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Abstract: The single-factor experiments are designed to quantitatively investigate the effects of
silica fume, mineral powder, and fly ash on the mechanical and thermal insulation properties of
desulfurization gypsum-based composites (DGCs). The effect mechanism is discussed from the
microscopic morphology of the internal structure, and the corresponding relationship between the
strength and thermal conductivity of this material is evaluated by the regression model. The results
show that the admixture of silica fume, mineral powder, and fly ash improves the strengths and
thermal insulation properties of DGCs, with the order of influence silica fume > mineral powder
> fly ash. The optimal 28 d compressive strength and thermal conductivity are 34.17 MPa and
0.2146 W/(m·K), respectively, at a silica fume dosage of 35%. The enhancement effects on the strength
and thermal insulation performance of DGCs are attributed to the increase in the hydration products
C-S-H gel and Aft. Moreover, the thermal conductivity linearly decreases with the increase in the
compressive strength of DGC after adding silica fume, mineral powder, and fly ash. The linear
regression models exhibit good precision for evaluating the corresponding relationships between the
compressive strength and thermal conductivity of DGCs with different admixtures.

Keywords: desulfurization gypsum; admixture; compressive strength; thermal conductivity; regres-
sion model

1. General Introduction
1.1. Introduction

Desulfurization gypsum is an industrial by-product produced during the process
of wet flue gas desulfurization using limestone–gypsum in coal-fired power plants, and
its main component is calcium sulfate dihydrate (CaSO4·2H2O). Compared with natural
gypsum, desulfurization gypsum has a more stable composition with smaller particle
size and less harmful impurity content as well as high purity [1,2]. In China, a large
number of coal-fired power plants are equipped with desulfurization facilities, causing
the increased production of industrial by-product desulfurization gypsum. Additionally,
the low utilization of desulfurization gypsum has brought many problems, such as land
occupation and environmental pollution [3–5]. Therefore, the utilization and emission
of desulfurization gypsum has become an urgent problem to be solved [6], and more
approaches and channels to enhance the utilization of desulfurization gypsum resources
need to be developed.

Silica fume, mineral powder, and fly ash are all large-scale industrial solid wastes,
which can be ground into powder form and mixed with gypsum to prepare composite ce-
mentitious materials [7]. Among them, mineral powder has a similar chemical composition
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to ordinary silicate cement and has similar self-hydration and self-hardening characteristics.
It can partially replace cement and can exist in the form of microaggregates in the matrix of
the materials to improve the pore structures, forming a high-quality admixture and cement
mixing material. The active components contained in these admixtures, such as SiO2 and
Al2O3, undergo volcanic ash reaction under an alkaline environment, thereby modifying
the properties of composite materials. The degree of activity is influenced by the type
and content of different admixtures [8,9]. Therefore, the additions of silica fume, mineral
powder, and fly ash are feasible approaches to improve the properties of desulfurization
gypsum materials. The effect investigations of these admixtures on mechanical and ther-
mal performances of desulfurization gypsum materials need to develop comprehensively.
These results can provide the foundations for the applications of these solid wastes in large
quantities and for reduction in the building energy consumption.

The present study adds silica fume, mineral powder, and fly ash into the matrix
composed of cement and the original desulfurization gypsum modified by a small amount
of semi-hydrated desulfurization gypsum. Desulfurization gypsum-based composites
(DGCs) are prepared single-factor experiments are designed to investigate the effects
of different admixtures on the mechanical and thermal properties of DGCs. The effect
mechanism is discussed from a microscopic perspective of the DGC specimen. The results
can provide more references for the large-scale applications of desulfurization gypsum in
wall insulation materials.

1.2. Literature Review

Many investigations have been carried out to improve the performances of desulfu-
rization gypsum by adding admixtures and catalysts to expand its large-scale usage in
civil engineering and construction [10,11]. Wan et al. [12] explored the incorporation of
ordinary silicate cement and fly ash into flue gas desulfurization (FGD) gypsum to develop
a green binder and discussed the effect of the dosage of silicate cement and fly ash in order
to reduce the cement dosage in structural engineering. Zhou et al. [2] utilized the response
surface methodology (RSM) to investigate the effect factors of FGD gypsum-based com-
posite cementitious materials. The results showed that this composite exhibited excellent
strength and water resistance when the dosage of sulfated aluminate cement, mineral
powder, and quick lime were 7.82%, 21%, and 5.22%, respectively. Zhao et al. [13] used the
response surface method to obtain the optimal proportion ratio of underground backfilling
materials with solid waste. The optimal ratio is coal gangue: fly ash: desulfurization gyp-
sum: gasification fine slag: furnace bottom slag = 1:0.4:0.2:0.1:0.1. He et al. [14] studied the
dosage effect of sodium methyl silicate on the water resistance of desulfurization gypsum
block and elaborated the effect mechanism from a microscopic perspective. Many other
scholars [15–17] have also chosen a specific admixture (e.g., silica fume, mineral powder,
fly ash, etc.) and added it to desulfurization gypsum to make multi-system cementitious
materials, so as to explore the role of the admixture in the composite system and its effects
on the overall performance of the composite. However, these studies mainly focus on the
effects of the admixture dosages on the performances of FGD gypsum. Therefore, it is
difficult to determine the optimal admixture for FGD gypsum, because there is no scientific
rigorous comparison of the effects of other active mineral admixtures on the properties of
FGD gypsum.

