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More than 60% of energy losses occur through the building envelope. Exterior
wall insulation technology is widely used for wall insulation, but it is prone
to cracking, falling off, and causing fires. Self-insulation concrete compound
blocks (SIB) have attracted considerable attention in recent years for meeting
building energy efficiency standards without the need for external insulation
treatment. In this study, the shale ceramsite concrete (SCC) was prepared as
the base material for the blocks through the orthogonal test and range analysis.
In accordance with the insulation requirements of residential building walls,
12 types of self-insulation concrete compound blocks (SIB) were designed.
The heat transfer process of these blocks was simulated and analyzed using
Ansys Workbench, enabling a comparison of the thermal conductivity effects
resulting from different hole distribution schemes in the insulation blocks. The
simulated values were compared with the theoretical calculations, and the
simulated results were in good agreement with the theoretical calculations.
The results showed that TZ-12 exhibited the optimal hole configuration with
a heat transfer coefficient of 0.5 W/(m?-K), which was 38.3% lower than that
of the external insulation block TZ-9. Additionally, TZ-12 demonstrated the
average compressive strength of 8.28 MPa and the minimum compressive
strength of 745 MPa, meeting the requirements for MU7.5 strength grade and
also satisfying the requirement of not less than MU5.0 when self-insulation
blocks were used for external walls. The simulated heat flux rate of the self-
insulation concrete compound block wall (SIBW) was 154 W, and its heat transfer
coefficient was 0.56 W/(m?K), which was 29.1% lower than that of the external
thermal insulation wall (ETIW), meeting the design standard for achieving the
65% energy saving in residential buildings situated in regions with hot summers
and cold winters.

KEYWORDS

self-insulation concrete compound blocks, ANSYS workbench, heat transfer coefficient,
optimization design, energy saving

1 Introduction

The building sector was responsible for 45.5% of China’s overall energy consumption
in 2020, with more than 60% of energy loss occurring through the building envelope [1,
2]. Therefore, the energy consumption in buildings can be effectively reduced by focusing
on enhancing the thermal insulation and energy-saving capabilities of the outer wall [3,
4]. External insulation technology is widely used for wall insulation but has two inevitable
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defects: firstly, the lifespan of building insulation materials differs
from that of the structure, making them prone to cracking
and falling off; secondly, fire hazards cannot be avoided [5, 6].
Self-insulation concrete compound blocks (SIB) have garnered
significant attention due to their unique composition of concrete
and thermal insulation materials [7]. This construction material
eliminates the need for external insulation treatments while still
meeting building energy conservation standards [8, 9].

The mechanical properties requirements can still be met by
incorporating insulation material, thereby optimizing the thermal
conductivity of the blocks [10, 11]. Jiao etal. [12] conducted a
study on the optimal combination and resultant characteristics of
hollow blocks made from alkali-activated slag ceramsite concrete,
which exhibited a compressive strength of up to MUI15. The
study conducted by Osman etal. [13] demonstrated that the
recently developed ceramist concrete blocks effectively meet the
criteria for insulation blocks in extremely cold areas, contributing
to energy conservation efforts. Xie etal. [14] reported that the
thermal resistance coefficient of the recycled concrete hollow
block containing Sludge ceramsite was measured to be 0.884
(m2K)/W. Al-Tarbi etal. [15] investigated the compliance of
the recently developed blocks (composed of perlite, vermiculite,
scoria, and polystyrene) with the non-load-bearing compressive
strength requirement specified in ASTMC129. Al-Tamimi et al. [16]
incorporated perlite into a recently developed concrete block at a
proportion of 30% to enhance its thermal efficiency. The addition of
perlite resulted in a significant reduction in the thermal conductivity
of the block, with a value of 0.309 W/(m-K), indicating a substantial
decrease by 33% compared to the control block that lacked any
insulating materials.

Topcu and Iskdag [17] utilized perlite as a means to manufacture
clay blocks with enhanced resistance to heat. The introduction
of 30% perlite replacement resulted in a significant reduction of
approximately 52% in thermal conductivity, compared to the control
block. Liu etal. [18] conducted a comprehensive experimental
analysis on the insulation performance of recycled concrete blocks
made from construction and demolition waste. According to
Jaafar etal. [19], the utilization of broken bricks and concrete
slurry waste in partition walls made of concrete blocks could
potentially enhance their ability to withstand high temperatures,
thereby offering an added value application. According to the study
conducted by Zhao et al. [20], it was observed that concrete blocks
manufactured using 100% recycled concrete aggregates exhibited a
compressive strength of 11.1 MPa after a curing period of 28 days.
Al-Awsh et al. [21] studied utilizing volcanic scoria as the primary
material for constructing walls can significantly enhance thermal
resistance, resulting in an impressive increase of approximately 279%
compared to traditional concrete blocks.

By integrating holes optimization into numerical simulation
techniques, it is possible to further improve the thermal conductivity
of the bricks [22-24]. Al-Tamimi et al. [25] employed the ABAQUS
software to ascertain the most favorable hole configuration for
concrete bricks, aiming to enhance wall thermal resistance and
subsequently decrease electricity consumption. Al-Awsh et al. [26]
utilized rectangular cavities arranged in three rows to minimize
the effective thermal conductivity. They also verified their findings
by employing a three-dimensional model developed through the
ANSYS-Fluent software program. According to the study conducted

Frontiers in Physics

02

10.3389/fphy.2024.1490012

by Cuce etal. [27], it was found that the 5-row hollow design
demonstrated superior thermal resistance and lightness compared
to the 3-row and 4-row configurations. Shuai etal. [28] found
that H-shaped interlocking insulation blocks exhibited superior
thermal performance compared to crossed-shaped ones. Notably,
the most significant enhancement in blocK’s thermal performance
was achieved through a reduction in the thermal conductivity of
concrete materials.

