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The presence of thermal bridges in a wall increases local heat conduction 
of the building envelope, resulting in a decrease in the wall’s average 
thermal resistance. Simultaneously, the internal surface temperature of 
thermal bridge is lower than that of the surrounding areas and shows a 
tendency of condensation. Therefore, it is necessary to employ thermal 
bridges in the stage of construction design. In the research, a two-
dimensional steady-state numerical simulation was performed targeting 
thermal bridges with light-frame wood wall. Meanwhile, the heat bridge 
effect was simulated under different circumstances by changing the types 
of insulation and cladding materials, the number of the studs, and the 
framing factor. The results showed that the linear heat transfer coefficient 
increased linearly as the studs and framing factor rose. After the test was 
validated, the relative error rate between the simulated correction 
coefficients and the experimentally derived correction coefficients was 
11.4%, indicating that the correction coefficients can be simulated. 
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INTRODUCTION 
 

In the context of global environmental degradation and increasing pressure of the 

energy crisis, low-energy wooden buildings have broad prospects. The presence of thermal 

bridges is one of the main factors affecting the energy consumption (Choi et al. 2022). 

Thermal bridges created by the discontinuity of thermal insulations as parts of the 

building envelope have major effects on the thermal performance. The influence of thermal 

bridges can amount to 30% relative to the heating needs (Capozzoli et al. 2013). The study 

of Bjarløv showed that there are a lot of thermal bridges in the roof, the façades, and the 

floor, all of which led to heat losses (Bjarløv and Vladykova 2011). 

Thermal bridges in building envelopes should be taken as a priority to improve the 

thermal performance of buildings, because they increase heat loss in buildings and reduce 

the temperature of the internal envelope surface, causing moisture condensation and mold 

breeding (Torres-Rivas et al. 2018). Given the definition of ISO 10211 (2017), the places 

where the building envelop is penetrated by a more thermally conductive material, where 

the thickness of the structure changes, or where there is a difference in internal and external 

surface area of the joints such as walls and floors, all these places that meet one of these 

criteria is called a thermal bridge. 

Both the simulation and experiment techniques have been analyzed in various ways 

aiming at understanding thermal bridges. A series of calculations are applied, according to 

some methods. The effect of thermal bridges is expressed by linear thermal transmittance 



 

PEER-REVIEWED ARTICLE  bioresources.com 

 

 

Zhang et al. (2023). “Effect of thermal bridges,” BioResources 18(1), 367-381.  368 

(Capozzoli et al. 2013; O’Grady et al. 2017), which can be calculated relying on relevant 

standards. Since the complexity of two- or three-dimensional dynamic heat transfer 

simulation has led to a dilemma in practical operation, the steady-state method has been 

utilized in most studies on the thermal behavior of construction elements (Viot et al. 2015). 

Building energy simulation programs, such as TRNSYS, THERM, and WUFI, are 

commonly used to analyze the effect of thermal bridge in different conditions and predict 

the behavior and the energy consumption of buildings (Martin et al. 2011, 2012; De 

Angelis and Serra 2014; Levinskyte et al. 2016). Simulation of a realistic linear thermal 

bridge by assuming a dynamic behaviour is achieved by employing boundary element 

simulation (BEM) to control the dynamics of the internal and external temperatures at the 

thermal bridge (Tadeu et al. 2011). An approach based on the equivalent wall method is 

adopted to replace the thermal bridge by defining a one-dimensional three-layer wall. The 

comparison between this approach and the existing four methods has shown that this 

approach can obtain more accurate results (Quinten and Feldheim 2016). Therefore, the 

experimental results are used to validate the simulation predictions obtained with software 

(Zalewski et al. 2010; Cuce and Cuce 2016). 

For wooden buildings, some works have been published on the characterization of 

the thermal behavior, static or dynamic, of linear thermal bridges to energy performance 

of buildings. The PSIPLAN software was utilized by Ligia (Moga and Moga 2015) to 

analyze the thermal bridge in different insulation conditions of light frame wood wall. The 

software Flixo was applied by Pusila (2015) to conduct the simulation, and the results 

showed that the thermal bridge in cross-laminated timber CLT buildings eradiated less heat 

than that in concrete buildings. Additionally, hot box was used by Joana (Prata et al. 2018) 

to analyze the heat transfer at the corner of the CLT wall and the experimental results were 

compared with the simulation results, showing a good agreement. Seong (Chang et al. 