The existing research mainly concentrates on the mechanical properties of modified
desulfurization gypsum, but fewer studies are conducted on its thermal conductivity prop-
erties. Actually, the large porosity in desulfurization gypsum material results in small
thermal conductivity and large hygroscopicity. Thus, the desulfurization gypsum is com-
patible with application in the wall insulation material to reduce the energy consumption of
the building. Therefore, more investigations should be developed to improve the thermal
insulation performance of desulfurization gypsum. Zhou et al. [18] added desulfurization
gypsum in a paraffin/expanded perlite insulation mortar to improve the heat preservation
and storage/exothermic properties of walls. The thermal conductivity of this material
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was 0.076 W/(m·K) when the mass ratio of paraffin to expanded perlite was 6:4 and the
mass ratio of composite phase change material to desulfurization gypsum was 1:3. Li
et al. [19] modified desulfurized gypsum insulation materials by using hydrogen peroxide
as the foaming agent, and glass fibers were added to improve their thermal properties. The
corresponding results showed that the minimum thermal conductivity was 0.051 W/(m·K)
when the dosage of the foaming agent was 4%. However, the addition of foaming agents
led to poor mechanical properties of the matrix, and the 7 d compressive strength was less
than 1 MPa. Lei et al. [20] added polystyrene particles into the desulfurization gypsum
cementitious system to prepare lightweight thermal insulation materials, modified by mix-
ing cellulose ether, latex powder, and polypropylene fibers. It was found that the thermal
conductivity dropped to the minimum value of 0.0407 W/(m·K) when the proportion of
polystyrene particle was 85.3%; however, the compressive strength was only 0.18 MPa,
which could not meet the specification requirements. Additionally, different lightweight
fillers (e.g., expanded polystyrene (EPS) [21], low-density polyethylene (LDPE) [22], etc.)
and different foaming processes (physical foaming, chemical foaming, or composite foam-
ing [23]) have been utilized to prepare FGD gypsum-based composites [10,24]. The thermal
conductivities of these FGD gypsum-based composites are influenced by the density of
internal structures, and lightweight fillers enhance the thermal insulation properties of
FGD gypsum-based composites. However, the current research primarily adds physical
foaming and chemical foaming to improve the thermal insulation performance of desulfur-
ization gypsum. Unfortunately, these additives have negative effects on the mechanical
properties of desulfurization gypsum, limiting the application and promotion of desulfur-
ization gypsum material. In addition, adding insulating aggregates improves the thermal
insulation performance of desulfurization gypsum, but reduces the mechanical properties
greatly. Therefore, based on the need to preserve the mechanical properties, it is particularly
important to study the effects of admixture changes on the thermal insulation property of
the desulfurization gypsum and to evaluate the relationship between strength and thermal
conductivity.

2. Experiment
2.1. Raw Materials

The experimental DGCs are mainly composed of undisturbed desulfurization gypsum
and semi-hydrated desulfurization gypsum mixed with P.O 42.5 ordinary silicate cement,
quicklime, silica fume, mineral powder, fly ash, polycarboxylate acid type powder water
reducer and retarder and other admixtures. The above-mentioned admixtures are all
commercially available, and the undisturbed desulfurization gypsum is taken from the
waste yard of Guizhou Jinyuanchayuan Power Generation Co., Ltd., Guiyang, China; it is
yellowish brown in color and needs to be crushed using a crusher and sieved through a
0.15 mm square hole. Then, the undisturbed desulfurization gypsum is calcined in an oven
at 180 ◦C for 2 h, sealed and aged for 5–7 d to obtain the semi-hydrated desulfurization
gypsum [2]. The chemical components of the raw materials are listed in Table 1. The
high-performance polycarboxylate acid water reducer (powder) is produced by Gongyi
Longze Water Purification Material Co., Ltd., Zhengzhou, China and the gypsum retarder
(CQ-SHJ09 type) is from Shanghai Chenqi Chemical Technology Co., Ltd. Shanghai, China.
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Table 1. The chemical compositions of the raw materials.

Raw Materials SO3 CaO SiO2 Al2O3 Fe2O3 K2O P2O5 F MgO

Undisturbed
desulfurization gypsum 53.416 40.21 3.31 1.324 0.538 0.241 0.03 0.862 -

Semi-hydrated
desulfurization gypsum 54.851 38.506 2.859 1.108 0.470 0.232 0.027 0.744 -

Cement 3.962 61.713 19.897 5.155 4.456 1.196 0.169 - 1.725
Silica fume 0.455 0.484 97.598 0.809 0.070 0.221 0.041 - 0.207
Quick lime 0.292 96.775 0.520 0.154 0.115 0.011 0.003 - 2.051

Mineral powder 2.609 35.179 34.985 15.703 0.842 7.582 0.025 - -
Fly ash 5.220 98.290 49.100 36.870 3.130 0.980 0.400 - 0.680

