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Abstract: External thermal insulation systems often have durability problems, including cracking,
hollowing, and falling off, which seriously affect safety and energy-saving effects. Based on finite
element theory and using ANSYS software, this paper studies the distribution law of the temperature
field and temperature stress of the external thermal insulation system. It was found that, compared
with an uninsulated wall, the temperature stress of the substrate in summer was reduced by 52.9%,
and the temperature stress of the substrate in winter was reduced by 50.9%. The temperature stress is
mainly concentrated in the middle position of the external wall insulation system, and the middle
of the wall can appear as a hollow drum and fall off. When the temperature of the external wall
surface is 60 °C, the maximum temperature stress of the insulation system is 2.46 MPa, compared
with the external wall surface of 70 °C—a decrease of 22.2%; the maximum temperature stress on
the substrate is 0.46 MPa—a decrease of 20.7%. When the temperature of the outer wall surface is
50 °C, the maximum temperature stress suffered by the insulation system is 1.75 MPa, compared with
the outer wall surface of 70 °C—a decrease of 44.4%. Meanwhile, the maximum temperature stress
suffered by the substrate is 0.34 MPa—a decrease of 41.4%. This paper investigates and numerically
simulates the durability of external wall insulation systems for buildings in hot summer and cold
winter regions, and studies the durability of EPS insulation, which can provide guidance for other
insulation material design and durability studies.
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1. Introduction

With the development of China, the total number of buildings is rising year by year
and people’s demand for comfort inside buildings is increasing, leading to a sharp rise
in building energy consumption. In 2018, the share of energy consumption and carbon
emissions in whole-life buildings reached 46.5% and 51.2%, respectively [1]. The use of
thermal insulation in residential and commercial buildings can maximize the efficiency
of cooling and heating systems to reduce energy loss throughout the year, so the use of
exterior insulation technology can not only reduce HVAC system power consumption,
but also reduce the fixed cost of equipment installation, which is an important way to
achieve energy saving in buildings. China introduced exterior wall insulation systems
and developed a series of standards in the 1980s [2]. External wall insulation technology
in our country has problems of durability, such as large areas of peeling and cracking.
Poor durability not only reduces the building aesthetics, but also weakens the building’s
energy-saving effect, and even causes property damage and safety accidents. The above
problems make scholars’ eyes shift to the durability and safety of insulation materials [3-5].

In recent years, widely used insulation materials such as EPS, XPS, and PU have be-
come the main insulation materials for buildings. With the recognition of related materials
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in different countries at home and abroad, researchers have done a lot of related research
on insulation materials [6,7]. The main reasons for the current influence on the durability
of the exterior insulation system of buildings are water, wind, and temperature.

There is little domestic research and study on external wall insulation technology;
however, in recent years, with the introduction of building energy-saving policies, related
research has begun to emerge. Relevant standards and policies have been introduced to
regulate the industry market. A large number of experts and scholars have conducted
weathering experiments on the external insulation system, but the experimental period is
long and the cost is high. Furthermore, there is a lack of overall research on the external
insulation system of buildings, so it is necessary to conduct a holistic study of external
insulation systems. EOTA has published the European Technical Approval Standard for
Exterior Thermal Insulation Composite Systems with Finishes (ETICS), which sets out
the relevant weathering test requirements. In the study of temperature stress, weathering
experiments can be a good test to detect the exterior wall insulation system [8], as evi-
denced by Annila [9], Daniotti [10], and others who have conducted durability experiments.
Further, Kumar D [11] compared and analyzed the mechanical properties of different insu-
lation materials, and Tavares et al. [12] predicted the service life of external wall insulation
systems using ANN and fuzzy logic system calculation methods. Yu [13] analyzed three
insulation materials and did weathering experiments, and the results showed that sudden
temperature changes have a large impact on the external insulation walls. The thermal
stress of the insulation system is high at the thermal bridge, and the irregular part of the
wall (e.g., the window) will produce stress concentration [14,15]. Gao et al. investigated the
durability of porous perlite polymers in humid and hot environments and found that Na
ions destroy the polymer framework layer. Mahaboonpachai [16,17] modeled an external
wall insulation system based on ANSYS and analyzed the interaction between insulation
layers. Temperature changes and uneven forces are generated in the insulation material,
which makes the insulation material deformation degree increase [18].