2019) studied the heat transfer of the wall with ply-laminate cross-laminated timber (ply-

lam CLT) by experiment and simulation, which is a brand-new structure. The results 

indicate that the ply-lam CLT walls have lower thermal bridges than wood frame structure 

walls. 

In this paper, a combination of experiment and simulation was used to study the 

repetitive thermal bridges in light-frame wood walls. The linear heat transfer coefficient 

was used as a method to analyze the effect of thermal bridge quantitatively, while the 

change of linear heat transfer coefficient can reflect the degree of influence of thermal 

bridges on heat transfer in walls. Finally, the relative error between the simulated correction 

coefficients and the experimentally derived correction coefficients can be used to verify 

the accuracy of the simulation. 

  

 
EXPERIMENTAL 
 
Materials 

The materials are shown in Fig. 1. The stud used spray polyurethane foam (SPF) 

that was made in Canada with the specification being 2” × 4”. The cladding panel used 

oriented strand board (OSB) with the specification being 1220 mm × 2440 mm, the 

thickness being 12 mm, and the apparent density being 690 kg/cm3. The gypsum board was 

used in the inner wall panel with the specification being 1220 mm × 2440 mm, the thickness 

being 12 mm, and the areal density being 9.5 kg/m2. The insulation material was made of 

glass wool with the bulk density being 480 kg/cm3. 
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Fig. 1. Experimental materials: (a) gypsum board; (b) OSB; and (c) glass wool 

 
Methods  

In the test, the temperature control box-heat flow meter method was utilized, which 

provided a constant temperature difference through the cold and hot boxes to achieve a 

stable heat transfer state of the wall. Moreover, the temperature was used to measure the 

temperature of the cold and hot surfaces of the wall, and the heat flux density sensor was 

used to test the heat flux density through the wall. After the test wall reached stable heat 

transfer, several sets of data were selected for analysis and the heat transfer coefficient was 

calculated.  

The main instruments in this experiment consisted of a JIRJ-B heat transfer 

coefficient intelligent detector, heat box with temperature controller, twenty temperature 

sensors, two heat flow meters, etc. All these instruments were purchased from Zhejiang 

Jinhua Julong Testing Machine Co., Ltd. (Jinhua, China). The temperature sensors could 

measure the temperature from -50 to 150 °C with an accuracy of ± 0.5 °C, a resolution of 

0.1 °C, and a heat flow coefficient of 8 J/(m2s). This measurement of the heat transfer 

coefficient was in accordance with GB/T23483 (2009) and GB 50176 (2016).  

As for the distribution points of the light frame wood wall, there were three 

measurement points at the insulation, six measurement points at the stud, and one heat flow 

sensor at the stud and insulation, respectively. The wall to be tested was fixed with a cold 

box and heat box, and the place of connection between the upper and lower boxes and the 

wall was wrapped with insulation to prevent the inaccurate results caused by a large amount 

of heat leakage during the test. The temperature of the hot box was set at 40 °C, so that the 

temperature difference between inside and outside remained at 20 °C, and the temperature 

difference with the simulation was guaranteed to be the same. The instrument was 

preheated first, during which the changes in temperature and heat flow were observed. 

After the wall’s heat transfer reached a stable state, the temperature change was less than 

1% and the data were recorded. 

According to GB/T 23483 (2009), the thermal resistance was calculated with Eq. 

1, 

𝑅 =
∑ (𝑇𝑖𝑗 − 𝑇𝑜𝑗)𝑛

𝑗 = 1

∑ 𝑞𝑗
𝑛
𝑗 = 1

        (1) 

where 𝑅 is the thermal resistance of the building envelop to be tested [(m2·K)/W], Tij is the 

j-th measured value of the inner surface temperature of the building envelop (°C), 𝑇𝑜𝑗 is 

the j-th measured value of the outer surface temperature of the building envelop (°C), and 

(a)         (b)        (c) 
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Qj is the j-th measured value of the heat flux density of the building envelop (W/m2). The 

heat transfer coefficient of the tested wall can be calculated by Eq. 2, 

𝐾 =
1

𝑅 + 𝑅𝑖 + 𝑅𝑜
          (2) 

where R is the thermal resistance to be tested ((m2·K)/W), Ri and Ro are both the heat 

transfer resistances inside and outside of the wall surface, 0.11 (m2·K/W) and 0.043 

(m2·K/W) respectively, and K is the heat transfer coefficient of the wall to be tested 

[W/(m2·K)]. 

