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Abstract: Applying rock-filled gabion to buildings in cold regions with mountainous climates has
multiple potentials, such as utilizing rock resources, improving building sustainability and saving
building energy. Therefore, it is necessary to analyze the thermal performance of gabion buildings.
Based on the CFD method, this paper establishes a numerical model of buildings with gabion
enclosure structures, analyzes the influence of the gabion structure on the external convective heat
transfer coefficient (CHTC), wind pressure, air infiltration, room temperature and building load,
and further uses the building energy consumption simulation method to analyze the heat load of
gabion buildings. The results showed that the adverse impact of climate on the building thermal
performance is significantly diminished by the gabion. Under different weather conditions, the
CHTC, the maximum wind pressure difference on the exterior surface, and the air infiltration rate
are reduced by different rates. Further, the room base temperature increases throughout the heating
season, and the maximum heat load and the cumulative heat load of the building are, respectively,
reduced by 10.6% and 24.8%. This work revealed that the gabion is an eco-friendly and adaptive
measure to improve thermal performance and indoor thermal comfort.

Keywords: gabion; mountainous climate; cold region; building envelope thermal performance;
numerical simulation

1. Introduction

The building sector accounts for about 40% of the global energy consumption [1]. In
China, the energy consumption in buildings accounted for 27.6% of total national energy
consumption in 1999, increasing to 45.5% by 2020 [2,3]. This proportion means there is high
energy-saving potential in buildings. A building envelope has the function of regulating
and controlling the use of energy because it is on the boundary between indoor and outdoor
environments; therefore, the improvement of its performance has attracted attention all over
the world [4–6]. Related research has mainly focused on the following problems: (1) the
development of building materials with excellent thermal performance; (2) the integration
of the building envelope with renewable energy; and (3) numerical and experimental
investigations into the thermal performance of building envelopes. Moreover, with rapid
economic growth, the strategies adapted to regional climate and environment are more
cost-effective for improving building performance in reducing energy consumption and
reducing the associated CO2 emissions [7–9].

Many research efforts took more into account climate characteristics when improving
the thermal performance of building envelopes and verified their effectiveness in reduc-
ing energy consumption [10–12]. And the heating and cooling requirements of passive
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buildings varied considerably in different climate regions [13]. Rock is the most convenient
and abundant material in mountainous regions. In terms of thermal comfort, traditional
single-layer rock envelope cannot meet human demand with HVAC system; with regard
to safety, it is prone to collapse owing to non-uniformity. Due to rock’s good ecological
expression and architectural value, gabion architecture was first introduced by designers to
further overcome shortcoming of traditional rock envelope [14].

Kairl et al. [15] compared the thermal performance of traditional buildings and gabion
buildings through dynamic simulation. They found that gabion buildings had better
thermal performance in temperate climates. However, the mountainous climate is a special
local microclimate with poor weather, characterized by high variations in wind speed
and temperature [16]. Mariani et al. [14] analyzed case studies of massive single-layer
stone masonry building solutions and found that, in terms of thermal energy performance,
these solutions are appropriate for historical centers, maintaining urban cultural identity
while ensuring energy efficiency and user comfort. Quan et al. [17] compared the thermal
performance of rubble, rammed earth, gabion, and traditional cement walls. The results
indicated that gabions demonstrated the best thermal delay performance, with the most
stable wall heat transfer, and the least fluctuation in inner wall temperature due to changes
in outer wall temperature. Interestingly, gabion buildings were also found in the Yanqing
area with typical mountainous climate in Beijing, and they also achieved excellent comfort
in winter. These buildings have broken people’s common sense. Thus, it is valuable to
quantify the adaptivity and validness of a gabion envelope for low-energy and low-carbon
buildings in the mountainous region.

