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Abstract: Ceramic aggregate has the characteristics of light weight, heat insulation, and low cost, and
recycled aggregate is a type of green material that realizes the re-crushing of construction waste. This
paper studied the impact of replacing natural coarse aggregate with ceramic aggregate and natural
sand with recycled fine aggregate, on the physical, mechanical, and thermal properties of concrete.
Recycled fine aggregate was used to completely replace natural sand. A total of five concrete mixes
(including a reference mix) were prepared with different levels of ceramic aggregate (0%, 30%, 50%,
70%, 100%). Density, compressive strength, thermal conductivity, and thermal inertia index were
measured to evaluate the performance of each mixture, and ceramic concrete board and hollow
blocks were designed for testing the thermal properties. Results of testing show that density, strength,
and thermal performance are interrelated. The smaller the density, the lower the strength, and it
indicates that ceramic aggregate has a negative influence on strength in concrete. Meanwhile, the
smaller the density, the higher the thermal resistance, and the addition of ceramic aggregate can
improve the thermal insulation of concrete. The mechanical and thermal properties are both affected
by the ceramic replacement ratio. Ceramic aggregate improves the thermal properties of recycled
concrete, and the negative influence of ceramic aggregate on compressive strength can be controlled
by the replacement ratio of aggregate in concrete. Based on the overall comparison and analysis, a
mix with 50% ceramic aggregate shows relatively better strength and thermal insulation compared to
other mixes. The use of ceramic aggregate in combination with recycled fine aggregate can effectively
reduce the environmental pollution and make an economical substitute for their natural counterparts.

Keywords: ceramic aggregate; recycled concrete; density; strength; thermal property

1. Introduction

Nowadays, energy has become the focus of all concern. Architecture energy consump-
tion accounts for 30% of total society energy consumption [1], which is one of the burning
issues of our times. Such a large slice of energy consumption has forced governments to
make new proposals aimed at its reduction, whether in developed or developing coun-
tries [2,3]. For most developing countries, they also face the problem of over-exploitation
of natural resources. A huge amount of solid waste has been produced, and more than
30% of the total solid waste is construction and demolition waste (CDW) [4-9]. For China,
the world’s largest CDW producer, the waste increases year by year, with the output of
CDW being up to 2300 million tons in 2019 [6]. For the sustainable development of the
construction industry, there is a compelling need to reduce the energy consumption and
CDW generation [10,11].
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The demand for environmental protection and energy conservation has made the appro-
priate design and construction of buildings with lightweight materials paramount [12-15].
The apparent density of lightweight concrete in the range of 800-1950 kg/m? can obviously
reduce the dead load, while the use of ceramic concrete in buildings provides an environ-
mental and economical structural solution [16-19]. Fan [20] conducted an experimental
study to elevate curing temperature on ceramic concrete performance. This research in-
tended to find an optimum mix proportion for ceramic concrete by orthogonal design. It
investigated how the workability mechanical and thermal properties of lightweight aggre-
gate concrete are related to each other, wanting to achieve the properties of low density with
high thermal insulation [21]. Different particle sizes of ceramic aggregate were designed
to study the insulation performance when being used as roof material in buildings [22],
and the research reveals that using water storage bricks made from ceramic concrete in the
energy-saving reconstruction of existing buildings roofs is feasible. Concrete made with
ceramic aggregate has been proven a better thermal insulation product than conventional
concrete due to its pore characteristics [23,24]. The impact of ceramic aggregate on the relia-
bility of concrete considering performance of concrete based on strength has been broadly
discussed [25-27]. Liu [28] found that the compressive strength, stability, and workabil-
ity of the ceramic concrete were affected by the particle size of ceramic aggregate, and
revealed that the compressive strength and workability of the ceramic concrete could be im-
proved by the appropriate addition of mineral admixtures. Mineral admixtures and phase
change materials have also been added in ceramic concrete to improve the mechanical and
thermal properties [29-31].