According to the study conducted by Ouakarrouch et al. [29], it
was observed that an augmentation in both the width and quantity
of cavities results in a notable reduction in heat dissipation and
an elevation in thermal insulation. Blanco et al. [30] demonstrated
that numerical analysis provides a reliable estimation of the
thermal performance of walls, which aligns well with experimental
results obtained using a guarded hot-box apparatus. Li etal. [31]
investigated the impact of various combinations and configurations
of holes on thermal conductivity, revealing a complex relationship
between hole quantity, arrangement, and thermal conductivity.
Bi-chao etal. [32] studied that enhancing the thermal insulation
characteristic of the block can be achieved by increasing the number
of hole rows in the air layer, while maintaining a certain hole rate.
Sutcu etal. [33] demonstrated the effective application of DOE-
SM techniques in conjunction with finite element modeling for
optimizing the overall heat transfer coeflicient.

In the context of the current building energy-saving goal,
developing higher-performance SIB to meet the standards for
energy-saving design and market demand has become a significant
challenge in the industry. This paper designed a new type of
SIB specifically for residential buildings located in areas with hot
summers and cold winters. The heat transfer process of blocks
was simulated and analyzed using Ansys Workbench, enabling
a comparison of the thermal conductivity effects resulting from
different hole distribution schemes in the insulation blocks. Finally,
an optimal design scheme was obtained to meet the 65% energy
saving standard in hot summer and cold winter regions, providing
theoretical guidance for the development of high-performance SIB
and promoting its popularization and application.

2 Preparation for shale ceramsite
concrete

Compared to conventional concrete, ceramic lightweight
aggregate concrete possesses characteristics such as low bulk
density, thermal insulation, and heat preservation [34, 35]. These
properties enable a reduction in the dead weight of building
structural elements by approximately 20%-25%. However, the
utilization rate of lightweight aggregate concrete in building
structure engineering remains low due to challenges in achieving
sufficient structural strength and harsh construction conditions.
The shale ceramite exhibits exceptional strength, making it an ideal
material for the production of lightweight aggregate concrete [36].
Consequently, this study undertook the design and preparation
of shale ceramsite concrete (SCC) to ensure both the desired
lightweight characteristics of prefabricated building components
and their structural performance.
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TABLE 1 Main parameters of shale ceramsite.

Cylinder
compressive
strength (MPa)

Stacking density

Apparent density

%) (kg/m3)

10.3389/fphy.2024.1490012

Aggregate size (mm) Water absorption

rate at 1 h (%)

42 768

1,430 5-20 3

2.1 Materials

The test utilized Tongli brand PO42.5 common Portland cement
as the primary binder. Natural river sand, with an accumulation
density of 1,450 kg/m® and an apparent density of 2,710 kg/m?, was
employed as the lightweight aggregate. Grade 800 shale ceramsite,
characterized by its main parameters outlined in Table 1, served
as the coarse aggregate material. Class I fly ash, having a density
of 2,100 kg/m®, was incorporated for this experimental study. A
polycarboxylic acid water reducer was employed in this investigation
with a water reduction efficiency of approximately 32%. For thermal
insulation purposes, hydrophobic perlite insulation board exhibiting
a thermal conductivity value of 0.051 W/m-K was implemented.

2.2 Mix proportion design

A comprehensive experiment is one in which all possible
combinations of factor levels are tested. This experimental design
offers the advantage of providing extensive information, but it also
has the drawback of requiring a large number of experiments and
consuming significant resources. The orthogonal test employed in
this study is a design method used to investigate multiple factors
and levels. It selects representative points from the comprehensive
test based on orthogonality, making it an efficient, rapid, and cost-
effective experimental design method [37].

The fundamental tool for designing orthogonal experiments is
the orthogonal table, a mathematical table based on the principles
of equilibrium distribution and combinatorial mathematics. By
utilizing the orthogonal table, experiments can be designed to
possess balanced dispersion characteristics. According to JGJ/T12-
2019 [38], shale ceramsite concrete (SCC) with LC30 strength
was designed using the loose volume method. Sixteen orthogonal
tests were conducted based on four factors and four levels,
as shown in Table 2. Test factor A represents the sand rate, test factor
B represents the water-cement ratio, test factor C represents the fly
ash substitution rate, and test factor D represents the dosage of water
reducing agent.

In this research, the compressive strength and flexural tensile
strength were chosen as control factors to primarily examine their
impact on the compressive strength and flexural tensile strength of
concrete samples. The experimental design is presented in Table 3.
The evaluation of compressive strength and flexural tensile strength
for the test blocks was conducted following GB/T50081-2019 [39].
The dimensions of the test blocks utilized for evaluating compressive
strength were 100 mm x 100 mm x 100 mm, while for evaluating
flexural tensile strength, they were 100 mm x 100 mm x 400 mm in
size. The compressive strength and flexural strength of the specimens
were tested using WAW-3000 universal testing machine. The test
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process is shown in Supplementary Figure S1 (supplementary figure
at the end of the article).

The compressive strength of the test blocks shall be calculated
according to the following formula 1:

_E

cc A

Where: f,_is the compressive strength of the test blocks, F is the

failure load of the specimen, A is the bearing surface of the specimen.

The flexural tensile strength of the test blocks should be
calculated according to the following formula 2:

(1)

Fl
i @

Where: fcc is the flexural tensile strength of the test blocks, F
is the failure load of the specimen, [ is the span between supports,
b is the section width of the specimen, % is the height of the
specimen section.