Thermal performance is the main approach to evaluating building envelopes. As one
of the important thermal properties of the building envelope, the exterior convective heat
transfer coefficient (CHTC) is a vital indicator in evaluating the thermal performance of
building envelopes [18]. Besides experiments, the numerical approach is used to simulate
the heat transfer between the building facades and external environments and analyze the
effects of different parameters on CHTC by obtaining detailed velocity and temperature
field information [19–21]. Iousef et al. [22] applied multiple exterior CHTC models to
simulate the energy demand of buildings with different geometry in EnergyPlus software.
The results indicated that considering building geometry, CHTC models can accurately
predict building energy demand, especially for high-rise buildings. Kahsay et al. [23]
carried out CFD and heat transfer simulations for high-rise buildings with and without
the facade appurtenances, and concluded that local-CHTC variation and the effect of wind
directions are nonnegligible for buildings with facade appurtenances.

Additionally, attention should be paid to air infiltration caused by the airtightness
of building envelopes during the improvement of thermal comfort and energy efficiency
under different climates [24,25]. For instance, the predicted annual energy-saving potential is
3–36% for office buildings in different climates zones of the U.S. [26], and 2.43–16.44 kWh/m2

for dwellings in the Mediterranean climate area of Spain [27]. Since wind and buoyancy act
simultaneously on air infiltration [28], wind pressure distribution on the exterior surface
of the building should be considered in the energy efficiency of buildings in cold regions.
Furthermore, room base temperature, which represents the hourly indoor air temperature
without the air conditioning and heating system operating, is indispensable to assess the
indoor thermal environment and the energy-saving potential of building envelopes [29–31].

The target building cluster faces weather characteristics distinctly different from
those of the plains, which are located at the Haituo Mountains of the Yanqing region in
Beijing, China. Considering features like low temperature, high wind speed and uneven
precipitation distribution, gabions may affect the thermal performance of the building by
changing the wind speed on the exterior wall surface. Traditional studies mainly analyze
the effect of gabions on building reinforcement and force [32–34], but there are few models
for building thermal processes and performance analyses. Therefore, this paper establishes
a building thermal process analysis model based on the gabion structure, focusing on the
analysis of the heat transfer and airflow between a simulated gabion building and the
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external environment. The model was validated based on experiment results from the
literature. Then, the influences on the CHTC, wind pressure, and air infiltration were
analyzed. The room base temperature and the building heating load were simulated in
DeST software by inputting CFD simulation results. This study could guide the thermal
design of the new buildings and the energy-saving retrofits of existing buildings in cold
regions with similar climates.

2. Physical Model

The gabion used in the buildings is placed outside all exterior walls, as shown in
Figure 1a. A building in the south of the building group was selected as the research
object. As with the others, it is surrounded by a gabion with the same height as the
building. Figure 1b shows the building’s plan. The distance between gabions and the
exterior walls and the thickness of the gabion were, respectively, set to 100 mm and 200 mm,
reflecting the dimensions and locations while avoiding errors such as negative volume
grids and poor grid quality in the later meshing stage. The structure of the gabion building
envelope is as illustrated in Figure 2. The combination of gabion envelopes and reinforced
concrete load-bearing structures improves the level of safety. Based on the principle of
controlled variables, we consider that the main difference between the ordinary external
building envelope and the gabion building envelope is the absence or presence of the
gabion structure. The exterior wall is structurally identical and has the same physical
parameters. The relevant thermo-physical properties of materials used in the envelope
are listed in Table 1. After preliminary field research of the Yanqing region, a physical
model of this building group was established in Fluent software according to the surveyed
terrain. The buildings were simplified to corresponding size blocks, neglecting the support
elements within the building in this physical model. As shown in Figure 3, the exterior
surfaces of the analyzed building were numbered for the convenience of analysis.
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Table 1. Relevant thermo-physical properties of materials.

Material

Thermo-Physical Properties

Conductivity
(W/(mK))

Specific Heat
(J/(kg·K))

Density
(kg/m3)

Anti-cracking mortar [35] 0.93 1050 1800

Polystyrene sheet [35] 0.042 1380 30

Reinforced concrete [36] 1.74 920 2500

Lime gypsum mortar [35] 0.76 1050 1500

Stone [35] 1.04 1000 2000
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3. Mathematical Model
3.1. Computational Domain, Grid and Boundary Condition

The computational domain (Figure 4) was built to simulate the external environment,
with a size of 1425 m (length) × 945 m (width) × 302 m (height). The dimensions were
defined based on the recommendation relationship [37] between the height of the tallest
building and the dimensions. The inlet boundary wall is set at 6H from the exterior
building surface, with the outlet boundary 15H downstream of the building, to allow for
full development of the wake-flow. The distances between the lateral boundaries and the
building are 5H when the height of the computational domain is 5H.

