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Abstract

:

With the growing worldwide attention towards environmental protection, the rational utilization of rice straw (RS) has gradually attracted the attention of scholars. This paper innovatively puts forward a solution for rational utilization of RS. A rice straw fiber concrete (RSFC) with good physical and mechanical properties and a rice straw concrete-light steel keel wall panel (RS-LSWP) with low comprehensive heat transfer coefficient and inconspicuous cold bridge phenomenon was designed. Firstly, the preparation method and process of RSFC is described in detail. Then, the physical and mechanical properties of RSFC, such as strength, apparent density, and thermal conductivity were tested. Finally, the thermal properties of the four new types of cold-formed thin-wall steel panels were analyzed using finite element simulation. The results show that the RSFC with a straw length of 5 mm, mass content of 12%, and modifier content of 1% is the most suitable for RS-LSWP. The standard compressive strength, tensile strength, and thermal conductivity of the RSFC are 2.2 MPa, 0.64 MPa, and 0.0862 W/(m·K), respectively. The wall panels with antitype C keel have a low comprehensive heat transfer coefficient and the best insulation effect. This study innovatively provides a technical method for the rational utilization of RS, promotes the application of RS and other agricultural wastes in building materials and the development of light steel housing.
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1. Introduction


Rice straw(RS) is one of the crop straw, whose annual output can reach billions of tons around the world [1]. Asia, one of the major rice-producing regions, produces about 620 million tons of straw every year [2]. However, only a small part of these straws are properly handled by livestock farming, construction materials, etc., and most of them is still burned directly, which not only wastes resources but also has a bad impact on the ecological environment [3].



Rice straw ash contains a lot of silica [4]. To reasonably solve the problem of RS, some scholars have tried to use straw ash as a building material. In 1983, Mehta used rice RS ash for cement concrete [5]. Josefa et al. characterized the ash from different parts of the RS and showed that the reuse of RS ash in the cement system is promising [6]. Blessen et al. have also confirmed the feasibility of using biomass ash from RS as cement concrete materials [6,7]. Rehman, Abou Sekkina, et al. studied how to increase the content of silica in straw ash [4,8]. Agwa et al. studied the use of rice husk ash in cement and showed that RHA-modified cement exhibits better mechanics and durability. Some scholars have studied the effects of RS ash applied in concrete on the setting time, workability, strength, water absorption, porosity and density of concrete [9,10,11,12,13].



As a straw fiber, RS has the advantages of low thermal conductivity and high sound insulation ability, there are many cases where it is directly used to make houses [14]. Some building materials, such as gypsum board and environmentally friendly brick, are also made by mixing straw with cement-based cementitious materials [15,16,17]. In addition, some scholars used rice husk, sugarcane bagasse ash (SBA), and other agricultural wastes to develop clay bricks [18]. Rice straw fiber reinforced concrete (RSFRC) developed by mixing RS with Portland cement is one of the ways of rational utilization of RS in recent years. Feraidon Ataie et al. studied the effects of adding rice straw fiber (RSF) on the compressive strength and bending strength of concrete, drying shrinkage rate, and heat of hydration of cement [19]. Chinh Van Nguyen et al. studied the properties of rice straw-reinforced alkali-activated cementitious composites (AACC) and found that RS had a very significant positive effect on the performance of AACC, and that alkali treatment was also an effective method for enhancing the bond between the RS and the matrix [20]. In the study of Liu et al., RS were pretreated with NaOH and grafted with Nano-SiO2 [4]. The modified rice straw fiber reinforced concrete (RSFRC) prepared by them also promoted the application of plant straw fiber in civil engineering [6]. However, some scholars have proven that the plant fiber in Portland cement’s strong alkaline environment (pH > 13) will be decomposed and mineralized, which will cause plant fibers to lose their strengthening effect [21,22,23,24]. In addition to Portland cement, Sorel et al. [25] developed a magnesium oxychloride cement (MOC) (pH: 8–9.5) with lower alkalinity suitable for mixing with RS. The cement is composed of light-burned magnesium oxide, magnesium chloride hexahydrate, water, and other proprietary materials [26]. MOC has outstanding advantages such as fire resistance, low cost, high strength, fast curing, high wear resistance, and low thermal conductivity [27]. However, low toughness and poor water resistance limit the application of MOC. To improve the performance of MOC, modified MOC have been prepared using fly ash, phosphoric acid, silica powder, silicone acrylic emulsion, and granite waste. All of these additives can improve the water resistance of MOC [28,29,30,31]. Xiao et al. invented the foam lightweight MOC material (MOCL) by adding an appropriate amount of H2O2 and MgSO4 in the process of producing MOC. It is lighter, waterproof, and heat-resistant than traditional MOC materials, but the defects of poor toughness and easy cracking have not been completely solved [32]. Wang et al. combined MOC with straw treated with H2O2 foaming to develop straw/magnesium lightweight composite (SMLC). Compared with MOC, the production of SMLCS are more energy-saving and environmentally protected. The compressive strength and bending strength of SMLCS are up to 12.5 MPa and 4.8 Mpa, respectively, and the thermal conductivity is 0.06 W/(m·K). However, the additional amount of RS in SMLCS is not very large, amounting to only 0.9% [32].