Recycled aggregates are being promoted for use in concrete structures, because of
their low cost and environmental friendliness [4,5,32,33]. The fine fraction of recycled
aggregate absorbs more water due to its high porosity, which is imparted by the adhered
mortar [34-36]. Most studies show that the mechanical properties of concrete decrease as
the replacement ratio of fine recycled aggregate increases [37,38]. To improve the properties
of recycled concrete, Etxeberria [39] proposed that both the quantity of recycled aggregates
and production process have an impact on the performance of recycled aggregate concrete.
Due to the shortage of natural sand, the use of recycled fine aggregate has become more
important in concrete production. Evangelista and de Brito [38] demonstrate that the
compressive strength is not affected by the utilization of recycled fine aggregate up to
30%, but Khatib [35] found that the compressive strength of concrete presents an obvious
reduction with a high replacement ratio of recycled fine aggregate. The main effect on the
behaviour of concrete with recycled fine aggregate is considered to be high porosity [40,41].

Concrete with a combination of ceramic pellets and recycled fine aggregates has not
been explored well in the aspect of improving the thermal performance of concrete. The
objective of this paper is to reveal the density, compressive strength, and thermal properties
of concrete with fully replaced fine aggregates and increasing percentage of substitution of
aggregate by ceramic, to eventually promote the application of environmentally friendly
materials in construction.

2. Materials and Testing Procedure
Materials, Mixture and Test Procedure

(1) Materials

The ceramic particles used in this test were locally produced and made of industrial
waste residue, mine tailing, fly ash, and other waste materials (Figure 1a). The ceramic
was screened before use to obtain a good grading and the appropriate size of 5-10 mm
was chosen. The material performance test was carried out according to “Lightweight
aggregates and its test methods-Part 2: Test methods for lightweight aggregates” (GB/T
17431.2-2010 [42]; the physical properties of ceramic are shown in Table 1.
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Figure 1. Aggregate. (a) Ceramic aggregate. (b) Recycled fine aggregate.

Table 1. Physical properties of ceramic.

Apparent Water
Density/kg/m? CrushIndex/MPa (0 otion/1 h

5-10 1231 6.3 11.3% 0.6% 39%

Gradation/mm Clay Content Void Ratio

To study the influence of ceramic replacement ratio on concrete performance, natu-
ral crushed stone with a gradation of 5-10 mm was also used in the test. The material
performance was tested based on “Pebble and crushed stone for construction” (GB/T
14685-2011) [43]; the physical properties of natural aggregate are shown in Table 2.

Table 2. Physical properties of natural aggregate.

Gradation Apparent Density Water Absorption Clay
/mm /kg/m?3 Crush Index 1h Content

5-10 2695 8.6% 0.3% 0.2% 32%

Void Ratio

The recycled fine aggregate was from road waste concrete (Figure 1b). After the
crushing, sieving, and washing process, the proper gradation of 0.16-5 mm as fine aggregate
was chosen. The material test was carried out according to “Recycled fine aggregate for
concrete and mortar” (GB/T 25176-2010) [44]. The recycled fine aggregate with fineness
modulus of 2.9 has specific gravity 2.369; the physical properties are listed in Table 3.
Ordinary tap water and P.O 32.5 Portland cement were used for mixing.

Table 3. Physical properties of recycled fine aggregate.

Gradation Apparent Density Water Absorption Fineness
/mm Ikg/m> Crush Index nh Clay Content Modulus

0.16~5 2369 21% 5.6% 1.2% 29

(2) Mixture

According to “Technical specification for lightweight aggregate concrete” (JGJ 51-2002) [45]
and “Technical code on the application of recycled concrete” (DG/T]08-2018-2007) [46], the
amount of mixing water was selected according to the construction consistency require-
ments, the sand rate was selected according to the application of ceramic concrete, the total
volume of ceramic aggregate and recycled sand was selected according to their types. The



Sustainability 2023, 15, 2642

4 of 14

amount of ceramic aggregate and recycled sand were calculated separately according to
the following formula:

Ve=Vi xS, @
ms = Vs X ps )
Vo=V —V; ©)
Mg =V X pg 4

In which Vs, V,, and V; represent the loose volume of fine aggregate, coarse aggregate,
and total aggregate, respectively; m; and m, represent the weight of fine aggregate and
coarse aggregate of 1 m3. S p represents the sand ratio, p, and ps represent the bulk density
of coarse and fine aggregates, respectively.