 
Simulation 
The calculation unit 

Each stud of the wood-frame construction wall was considered the same, and one 

stud was extracted as a calculation unit for analysis, while the effect of nails had been 

ignored in the study. Figure 2 shows a schematic diagram of the calculation unit model 

with the size of the stud as 2” × 4”. 

 

 
 

Fig. 2. Thermal bridge computing unit model diagram 
 

Simulation variables 

The repetitive thermal bridge exists at the stud of the wood-frame wall, which is an 

unavoidable thermal bridge phenomenon and may be related to the type of insulation 

materials, cladding materials, the number of the studs and framing factor, etc. Therefore, 

the effect was analyzed in this paper from the following aspects. 

(1) Insulation materials 

The stud of the wood-frame wall was filled with insulation materials to increase the 

thermal performance. Three types of insulation materials are selected, and the specific 

parameters are listed in Table 1. 
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Table 1. Thermophysical Parameters of Insulation Materials (China Architecture 
and Building Press 2010) 

Materials Density kg/m3 Thermal Conductivity W/(m·K) 

Glass wool 60 0.034 

Rock wool 80 0.041 

Extruded polystyrene (XPS) 50 0.025 

 

(2) Cladding materials 

In this study, three kinds of cladding materials are selected for simulation, and the 

specific parameters are presented in Table 2. 

 

Table 2. Thermophysical Parameters of Cladding Materials (China Architecture 
and Building Press 2010) 

Materials Density kg/m3 Thermal Conductivity W/(m·K) 

Bamboo plywood 850 0.504 

Oriented strand board 650 0.155 

Gypsum board 1050 0.33 

 

(3) The number of wood studs 

The typical stud size of 2” × 4” of the wall was selected, and the number of studs 

was changed. In addition, the proportion of the wall occupied by studs remained 

unchanged. When the simulation of one stud was conducted, the stud area was assumed as 

c and the wall area was assumed as ab, and thereby the proportion of the wall occupied by 

stud area was c/ab. Similarly, as the simulation of three studs was performed, the stud area 

was 3c, and the wall area was 3ab, and the proportion occupied remained the same. And 

so on, the proportion occupied by 5 and 7 studs was unchanged. The model is shown 

schematically in Fig. 3. 

 

 
 

Fig. 3. The model of the stud numbers 
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(4) Framing factor 

In current practical tests and theoretical analysis of building envelopes, the number 

of members incorporated into the total flat wall area often refers to the framing factor, 

which is equal to the frame’s percentage to the entire wall area (Syed and Kośny 2006). As 

an important consideration for light-frame wood wall, in this study, the wall width was set 

to a fixed value of 406 mm, and the stud width was the product of the wall width and the 

framing factor, which was changed by varying the framing factor (Christensen 2011). The 

dimension is illustrated in Table 3. 

 

Table 3. The Model Size of Framing Factor 

Framing factor The Width of Stud (mm) 

6 24 

12 48 

18 73 

24 97 

 

Calculation of linear heat transfer coefficient in simulation 

According to the ISO 10211 (2017), the influence of building thermal bridge on 

heat transfer is described, and the detailed calculation and simulation methods are given. 

The following is the calculation formula of the heat transfer coefficient of the thermal 

bridge: 

ψ =
𝑄2𝐷 − 𝐾𝐴 (𝑡𝑛 − 𝑡𝑒)

𝑙 (𝑡𝑛 − 𝑡𝑒)
 =  

𝑄2𝐷

𝑙 (𝑡𝑛 − 𝑡𝑒)
 −  𝐾𝐵     (3) 

In this equation, the 𝜓 is the linear heat transfer coefficient of thermal bridge (W/(m·K)), 

Q2D is the heat flow through the wall (W), 𝐾 is the heat transfer coefficient of the main 

section of the wall [W/(m2·K)], 𝐴 is the area of the rectangular wall for calculating the heat 

flow (m2), 𝑙  is the length of one side of the wall, and the thermal bridges are evenly 

distributed along this length, usually 1 m in the calculation, tn is the air temperature inside 

the wall (°C), te is the air temperature outside the wall (°C), and B is the length of the other 

side of the rectangular wall (m). 