Meanwhile, with the development of the social economy, houses in rural areas are changing from traditional brick and concrete structures to light and efficient thermal insulation structures. Therefore, light steel structure has gradually received the attention of researchers. The light steel structure is a low-rise and multi-story building structure with a large number of light insulation materials. It takes cold-formed thin-wall steel, light welding or high-frequency welding steel, and light hot rolled steel as the main stress components [33]. Since the 1950s, with the development of the steel structure industry, the characteristics of different types of light steel wallboards have been studied [34,35,36,37,38,39,40]. Light steel keel wall panels are mostly filled with glass fiber, rock wool, foamed concrete and other materials, which make the wall panels have a “hollow feeling”, which seriously limits the popularization and application of cold-formed thin-wall steel structure buildings in China. Glass fiber cotton dust produced by rock wool will also directly enter the respiratory system of residents, causing respiratory tract related diseases. In addition, light steel keel have extremely poor thermal insulation performance, as such, scholars have proposed some measures to improve the thermal insulation and prevent the cold bridge phenomenon of wall panels at keel position [39,40].



Although previously scholars have proposed a better scheme of straw fiber combination with magnesium oxychloride cement (MOC), there are still some problems, such as the small amount of RS, the complicated processing process of straw, cracks appearing after combination; additionally, they do not consider the case of combining straw concrete with light steel wall panels. In this study, rice straw fiber was pulverized and combined with magnesium oxychloride cement (MOC) to produce a kind of RSFC with high content of straw and suitable for light steel keel wall panels. It is found that the mass content of RS in the RSFC used in the wall panel can reach about 12%. The rice straw concrete-light steel keel wall panels (RS-LSWP) proposed provides a technical means for rational utilization of RS and can promote the development of light steel residential buildings. The research results promote the application of straw and other agricultural wastes in building materials and also provide a way for the green, coordinated, and healthy development of rural areas.




2. Materials and Methods


2.1. Rice Straw Fiber Concrete


2.1.1. Raw Materials and Preparation Process


The rice straw fibers used are non-rotting, dried and crushed straw. To alleviate the problem of straw clumping, RS and husk were mixed in a mass ratio of 3:1 (Figure 1). Light-fired magnesium oxide powder (industrial magnesium oxide powder) with a content of 73.8% and magnesium sulfate crystal heptahydrate (chemical formula MgSO4•7H2O) as the main compelling materials were used. The compound acid modifier, mainly composed of phosphoric acid, is provided by Shenyang Tianque Building Materials Co., LTD, Shenyang, China. The modifier can be used to improve the comprehensive performance of RSFC.



The tool used to stir RSFC is the industrial electric mixer. Before preparing the specimen, MgSO4•7H2O was mixed with warm water at 40 °C at a mass ratio of 1:1 to form a magnesium sulfate solution. The preparation of RSFC begins by mixing rice straw with lightly burned magnesium oxide powder through the mixer. Next, the compound acid modifier was added to the magnesium sulfate solution and then added to the mixture of RS and magnesium oxide. The mixture was thoroughly stirred and then poured into the test mold to vibrate. Finally, it was cured under natural indoor conditions. Figure 2 shows the preparation process of RSFC.




2.1.2. Test Method


The apparent density, compressive strength test and tensile strength test of RSFC were measured according to the standard test method for mechanical Properties of ordinary Concrete GBT50081-2019 [41]. An MTS microcomputer-controlled electro-hydraulic servo universal testing machine with a range of 1000 kN was used to carry out the corresponding test, and the loading speed was 0.3 kN/s. Formulas (1)–(3) are the calculation formulas of apparent density, compressive strength and splitting strength of concrete, respectively:


   ρ a  =    m d     V a     



(1)







   ρ a    is the apparent density of concrete,    m d    is the mass of the specimen under dry conditions, and    V a    is the apparent volume of the specimen.


   R   =  P A   



(2)







   R     is the standard compressive strength of RSFC(MPa),  P  is the ultimate load (N) at the time of failure, and  A  is the compression surface area (mm2) of the RSFC.


   R t  =   2 P   π A    



(3)







   R t    is the standard value of splitting tensile strength (MPa),  P  is the ultimate load (N) at the time of failure, and  A  is the area of the splitting surface of the cube test block of the RSFC (mm2).