The mix proportion was tentatively calculated, after repeating trials, the optimum
water cement ratio (W/C) and sand ratio were determined. For W/C this was 0.45 and the
sand ratio was 40%. Referring to Table 4, five groups of mixes were prepared by using a
different percentage of ceramic (0%, 30%, 50%, 70%, and 100%); the replacement percent
of ceramic was based on volume. RACO was the reference group. Using 100% recycled
fine aggregate in the test, the mix proportion is given in Table 4. The water absorption
of natural aggregate is lower than that of ceramic aggregate and recycled aggregate, and
water absorption is an important indicator that affects the workability and strength of
concrete. Higher water absorption of aggregate means more mixing water absorption by
the aggregate. Prewetting treatment was adopted for ceramic recycled concrete to ensure
consistent water cement ratio, but the prewetting method caused high local water-cement
ratio in the interface transition zone, resulting in lower cementite strength in the interface
transition zone [47,48]. The greater the water absorption of the aggregate, the more loose
its internal structure, and the weaker the bond strength of the transition zone with the
cement-mortar interface.

Table 4. Mix proportions.

Materials per Volume (kg/m3)

Ttem /% wic Water Cement Sand Ceramic Aggregate
RACO 0 0.45 180 400 584 0 845
RAC30 30 0.45 180 400 614 102 564
RAC50 50 0.45 180 400 643 170 422
RAC70 70 0.45 180 400 615 260 276
RAC100 100 0.45 180 400 760 402 0

Note: y represents the replacement ratio of ceramic.

(3) Specimen and test procedure

Mechanical and thermal properties of ceramic concrete were tested according to “Standard
for test method of mechanical properties on ordinary concrete” (GB/T 50081-2002) [49] and
“Thermal Insulation-Determination of steady-state thermal resistance and related properties-
Heat flow meter apparatus” (GB/T 10295-2008) [50]. Cubes of 150 mm were cast to perform the
mechanical properties of designed ceramic concrete; 300 mm x 300 mm x 30 mm insulation
board was prepared to test the thermal properties, and 390 mm x 190 mm x 190 mm hollow
blocks were used to test the mechanical and thermal properties of concrete. The shape of
the specimens are shown in Figure 2.

Thermal properties of ceramic concrete board were determined by using a conduc-
tometer (JW-III) (Figure 3). After drying and cooling, the board was covered with plastic
wrap to prevent contact with surrounding air, and then was placed between the cold and
hot plates on the instrument for testing; the hot plate temperature was set to 35 °C and
the cold plate temperature was set to 15 °C. The thermal conductivity and thermal inertia
index (D) of hollow blocks were calculated according to “Thermal design code for civil
building” (GB/T 50176-2016) [51].
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Figure 3. Thermal test.

3. Results, Analysis, and Discussion
3.1. Physical and Mechanical Properties

(1) Ceramic recycled concrete
The replacement ratio of ceramic has a great influence on the density and strength

of concrete. The properties of ceramic recycled concrete at different replacement ratios of
ceramic aggregate are shown in Figure 4.
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Figure 4. Density and strength of ceramic concrete. (a) Density. (b) Strength. (c) Specific strength.

The apparent density and compressive strength are related properties that are both
affected by the replaced ceramic aggregate with different substitution rates. Observing the
results of apparent density, it can be seen that the density of ceramic concrete is smaller
than that of natural concrete, and the value is decreasing with the increasing replacement
ratio of ceramic aggregate. The density is less than 1950 kg/m> with a ceramic replacement
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ratio higher than 50%, while the density of concrete is reduced 25.8% when the ceramic
replacement ratio is up to 100%.

The compressive strength of the concrete is basically between 24 MPa and 34 Mpa, and
the strength value is decreasing with the increased replacement ratio of ceramic aggregate.
Compared with the 0% ceramic concrete, the compressive strength of ceramic aggregate
concrete decreases by 13.9% with 50% ceramic, and when the content of ceramic reaches
100%, its compressive strength decreases by 30.7%. The reduction in the strength mainly
depends on the strength of the ceramic, as the interfacial bonding has little effect on strength
because of the porosity and roughness character of ceramic.