2.2. Experimental Design and Method

The matrix materials consist of undisturbed desulfurization gypsum and semi-hydrated
desulfurization gypsum (70:30); DGCs are obtained by adding and mixing 10% cement,
3% quicklime, and 1% water reducer as well as 0.2% retarder, and their water-gypsum
ratio is fixed at 0.28. On this basis, the dosages of silica fume, mineral powder, and fly
ash are considered as variables to design experiments of different matching ratios by us-
ing the external doping method. The compositions of each set of samples are listed in
Table 2. After mixing the admixtures well, the test specimens are prepared and maintained
according to the conditions specified in the “Test Method for Cementitious Sand Strength
(ISO Method)” (GB/T 17671-1999) and “Determination of Steady State Thermal Resis-
tance and Related Characteristics of Insulating Materials: Protective Heat Plate Method”
(GB/T 10294-2008), in which the test specimen used to determine mechanical properties
is 40 mm × 40 mm × 160 mm, and the size of the test specimen used to measure thermal
conductivity is 300 mm × 300 mm × 30 mm. The corresponding specimens are removed
from the molds after 24 h of curing in a natural environment. The test specimens are all
cured at 20 ± 3 ◦C and 50 ± 5% relative humidity until the corresponding age. In addition,
the thermal conductivity of the specimen is tested using a CD-DR3030 thermal conductivity
tester. The allowable thermal conductivity error of the instrument is 3%, and the instrument
and standard specimen are shown in Figure 1. Moreover, the electron microscopic scanning
is performed with a TESCAN (Brno, Czech Republic) MIRA LMS model instrument to
obtain the microscopic morphology on the fracture surfaces of selected specimens.
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Figure 2. Effects of different silica fume dosage on the performance of DGCs. (a) Mechanical prop-
erties; (b) Thermal insulation performance. 
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creases with the increase in SF dosage, and reaches a maximum value of 7.02 MPa at the 
SF dosage of 35%. The 28 d absolute dry flexural strength increases and then decreases 
with the increase in SF dosage, and the absolute dry flexural strength reaches a maximum 
value of 6.74 MPa at the SF dosage of 25%. This is because the main component of SF is 
indeterminate SiO2, with strong volcanic ash activity and an effect on filling density [27]. 

Figure 1. The specimens used for the measurement of mechanical properties and thermal conductivity.
(a) Standard specimen to determine mechanical properties. (b) Standard specimen to determine
thermal conductivity.
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Table 2. Single-factor tests mix ratio (wt.%).

Undisturbed/
Semi-Hydrated
Desulfurization

Gypsum

Silica Fume (%) Mineral Powder
(%) Fly Ash (%) Cement

(%)
Quicklime

(%)

Water
Reducer

(%)

Retarder
(%)

70:30 15, 20, 25, 30, 35 0 0 10 3 1 0.2
70:30 0 10, 15, 20, 25, 30 0 10 3 1 0.2
70:30 0 0 8, 13, 18, 23, 28 10 3 1 0.2

3. Results and Discussion
3.1. Effects of Silica Fume Dosage on the Performances of DGCs

Silica fume (SF) with small granularity, lighter quality, and high activity is a dust-
collecting powder used during the process of smelting industrial silicon and ferrosilicon.
Compared with other mineral admixtures, silica fume exhibits a better micro-aggregate
effect on cementing materials and a faster reaction with volcanic ash [25,26]. The pre-
experiments were conducted with a silica fume dosage gradient of 10% to measure the
compressive property, determining the reasonable dosage range of silica fume from 15% to
35%. Then, the effect of SF dosage on the performance of DGCs was investigated under
a dosage gradient of 5%, as the other admixtures were unchanged. The performances of
DGCs under different silica fume dosages are given in Figure 2.

Coatings 2023, 13, x FOR PEER REVIEW 5 of 16 
 

 

 

 
(a) (b) 

Figure 1. The specimens used for the measurement of mechanical properties and thermal conduc-
tivity. (a) Standard specimen to determine mechanical properties. (b) Standard specimen to deter-
mine thermal conductivity. 

3. Results and Discussion 
3.1. Effects of Silica Fume Dosage on the Performances of DGCs 

Silica fume (SF) with small granularity, lighter quality, and high activity is a dust-
collecting powder used during the process of smelting industrial silicon and ferrosilicon. 
Compared with other mineral admixtures, silica fume exhibits a better micro-aggregate 
effect on cementing materials and a faster reaction with volcanic ash [25,26]. The pre-ex-
periments were conducted with a silica fume dosage gradient of 10% to measure the com-
pressive property, determining the reasonable dosage range of silica fume from 15% to 
35%. Then, the effect of SF dosage on the performance of DGCs was investigated under a 
dosage gradient of 5%, as the other admixtures were unchanged. The performances of 
DGCs under different silica fume dosages are given in Figure 2. 

15 20 25 30 35
0

4

8

12

16

Fl
ex

ur
al

 st
re

ng
th

 (M
Pa

)

Dosage of silica fume (%)

 7-day Fle. Str.
 28-day Fle. Str.

0

8

16

24

32

40

48
 7-day Com. Str.
 28-day Com. Str.

Co
m

pr
es

siv
e 

str
en

gt
h 

(M
Pa

)

 

15 20 25 30 35
0.20

0.22

0.24

0.26

0.28

0.30

0.32

Th
er

m
al

 c
on

du
ct

iv
ity

 (W
/(m

·K
))

Dosage of silica fume (%)

 thermal conductivity

 
(a) (b) 

Figure 2. Effects of different silica fume dosage on the performance of DGCs. (a) Mechanical prop-
erties; (b) Thermal insulation performance. 