The areas adjacent to the exterior building surfaces and the gabions are key areas
that are finely meshed using an unstructured mesh. The far-field area is sparsely meshed,
whereas the closer one is to the gabions, the finer the mesh is divided. Moreover, the
fineness of the mesh in the near-wall region matches the near-wall turbulent flow model.

The boundary conditions of the computational domain are given in detail in Table 2.
To simulate the variation in wind speed with height and underlying surface situation in
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the external environment, an exponential profile is chosen as the incoming wind velocity
profile for the inlet of the domain and the equation is shown as follows:

υ = υre f

(
z

zre f

)0.14

(1)

where, υ and υre f are the velocity for the inlet and reference point, respectively. z and zre f
are the vertical height for inlet and reference point, respectively. Moreover, the standard
wall function is used for the near-wall areas. The temperature of the exterior building
surface under simulation conditions can be calculated based on the basic principles of
heat transfer.
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Table 2. Boundary conditions for simulation.

Item Boundary Type Boundary Condition Setting

Inlet Velocity inlet Velocity: 3 m/s, 5 m/s and 10 m/s [38–40]
Temperature: −10 ◦C, −20 ◦C, −27 ◦C [38–40]

Outlet Pressure outlet

Exterior building surface/gabion Wall
Temperature: Data from calculation

Non-slip

Lateral and top side of the domain Symmetry

Ground surface Wall Adiabatic

3.2. Governing Equations

To emphasize the physical essence and facilitate the numerical calculation, we made
the following assumptions:

1. The temperature of the exterior building surface is uniformly distributed;
2. Indoor heat disturbance was ignored;
3. The air is a Newton fluid that satisfies the boussinesq assumption;
4. The thermal contact resistance between different layer of the exterior wall were ignored;
5. The change in thermal conductivity with temperature was ignored, and the thermal

conductivity was constant.

The Reynolds-averaged Navier–Stokes equations are used to describe the turbulent
flow because they can excellently express the statistical average of the physical quantities
and other statistical randomness in turbulence. With good convergence and a low memory
footprint, the Standard k-ε model can be used in the exterior flow with complex geometries
as well as non-slip wall flow, which uses wall functions to analyze fluid velocities in the
viscous sublayer near the wall. Therefore, the Standard k-ε model was used to solve the
Reynolds stress term in this study. The governing equations are given in Table 3.



Appl. Sci. 2023, 13, 8809 6 of 14

Table 3. The governing equations.

Type Mathematical Model Definition

Continuity equation ∂Vi
∂xi

= 0
Vi averaged velocity vector

p averaged pressure

Momentum equation ∂(ρVi)
∂t +

∂(ρViV j)
∂xj

= − ∂p
∂xi

+ ∂
∂xj

(
µ ∂Vi

∂xj
− ρV′i V′j

) T averaged temperature
ρ air density

Energy equation ∂(ρcpT)
∂t +

∂(ρcpTV j)
∂xj

= ∂
∂xj

(
λ ∂Ti

∂xj
− ρcpT′V′j

) cp air specific heat
λ air thermal conductivity

The standard k-ε model

∂(ρVik)
∂xi

= ∂
∂xi

[(
µ +

µt
σk

)
∂k
∂xi

]
+ µt

(
∂Vj
∂xi

+ ∂Vi
∂xj

)
∂Vj
∂xi
− ρε

µ air dynamic viscosity
−ρV′i V′j Reynolds stress term,

solved by the standard k-ε model
∂(ρViε)