Durability is a very important factor to consider when evaluating the exterior wall
insulation system of a building. Currently, scholars have studied the mechanical properties
of exterior wall insulation, but there is a lack of analysis of the effects caused by temperature.
In this paper, mainly based on the finite element principle, ANSYS software is used to
model the wall insulation system, analyze the temperature field and temperature stress of
the wall under different conditions through simulation, and put forward a few reasonable
suggestions to improve the durability of the exterior wall insulation system.

2. Methodology
2.1. Structural Form of Exterior Walls

According to the regulations for the specimens in the weather resistance test in the
technical specification for external wall insulation engineering (JGJ144-2019), the model
dimensions established in this paper are: the wall length is 3 m, width is 2 m. The external
wall insulation system sets (D) base layer 200 mm, (2) interface layer 10 mm, (3) insulation
layer 50 mm, (9 plastering layer 5 mm, (& finishing layer 5 mm, thickness is 270 mm. The
uninsulated wall is set @) base layer 200 mm, ) finish layer 10 mm, and the thickness is
210 mm, as follows in Figure 1.

2.2. Mathematical Model

Based on the nature of the study subjects [19], the following hypotheses were made
for the sake of simplicity of the study:

Isotropic assumption: The elastic modulus of a body is the same in all directions.

The assumption of complete elasticity: The material conforms to Hooke’s law, i.e., the
stress is proportional to the strain and does not change with the magnitude and sign of
the stress.



Sustainability 2022, 14, 5702

3o0f11

W ® e
\\
5o

(a) (b)

Figure 1. External thermal insulation structure. (a) Thermal insulation walls; (b) Uninsulated walls.

The object is assumed to be continuous: The whole volume of the object is filled
without gaps. That is, the contact thermal resistance between different structural layers of
materials is neglected.

Assume that the T is just a function of time ¢ and slab thickness z, i.e.,

T=f(z1) @

where T is the temperature; ¢ is the time; z is the thickness.

Since the plane dimension of the building facade is more than 10 times the thickness of
the facade, it can be regarded as a plane stress problem when solving for the temperature
stress. Set the height direction of the wall panel to y, the width direction to x, and the
thickness direction to z. When the temperature varies only in the thickness direction, the
material has an elastic modulus of E, Poisson’s ratio of y, heat deformation coefficient
of #, and an initial temperature of Ty. According to the generalized Hook’s law, it is
obtained that:

€x = é(ax—yay)—i-a(T—TO)} 2
ey = ¢(0y — pox) + (T — Tp)
where ¢ is the strain; E is the elastic modulus; ¢ is the temperature stress; y is the Poisson’s
ratio; & is the heat deformation coefficient.

In this study, the wall slab is considered free slab and the temperature stress calculation
model of multi-layer composite wall slab is established.

Assuming good bonding between the insulation layers, the temperature distribution
function for each layer is T; = f(z;, t), z; = 0 is located in the middle of each structure, and
d; is the thickness of the ith structural layer. According to the assumption of plane section,
the strain € should be a linear function of z as follows [20]:

ei(z) = a;(A; + Biz;) 3)

where the temperature distribution parameters A;, B; per layer can be obtained from the
temperature field per layer, i.e.,

di
Aj = d%f% [Ti(zi) — Tioldz;

di (4)
B =3 i [Ti(zi) — Tiolzidz;
Therefore, the temperature stresses to which the ith layer is subjected are:
Eiai(T; — Tip)

oir = — ©)

1 1 _ y

Eia; .

(711:—112/11 (6)
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Ein;
Op = — ﬁBizi @)
where oyt is the fully restrained temperature stress of the ith layer plate; oj; is the stress
induced by the average temperature change of the ith layer plate; oy, is the stress induced
by a linear temperature change in the ith layer plate.

When the external wall is used as a free slab, it can be both rotatable and retractable:

0 =0T — 01 — 0 8)

2.3. Grid Division

After creating the geometry model, the meshing is carried out in ANSYS in the
following steps: setting the cell properties, controlling the mesh size, and generating the
mesh. The meshing methods are divided into automatic, multi-domain sweeping, and
hex-dominant meshing methods.

In ANSYS finite element simulations, meshing is very important. As the dimensions
of the structural layers of the external wall insulation system vary considerably in the
thickness direction, it is important to ensure a reasonable mesh density when meshing. The
cell size was controlled manually by Size Control, with a grid size of 5 mm for the base
layer, 2.5 mm for the insulation layer, and 1 mm for the interface, plaster, and finish layers
in the thickness direction. The model after dividing the grid is shown in Figure 2.

nsrs |

Figure 2. Wall mesh modle.