Figure 2a gives the effect of SF dosage on the flexural and compressive strength of 
this cementitious material. It can be seen that the 7 d absolute dry flexural strength in-
creases with the increase in SF dosage, and reaches a maximum value of 7.02 MPa at the 
SF dosage of 35%. The 28 d absolute dry flexural strength increases and then decreases 
with the increase in SF dosage, and the absolute dry flexural strength reaches a maximum 
value of 6.74 MPa at the SF dosage of 25%. This is because the main component of SF is 
indeterminate SiO2, with strong volcanic ash activity and an effect on filling density [27]. 

Figure 2. Effects of different silica fume dosage on the performance of DGCs. (a) Mechanical
properties; (b) Thermal insulation performance.

Figure 2a gives the effect of SF dosage on the flexural and compressive strength
of this cementitious material. It can be seen that the 7 d absolute dry flexural strength
increases with the increase in SF dosage, and reaches a maximum value of 7.02 MPa at the
SF dosage of 35%. The 28 d absolute dry flexural strength increases and then decreases
with the increase in SF dosage, and the absolute dry flexural strength reaches a maximum
value of 6.74 MPa at the SF dosage of 25%. This is because the main component of SF is
indeterminate SiO2, with strong volcanic ash activity and an effect on filling density [27].
It reacts with Ca(OH)2 in an alkaline environment to generate water-insoluble hydrated
calcium silicate, and gradually coalesces into a gel (C-S-H gel). The SEM images of DGCs
with different dosages of SF are shown in Figure 3. As in Figure 3a, the precipitated
crystals lap through each other to form a hard skeleton structure, so as to improve the
early flexural strength. However, with the increase in SF dosage, more hydration heat
is released from the secondary hydration reaction, and the temperature stress causes
cracks in the specimens, resulting in a later reduction in flexural strength. The variation
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in compressive strength at 7 d and 28 d tends to rise first and then level off with the
increase in SF dosage, and the 28 d compressive strength is generally higher than the 7 d
compressive strength. This is attributed to the SF and Ca(OH)2, the hydration product
of cement and quicklime, generating the gel by volcanic ash reaction. Additionally, the
silica fume particles and products of the volcanic ash reaction fill the pores of the gel, as
shown in Figure 3b, strengthening the internal structure. In addition, the increase in time
and dosage accelerates the secondary hydration reaction of SF, improving the hydration
conditions of cement and promoting the hydration process of the cementitious system.
Therefore, the improvement in 28 d compressive strength is more obvious compared to
that at 7 d. However, SF, with a small particle size and a large specific surface area, exhibits
a strong water absorption effect. When the SF is excessive, it absorbs water and forms
a silica-rich gel to cover and wrap the un-hydrated cement particles [28], inhibiting the
complete hydrated of the cement and the hydration of the cementitious system. These
actions led to a slow rise and even a decrease in the compressive strength of the DGC
specimens.

Coatings 2023, 13, x FOR PEER REVIEW 6 of 16 
 

 

It reacts with Ca(OH)2 in an alkaline environment to generate water-insoluble hydrated 
calcium silicate, and gradually coalesces into a gel (C-S-H gel). The SEM images of DGCs 
with different dosages of SF are shown in Figure 3. As in Figure 3a, the precipitated crys-
tals lap through each other to form a hard skeleton structure, so as to improve the early 
flexural strength. However, with the increase in SF dosage, more hydration heat is re-
leased from the secondary hydration reaction, and the temperature stress causes cracks in 
the specimens, resulting in a later reduction in flexural strength. The variation in compres-
sive strength at 7 d and 28 d tends to rise first and then level off with the increase in SF 
dosage, and the 28 d compressive strength is generally higher than the 7 d compressive 
strength. This is attributed to the SF and Ca(OH)2, the hydration product of cement and 
quicklime, generating the gel by volcanic ash reaction. Additionally, the silica fume parti-
cles and products of the volcanic ash reaction fill the pores of the gel, as shown in Figure 
3b, strengthening the internal structure. In addition, the increase in time and dosage ac-
celerates the secondary hydration reaction of SF, improving the hydration conditions of 
cement and promoting the hydration process of the cementitious system. Therefore, the 
improvement in 28 d compressive strength is more obvious compared to that at 7 d. How-
ever, SF, with a small particle size and a large specific surface area, exhibits a strong water 
absorption effect. When the SF is excessive, it absorbs water and forms a silica-rich gel to 
cover and wrap the un-hydrated cement particles [28], inhibiting the complete hydrated 
of the cement and the hydration of the cementitious system. These actions led to a slow 
rise and even a decrease in the compressive strength of the DGC specimens. 

   
(a) (b) (c) 

Figure 3. Micrographs of DGCs under different dosages of silica fume: (a) 15%; (b) 25%; (c) 35%. 

The effect of SF dosage on the thermal conductivity of DGC is shown in Figure 2b. 
From the figure, it can be seen that the thermal conductivity of the cementitious material 
decreases with the increase in SF dosage, and decreases from 0.3087 to 0.2146. When the 
low dosage of SF is added to the porous DGC structure, less silica fume participates in the 
hydration reaction and fewer hydration products are generated. No hydration product is 
connected in the gypsum matrix, so the internal structure is mostly connected pores and 
open pores, as shown in Figure 3a. Meanwhile, the influence of the pore structure on the 
thermal conductivity is dominant, and air convection occurs in these connected pores, 
causing high thermal conductivity. However, with the increase in SF dosage, the hydra-
tion products increase, and the formed cementitious systematic mesh structure is supple-
mented by hydration products and C-S-H gels. The coarse pores are also separated into 
smaller pores and closed pores, as in Figure 3b, leading to a decrease in thermal conduc-
tivity. Moreover, as the SF dosage increases to 35%, more pores and smaller pore sizes are 
observed, as shown in Figure 3c, which prevent heat transfer. Summarily, with the in-
crease in the SF dosage, the thermal conductivity of DGC decreases and its thermal insu-
lation performance improves. 