2.3 Range analysis

The outcomes of the orthogonal experiment conducted on SCC
are presented in Table 4 following testing and data processing.

The range analysis, also referred to as intuitive analysis, is an
intuitive and widely employed analytical method in the examination
of results from orthogonal test design. K represents the mean value
of the sum of experimental indices corresponding to identical levels
within a specific column of factors. The magnitude of K can be
used to determine the optimal level and optimal combination for
a particular column of factors. R denotes the range of a factor within
a column, which is essentially the difference between the maximum
and minimum values of K in that column. The magnitude of R can
be utilized to assess the primary and secondary order of influence
exerted by test factors on test indexes.

The compressive strength test data of the SCC was subjected
to range analysis. The results in Table 5 demonstrated that the
range values (R) for the four test factors A, B, C, and D were
higher than those of the control group (E), indicating compliance
with orthogonal test error requirements. By comparing primary
and secondary factors, it was evident that sand rate exerted the
most significant influence on compressive strength of the SCC,
followed by fly ash substitution rate, dosage of water-reducing
agent, and water-cement ratio. Notably, both sand rate and fly
ash substitution rate exhibited a substantial impact on compressive
strength of the SCC. The optimal levels determined were as follows:
sand rate at 50%, water-cement ratio at 0.3, fly ash substitution
rate at 20%, and dosage of water-reducing agent at 0.25%. In
other words, A;B,C;D; represented the optimal combination for
achieving maximum compressive strength.
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TABLE 2 The orthogonal table consists of four factors and four levels.

Test number

Sand rate (A) %

Water-cement ratio (B)

Factor

Fly ash substitution rate

Dosage of water

(C) % reducing agent (D) %
1 A,(30) B,(0.28) C,(0) D,(0.15)
2 A,(30) B,(0.30) C,(10) D,(0.20)
3 A,(30) B,(0.32) C,(20) D,(0.25)
4 A,(30) B,(0.34) C,(30) D,(0.30)
5 A,(40) B,(0.28) C,(10) D,(0.25)
6 A,(40) B,(0.30) C,(0) D,(0.30)
7 A,(40) B,(0.32) C,(30) D,(0.15)
8 A,(40) B,(0.34) C,(20) D,(0.20)
9 A4(50) B,(0.28) C,(20) D,(0.30)
10 A4(50) B,(0.30) C,(30) D,(0.25)
11 A4(50) B,(0.32) C,(0) D,(0.20)
12 A4(50) B,(0.34) C,(10) D,(0.15)
13 A,(60) B,(0.28) C,(30) D,(0.20)
14 A,(60) B,(0.30) C5(20) D,(0.15)
15 A,(60) B,(0.32) C,(10) D,(0.30)
16 A,(60) B,(0.34) C,(0) D,(0.25)

It could be seen from Table 5 that with the increase of sand ~ compressive strength of SCC reached the maximum of 47.14 MPa.
rate (A), the compressive strength of SCC first increased and then It was about 13.29% higher than that when the substitution rate of
decreased. When the sand rate was 50%, the compressive strength  fly ash was 0.
of SCC reached the maximum, which was 48.46 MPa. The reason
was that the strength of shale ceramite was lower than that of cement  of the dosage of water reducing agent (D), and the fluctuation of
stone, and it was prone to failure first under loading and compression ~ compressive strength was not obvious when the dosage of water

The compressive strength of SCC increased with the increase

conditions. The smaller the content of shale pottery was, the larger =~ reducing agent increased from 0.2% to 0.3%. This was because the
the sand rate was, and the higher the strength of the concrete was.  water reducing agent could play a certain dispersion effect. With the
However, when the sand rate exceeded the reasonable sand rate, increase of the dosage of water reducing agent, the concrete could
the gradability of SCC became worse, which easily led to poor = maintain good flow performance under low water consumption.
compactness and low compressive strength. Thus, the compressive strength of shale concrete could be improved.
The proper replacement of cement with fly ash (C) was beneficial ~ The characteristics of ceramsite in SCC were different from the
to improve the compressive performance of SCC. In the later curing  stones of ordinary concrete. The ceramsite was pre-wet for 1 h before
stage, fly ash could react with cement twice to produce hydrated use, so that the ceramsite reached the saturation state, and the water
calcium silicate gel. Moreover, the particle size of fly ash was much  curing concrete would be released in the later period, so the water-
smaller than the particle size of cement in the pores of shale ceramite. ~ cement ratio (C) changed within a certain range, and the impact on
The pores between cement could be filled with fly ash particles,  concrete was not very large.
which improved the overall compacting degree of concrete and its The flexural tensile strength test data of the SCC was subjected
strength. However, if the replacement rate of fly ash was too large, ~ to range analysis. The results in Table 6 demonstrated that the
the strength of concrete would also be insufficient due to too little ~ range values (R) for the four test factors A, B, C, and D were
cement content. Therefore, with the increase of the replacement rate  higher than those of the control group (E), indicating compliance
of fly ash, the compressive strength of SCC would increase firstand ~ with orthogonal test error requirements. By comparing primary
then decrease. When the replacement rate of fly ash was 20%, the  and secondary factors, it was concluded that sand rate exerted the
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TABLE 3 Mixing proportions for shale ceramsite concrete.