The quality of the grid is checked, with the horizontal coordinate indicating the quality
of the grid and the vertical coordinate indicating the number of grids. When the horizontal
coordinate is closer to 1, the better the mesh quality is. From Figure 3, we can see that the
mesh quality of this paper is not less than 0.63, and the solver can accept this mesh better.
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Element Metries

Figure 3. Grid quality diagram.
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2.4. Grid Independence Test

The cell size is manually controlled by Size Control, and the grid size of the base layer
in the thickness direction is 5 mm, the grid size of the insulation layer is 2.5 mm, and the
grid size of the interface layer, plaster layer, and finish layer is 1 mm. Figure 4 shows the
temperature field variation curves on both sides of the insulation layer of the external wall
insulation system under different grid numbers in summer conditions, and it can be seen
from the figure that when the number of grids is greater than 110,000, the changes tend
to be stable. The grid is tested for independence, and the grid number 110,000 is used for
the division.
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Figure 4. Grid independence test.

The simulated insulation layer material in this paper is selected from EPS panels, and
the different thermal properties of different materials with thermal energy storage effects
are considered when performing temperature stress calculations. Material parameters are
set for different structural layer materials of the external wall insulation system, including
elastic modulus, Poisson’s ratio and coefficient of thermal expansion, thickness, etc. The
material parameters settings for uninsulated walls and external wall insulation systems
are shown in Tables 1 and 2. The parameters used are taken from the Code for Design of
Concrete Structures (GB50010-2010) and the Code for Thermal Design of Civil Buildings
(GB50176-2016).

Table 1. Material parameters for each layer of uninsulated walls.

Coefficient of

. Thermal . Specific Heat . , Elastic
Material Thli(;esg Conductivity/ (ggnns:z; Capacity/ E:;::snizln/ Poﬁsi:i);l s Modulus/
m-1K-1 ’ ke—1.K-1
(wm-1K-1) (J-kg 1. K1) (10-5-m-K-1) MPa
Concrete walls 200 1.37 2500 882 1 0.2 25,500
Cement mortar 10 0.93 1800 1050 1.2 0.28 9700
Table 2. Material parameters for each layer of the external wall insulation system.
. Thermal . Specific Heat Coefficient of . , Elastic
. Thickness/ . Density/ . Thermal Poisson’s
Material Conductivity/ 3 Capacity/ . . Modulus/
mm (w-m-1K-1) (kg-m~3) (-kg-1-K-1) Expansion/ Ratio MPa
g (10-5-m-K-1)
Concrete walls 200 1.37 2500 882 1 0.2 25,500
Cement mortar 10 0.93 1800 1050 1.2 0.28 9700
EPS panel 50 0.041 20 1380 6 0.1 9.1
Crack-resistant 5 0.93 1800 1050 12 028 9700
mortar
Paint finish 5 0.5 1100 1050 0.85 0.28 2000
Glass 24 25 2500 840 0.02 0.2 3100
Reinforced concrete 400 x 400 1.74 2500 920 15 0.2 30,000
columns
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Boundary condition setting: In this study, the boundary conditions are set according to
the most unfavorable boundary conditions, and in the summer condition, the outer surface
temperature of the wall is set to 70 °C and the inner surface temperature is set to 26 °C; in
the winter condition, the outer surface temperature of the wall is set to —20 °C and the
inner surface temperature is set to 20 °C.

2.5. Model Validation

The simulation results of the temperature field of the external wall insulation sys-
tem in summer conditions are compared with the results calculated through the thermal
conductivity equation of the multi-layer composite flat wall, and the calculation results
are shown in Table 3. It is found that the simulation results are close to the theoretical
calculation results. The error is not more than 1 %o, so the simulation results are reliable.

Table 3. Simulated and theoretically calculated internal and external surface temperatures, °C.

Inner Surface of Outer Surface of

Substrate Exterior the Insulation the Insulation Innel: S}xrface of
Surface the Finish Layer
Layer Layer
Theoretical 30.61 30.95 69.51 69.68
calculation
Simulation results 30.62 30.96 69.51 69.68
3. Results

3.1. Comparative Analysis of Uninsulated Walls and External Wall Insulation Systems

This section focuses on setting the boundary conditions for the simulation model to
obtain the simulation plots of temperature stresses and temperature field variations for
uninsulated walls and external wall insulation systems.