Given that the influence of temperature difference on the linear heat transfer 

coefficient had not been considered, the indoor and outdoor temperature difference was set 

to 20 °C. According to the GB 50176 (2016), the outdoor temperature (Tout) was set to 0 

°C, the indoor temperature (Tin) was 20 °C, the inside surface coefficient of heat transfer 

αin was 8.7 W/(m2·K), and the outside surface coefficient of heat transfer αout was 23 

W/(m2·K). 

 

Calculation of the mean heat transfer coefficient of the test wall 

The mean heat transfer coefficient in the test of the wood-frame construction wall 

was calculated by the weighted area method according to the Eq. 4.  

K = Kw · Sw + Kc · Sc        (4) 

In Eq. 4, the K is the mean heat transfer coefficient of the test wall (W/(m2·K)), KW is the 

heat transfer coefficient of the thermal insulation (W/(m2·K)), and 𝑆w is the proportion of 

the thermal insulation area, at 93% in this test. The KC is the heat transfer coefficient of 

stud [W/(m2·K)], and Sc is the proportion of the stud area, 7%. 

 



 

PEER-REVIEWED ARTICLE  bioresources.com 

 

 

Zhang et al. (2023). “Effect of thermal bridges,” BioResources 18(1), 367-381.  373 

Coefficient correction of heat transfer coefficient 

According to JGJ26-2018 (2018), the correction coefficient of the heat transfer 

coefficient can be calculated by Eqs. 5 and 6. 

𝐾𝑚 = 𝐾 +
∑ ψ𝑗𝑙𝑗

𝐴
        (5) 

𝜑 =
𝐾𝑚

𝐾
         (6) 

As shown in the above equations, the Km is the average heat transfer coefficient of the unit 

wall [W/(m2·K)], K is the heat transfer coefficient of the main section of the unit wall 

[W/(m2·K)], lj is the line heat transfer coefficient of the j-th thermal bridge on the unit 

wall(m), A is the area of the unit wall (m2), and φ is the correction coefficient of the heat 

transfer coefficient of the main section of the unit wall [W/(m·K)]. 

 

 
RESULTS AND DISCUSSION 
 

Validation  
The measurements of the heat transfer coefficient were according to GB/T23483 

(2009) and GB 50176 (2016). The test results are illustrated in Fig. 4.  

 

 
 

Fig. 4. Test results of light-frame wood wall 
 

The temperature on the inner surface of the studs in the light-frame wood wall was 

3 ~ 4 °C lower than that on the inner surface of the insulation materials. The heat flux 

density of the studs in the light-frame wood wall ranged from 20.35 to 24.33 W/m2, and 

the heat flux density of the insulation ranged from 10.08 to 12.92 W/m2. It can be stated 

that the change of heat flux density at the thermal bridge in the light frame wood wall was 

0 2 4 6 8 10 12
20

25

30

35

40

45

50

55

60

65

70

T
e

m
p

e
ra

tu
re

 (
℃

)

Time (h) 

 temperature of insulation materials 

         at the inner surface

 indoor temperature

 temperature of stud at inner surface

 temperature of stud 

         at external surface

 temperature of insulation materials 

         at the external surface

 outdoor surface

8

10

12

14

16

18

20

22

24

26

28

 heat flow of stud

 heat flow of insulation materials

T
h

e
 d

e
n

s
it

y
 o

f 
h

e
a

t 
fl

o
w

 (
W

/m
2
)



 

PEER-REVIEWED ARTICLE  bioresources.com 

 

 

Zhang et al. (2023). “Effect of thermal bridges,” BioResources 18(1), 367-381.  374 

more drastic than that at the non-thermal bridge, because the thermal bridge constructed a 

heat path that was more inclined to transfer through the thermal bridge. Compared with the 

non-thermal bridge, the thermal bridge amassed more heat, which also caused the heat flux 

density to be more obvious. It is essential to analysis the influence of the thermal bridge 

and mitigate the heat loss. The test results of light-frame wood wall were recorded, and the 

thermal resistance and the heat transfer coefficient were also calculated according to Eqs. 

(1), (2), and (4). The results are listed in Table 4. 