10.3389/fphy.2024.1490012

Test number Concrete Fly ash Water (kg/m?3) Ceramsite Sand (kg/m3) Water
(kg/m?3) (kg/m?3) reducing
agent (kg/m?3)
1 400 0 12 645.12 522 06
2 360 40 120 645.12 522 08
3 320 80 128 645.12 522 1
4 280 120 136 645.12 522 12
5 360 40 12 552.96 696 1
6 400 0 120 552.96 696 12
7 280 120 128 552.96 696 06
8 320 80 136 552.96 696 08
9 320 80 112 1608 870 12
10 280 120 120 4608 870 1
1 400 0 128 460.8 870 08
12 360 10 136 1608 870 06
13 280 120 12 368.64 1,044 08
14 320 80 120 368.64 1,044 0.6
15 360 40 128 368.64 1,044 12
16 400 0 136 368.64 1,044 1

most significant influence on the flexural tensile strength of SCC,
followed by fly ash substitution rate, water-reducing agent mixing
amount, and water-cement ratio. The optimal levels determined
were as follows: sand rate at 50%, water-cement ratio at 0.3,
fly ash substitution rate at 20%, and dosage of water-reducing
agent at 0.25%. Therefore, based on these findings, A;B,C;D;
represented the optimal combination for achieving maximum
flexural tensile strength. Table 6 showed that the flexural strength
variation pattern was almost consistent with the compressive
strength variation pattern.

The optimal combination for compressive strength, as
determined by range analysis, was A;B,C;D5. Similarly, the optimal
combination for flexural tensile strength also corresponded to
A;B,C;Ds. However, since this ideal combination was not included
in the orthogonal table, we conducted a separate test on A;B,C;D5
and measured its thermal conductivity for further investigation.
Several 300 mm x 300 mm x 50 mm specimens were prepared,
and the thermal conductivity of SCC was tested using DR-3030
double plate thermal conductivity tester. The test process is shown
in Supplementary Figure S2 (supplementary figure at the end of
the article). The results of this test are presented in Table 7. The
compressive strength of the optimal combination (A;B,C;D;) was
52.03 MPa, which was 1.2% higher than that of the optimal blocks
in the other 16 groups. The flexural tensile strength of the optimal
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combination (A;B,C;D;) was 5.13 MPa, which was 1.9% higher
than that of the optimal blocks in the other 16 groups. It was verified
that A;B,C;D5 is the combination with the optimal mechanical
properties. The thermal conductivity of SCC (A;B,C;D5)
was 0.8314 W/(m-K). It was prepared as the base material
of the blocks.

3 Optimization design and thermal
performance analysis of holes

3.1 Evaluation index

The heat transfer coeflicient pertains to the rate at which heat
is transferred per unit area within a given time, under steady-
state conditions, when there is a temperature difference of one
unit between the air on either side of the building envelope. The
magnitude of the heat transfer coefficient serves as an indicator for
evaluating the thermal insulation performance of the wall, which
is inversely proportional to building energy consumption. In this
paper, numerical simulation methods are used to simulate the
average surface temperature of the block under steady-state heat
transfer conditions. Subsequently, the block’s heat flux density is
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TABLE 4 Results of orthogonal tests on shale ceramsite concrete.

Test number Combination of

Dry apparent density

10.3389/fphy.2024.1490012

Compression Flexural tensile

factors (kg/m3) strength (MPa) strength (MPa)
1 A,B,C,D, 1822.26 38.09 3.59
2 A,B,C,D, 1789.14 4423 434
3 A,B,C,D, 1761.71 45.58 448
4 A,B,C,D, 1738.78 43.17 35
5 A,B,C,D, 1845.78 46.86 459
6 A,B,C,D, 1830.08 4425 425
7 A,B,C,D, 1818.36 45.28 443
8 A,B,C,D, 1855.12 48.07 467
9 A,B,C,D, 1905.95 514 5.03
10 A4B,C,D, 1892.38 50.57 494
11 A;B,C,D, 1916.75 4531 451
12 A;B,C,D, 1896.36 46.54 455
13 A,B,C,D, 1960.36 4321 422
14 A,B,C,D, 1926.86 435 414
15 A,B,C,D, 1935.93 42.09 3.66
16 A,B,C,D, 1937.36 38.77 3.77

TABLE 5 The range analysis of compressive strength. (Unit: MPa).

TABLE 6 The range analysis of flexural tensile strength. (Unit: MPa).

Range values A (%) B C(%) D (%) ’ E Range values A (%) B C (%) D (%) E
K, 42.77 44.89 41.61 43.35 44.71 K, 3.98 4.36 4.03 4.18 4.22
K, 46.12 45.64 4493 4521 44.92 K, 4.49 442 429 4.44 439
K, 48.46 44.57 47.14 45.45 44.90 K, 4.76 4.27 4.58 4.45 4.38
K, 41.89 44.14 45.56 45.23 44.71 K, 3.95 4.12 427 4.11 4.19
R 6.56 1.50 5.53 2.09 0.22 R 0.81 0.30 0.55 0.34 0.21
A>C>D>B>E A>C>D>B>E
calculated using Formula 3. Then the heat transfer coefficient of the block is
calculated based on Formula 4:
a=h(t,~1,) 3 K=o @

Where: g is the surface heat flux density of the block
perpendicular to the heat transfer direction, f,
temperature of the block, ty is the surface environmental
temperature of the block, and # is the heat transfer coefficient of

the indoor and external surface.

is the surface

Frontiers in Physics

Where: K is the heat transfer coefficient of the block, and At
is the temperature difference of the environment on both sides
of the block.

The heat transfer resistance is a physical quantity that measures
the thermal impedance of the building envelope, which is the
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TABLE 7 Results of the test for A;B,C;D;.