Density of the ceramic recycled concrete is closely related to its compressive strength;
the smaller the density, the lower the compressive strength. Low density of concrete
indicates high porosity, meaning its internal structure is relatively looser. The hardness of
concrete is also poor, and the bond strength of the transition zone of the cement mortar
interface is weak, meaning it is easy to form stress concentrations at the weak point when
damaged by pressure, resulting in reduced concrete strength [48]. The damage of the
concrete materials is inextricably linked to the interface transition zone. Ensuring the water
absorption rate of the aggregate to meet the appropriate water-cement ratio is essential
for the design of ceramic recycled concrete strength. Figure 4c shows the specific strength
of ceramic concrete. It can be seen that the highest value of specific strength occurs at
50% substitution rate, the density is less than 1950 kg/m?3, and the compressive strength is
higher than 30 Mpa. Therefore, the ceramic recycled concrete with a replacement ratio of
50% can be lightweight while ensuring the strength.

(2) Hollow block of ceramic recycled concrete

The replacement ratio of ceramic also has an effect on hollow blocks of ceramic
concrete. The physical and mechanical properties at different replacement ratios of ceramic
aggregate are shown in Figure 5.
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Figure 5. Density and strength of hollow blocks of ceramic concrete. (a) Density. (b) Hollow ratio.
(c) Strength. (d) Specific strength.
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The hollow ratio of the five groups is about 50%, the density is decreasing with the
increasing replacement ratio of ceramic aggregate, the value is between 700-1100 kg/m?
with the ceramic ratio ranging from 0% to 100%. The density of concrete is reduced by
31.2% when the ceramic replacement ratio is up to 100%.

Similar to the compressive strength of ceramic recycled concrete, the strength of hollow
blocks of ceramic recycled concrete also decreases with the increased replacement ratio
of ceramic aggregate. Compared with the 0% ceramic concrete, the compressive strength
of ceramic aggregate concrete decreases by 20% with 50% ceramic and 42.5% with 100%,
and the magnitude of decrease in compressive strength is slightly greater in hollow block
concrete than in ceramic concrete. Figure 5d shows the specific strength of hollow block
ceramic concrete. It can be seen that value is higher than 0.01 with the replacement ratio of
ceramic of less than 50%, which indicates that the utilization of ceramic should be controlled
to ensure the strength of the hollow blocks.

3.2. Thermal Conductivity of Concrete Insulation Board

Table 5 shows the thermal conductivity of the insulation boards made with ceramic
and recycled aggregate. The subsequent use of ceramic aggregate leads to a drop in ther-
mal conductivity of concrete with different replacement ratios. As the average thermal
conductivity with replacement ratio of ceramic increases from 0% to 100%, it correspond-
ingly decreases from 1.457 W /(m-K) to 0.192 W/(m-K). Observing the results of thermal
conductivity, it can be seen that the average value of ceramic recycled concrete with 100%
substitution rate is only about 1/7 of that of the concrete with a 0% substitution rate. Con-
versely, the thermal resistance increases when the ceramic replacement ratio increases, with
the average value changing from 0.021 m2-K/W to 0.154 m?-K/W. The smaller the thermal
conductivity, the better the thermal insulation performance, which indicates that ceramic
recycled concrete has an excellent thermal insulation performance.

Table 5. Thermal conductivity of insulation board.

. Thermal Conductivity Thermal Average
Specimen (W/(m-K) Average(W/(m-K) Resistance(m?2-K/W) (m?-K/W)
RC-0-1 1.465 0.021
RC-0-2 1.441 1.457 0.021 0.021
RC-0-3 1.465 0.021
RC-30-1 0.498 0.060
RC-30-2 0.512 0.503 0.058 0.059
RC-30-3 0.501 0.059
RC-50-1 0.308 0.098
RC-50-2 0.297 0.301 0.101 0.100
RC-50-3 0.295 0.101
RC-70-1 0.254 0.117
RC-70-2 0.235 0.246 0.126 0.121
RC-70-3 0.249 0.121
RC-100-1 0.190 0.153
RC-100-2 0.194 0.192 0.155 0.154
RC-100-3 0.192 0.154