∂xi
= ∂

∂xi

[(
µ +

µt
σε

)
∂ε
∂xi

]
+ c1ε

k µt

(
∂Vj
∂xi

+ ∂Vi
∂xj

)
∂Vj
∂xi
− c2

ρε2

k
σk turbulent Prandtl numbers for k
σε turbulent Prandtl numbers for ε

c1 equals to 1.44
c2 equals to 1.92

µt the turbulent viscosity, defined as
ρCµ

k2

ε
Cµ equals to 0.09

3.3. Working Conditions

This research aims to study the thermal performance of the gabion building envelope and
verify its high-performance potential for saving energy in cold regions with a mountainous
climate. As the heat transfer process of the building envelope is necessarily affected by the
weather, the complete meteorological data is indispensable to accurate simulation results. The
Haituo Mountain, with complex geological conditions, has a typical mountainous climate,
and is located in Beijing (a representative city in the cold region of China). The winter
is characterized by high wind, uneven precipitation, and large diurnal temperature range.
The weather data for the building was derived from the literature [38–40] involving the
meteorological parameters of the Haituo Mountain. The Haituo Mountain shows different
minimum temperatures and maximum wind speeds during cold waves, and the dominant
wind direction in winter is west. Given all these considerations, the three most typical
types of weather in winter are selected, including the normal, snowy cold wave, and windy
cold wave. The details of the weather corresponding to simulation conditions are shown
in Table 4.

Table 4. Simulation conditions.

Item
Number Weather Wind

Direction
Air

Temperature
(◦C)

Wind
Speed
(m/s)

Air
Density
(kg/m3)

Air Thermal
Conductivity
×10−2/(W/(m·K))

Air Specific
Heat

(kJ/(kg·K))

Air
Kinematic
Viscosity
×10−5/(m2/s)

I Normal West −10 3 1.342 2.360 1.0090 1.243

II Snowy
cold wave West −20 5 1.395 2.279 1.0090 1.161

III Windy
cold wave West −27 10 1.436 2.255 1.0118 1.104

3.4. Grid Independence Verification

To exclude the influence of the number of mesh cells in the computational domain on
the simulation results, a grid independence verification was performed with four different
grid sizes, as shown in Table 5. The result of the model with 3,135,433 cells was used
as a reference. As the number of grids increased, the relative error of the CHTC on the
exterior surface varied insignificantly. The effect of the grid number on the simulation
results could be neglected with less than 7.69% difference. Considering the computing
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speed and the accuracy of the results, it is reasonable to create 3,135,433 cells for discretizing
computational domain in the numerical simulation.

Table 5. Grid independence verification.

Number of Cells The CHTC Value (W⁄(m2·K)) Relative Error (%)

2,894,941 7.91 4.91
3,135,433 7.54 -
5,383,569 7.16 5.04
8,760,834 8.12 7.69

3.5. Model Validation

The numerical model was validated by comparing the simulation results of the No.
4 exterior surface without gabion structure with the experiment results [41] under three
wind speed levels: 1.5 m/s, 2.0 m/s and 4.5 m/s. The CHTCs of the simulation re-
sult, the experimental data and the corresponding fitted curves are shown in Figure 5.
The maximum difference between the simulation results and the experimental data is
0.968 W/(m2·K) (7.10%). Therefore, it can be concluded that the CHTCs from the simula-
tion results agree well with the experimental data, demonstrating that this numerical model
could predict the heat transfer between exterior surface and external environment well.
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4. Results and Discussion
4.1. Effect of Gabion on the Exterior CHTC

The calculated CHTC values on the exterior surfaces of a building with or without
gabion under different weather conditions (Figure 6) show the effect of this structure sur-
rounding the exterior wall on the exterior CHTC. Generally, the gabion could significantly
reduce the exterior CHTC under all simulation conditions, even in cold wave weather. The
averaged CHTC value is reduced by 7.660 W/(m2·K) (69%), 11.373 W/(m2·K) (67%), and
18.530 W/(m2·K) (63%) for three simulation conditions. As shown in Figure 6, the CHTC
values on the different exterior surfaces are more even and fluctuate less when the exterior
wall is surrounded by gabion. It is evident that the gabion can significantly weaken the
effect of severe weather on the exterior CHTC.