10.3389/fphy.2024.1490012

Serial number Dry apparent density Compression Flexural tensile Thermal
(kg/m?3) strength (MPa) strength (MPa) conductivity
(W/(m-K))
17 1909.36 52.03 5.13 0.8314
provided below:
— R,,+R
R=—2 o _(R,+R,) @)
1
ou= (®)
oo g Sy /.
R TR P R
Ry=R;+R +Ry+ R +R,+R, )
1
o= 10
S hihiok 1o
Ry Ry Ry

FIGURE 1
The schematic of the average thermal resistance calculation.

TABLE 8 Mesh optimization.

Element Hot surface temperature (K)
order
2mm 3mm 10mm 15mm | 20 mm
Linear 297.38 297.38 297.37 297.36 297.35
Quadratic 297.38 297.38 297.38 297.37 297.37

reciprocal of the heat transfer coefficient. According to GB50176-
2016 [40], the thermal resistance, heat transfer resistance, and heat
transfer coefficient of the blocks are calculated theoretically.

The calculation formula for the heat resistance of a single
material layer is shown in (5):

)
rR=2
)

(5)
Where: R is the thermal resistance of the material layer, § is the
thickness of the material layer, and A is the thermal conductivity of
the material.
The calculation formula for the thermal resistance of the multi-
layer building envelope is shown in (6):

+R, (6)

Where: R, +R, +
layer of material.

The schematic of the average thermal resistance calculation
is shown in Figure 1. The calculation of the thermal resistance

for the composite envelope can be determined using the formula

Frontiers in Physics

Where: R is the thermal resistance of the heterogeneous
composite building envelope, R; is the heat transfer resistance of the
inner surface, R, is the heat transfer resistance of the external surface,
------ [, 1s the percentage of the area of each part in the parallel
Ry Ry Ry
the heat transfer resistance of each part parallel to the heat flux,
Ryjp Ryjs oo R is the thermal resistance of each part of the j layer
perpendicular to the heat flux.

direction of the heat flux in the total area, ol is

The calculation of the heat transfer resistance for the flat wall of
the envelope shall be based on Formula 11:

R,=R;+R+R, (11)
Where: R, is the heat transfer resistance of the flat wall of
the envelope.
The heat transfer coefficient of the flat wall of the envelope shall
be calculated according to Formula 12:

K=—

Re (12)

Where: K is the heat transfer coefficient of the flat wall of
the envelope.

3.2 Calibration parameters

According to the specifications outlined in JG/T407-2013 [41]
regarding blocks dimensions, the length of the SIB is either
390 mm or 290 mm, with a width of 190 mm, 240 mm, or 280 mm,
and a height of 190 mm. Other specifications and sizes are
subject to mutual agreement between suppliers and consumers.
To meet energy-saving requirements in regions characterized by
hot summers and cold winters while considering existing research
findings, the final block specification had been determined as
390 mm x 240 mm x 190 mm.

The concrete substrate and insulation material were assumed to
be homogeneous, isotropic media with constant thermal properties.
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FIGURE 2

Block model: (A) 3 mm mesh size for TZ-12. (B) Mesh optimization curve.
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The heat transfer process of wall and setting of the block boundary conditions.

The thermal conductivity of the SCC was 0.8314 W/(m-K), while
that of the perlite insulation board was 0.051 W/(m-K). Due to
the difficulty in determining the thermal conductivity of air, this
study converted the corresponding thermal resistance of an air
layer’s thickness into its equivalent thermal conductivity value for
analysis purposes. For vertical air interlayers thicker than 40 mm,
their thermal conductivity was considered as 0.222 W/(m-K) [42].

Since the geometric models were relatively regular, hexahedral
elements were used for meshing. The element was made from“Solid
2797 a20-node element model. The element was suitable for thermal
analysis of various materials and structures, including metals,
plastics, composites, etc. Its flexibility made it the preferred element
type in steady-state thermal analysis [43, 44].

Frontiers in Physics

The entire analysis relied on the grid-type approach used in
this paper. The convergence criterion used a combination of H-
type and P-type methods, focusing on the investigation of element
size and element order [45, 46]. In the preliminary simulation, the
finite element results differed greatly due to the different model
geometries, so the mesh-independent simulation was carried out for
the most complex hollow block (TZ-12), and the results are shown
in Table 8. Both H-type and P-type methods met the convergence
conditions in the model, as shown in Figure 2. In order to save
time and reduce errors, the optimal mesh size of 3 mm was
selected for simulation. The Element Order was set to Quadratic.
The second-order element provided higher spatial resolution and
enabled more accurate simulation of temperature gradients and
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The design of the basic hole for the block and establishment of 3D model. (Unit: mm). (A) Rectangular holes, (B) Rhombus holes, (C) Square holes, (D)
Circular holes.

heat flow distributions. The entire model had 682,240 elements and
2,953,257 nodes, as shown in Figure 2 [47, 48].

There were three common types of boundary conditions for
steady-state heat transfer: (1) Constant boundary temperature; (2)
Constant heat flux density at the boundary; (3) Known surface
heat transfer coeflicient on an object’s boundary with known fluid
temperature surrounding it.

The heat transfer problem in engineering could be simplified to a
one-dimensional scenario due to the significantly smaller thickness
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compared to the length and width perpendicular to the direction
of heat transfer. It was assumed that the thermal conductivity of
air and concrete, used in simulations, remains constant within a
specific temperature range. Furthermore, it was considered that both
ambient temperatures at the low and high ends of the block remain
unchanged.