It is clearly observed from Figure 3 that only Aft (a hydration product of cement in 
the form of needle-like crystals) and a small amount of gel are generated when the SF 
dosage was 15%. These hydration products do not mutually overlap with each other, re-
sulting in larger pores inside the structure, as shown in Figure 3a. Additionally, when the 

Figure 3. Micrographs of DGCs under different dosages of silica fume: (a) 15%; (b) 25%; (c) 35%.

The effect of SF dosage on the thermal conductivity of DGC is shown in Figure 2b.
From the figure, it can be seen that the thermal conductivity of the cementitious material
decreases with the increase in SF dosage, and decreases from 0.3087 to 0.2146. When the
low dosage of SF is added to the porous DGC structure, less silica fume participates in the
hydration reaction and fewer hydration products are generated. No hydration product
is connected in the gypsum matrix, so the internal structure is mostly connected pores
and open pores, as shown in Figure 3a. Meanwhile, the influence of the pore structure
on the thermal conductivity is dominant, and air convection occurs in these connected
pores, causing high thermal conductivity. However, with the increase in SF dosage, the
hydration products increase, and the formed cementitious systematic mesh structure is
supplemented by hydration products and C-S-H gels. The coarse pores are also separated
into smaller pores and closed pores, as in Figure 3b, leading to a decrease in thermal
conductivity. Moreover, as the SF dosage increases to 35%, more pores and smaller pore
sizes are observed, as shown in Figure 3c, which prevent heat transfer. Summarily, with
the increase in the SF dosage, the thermal conductivity of DGC decreases and its thermal
insulation performance improves.

It is clearly observed from Figure 3 that only Aft (a hydration product of cement in the
form of needle-like crystals) and a small amount of gel are generated when the SF dosage
was 15%. These hydration products do not mutually overlap with each other, resulting in
larger pores inside the structure, as shown in Figure 3a. Additionally, when the SF dosage
increases to 35%, the relative decrease in the water-cement ratio leads to the generation
of more C-S-H gel and more crystals of hydration products. They attach to the surface
of the gypsum and connect mutually, which continuously strengthens the dense spatial
mesh structure, as seen in Figure 3c. As a result, the mechanical properties and thermal
insulation performance of the materials are improved.
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3.2. Effects of Mineral Powder on the Performances of DGCs

Mineral powder is also known as slag micro powder, ground granulated blast-furnace
slag (GGBS), which is generated from the process of crushing and processing ores. The
mineral powder can be used as an admixture without calcination in the production process,
thus having better environmental and economic benefits. The vast majority of its particles
are overwhelmingly vitreous, with its main active ingredients being Al2O3 and SiO2, so
it potentially has high activity [29,30]. The effects of GGBS dosages on the mechanical
and thermal conductivity of DGCs are summarized in Figure 4, and the microscopic
morphologies of fractures under different GGBS dosages are provided in Figure 5.
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Figure 4. Effects of different mineral powder dosages on the performances of DGCs. (a) Mechani-
cal properties; (b) Thermal insulation performance. 
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Figure 4. Effects of different mineral powder dosages on the performances of DGCs. (a) Mechanical
properties; (b) Thermal insulation performance.
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Figure 4a indicates that the 7 d and 28 d flexural strength of the cementitious materials
exhibit an uptrend at the beginning, while the flexural strength grows slowly with the
increase in GGBS dosage at the latter period. Additionally, the 7 d compressive strength
increases linearly, whereas the 28 d compressive strength increases first and then decreases,
reaching the maximum of 23.45 MPa at the GGBS dosage of 25%. This is because GGBS
is weakly water hardened, and its activity is only stimulated by the alkaline environment
provided by lime, cement, and other alkaline activators and under the action of sulfate
activators such as undisturbed desulfurized gypsum and semi-hydrated desulfurized
gypsum, contributing to the hydration reaction [29]. This process produces C-S-H gels
and calcium alumina (AFt), a hydration product in the form of needle-like crystals, which
greatly enhances the strength of the cementitious materials. The reactions are shown in the
following equations [2]:

Ca2+ + SiO2−
3 + 3H2O = CaO·SiO2·3H2O (1)

Al2(SO4)·18H2O + 6Ca(OH)2 − 3CaO·Al2O3·3CaSO4·32H2O (2)

However, excessive GGBS reacts with gypsum to produce excessive AFt, and the
gypsum setting and hardening rates are faster than the hydration reaction rate of Aft
production. This causes AFt to squeeze gypsum from the inside during the maintenance
process, generating expansion stresses. The corresponding expansion of the cementitious
material causes cracks in the structure, resulting in a reduction in strength [31,32].