For the building without gabions, the maximum is found at the No. 3 exterior surface
when higher values of CHTC are observed at the No. 2, 3, and 4 external surfaces of the
building under all simulation conditions. However, with gabion, CHTC values of the above
three exterior surfaces are reduced and close to those of other exterior surfaces. Further, the
CHTC value of exterior surface No. 3 is reduced from 47.853 W/(m2·K) to 7.925 W/(m2·K)
with a reduction of 83.4% during the windy cold wave weather of condition III. The
flow structure is considerably influenced by the buildings’ geometry, which affects the
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distribution of CHTC. Unlike other exterior surfaces, the No. 2 and 4 exterior surfaces are
parallel to the direction of the incoming flow and not sheltered by other buildings or the
building itself. As a result, higher wind speeds are observed near the surfaces. The No. 3
external surface has the highest surface velocity for the building without gabions due to
its location, as illustrated in Figure 7. The vortices flowing from No. 3 exterior surface to
No. 2 exterior surface in the corner area of the building, which decreases the air residence
time, results in the highest velocity of No. 3 exterior surface. Moreover, since the wind
speed is higher, the CHTCs are larger. When the gabion is set, the near-wall velocities at the
No. 2, 3, and 4 exterior surfaces are effectively decreased, and thus so are the corresponding
CHTCs. The reduction in CHTC might be explained by the fact that gabion can effectively
reduce the surface velocity of the exterior building surface parallel to the direction of
the incoming flow, demonstrating that it diminishes the effect of flow structure on the
exterior CHTC.
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4.2. Effect of Gabion on Wind Pressure and Air Infiltration

The wind pressures on the exterior surfaces of buildings with/without the gabion in
three simulation conditions are shown in Figure 8. It can be seen that the wind pressure
distribution on exterior surfaces is significantly altered by setting the gabion under different
weather, which is more pronounced in cold wave weather. While the wind pressure
distribution of the building without gabion has both positive and negative pressure zones,
that of the building with gabion only has the negative pressure zone; the wind pressures of
the No. 1 and 3 exterior surfaces change from positive to negative. The higher variation in
wind pressure shows that the No. 1 and 3 exterior surfaces are more sensitive to the gabion.
However, the wind pressures of the others that are not windward are almost unaffected
after setting the gabion. This might be attributed to the fact that the gabion weakens this
effect on wind pressure when the No. 1 and 3 exterior surfaces are considerably affected by
the incoming airflow as windward sides.
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The gaps in windows and doors are the main pathway for cold air to enter the
building [28]. For multi-story buildings, infiltration heat loss is mainly influenced by the
amount of infiltration through external windows due to wind pressure, which is related to
the position of the external windows [42]. The critical factor of the wind-driven infiltration
is the indoor–outdoor wind pressure difference, increasing with the difference between the
wind pressure on the windward side and that of the leeward side [43]. Under all simulation
conditions, the maximum pressure difference is obtained between the No. 1 and 8 exterior
surfaces for the building without the gabion, while between the No. 1 and 5 exterior
surfaces after using the gabion. And the maximum pressure difference is, respectively,
reduced by 4.283 Pa (43.5%), 9.186 Pa (33.9%), and 31.41 Pa (30.6%). Therefore, based on
simplified theoretical equations [44], the wind-driven air infiltration rates of the building
with gabions, respectively, are all reduced considerably in conditions I, II, and III.
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Due to its impact on the wind pressure distribution of the exterior building surface, the
gabion can reduce the air infiltration rate to decrease the building heat load caused by cold
air infiltration. Apart from taking proactive measures to increase the airtightness of the en-
velope, installing the gabion is also an effective way to mitigate the effect of the environment
and air infiltration on building energy consumption in a harsh outdoor environment.

4.3. Impact of Gabion on Room Base Temperature

The room base temperature of a building is an inherent parameter that reflects the
comprehensive regulation of the building envelope under the external environment. To
explore the effect of the gabion on the room base temperature, a simulation was carried out
by inputting the exterior CHTCs and the weather information of condition I in the DeST
software. The thermal characteristics of the envelope are listed in Table 6. The air exchange
rate was set as 0.5 ACH. The heating set-point was 20 ◦C and there was no heat exchange
between rooms because of the same indoor temperature. A 3.5 W/m2 lighting system was
equipped in the room. Moreover, a residential building occupancy of four people with an
activity schedule of 18 p.m. to 8 a.m. on workdays is considered. The simulation period
was from 15 November to 15 March (i.e., normal heating season) in a typical year. The
numerical results are displayed in Figure 9.