3.1.1. Analysis of Temperature Field Simulation Results

The temperature change of each structural layer of uninsulated wall and external wall
insulation system under the most unfavorable temperature in summer and winter was
obtained by ANSYS Workbench simulation, and the temperature field change curve from
the thickness direction is shown in Figures 5 and 6. In the summer working condition, the
base layer of the uninsulated wall rose to 66.91 °C; with 50 mm thick EPS board external
wall insulation system protection, the surface of the base layer temperature only rose to
30.62 °C, and the heat insulation effect was obvious. The temperature change is mainly
in the insulation layer, and there is a huge temperature gradient of 69.51~30.96 °C on the
inside and outside surfaces of the insulation layer. Under winter conditions, the structural
layer of the uninsulated wall dropped to —17.19 °C, and the surface temperature of the
base layer of the external insulation system only dropped to 15.80 °C; the insulation effect
is obvious. There is a huge temperature gradient between the inner and outer surfaces
of the insulation layer, which is —19.56 °C to 15.49 °C. The uninsulated wall temperature
varies gently along the thickness direction relative to the external wall insulation system.

In general, the thermal conductivity of the insulation is low, indicating that the tem-
perature variation inside the insulation is large. The lower temperature variation inside
the substrate provides thermal insulation and the insulation protects the durability of
the substrate.

3.1.2. Analysis of Temperature Stress Simulation Results

As in Figure 7a,b, in the summer the external wall insulation system of each layer
of the material properties varies greatly, due to the role of temperature. The temperature
stresses on the wall are compressive stresses, which can cause bulging and spalling.
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Figure 5. Summer temperature distribution of different walls.
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Figure 6. Winter temperature distribution of different walls.

The maximum temperature stress on the uninsulated wall is 1.32 MPa, of which the
maximum temperature stress on the base layer is 1.23 MPa, and the maximum temper-
ature stress on the external wall insulation system is 3.16 MPa, of which the maximum
temperature stress on the base layer is 0.58 MPa; compared with the uninsulated wall, the
temperature stress on the base layer is reduced by 52.9%. At this time, in the thickness di-
rection, the maximum temperature stress of the external wall insulation system is 0.11 MPa,
which is slightly larger than the tensile bond strength of the plaster layer and the insulation
layer shall not be less than 0.1 MPa as stipulated in the technical regulations of external
wall insulation engineering (JGJ144-2019), indicating that the insulation system will fall off
under extreme conditions in summer. The temperature stress is mainly concentrated in the
middle position of the external wall insulation system, which is consistent with the actual
wall middle being prone to hollow drums and peeling.

As in Figure 7c,d, due to the role of temperature and the external wall insulation
system of the material properties of the layers being very different, the temperature stress
on the wall in winter is tensile, too large, and likely to cause the cracking in the wall.

The maximum temperature stress on the uninsulated wall is 1.15 MPa, of which the
maximum temperature stress on the substrate is 1.08 MPa, and the maximum temperature
stress on the external wall insulation system is 2.85 MPa, of which the maximum tempera-
ture stress on the substrate is 0.53 MPa; compared to the uninsulated wall, the temperature
stress on the substrate is reduced by 50.9%.

Although the external wall insulation system is subjected to greater temperature stress
than the uninsulated wall, and the temperature stress at the substrate is not the smallest
in the entire structural layer, it is less than the temperature stress at the substrate of the
uninsulated wall. This indicates that the use of an external wall insulation system reduces
the temperature stress of the wall substrate, protects the substrate, and increases the service
life of the main body of the building.
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Figure 7. Simulation results of temperature stresses. (a) Summer, uninsulated walls; (b) Summer,

insulation walls; (c) Winter, uninsulated walls (d) Winter, insulation walls.

For the external wall insulation system, from the thickness direction, without consid-
ering the stress concentration, the largest temperature stress is located in the plaster layer,
and although the insulation layer has the largest temperature difference, its elastic modulus
value is much lower than that of the plaster layer, so the plaster layer is affected by the
largest temperature stress. For external wall insulation system, attention should be paid
to the durability of the plaster layer. Therefore, it is necessary to recommend the use of
polymer mortar, a material with a certain deformation capacity.

3.2. Effect of Facade Dimensions on Temperature Stresses

In practice, it was found that the east and west hillside walls are prone to large areas of
shedding, so the effect of exterior wall dimensions on temperature stresses was considered.
The boundary conditions were selected as the most unfavorable temperature in summer,
the thickness and material selection of the model are shown in Table 2, and the model
dimensions are shown in Table 4 below.

Table 4. Dimensions of the model.