 

Table 4. Test Values of Heat Transfer Coefficient 

Test Area 
Temperature 

Difference 
(°C) 

Heat 
Flow 

(W/m2) 

Thermal 
Resistance 
(m2·K/W) 

Heat 
Transfer 

Coefficient 

(W/m2·K） 

Mean Heat 
Transfer 

Coefficient 

(W/m2·K） 

Thermal Bridge 35.77 22.2 1.611 0.567 

0.309 Non-thermal 
Bridge 

38.96 11.8 3.302 0.289 

 

Effect of Insulation Materials on Linear Heat Transfer Coefficient 
In the case of the same framing factor, cladding materials, and number of studs, the 

changes of the linear heat transfer coefficients of three types of insulation materials, glass 

wool, rock wool, and XPS, were simulated under the stud sizes of 2” × 4”, 2” × 6”, and 2” 

× 8” respectively. Figure 4 presents the linear heat transfer coefficients which are expressed 

based on these simulation values regarding Eq. 3. 

Figure 5 shows that under the same insulation materials, the size of the stud 

increased from 2” × 4” to 2” × 8”, and the linear heat transfer coefficient decreased 

obviously. And when the stud size changed from 2” × 4” to 2” × 8”, the slope was almost 

unchanged, it can be seen that the changing trends was mainly affected by the stud. 

When the size of the stud remained unchanged, for different insulation materials, 

the variation of linear heat transfer coefficient was less than 0.001 (W/(m.k)), which 

suggested that the effect of insulation materials on the linear heat transfer coefficient was 

slight. Moreover, the linear heat transfer coefficient of the wall with rock wool was highest, 

which indicated that the insulation material with higher thermal conductivity has a more 

distinct effect from the thermal bridge.    

 
Effect of Cladding Materials on Linear Heat Transfer Coefficient 

Under the condition that the framing factor, the insulation materials, and the 

number of studs were consistent, the stud of 2” × 4” was selected as a typical size to 

simulate three cladding materials with different thicknesses. According to the simulation 

results in Fig. 6, the values decreased with the increase of the thickness. When the thickness 

remained unchanged, the linear heat transfer coefficient of bamboo plywood was higher 

than that of gypsum board and OSB. It can be noted that although the thermal conductivity 

of the gypsum board was about two times higher than that of OSB, the linear heat transfer 

coefficient of gypsum board was not much higher than that of OSB at the same thickness 

Similarly, the thermal conductivity of bamboo plywood was bigger than that of OSB and 

gypsum board, but the difference of linear heat transfer coefficient obtained by simulation 

was small. Therefore, the impact of cladding materials on the linear heat transfer coefficient 

was much smaller than the difference between the thermal conductivity of cladding 

materials. 
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Fig. 5. Linear heat transfer coefficient diagram of different insulation materials 
 

 

 
Fig. 6. Linear thermal transmittance coefficient diagram of different cladding materials 
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coefficient of the wall was simulated when the number of studs was 1, 3, 5, and 7 

respectively. 

Figure 7 shows a schematic diagram indicating the linear heat transfer coefficient 

of the wall with different stud quantities. The estimated value was figured out based on the 

calculation value of one stud multiplied by the corresponding stud number. The almost 

linear increase of the linear heat transfer coefficient indicated that the number of studs had 

a more considerable impact on the results. The reason was mainly attributed to the fact that 

the increase of the number of studs drives the growth of the corresponding nodes forming 

thermal bridges, thus causing an upward trend in the linear heat transfer coefficient. 

 

 
Fig. 7. Linear heat transfer coefficient of different number studs 
 

The rounding of the decimal places of the linear heat transfer coefficient also 

influenced the results, so it needed to be considered. As illustrated in Table 5, the calculated 

and estimated values of the linear heat transfer coefficient were almost equal within the 

allowable error range. Therefore, the linear heat transfer coefficient for different stud 

numbers can be calculated through an estimation without the necessity of building a 

complete model. 

