components on the fluidity of GHB mortar: (a) 3D plot and (b) contour plot.

Table 9: The ANOVA results of the fitted models for thermal
conductivity

Source Degrees of F-value p-Value Significant
freedom
Model 5 28.77 0.0002 Yes
X1 1 0.1975 0.6702 No
X3 1 38.94 0.0004 Yes
XX 1 18.43 0.0036 Yes
X2 1 3.79 0.0927 No
)(22 1 85.73 <0.0001 Yes
Lack of fit 3 0.5736  0.6609 No

are sufficiently high, with values of 15.54 and 29.97, respec-
tively. The p-value is 0.0002 and much less than 0.05,
which indicates that the thermal conductivity regression

Table 10: Optimization criteria for the factors and responses

model is desirable. The polynomial fitting equation of the
thermal conductivity model is as follows:

Y, = 0.69 + 0.06X; — 0.25X, — 0.59X,X, + 0.15X}

(4)
+ 0.91X3.

As suggested in the ANOVA results for thermal con-
ductivity, the significant model terms can be obtained as
X2, X,, and X,X, in order of importance. As shown in
Figure 11, it can be found that slag exhibits a critical
role in the thermal conductivity of GHB mortar rather
than FA. Similar to a resistor in an electric field, GHB
with a low thermal conductivity performs as a “thermal
resistor.” Due to the presence of GHB and fillers, the large
heat flow channel in the mortar is continuously cut off
and compressed, ultimately reducing the overall heat
transfer capacity and thermal conductivity. The reason

Factors and responses Target Lower limit Upper limit Importance
FA (%) In range 10 40 ++

Slag (%) In range 10 40 ++

Fluidity (mm) Maximize 107 126 +++
Compressive Maximize 18.35 23.12 ++++
strength (MPa)

Flexural strength (MPa) Maximize 4.13 5.16 +++
Thermal conductivity Minimize 0.67 0.70 +++++

(W-m™K™h
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why thermal conductivity is more sensitive to slag is
that the slag particle is much smaller than FA, which
has a “microaggregate effect” that hinders more heat
transfer channels and reduces thermal conductivity
better. Furthermore, the “pozzolanic effect” caused
by slag hydration products can make the mortar more
compact and further narrow the heat transfer channel
[29] (Table 9).

4.2 Optimum formulation

In this method, the desired value d; of an individual
response is defined in the range of 0-1. In detail, d; = 0
means that the individual response is beyond the accep-
table scope, and d; = 1 means that the individual response
is at the desired level [30]. With consideration of each
desired value d;, the global desirability function D is
defined as follows:
1
1 =\
D=(d-d- ...-dn)nz(Hdl-) , (5)
i=1
where D is the global desirability function, d; is the desir-
able range for each response, and n is the number
of response variables. The importance of an individual
response among all responses is marked by the plus
symbol (+). By default, all responses are equally important
and marked by “+++”. If one response is more important,
the symbol of “+++” increases to “++++” or “+++++”, and
vice versa.
Due to the low cost of FA and slag originated from
industrial and municipal solid waste, the importance
degrees of FA and slag are set as “++”. More attention

Table 11: Reference group, actual test results, and predicted values

Factors and Mortar Test Predicated Error (%)
responses results  values

PO 42.5 (%) 100 56.49 56.49 0

FA (%) 0 20.73 20.73 0
Slag (%) 0 21.49 21.49 0
Fluidity (mm) 115.52 121.15 122.96 1.49
Compressive 18.28 23.01 23.12 0.48
strength (MPa)

Flexural 4,51 4.80 4.83 0.63
strength (MPa)

Thermal 0.701 0.66 0.67 1.52
conductivity

(W-m™LK™
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should be paid to compressive strength and thermal con-
ductivity. Thus, compressive strength and thermal con-
ductivity are set to be of “++++” and “+++++” impor-
tance levels, respectively. The optimization targets and
constraints in this study are listed in Table 10. The goal of
mortar optimization is to identify the best case that can
meet all the requirements. The optimization was con-
ducted in the “Optimization Part” in Design-Expert ver-
sion 12.0.6 software. The predicted model gave the optimum
combinations among response variables, including fluidity,
compressive strength, flexural strength, and thermal conduc-
tivity. The comparison between test results and predicted
values is performed in Table 11 with reference to GHB mortar.
It can be found that the predicted values match well with
those in the test, with an error within 1.52%. It is further
demonstrated that the model can give an accurate prediction
of the optimum contents of GHB mortar.

The results show that both FA and slag are effective
in GHB mortar to improve its fluidity, compressive strength,
and flexural strength and reduce thermal conductivity. As
shown in Table 11, the optimum values of FA and slag are
20.73 and 21.49%, respectively. The global desirability func-
tion of the predicted model can reach 0.853, which is higher
than 0.706 in the literature [31]. The pore structure of GHB
mortar is refined due to the physical filling effect and micro-
aggregate effect of FA and slag. The mortar mixed with FA
and slag became more compact, with more heat transfer
channels hindered and narrowed, which ultimately made
the thermal conductivity drop to 0.67.

5 Conclusions

Based on the RSM, this article explored the influence of
the content of FA and slag on the performance of GHB
thermal insulation mortar. The performance included fluidity,
compressive strength, flexural strength, and thermal conduc-
tivity. A multi-objective nonlinear optimization was carried
out to identify the optimum contents of FA and slag and
ultimately improve the performance of mortar. Some signifi-
cant conclusions obtained from the statistical analysis and
experiment are as follows:

1) The RSM is proved to be efficient in revealing and
predicting the influence of FA and slag components
on the performance of GHB mortar. All the developed
regression models for fluidity, compressive strength, flex-
ural strength, and thermal conductivity were demon-
strated significantly by the basic evaluation indexes.

2) The increase in FA can improve the fluidity of GHB
mortar within 30% of its contents, while the effect of
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slag can be neglected. The phenomena are associated
with the smooth surface of FA particles and the irre-
gular and polygonal surfaces of slag particles, which
determine the friction of particles and the fluidity of
mortars.

3) Both FA and slag have significant effects on compres-
sive strength owing to the physical filler effect. There
is a maximum compressive strength at the point of
20% FA and 25% slag. However, the flexural strength
is more controlled by the content of FA than slag. There
is a negative correlation between the contents of FA
and flexural strength due to the “diluting action” of FA.

4) The thermal conductivity is significantly influenced
by slag. Due to the smaller size of particles, slag and
its hydration products perform the microaggregate
and pozzolanic effects that hinder more heat transfer
channels and reduce thermal conductivity better.

5) By maximizing fluidity and compressive and flexural
strength and minimizing thermal conductivity, the
optimal values of design variables can be obtained
as a FA content of 20.73% and a slag content of
21.49%. Compared with the reference group, the per-
formance of GHB mortar can be obviously improved,
and all response variables can be well balanced.
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