The density of ceramic recycled concrete is related to its thermal conductivity. The
physical and thermal properties are both affected by the ceramic replacement ratio, and
the correlations of density and thermal property are shown in Figure 6. The results show
that the thermal conductivity follows a similar trend to the density, as with the ceramic
replacement ratio varying from 0% to 100%, the thermal conductivity and thermal resistance
have the opposite trend. Density, strength, and thermal conductivity are interrelated. The
smaller the density, the lower the thermal conductivity, and in such a case, concrete has
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good thermal insulation; but the smaller the density, the lower the concrete strength. The
use of ceramic demonstrates an opposite effect on the mechanical properties of concrete.
The test shows that a 50% replacement ratio of ceramic aggregate is appropriate combined
with thermal and mechanical requirements.
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Figure 6. Thermal conductivity of concrete insulation board. (a) Density and thermal conductivity.
(b) Thermal conductivity and thermal resistance.

3.3. Thermal Conductivity of Concrete Hollow Blocks
1.  Heat conductivity

The thermal resistance of envelope structure can be calculated as follows:
(1) For single layer structure:

6
R= X @)

In which ¢ represents the thickness of structure, and A represents the thermal conduc-
tivity of material.
(2) For multilayer structure:

R=1) R, 6)
In which R; represents the thermal resistance of each layer of material.

The division of heat transfer channels is shown in Figure 7; they are divided into five
channels parallel to the heat transfer direction.

1 2 3 45

o
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Figure 7. Heat transfer channel.
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(3) Average thermal resistance of multilayer heterogeneous structure:

R:

F
—(Ri+Re)|g (7)
L, F 7~ (Ri+Re
iRy

In which Fy represents the total heat transfer area, F, represents each heat transfer
area, Ry, represents thermal resistance of each heat transfer surface, and ¢ represents the
correction coefficient.

The thermal resistance of each channel can be calculated based on Formula (5) and
Formula (6), and then the average value can be determined according to Formula (7). The
calculated result is shown in Table 6.

Table 6. Average thermal resistance.

Channel-1

Channel-2 Channel-3 Channel-4 Channel-5 R

Ttem (m2-K/W) (m2-K/W) (m2-K/W) (m2-K/W) (m2-K/W) ¢ (m2-K/W)
RC-0 0.280 0.371 0.280 0.371 0.280 0.93 0.179
RC-30 0.528 0.449 0.528 0.449 0.528 0.93 0.295
RC-50 0.781 0.529 0.781 0.529 0.781 0.96 0.410
RC-70 0.922 0.574 0.922 0.574 0.922 0.98 0.476
RC-100 1.140 0.643 1.140 0.643 1.140 0.98 0.562

Total thermal resistance can be calculated as:
Ro=R;+R+R, (8)

In which R; represents the internal surface heat exchange resistance, and R, represents
the external surface heat exchange resistance.
Heat conductivity can be calculated as:

1

K=—
Ro

©)

The thermal resistance and heat conductivity can be calculated, and the result is shown
in Table 7. The thermal resistance increases when the ceramic replacement ratio increases,
with the value increasing from 0.374 m?-K/W to 0.756 m?-K/W. Similar to the ceramic
concrete board, the use of ceramic aggregate leads to a drop in the thermal conductivity
of concrete: the value decreases from 2.676 W /(m-K) to 1.322 W/(m-K) when the ceramic
ratio increases from 0% to 100%. It indicates that the thermal insulation performance of
hollow block concrete is improved with the use of ceramic.

Table 7. Thermal resistance and heat conductivity.