The heat transfer process between the two fluids is depicted
in Figure 3. In this study, we adopted the third type of boundary
condition for steady-state heat transfer, designating the hot surface
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The error analysis of the heat transfer coefficient for the basic hole block.

and cold surface as the outer surfaces in the vertical direction
of heat transfer. Following GB50176-2016 guidelines, convection
conditions were applied on both sides, with a hot convection
heat transfer coefficient (h;) set to 8.7 W/ (m?-K) at an ambient
temperature of 299.15 K (26°C); and a cold convection heat transfer
coefficient (h,) set to 23.0 W/ (m?K) at an ambient temperature of
268.42 K (-4.73°C). (The values were obtained by referring to the
average indoor temperature in summer and the average outdoor
temperature in winter in Xinyang City, China.)The block boundary
conditions are illustrated in Figure 3, where convective loads were
imposed on two surfaces along the thickness direction of the block
model while four walls along its height and width directions were
designated as adiabatic conditions. The ambient temperature and
convective heat transfer coefficients on both sides of the block
remained unchanged to ensure a steady-state heat transfer process.

3.3 Basic hole types

The design incorporated four basic hole types, namely,
rectangular, rhombus, square, and circular holes. Figure 4 illustrates
the design of the basic hole for the block. To eliminated interference
from other factors, a single hole with the hole rate of 13% was
employed. The 3D model is created using the DesignModeler
module, as depicted in Figure 4.

The cloud map in Figure 5 showed the temperature distribution
for the basic hole block, where TZ referred to the block with
a perlite insulation board filled inside, and TK referred to the
block with an air interlayer inside. From the temperature cloud
maps of the four TZ blocks, it was evident that TZ-J had the
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most effective heat flow blocking capability. Similarly, based on the
temperature cloud maps of the 4 TK blocks, it was apparent that
TK-J exhibits superior heat flow blocking performance. Notably,
TZ-] demonstrated a significantly better heat flow blocking effect
compared to TK-J. Therefore, rectangular holes exhibited the highest
level of effectiveness in blocking heat flow, and blocks filled
with perlite insulation boards provided better insulation than air
interlayer blocks. The order of insulation effectiveness for the blocks
was as follows: rectangular holes < rhombus holes < square holes <
circular holes.

Based on the numerical simulation results obtained from
ANSYS Workbench, the hot surface temperature and cold surface
temperature of the block were determined. The simulated surface
temperature of the basic hole block was illustrated in Figure 6.
Heat flux within the block was transferred from the hot surface
to the cold surface. A higher temperature on the hot surface or a
lower temperature on the cold surface indicated a more effective
insulation performance of the block. As depicted in Figure 6, it
could be observed that for basic hole blocks, TZ-]J exhibited superior
insulation effect compared to TZ-L, TZ-Z, and TZ-Y; similarly,
TK-J demonstrated better insulation effect than TK-L, TK-Z, and
TK-Y. Specifically, TZ-J] had a 0.57% higher temperature than
that of TK-J’s hot surface while being 0.23% cooler than that of
TK-J’s hot surface; thus confirming that rectangular holes filled
with perlite insulation board contribute to enhanced insulation
effectiveness.

The error analysis of the heat transfer coefficient for the basic
hole block is shown in Figure 7. To ensure the credibility of the
simulation, theoretical calculations were conducted to determine the
heat transfer coefficient of four different types of basic hole blocks, as
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per Equations 5-12. By comparing the theoretical calculations with
the simulated values, it was found that the error between the two
values of different hole blocks was less than 5%, which confirmed
the high accuracy of the numerical simulation method adopted in
this study.

3.4 Design of holes and analysis of thermal
performance

In conclusion, eight hole-schemes for perlite blocks using
rectangular holes had been designed with the hole rate of 38.5%. The
design of the perlite block holes is illustrated in Figure 8.

The distribution of heat flux density for the perlite block is
visually represented in Figure 9. It can be observed from Figure 9
that the SCC displayed a comparatively elevated heat flux, while
the perlite insulation board exhibited a relatively reduced heat flux.
This was because of the high thermal conductivity of SCC, which
allowed most of the heat flux to be transferred through the concrete.
Additionally, there were direct transfers of heat flux from the hot side
to cold side on both left and right sides of the block, forming a heat
bridge and resulting in high heat flux density for all eight types of
perlite blocks.

Frontiers in Physics

The simulated results of the heat flux density and heat transfer
coeflicient for the perlite block are shown in Figure 10. The study
found that: Compared with the simulated results of TZ-1, TZ-2, and
TZ-3, it was observed that the heat flux and heat transfer coefficient
of the block gradually decreased with an increase in the number of
rows of holes. Furthermore, when comparing the simulated results
of TZ-3, TZ-5, and TZ-6, it was discovered that as the number of
columns of holes increased, there was a greater number of direct heat
transfer channels from the hot side to the cold side. Consequently,
both the heat flux and heat transfer coefficient of the blocks increased
gradually. Additionally, by comparing the simulated results between
TZ-4 and TZ-7 as well as between TZ-5 and TZ-8 respectively,
it was determined that staggered holes could enhance insulation
performance.

3.5 Optimal design

In summary, the row of holes, the column of holes, and the
staggered arrangement could improve the heat transfer performance
of the block. It was necessary to further optimize the hole design
because there was still a certain gap with the energy-saving target
of 65% due to direct heat transfer from the hot side to the cold side
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FIGURE 9
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at the left and right sides of the block, forming a thermal bridge.
The optimized hole design is shown in Figure 11. For subsequent
comparative analysis, TZ-14 was a simulated block with a 40 mm
thick perlite external insulation board. From Figure 11 of heat flux
cloud map for the optimized block, it could be observed that these
optimized holes effectively prevented edge heat bridges and extend
the path for heat flux.