Sports Event Model 1 Model 2 Model 3

Length/m 3 3 3
Height/m 6 9 12
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Analysis of Temperature Stress Simulation Results

From Figure 8, it can be seen that at the most unfavorable summer temperatures, with
the increase of the height of the external wall, the temperature stress is still concentrated at
the center of the wall, and the maximum temperature stress on the external wall insulation
system is almost unchanged, but the area of the area with higher temperature stress on the
external wall insulation system increases substantially. It indicates that as the size of the
external wall increases, the external insulation system of the external wall is more affected
by the temperature stress and more likely to fall off. This is consistent with findings from

the actual project, in which the east and west hill walls fall off more seriously than the north
and south walls.

(@)

(b) (0)

Figure 8. Simulation results of temperature stress for three models. (a) Model 1; (b) Model 2;
(c) Model 3.

3.3. Effect of Temperature Changes on Temperature Stresses at the Outer Wall Surface

This subsection considers the effect of wall temperature variation on temperature
stress. The most unfavorable external wall surface temperature in summer is set to 60 °C

and 50 °C, respectively, for simulation and comparison with the working condition, with
an external wall temperature of 70 °C.

3.3.1. Analysis of Temperature Field Simulation Results

As can be seen from Figure 9, when the temperature of the external wall surface is
60 °C, the temperature of the base surface of the external wall insulation system rises to
29.57 °C. There is a huge temperature gradient of 59.62 °C to 29.83 °C on the inside and
outside surfaces of the insulation layer. When the temperature of the external wall surface
is 50 °C, the temperature of the base surface of the external wall insulation system rises
to 28.52 °C. The temperature of the inner and outer surface of the insulation layer was
49.74 °C~28.70 °C. The overall change trend is similar to that when the temperature of the
external wall surface is 70 °C.

Temperature (‘C)

40 80 120 160 200 240 280
Thickness (mm)

Figure 9. Temperature distribution curves at different external wall surface temperatures.
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0.083753 Min

(a)

3.3.2. Analysis of Temperature Stress Simulation Results

When the temperature of the external wall surface is 60 °C, the wall is also subjected
to compressive stress, the temperature stress is mainly concentrated in the middle position,
as in Figure 10. At this time, the maximum temperature stress on the insulation system
is 2.46 MPa, compared with the external wall surface of 70 °C—a decrease of 22.2%; the
maximum temperature stress on the substrate is 0.46 MPa—a decrease of 20.7%. When the
temperature of the external wall surface is 50 °C, the maximum temperature stress to the
insulation system is 1.75 MPa, compared with the external wall surface of 70 °C—a decrease
of 44.4%; the maximum temperature stress to the substrate is 0.34 MPa—a decrease of
41.4%.

0.42082
012173 Min 0.088549 Min

(b) (0)

Figure 10. Temperature stress distribution clouds at different external wall temperatures. (a) 70 °C;
(b) 60 °C; (c) 50 °C.

This indicates that the temperature of the external wall surface has a large influence
on the temperature stress suffered by the external wall insulation system, which is the
reason why there are more peeling and cracking phenomena in the east and west hill walls
compared to the north and south walls. In the actual engineering application, the east and
west hill walls should consider using light-colored finishes or elastic coatings to reduce the
heat absorption of the walls. It is also recommended that vegetation be planted in the plot
to shade the east and west walls to reduce the area of direct sunlight.

4. Conclusions

In this paper, the effect of temperature on the durability of the external wall insulation
system is analyzed by the finite element method to analyze the temperature field and
temperature stress under different working conditions. It also analyzes the stress variation
of external wall dimensions and external wall surface temperature on temperature stresses,
and draws the following conclusions:

In summer, the walls are subjected to compressive stresses and are prone to bulge and
peeling. In winter, the walls are subjected to tensile stresses and are prone to cracks. This is in
line with the actual survey.

Under the most unfavorable conditions in summer and winter, the external insulation
system is subjected to maximum temperature stress of 3.16 MPa and 2.85 MPa, respectively,
with the stresses concentrated in the center of the external wall. Compared with the
uninsulated walls, the temperature stresses at the base of the external wall insulation
system are reduced by 52.8% and 50.9%, respectively. This indicates that the external wall
insulation system plays a protective role for the base wall.

As the size of the external wall and the temperature of the external wall surface
increase, the temperature stress on the external insulation system increases, so the east and
west hillside walls are more likely to cause damage; therefore, the east and west hillside
walls should use light-colored facing bricks or elastic paint.

This paper investigates and numerically simulates the durability of external wall
insulation systems for buildings in hot summer and cold winter regions, and studies the
durability of EPS insulation, which can provide guidance for other insulation material
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design and durability studies. It is worthwhile to continue researching how to determine
the influence weights of the various influencing factors and the relationship between them.
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