The effect of GGBS dosage on the thermal conductivity of DGCs is shown in Figure 4b,
which specifically shows that its thermal conductivity first decreases and then increases,
and reaches a minimum value of 0.2678 W/(m·K) at 25%. This is because the increasing
GGBS admixture accelerates the hydration reaction of GGBS and cement; thus, the water
is consumed rapidly to form closed pores. In addition, the increase in C-S-H gel and
AFt generated from the admixture interaction improves the pore state of the matrix, as
shown in Figure 5a–c, limiting the thermal convection of air in the pores inside the matrix,
which is macroscopically manifested by the decrease in thermal conductivity. On the
contrary, as the GGBS dosage continues to increase, the excess generated AFt crystals pile
up closely and extrude each other, as seen in Figure 5d. The bulk density of the specimens
becomes larger and the contact points of the internal structure increase, which reduces
the heat transfer resistance and increases the thermal conductivity of the material [33]. As
shown in Figure 5a, at a GGBS dosage of 10%, a reduction in hydration reaction products
which partially cover the surface of the gypsum occurs, and many gaps within the gypsum
structure are observed. With the increase in dosage, abundant C-S-H gel and AFt are
generated in large quantities, and the gathered gels and the penetrated and lapped AFt
between the matrix fill and densify the space structure as seen in Figure 5b–c. At a GGBS
dosage of 30%, Figure 5d shows that greater amounts of hydration products in crystal form
precipitate and wrap around the surface of the gypsum, interacting to swell the matrix
and produce stress concentration. This phenomenon is the main reason for the reduction
in strength.

3.3. Effects of Fly Ash on the Performances of DGCs

Fly ash (FA), as a by-product of coal-fired power plant processing, is composed of tiny
ash particles, with smooth spherical shape and weak, water-hardened cementitious proper-
ties, whose activity mainly depends on the vitreous content [34,35]. Under the constant
dosages of other admixtures, the variations of mechanical and thermal insulation properties
of DGCs with FA dosages are shown in Figure 6, and the microscopic morphologies of
DGCs with different FA dosages are given in Figure 7.
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From Figure 6a, the 7 d flexural strength of the specimens fluctuates up and down,
but overall remains at about 2.5 MPa. The 28 d flexural strength improves and exhibits
a similar overall trend as the 7 d flexure strength. The 7 d compressive strength exhibits
a slight raise with the increase in FA dosage, and the maximum value is 7 MPa at an FA
dosage of 28%. The 28 d compressive strength shows a significant increase, and the increase
rate with 18%–28% dosage is higher than the rate with 8%–18% dosage. Additionally,
Figure 6b indicates the thermal conductivity exhibits an integral decreasing trend, with
the increase in the FA dosage ranging from 13% to 18%. This is because compared with
silica fume and mineral powder, the FA exhibits weaker activity, mainly showing a dilution
effect and nucleation effect at the initial period. As a result, the volcanic ash has a less
obvious effect on the hydration reaction, causing a large number of pores inside the DGC
structure, as shown in Figure 7a. Thus, the heat is less impeded in the transfer process [36],
leading to high thermal conductivity. Consequently, DGC with 8% FA dosage has relatively
low strength and high thermal conductivity. However, as FA dosage increases to 18%, FA
begins to undergo significant hydration reactions after 7 days [37], and Al2O3 and SiO2 in
FA react with Ca(OH)2 produced by the initial hydration. It is found in Figure 7b that the
water-hardening products C–S(A)–H and AFt are generated in the secondary hydration
reactions, enhancing strength in later stages. Moreover, as the FA dosage increases to
28%, the free water and Ca(OH)2 are continuously consumed by the hydration reaction,
which reduces the alkalinity of the solution and inhibits the reaction of volcanic ash. The
effective reaction of a small amount of FA causes the unreacted FA to just fill in the pores,
as shown in Figure 7c; therefore, the strengths of DGCs exhibit a slight increase from the
FA dosage of 23% to 28%. Additionally, the filling phenomenon of untreated FA reduces
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the number of open pores and connecting pores, but increases the number of closed pores.
Thus, the heat is transferred alternately between the gypsum solid and the gas in the
closed pores, causing partial heat loss. Furthermore, FA has lower thermal conductivity
than cementitious materials. Consequently, the thermal conductivity of DGC exhibits a
continuous decrease with the increase in FA dosage from 8% to 28%.

3.4. Effect Comparisons of Different Admixtures

The effects of silica fume, mineral powder, and fly ash on the strengths and thermal
conductivity of DGCs are individually discussed in Sections 3.1–3.3. Experimental results
show that three admixtures have significant effects on the mechanical properties and
thermal resistance of DGC. The effect comparisons of different admixtures on the 28 d
strength and thermal conductivity of DGC are summarized in Figure 8.

Coatings 2023, 13, x FOR PEER REVIEW 10 of 16 
 

 

relatively low strength and high thermal conductivity. However, as FA dosage increases 
to 18%, FA begins to undergo significant hydration reactions after 7 days [37], and Al2O3 
and SiO2 in FA react with Ca(OH)2 produced by the initial hydration. It is found in Figure 
7b that the water-hardening products C–S(A)–H and AFt are generated in the secondary 
hydration reactions, enhancing strength in later stages. Moreover, as the FA dosage in-
creases to 28%, the free water and Ca(OH)2 are continuously consumed by the hydration 
reaction, which reduces the alkalinity of the solution and inhibits the reaction of volcanic 
ash. The effective reaction of a small amount of FA causes the unreacted FA to just fill in 
the pores, as shown in Figure 7c; therefore, the strengths of DGCs exhibit a slight increase 
from the FA dosage of 23% to 28%. Additionally, the filling phenomenon of untreated FA 
reduces the number of open pores and connecting pores, but increases the number of 
closed pores. Thus, the heat is transferred alternately between the gypsum solid and the 
gas in the closed pores, causing partial heat loss. Furthermore, FA has lower thermal con-
ductivity than cementitious materials. Consequently, the thermal conductivity of DGC 
exhibits a continuous decrease with the increase in FA dosage from 8% to 28%. 