 

Table 5. Influence of the Decimal Places 

The 
Number 
of Studs 

Calculated 
Value ψ 
W/(m·K) 

Retain Three 
Decimal Places 

W/(m·K) 

Relative 
Deviation 

Retain two 
Decimal 
Places 

W/(m·K) 

Relative 
Deviation 

1 0.0331 1 × 0.033 = 0.033 0% 1 × 0.03 = 0.03 -9.4% 

3 0.0975 3 × 0.033 = 0.099 +1.5% 3 × 0.03 = 0.09 -7.7% 

5 0.1563 5 × 0.033 = 0.165 +5.6% 5 × 0.03 = 0.15 -4% 

7 0.231 7 × 0.033 = 0.231 0% 7 × 0.03 = 0.21 -9.1% 
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Effect of Framing Factor on Linear Heat Transfer Coefficient 
Under the condition that the other variables were the same, the light-frame wood 

wall’s linear heat transfer coefficients with framing factors of 6%, 12%, 18%, 24%, and 

30% were simulated, respectively. According to Fig. 8, the value was augmented linearly 

with the increase of framing factor, indicating that the framing factor had a considerable 

influence on the results. 

 

 
 

Fig. 8. Linear heat transfer coefficient of different framing factor 

 

 
 

Fig. 9. Correction coefficient of light-frame wood wall 
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Correction Coefficient of Heat Transfer Coefficient of Light-Frame Wood Wall 
In line with the above analysis, the insulation materials, the stud’s size, the number 

of studs, and the framing factor had all been considered in terms of the wall’s correction 

coefficient. Figure 9 demonstrates the correction coefficient of the light-frame wood wall 

with different factors. On the pretext of ensuring the other variables to be the same, a 

different number of studs had little influence on the correction coefficient, which could be 

ignored. 

It can be noted that the curve changed linearly, as shown in Fig. 9. When the number 

of the studs remained unchanged and the framing factor became larger, so as the correction 

coefficient. Additionally, the change of the difference in correction coefficient was in 

keeping with that of the framing factor. By linearly fitting the values in Fig. 9, the 

relationship between the correction coefficient and the framing factor f is shown in Table 

5.  

 
Fig. 10. Correction coefficient under different framing factors 
 

Table 6. Relationship Between Correction Coefficient and Framing Factor 

The Size of Stud 
Insulation Materials 

Glass Wool Rock Wool XPS 

2" × 4" 0.937 + 0.028f 0.946 + 0.025f 0.924 + 0.033f 

2" × 6" 0.934 + 0.029f 0.942 + 0.026f 0.92 + 0.035f 
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According to Tables 4 and 6, the simulation correction coefficient and the test 

correction coefficient of the test wall were obtained and recorded in Table 7. Through the 

calculation of the relative errors, it can be seen that the test correction and simulation 

correction coefficient were 1.066 and 1.189, respectively, and the relative error rate was 

11.6%, which was relatively small and could be regarded as within the error range. The 

error may be due to the use of nail connections in the fabrication of the specimen, and the  

thermal conductivity of the nails leads to an increase in heat transfer during the test, which 

is not considered in the model calculation. 

 

Table 7. Comparison of Experimental and Simulated Values of Correction 
Coefficient 

Test correction coefficient (φ) 
 

Simulation correction coefficient 
(φ)  

Relative Error 
(%) 

1.066 1.189 11.4 

 

 
CONCLUSIONS 
 

Thermal bridges are known to influence the thermal performance of a wall. The 

originality of this study pertains to the special case of the light-frame wood wall. In this 

case, the linear heat transfer coefficient was implemented to qualify the influence of 

thermal bridge in different circumstances. The correction coefficient was proposed to 

analyze the accuracy of simulation. It is an effective way when considering how to mitigate 

the influence of thermal bridge in light-frame wood wall, thus rendering good performance 

of the wall. The results are as follows: 

1. The linear heat transfer coefficient of light-frame wood wall decreased with the 

increase of thickness. The lower the thermal conductivity of the insulation material, the 

lower the linear heat transfer coefficient. The influence of different cladding materials 

on the linear heat transfer coefficient of the wall was relatively small, and the linear 

heat transfer coefficient increased linearly with the increase of the number of studs and 

the framing factor, thus strengthening the thermal bridge’s influence. 

2. The coefficient of determination of the heat transfer coefficient which was mainly 

influenced by the insulation materials, the framing factor, and the wall thickness, was 

slightly related to the number of studs. The relative error rate between the experimental 

and simulated values of the correction coefficient was 11.4% through the wall’s thermal 

test, which indicated that the method of using software to simulate the correction 

coefficient was feasible. 
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