Item R(m?-K/W) K (W/(m-K))

RC-0 0.374 2.676
RC-30 0.489 2.043
RC-50 0.604 1.654
RC-70 0.670 1.492
RC-100 0.756 1.322

2. Thermal inertia index

The thermal inertia index of envelope structure can be calculated as follows:
(1) For single layer structure:

D =RS (10)
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In which R represents the thermal resistance, and S represents the thermal storage
coefficient of material. The equation of S can be expressed as:

_[2mepA
S=4/ — (11)

In which c represents the heat capacity, p represents the apparent density, A represents
the thermal conductivity of material, and T represents 24 h.
(2) For multilayer structure:

D=) D, (12)

In which D, represents the thermal inertia index of each layer of material.
The heat insulation channels are divided as shown in Figure §; they are divided into
three channels parallel to the heat insulation direction.

o

|30

o

130
190

1
30|

30 145 40 145 30
390

Figure 8. Heat insulation channel.
(3) Average thermal inertia index of multilayer heterogeneous structure

D=RS (13)

In which R represents the average thermal resistance and S represents the average
thermal storage coefficient. R and S can be expressed as:

- 1

R= (/\1F1+/\2F2+“,/\V,Fn> (14)
FybyFy

3 S1F11SF4...5.F, (15)

Fiibay o F

According to Formulas (10)—(15), the average thermal resistance and thermal storage
coefficient can be calculated, and the average thermal inertia index is calculated and shown
in Table 8.

Table 8. Average thermal inertia index.

2 2
Item R((m?-K/W)) S(W/(m?K)) b
Channel-1 Channel-2 Channel-3 Channel-1 Channel-2 Channel-3
RC-0 0.02 0.15 0.02 19.96 5.12 19.96 1.58
RC-30 0.06 0.39 0.06 16.48 4.23 16.48 3.60
RC-50 0.10 0.59 0.10 12.28 3.15 12.28 4.30
RC-70 0.12 0.68 0.12 10.99 2.82 10.99 4.61

RC-100 0.16 0.82 0.16 9.23 2.37 9.23 4.81
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Density (kg/m?)

The final heat conductivity and thermal inertia index is shown in Table 9 with con-
sidering the plaster factor. The heat conductivity decreases when the ceramic replacement
ratio increases, and thermal inertia index D is increases with the ceramic added.

Table 9. Heat conductivity and thermal inertia index.

Item K (W/(m-K)) D

RC-0 2.676 2.07
RC-30 2.043 4.09
RC-50 1.654 4.79
RC-70 1.492 5.10
RC-100 1.322 5.30

Density is related to thermal conductivity and thermal inertia index. The interrelation-
ship of the physical and thermal properties of ceramic hollow blocks is shown in Figure 9.
The results show that with the increasing replacement rate of ceramic, the heat conductivity
of hollow blocks decreases in turn, and the thermal inertia index D increases. Lower heat
conductivity matches the greater thermal inertia index, which demonstrates that the hollow
blocks have a better insulation performance with ceramic added. Therefore, on the premise
of ensuring the mechanical properties of hollow blocks, the proper addition of ceramic
aggregate can effectively improve the thermal insulation performance of concrete. Figure 9¢
shows the comparison from different works in the literature. With different additives in
concrete, the thermal properties of concrete vary greatly, but the main trends are similar:
the thermal conductivity increases with the increase in density. The ceramic concrete in this
study has a faster growth rate, mainly due to the high porosity made by the combined use
of ceramic coarse aggregate and recycled fine aggregate.
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Figure 9. Thermal conductivity of concrete hollow block. (a) Density and thermal conductivity.
(b) Thermal conductivity and D. (¢) Comparison with data from the literature [52-55].
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4. Conclusions
Based on the results and the analysis, some conclusions can be drawn:

1. The density and strength of ceramic recycled concrete are directly related, and both
are affected by ceramic aggregate replacement ratio. Properly adjusting the amount
of ceramic aggregate can meet the different requirements for concrete strength;

2. For ceramic recycled concrete board, the physical property is directly related to its
thermal properties: the smaller the density, the lower the thermal conductivity and
higher thermal resistance. The addition of ceramic aggregate can improve the thermal
insulation performance of concrete;

3. For ceramic hollow blocks, the variation in thermal performance with ceramic ag-
gregate content is similar to that of ceramic recycled concrete: with the increase in
ceramic aggregate ratio, the thermal conductivity decreases and the thermal inertia
index D increases. The amount of ceramic aggregate should be seriously considered
to balance the relationship between mechanical properties and thermal properties;

4. The use of ceramic recycled concrete as a non-load-bearing construction material can
overcome its disadvantages in mechanical properties and fully reflect its functional
advantages, with good environmental and economic benefits.
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