Table 6. Thermal characteristics of envelope.

Envelope Thermal Transmittance
(W/(m2·K))

Normal exterior wall 0.177

Gabion building envelope 0.171

Roof 0.393

Window 2.5
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The gabion is effective in increasing room base temperature for the building in cold
regions with a mountainous climate. It is observed that the room base temperature of a
building with gabions is higher than that of a traditional building during the heating season,
while its daily fluctuation range is nearly unchanged. The average room base temperature
for the building with and without the gabion structure is 11.21 ◦C and 9.18 ◦C; the rate
of increase is 22%. This increase in the room base temperature indicates an improved
thermal insulation performance of the building envelope, which could reduce the energy
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consumption for building heating and enhance the adaptive capacity of a building to
outdoor environments.

4.4. Impact of Gabion on Building Load

Building load is a crucial indicator to evaluate the thermos-physical performance of a
building. Using the gabion has a pronounced effect on the room base temperature, which
inevitably changes the building load. The building heat load of condition I was selected
as the research subject. The discussed heating period was the same as in Section 4.3, and
DeST software was applied to simulate the effect of the gabion building envelope on the
building heat load. The maximum heat load and cumulative heat load of the building
with and without the gabion are presented in Figure 10. In comparison to the traditional
building, the use of gabions leads to a maximum heat load saving of 83.38 kW (10.7%) and a
cumulative heat load saving of 80,970.46 kWh (24.8%) during the heating season. Therefore,
adding gabions results in good performance for reducing heating energy consumption of
buildings in cold regions.
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5. Conclusions

During the buildings’ design stage, weakening the impact of the mountain environ-
ment on the thermal performance of buildings is an effective strategy for achieving energy
efficiency in cold regions with a mountainous climate. In this study, a numerical model
was developed to evaluate the thermal performance of a gabion building envelope under
three weather conditions, and it was compared to the traditional building envelope. The
effect on the convective heat transfer coefficient (CHTC), the wind pressure and the air
infiltration were investigated by using CFD and heat transfer simulations. Then, DesT
simulations were conducted by using the CHTC results to comparatively illustrate the
impact on room base temperature and building load. It is fair to say that the gabion can
enhance a building’s thermal performance in mountainous climate regions, resulting in the
improvement of building energy efficiency and thermal comfort. The main conclusions can
be drawn as follows:

1. Regardless of the weather condition, gabion significantly reduces the CHTC on the
exterior building surface by effectively reducing the wind speed on the external
building surface, even that of a surface parallel to the incoming flow direction. These
leads to a 69% decrease in the average CHTC value for the building under condition I,
67% under condition II, and 63% under condition III;

2. The gabion can obviously change the wind pressure distribution on the exterior
building surface, reduce the maximum wind pressure difference on external sur-
faces of the building envelope, and effectively weaken the impact of air infiltration
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on the building’s energy consumption. Compared to a building without gabions,
the air infiltration rate of a building with gabions is also greatly reduced under
three conditions;

3. A gabion located on the outside of the exterior wall can improve the room base
temperature throughout the heating season, and the average room base temperature
is 2.02 ◦C higher than that of a building without gabions. Therefore, a gabion can
have a significant impact on saving energy for building heating and enhancing the
adaptability to the unfriendly external environment;

4. The gabion structure has a non-negligible influence on the heating load while lowering
the maximum heat load (up to 10.7%) and the cumulative heat load (up to 24.8%)
during the heating season.

The thermal performance of gabion buildings in a mountainous climate is examined in
this paper, and a feasible analysis model and research method are provided. In the future,
the thermal performance of gabion buildings under other climatic conditions could be
further analyzed. Additionally, it becomes necessary to further construct an experimental
system and employ experimental methods for conducting related performance analysis.
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