3.4. Effect Comparisons of Different Admixtures 
The effects of silica fume, mineral powder, and fly ash on the strengths and thermal 

conductivity of DGCs are individually discussed in Sections 3.1, 3.2 and 3.3. Experimental 
results show that three admixtures have significant effects on the mechanical properties 
and thermal resistance of DGC. The effect comparisons of different admixtures on the 28 
d strength and thermal conductivity of DGC are summarized in Figure 8. 

  
(a) (b) 

 
(c) 

10 15 20 25 30 35
0

2

4

6

8

10

Fl
ex

ur
al

 st
re

ng
th

 (M
Pa

)

Dosage of admixture (%)

 silica fume
 mineral powder
 fly ash

10 15 20 25 30 35
0

5

10

15

20

25

30

35

40

Co
m

pr
es

si
ve

 st
re

ng
th

 (M
Pa

)

Dosage of admixture (%)

 silica fume
 mineral powder
 fly ash

10 15 20 25 30 35
0.0

0.1

0.2

0.3

0.4

0.5

Th
er

m
al

 c
on

du
ct

iv
ity

 (W
/(m

·K
))

Dosage of admixture (%)

 silica fume
 mineral powder
 fly ash

Figure 8. Effect of different admixtures on the mechanical and thermal conductivity of DGCs.
(a) Effects of different admixtures on the 28 d flexural strength of DGC; (b) Effects of different
admixtures on the 28 d compressive strength of DGC; (c) Effects of different admixtures on the
thermal conductivity of DGC.

It can be found in Figure 8a that silica fume and mineral powder exhibit more obvious
enhancement effects on the flexural properties of DGCs than fly ash. However, compared
with mineral powder, silica fume has a better enhancement effect on flexural strength below
the dosage of 23%, but a weaker enhancement effect above the dosage of 23%. Additionally,
silica fume has the most significant enhancement effect on the compressive strength of
DGC compared with the other two admixtures, and this enhancement effect becomes more
and more obvious with the increase in the dosage. Similarly to the flexural strength, the
compressive strength of the DGC exhibits a slight dependence on the dosage of fly ash.
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In Figure 8c, thermal conductivity of DGC with added fly ash is higher than those of
silica fume and mineral powder, when the dosage is less than 25%. Above the dosage
of approximately 20%, the thermal conductivity of DGC with silica fume decreases with
the increase in the dosage, and is lower than those of DGCs with adding mineral powder
and fly ash. The comparisons in Figure 8b,c state that silica fume can better increase the
compressive strength and thermal insulation performance of DGC. This is attributed to
the low fineness and good physical form of silica fume, refining the crystal pore size and
optimizing the internal pore structure of the matrix after maintenance. Moreover, with the
addition of silica fume with a high content of amorphous SiO2 and strong volcanic ash
activity, the hydration reaction occurs thoroughly at the beginning of maintenance [38]. In
contrast, the low activity of fly ash causes a slow rate of hydration reaction and a weak
volcanic ash effect in the early period. Meanwhile, a small amount of FA participates
in the hydration reaction [37], and FA plays a filling role with an increase in its dosage,
which lead to a looser structure of the matrix compared with silica fume. The looser
structure results in a slight enhancement in the strength and high thermal conductivity.
Additionally, the mineral powder has better potential activity than fly ash, which is easily
excitable in an alkaline environment and shows better cementation in the state of a strongly
alkaline solution [39]. As an alkaline exciter, quicklime provides an alkaline environment
to stimulate the activity of materials and promote hydration and adsorption of impurities.
However, excessive quicklime reacts to generate a large amount of white solid CaCO3,
which causes expansion and cracking in the DGC specimen during the maintenance period.
Therefore, the compressive strength and thermal insulation of DGC with mineral powder
decrease from the dosage of 25% to 30%.

The Archimedes method is used to measure the porosity, and the formula is as follows:

P = (Wsat − Wd)/(Wsat − Wsum)× 100% (3)

where Wsat is the saturated weight of the specimen, Wd is the dry weight of the specimen,
and Wsum is the suspended weight in water. P is the porosity of the DGCs [8].

Table 3 gives the porosity of DGCs with different admixtures and dosages, and the
formula for calculating the porosity is shown in Equation (3). It can be seen from the data
in the table that the porosity decreases continuously with the increase in admixtures. This
is attributed to the fact that with the increase in the dosage, the hydration products are
constantly generated, and the space inside the matrix is continuously supplemented and
perfected by these hydration products, so the porosity shows a decreasing trend. On the
one hand, the reduced porosity provides a denser internal structure for the improvement
of mechanical properties of DGCs. On the other hand, combined with the electron mi-
crographs, it is clear that the reduction in porosity is mainly caused by the reduction in
the number of larger open and connected pores, and these large pores become denser,
closed pores with the reduction in porosity, improving the pore structures and providing a
good internal environment for the thermal conductivity. Moreover, the porosities of DGCs
with different admixtures are ranked from small to large as silica fume < mineral powder
< fly ash, which also maintains a good correspondence with the rankings of mechanical
properties and thermal conductivity of DGCs.