The simulated results of heat transfer coefficient for the block
are shown in Figure 12. The study found that: (1) According to the
simulated results, the heat transfer coefficients of optimized TZ-
10, TZ-11, and TZ-12 were better than those of TZ-9. The optimal
hole among them was TZ-12, with a heat transfer coefficient of
0.5 W/(m?>K), which was 38.3% lower than that of the external
insulation block TZ-9. (2) The hole rate of TZ-10 and TZ-11 was
42.31%, and the total width of the middle and external heat transfer

Frontiers in Physics

14

channels was 60 mm. By comparing the simulated results of TZ-10
and TZ-11, it could be observed that the heat transfer coeflicient
of the blocks decreased as the number of external heat transfer
channels reduced. (3) Comparing the simulated results of TZ-11 and
TZ-12, it could be seen that the heat transfer coefficient of the blocks
decreased as the width of the heat transfer channel decreased.

3.6 Error analysis

The error analysis of the heat transfer coeflicient for the blocks
is presented in Table 9. In order to ensure the credibility of the
simulation, theoretical calculations were performed to determine
the heat transfer coeflicient of twelve different types of blocks using
Equations 5-12. By comparing these theoretical calculations with
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The simulated results of heat transfer coefficient for the block.

the simulated values, it was observed that the discrepancy between
the two values for different hole blocks was less than 10%, thus
confirming the high accuracy of the numerical simulation method
employed in this study [49].

3.7 Compressive strength test

The wooden molds required for the test were fabricated in this
study, according to the detailed dimensions of the TZ-12 shown
in Figure 11. The mold produced is shown in Figures 13A. The
pouring was done using the optimal mix ratio of SCC from Table 7,
and the results are shown in Figures 13B, with 5 blocks prepared
for each group. Following the relevant provisions of GB/T4111-
2013 [50], the compressive strength test of blocks was carried
out using the YAW-2000 pressure testing machine, as depicted in
Figures 13C.

The compressive strength (P) of the SIB was calculated according
to the code, and the result is accurate to 0.01 MPa. The calculation
formula is shown in (13). Finally, we obtained the average
compressive strength and minimum compressive strength of each
group of blocks.

F

p=—

LB (13)

Where: P is the compressive strength of the blocks, F is the
maximum failure load of the blocks, L is the length of the bearing
surface, and B is the width of the bearing surface.

The proportion of perlite insulation board in TZ-12 was 46.15%.
The average compressive strength of TZ-12 was 8.28 MPa, and the
minimum compressive strength was 7.45 MPa. Its strength grade
met the requirements of MU?7.5, and also satisfied the requirement
of not less than MU5.0 when self-insulation blocks were used for
external walls.
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4 Thermal performance analysis of
self-insulation wall

4.1 Model building

The structural entity made of SIB with masonry mortar
is called the self-insulation concrete compound block masonry
(SIBM), and the structural entity made of the SIBM with plaster
mortar is called the self-insulation concrete compound block wall
(SIBW). JGJ/T323-2014 [51] provides relevant requirements for
masonry mortar and ash joints: for the masonry of SIB, when
thermal performance is required, the thermal conductivity of special
masonry mortar shall not be greater than 0.2 W/(m-K); plastering
should be layered, and the total thickness should be 15-20 mm; the
horizontal ash joint thickness and vertical ash joint width of SIBW
should be 8-12 mm.

The physical model of SIBW was established based on the
aforementioned standard regulations. Figures 14A illustrates the
physical model of SIBW, with dimensions of 1.6m x 1.6m x
0.28 m. The substrate had a thickness of 240 mm, while the
masonry ash joints and internal/external plastering had thicknesses
of 10 mm and 20 mm respectively. The primary structure for SIBW
consisted of TZ-17, while inorganic insulation mortar (with a
thermal conductivity of 0.18 W/(m-K)) was utilized for masonry
mortar and ordinary cement mortar (with a thermal conductivity
of 0.93 W/(m-K)) was employed for plastering purposes.

The external thermal insulation wall (ETIW) consists of the
substrate and the external thermal insulation composite system.
The external thermal insulation composite system generally includes
an insulation layer, a protective layer, and fixing materials, which
collectively refer to non-load-bearing insulation structures fixed on
the exterior surface of the outer wall.

In order to compare the thermal performance of the SIBW and
the common the ETIW, the thermal performance of the ordinary
the ETIW with the same material was also simulated. The physical
model of the ordinary the ETIW is shown in Figures 14B. The
simplified model had dimensions of 1.6 m x 1.6 m x 0.32 m, with
a substrate thickness of 240 mm, insulation layer thickness of
40 mm, masonry ash joint thickness of 10 mm, and internal and
external plastering thicknesses of 20 mm. The substrate consisted
of shale ceramsite concrete solid masonry blocks (with a thermal
conductivity of 0.8314 W/(mK)); the external insulation material
used perlite insulation boards (with a thermal conductivity of
0.051 W/(m-K)); both masonry mortar and plaster mortar were
made from ordinary cement mortar (with a thermal conductivity of
0.93 W/(m-K)).

4.2 Thermal performance

The indoor ambient temperature was set to 299.15 K (26°C)
according to GB50176-2016, with a convection heat transfer
coeflicient (h,) of the heat surface set at 8.7 W/ (m?-K). The outdoor
ambient temperature was set to 268.42K (-4.73°C), and the
convection heat transfer coefficient (h,) of the cold surface was set
at 23.0 W/(m*K). (The values were obtained by referring to the
average indoor temperature in summer and the average outdoor
temperature in winter in Xinyang City, China.)
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TABLE 9 The error analysis of the heat transfer coefficient. [Unit: W/(m?-K)].