Table 3. Effects of different admixtures on the porosity of DGCs.

Dosage of Silica Fume (%) 15 20 25 30 35

Porosity (%) 13.42 12.67 12.51 12.26 11.78
Dosage of mineral powder (%) 10 15 20 25 30

Porosity (%) 18.96 18.31 17.23 16.39 14.59
Dosage of fly ash (%) 8 13 18 23 28

Porosity (%) 20.77 19.31 19.54 18.61 17.36
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In conclusion, silica fume, mineral powder, and fly ash exhibit enhancement effects
on the flexural and compressive strength of DGCs, as well as a reduction effect on the
thermal conductivity. However, the three admixtures have different effect rules owing to
their different physical and chemical properties. Micrographs of DGCs show that different
hydration reactions of the DGCs and hydration products change the internal structure of
the matrix, affecting the strength and thermal conductivity of the DGC.

3.5. Regression Analysis of Compressive Strength and Thermal Conductivity

The effects of different admixtures on DGCs show that the compressive strength and
thermal conductivity have a corresponding variation relationship. The increase in the
compressive strength and decrease in the thermal conductivity is attributed to the effects
of morphology and hydration products. Therefore, the relationship between compressive
strength and thermal conductivity of DGC can be quantitatively evaluated to improve
experimental efficiency. The regression analysis and significance test of the experimental
results are performed using SPSS software in this paper [40]. The regression prediction
models are as follows:

yi = k1xi + k2

where yi (i = 1, 2, 3) are the measured values of thermal conductivities (W/(m·K)) of DGCs
reinforced with silica fume, mineral powder, and fly ash, respectively. xi (i = 1, 2, 3) denotes
the experimental values of compressive strengths (MPa) of DGCs with silica fume, mineral
powder, and fly ash, respectively. k1 and k2 are the coefficients of regression equations, and
the regression coefficients of different models are listed in Table 4.

Table 4. Regression fitting coefficients for each model.

Coefficient y1 y2 y3

k1 −0.005 −0.005 −0.058
k2 0.414 0.390 0.841

From Table 5, it can be seen that the R2 value of each model is close to 1, indicating
a high fitting precision. Moreover, the significant experimental values of each model in
Table 6 are less than 0.05, which denotes the statistical significance and remarkable effect of
the regression models [41].

Table 5. Model Summary.

Model R R2 Adjusted R2 Errors in Standard Estimation

1 0.964 0.928 0.905 0.0116912
2 0.966 0.934 0.912 0.0066251
3 0.931 0.867 0.822 0.0222666

Table 6. Analysis of variance.

Model - Quadratic
Sum

Degree of
Freedom

Mean
Square F Value Significance

1
Regression 0.005 1 0.005 38.934 0.008

Residual error 0 3 0 - -
Grand total 0.006 4 - - -

2
Regression 0.002 1 0.002 42.436 0.007

Residual error 0 3 0 - -
Grand total 0.002 4 - - -

3
Regression 0.01 1 0.01 19.518 0.022

Residual error 0.001 3 0 - -
Grand total 0.011 4 - - -
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Figure 9 provides comparisons between experimental and prediction values, in which
the experimental and predicted values are evenly distributed near the regression line. The
comparisons show good agreement and indicate that this regression model can be utilized
for the optimization of the compressive strength and thermal conductivity of DGCs.
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4. Conclusions

In this study, the enhancement effects of silica fume, mineral powder, and fly ash
on mechanical properties and thermal insulation properties of DGCs are investigated
using experimental approaches. The effects of dosages of different admixtures on flexural
strength, compressive strength, and thermal conductivity are discussed, and the action
mechanism of different admixtures is revealed from the microscopic perspective. The
regression models are established to evaluate the corresponding relationship between
compressive strength and thermal conductivity. The main conclusions are summarized
as follows:

Under the present test conditions, the incorporation of silica fume, mineral powder,
and fly ash significantly enhances the mechanical properties of DGCs while also effectively
improving their thermal insulation properties. Among them, the compressive strength
and thermal conductivity of DGCs with 35% silica fume admixture are the best, which are
34.17 MPa and 0.2146 W/(m·K), respectively.

Based on the results of the comparative analysis, the degree of influence of different
admixtures on the mechanical properties and thermal conductivity of DGCs is silica fume
> mineral powder > fly ash in descending order. The differences are mainly due to the
variation of physical and chemical properties of different active admixtures, which have
different degrees of influence on the hydration reaction and microstructure of DGCs.

The mechanism of different admixtures on the improvement in the strength and
thermal insulation performance of DGCs is mainly as follows: the increase in hydration
products C-S-H gel and AFt leads to the enhancement of the denseness of the internal struc-
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ture of the matrix, which improves the compressive strength. Meanwhile, the formation of
hydration products optimizes the pore structure and transforms the connected pores and
open pores into closed pores, which hinder the heat transfer, thus improving the thermal
insulation performance.

The linear regression models exhibit good precision for evaluating the correspond-
ing relationship between compressive strength and thermal conductivity in DGCs with
different admixtures. The thermal conductivity linearly decreases with the increase in the
compressive strength of DGC with silica fume, mineral powder, and fly ash. The regression
models show high correlation coefficients, obvious significance and good fitting, and can
be used to optimize the compressive strength and thermal conductivity of DGCs.
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