Types of holes Simulated values W/(m?-K) Theoretically calculated Absolute value of error (%)
values W/(m?-K)
TZ-1 1.02 0.98 4.1
TZ-2 0.96 0.98 2.0
TZ-3 0.93 0.98 5.1
TZ-4 1.08 0.98 9.3
TZ-5 1.00 0.98 2.0
TZ-6 1.04 0.98 6.1
TZ-7 1.00 0.92 8.7
TZ-8 0.94 091 33
TZ-9 0.81 0.82 1.2
TZ-10 0.62 0.64 3.1
TZ-11 0.56 0.61 8.2
TZ-12 0.50 0.52 3.8

A) (B) ©

FIGURE 13
Experimental procedure of compressive strength for blocks: (A) The mold making. (B) Pouring of blocks. (C) Test of compressive strength.
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The heat flux density of the wall: (A) The cloud map of the heat flux density distribution for the SIBW. (B) The cloud map of the heat flux density
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The numerical simulation of the steady-state heat transfer for the
SIBW was conducted. Figures 15A shows the cloud map of the 3D
heat flux density distribution of the SIBW, and Figures 15C shows the
cloud map of the heat flux density distribution on the top surface of
the SIBW. According to Figures 15A, C, the heat flux density at the
concrete substrate was highest, while it was lowest at the insulation
material. Due to using inorganic thermal insulation mortar with low
thermal conductivity for masonry mortar, there was no significant
thermal bridge effect in masonry ash joints. The simulated heat flux
rate on the wall surface was 15.4 W, and its heat transfer coeflicient
was 0.56 W/(m?>K), which meets the design standard for achieving
a 65% energy saving in residential buildings situated in regions with
hot summers and cold winters.

The numerical simulation of the steady-state heat transfer for the
ETIW was conducted. Figures 15B shows the cloud map of the 3D
heat flux density distribution of the ETTW, and Figures 15D shows
the cloud map of the heat flux density distribution on the top surface
of the ETTW. According to Figures 15B-D, the heat flux density at
the masonry mortar was the largest and the solid ceramsite concrete
blocks was minimal. The simulation showed that the heat flux rate
on the wall surface was 24.12 W, and its heat transfer coefficient
was 0.79 W/(m?>K). When the heat was transferred to the perlite
insulation board on the outside of the wall, the heat flux density
was evenly distributed, indicating that the external insulation system

Frontiers in Physics

17

can better block the heat bridge effect produced at the ash joints.
However, it did not meet the design standard of 65% energy saving
in residential buildings situated in regions with hot summers and
cold winters.

To sum up, it could be observed that under the same substrate
thickness and insulation material for both walls, the heat transfer
coeflicient of the SIBW was lower, being 29.1% lower than that of the
ETIW. This was because the SIBW was the insulation material filled
in the hole of the SIB, which could use the insulation material with
high thermal resistance to the greatest extent without increasing
the thickness of the wall. The thickness of the insulation material
for the ETTW often determined the heat transfer coefficient of the
wall, which not only reduced the economy of the external insulation
system but also increased construction difficulty.

5 Conclusion

In this study, the shale ceramsite concrete (SCC) was prepared
as the base material for the blocks through the orthogonal test and
range analysis. Subsequently, the influence of different hole type
distribution schemes on the thermal performance of self-insulation
blocks (SIB) was studied using the Steady-State module of Ansys
Workbench. The following conclusions could be drawn:
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(1) The orthogonal test employed in this study was a design
method used to investigate multiple factors and levels. It
selected representative points from the comprehensive test
based on orthogonality, making it an efficient, rapid, and cost-
effective experimental design method. Through orthogonal
test and range analysis, the results showed that:
oi. The compressive strength of the optimal combination

(A;B,C3D3) was 52.03 MPa, which was 1.2% higher

than that of the optimal blocks in the other 16 groups.

The flexural tensile strength of the optimal combination

(A;B,C3D3) was 5.13 MPa, which was 1.9% higher than

that of the optimal blocks in the other 16 groups. It was

verified that A;B,C;Dj is the combination with the optimal
mechanical properties.

The thermal conductivity of SCC (A;B,C;D;) was

0.8314 W/(m-K). It was prepared as the base material of

the blocks.

(2) The influence of different hole type distribution schemes on

e ii.

the thermal performance of self-insulation blocks (SIB) was
studied using the Steady-State module of Ansys Workbench.
The results showed that:

o i. The heat transfer coefficient of blocks gradually decreased
with an increase in the number of rows of holes, while the
heat transfer coefficient of blocks gradually increased with
an increase in the number of columns of holes.

« ii. Thestaggered holes could improve insulation performance.

« iii. The heat transfer coefficient of the blocks decreased with a

reduction in the number of external heat transfer channels

and a decrease in the width of the heat transfer channel.

(3) By comparing these theoretical calculations with the simulated
values, it was observed that the discrepancy between the
two values for different hole blocks was less than 10%, thus
confirming the high accuracy of the numerical simulation
method employed in this study. According to the simulated
results of heat transfer coefficient for the block, it was
determined that:

e i. TZ-12 exhibited the optimal hole configuration with a
heat transfer coefficient of 0.5 W/(m?-K), which was 38.3%
lower than that of the external insulation block TZ-9.

« ii. Additionally, TZ-12 demonstrated the average compressive
strength of 8.28 MPa and the minimum compressive
strength of 7.45 MPa, meeting the requirements for MU7.5
strength grade and also satisfying the requirement of not
less than MUS5.0 when self-insulation blocks were used for
external walls.

The simulated heat flux rate of the SIBW was 15.4 W,
and its heat transfer coefficient was 0.56 W/(m?K), which
was 29.1% lower than that of the ETTW, meeting the
design standard for achieving the 65% energy saving in

e iii.

residential buildings situated in regions with hot summers
and cold winters.
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