The hot-wire method (Figure 3) was used to measure the thermal conductivity of the test block. To improve the measurement accuracy, the average value of the test block was calculated after multiple measurements. The hot-wire method is an analytical method based on the proportional relationship between temperature rise ΔT and logarithmic heating time (ln(t)) within a long enough time (300 s) [42].




2.1.3. Mix Ratio


Considering the influence of straw length, straw content, modifier content, and cementing material ratio, seven experimental material ratio schemes were designed for the material ratio of straw fiber concrete (Table 1).



In Table 1, the letter C represents RS length (5 mm, 10 mm, and 15 mm), and the letter H represents RS mass content (8%, 10%, and 12%). The symbol "*" represents the ratio of MgO:MgSO4:H2O at 9:1:20, and the ratio of MgO:MgSO4:H2O is 8:1:20 without the symbol "*". The numbers 0.5 and 1.0 in brackets represent the total mass ratio of the acid modifier used to the active magnesium oxide. For example, C05H08(1.0) means that the length of RS is 5 mm, the mass content of RS and husk is 8%, the proportion of MgO:MgSO4:H2O of cementing material is 8:1:20, and the modifier content accounts for 1% of the total mass ratio of active magnesium oxide. The cementitious material in RSFC is proportioned by the molar mass ratio. All letters and symbols have the same meaning unless otherwise stated below.





2.2. Thermal Performance of RS-LSWP


2.2.1. Computational Theory and Model Verification


Code for thermal design of civil building GB50176-2016 [43] uses the comprehensive heat transfer coefficient of wall panels obtained by steady-state heat transfer to evaluate the thermal performance of building wall panel construction. Although ANSYS can analyze steady-state and transient heat transfer problems under various boundary conditions, it cannot directly calculate the comprehensive heat transfer coefficient of the wall panel. It is necessary to convert according to the relationship between the average heat flux and the heat transfer coefficient of the inner (outer) surface of the wall. In this study, ANSYS2019 was used to calculate the heat flux of the wall panel, and then the heat flux of each node on the inner (outer) surface of the wall panel was extracted and the average value was calculated. Formula (4) was used to calculate the comprehensive heat transfer coefficient of the wall panel.


  K =  q  Δ t    



(4)







 K  is the wall comprehensive heat transfer coefficient (W/m2·K),  q  is the average heat flux of the inner (outer) surface of the wall (W/m2), and   Δ t   is the temperature difference between the inner and outer surfaces of the wall (K or °C).



In the finite element model, PLANE55 is used to simulate steel keel, RSFC, wood strip, and rock wool. Because the thermal contact resistance between various materials of the enclosure structure has little influence on the thermal performance of the wallboard, this study does not consider this influence.



To verify the accuracy of model simulation results, taking Harbin as an example, the finite element calculation results of a 500 mm thick single material layer and 125 mm + 250 mm + 125 mm two material layers (Figure 4) were compared with the theoretical calculation results recommended by Chinese national specification GB50176-2016. The calculated temperatures indoors and outdoors are 18 °C and −26 °C, respectively. The surface heat transfer coefficients of interior and exterior walls are found to be 8.7 W/(m2·K) and 23.0 W/(m2·K), respectively, taking into account convective heat transfer and radiation heat transfer. The thermal conductivity of steel keel is 58.2 W/(m·K), that of rock wool is 0.05 W/(m·K), that of straw concrete is 0.086 W/(m·K) and that of OBS is 0.17 W/(m·K). Unless otherwise specified in the following section, the related parameters are the same as those in this section. Table 2 shows the comparison results. The calculation error of the model is within 2%, indicating high accuracy of the simulation.




2.2.2. Parameterization


Four different light steel keel structural forms, including type C, antitype C, type Z and inverted type Z, were designed (Figure 5). Considering the effects of the height of the web depth, the width of the flange, and the offset distance of the opposite keel, the parametric analysis was carried out. To ensure the principle of single-variable analysis parameters, the walls used in this paper are all in the form of 12 mm OSB + 300 mm RSFC + 12 mm OSB.






3. Results and Discussion


3.1. Rice Straw Fiber Concrete


3.1.1. Compressive Strength


The compressive strength of the RSFC was measured after curing it for 1, 3, 7, 14 and 28 days under natural indoor conditions. The standard compressive strength of RSFC was obtained by multiplying the compressive strength of the cube by the conversion coefficient of strength size 0.95. It can be found that with the increase in RS length, the standard compressive strength of RSFC first decreases and then increases, and the standard compressive strength of RSFC reaches the maximum when the RS length is 0.5 cm (Figure 6a). The higher the content of RS, the lower the strength of RSFC (Figure 6b). When the content of the modifier increases from 0.5% to 1.0%, the standard compressive strength of RSFC increases (Figure 6c). When the ratio of MgO:MgSO4:H2O changes from 8:1:20 to 9:1:20, the standard compressive strength of RSFC decreases (Figure 6d). In addition, the standard value of the 14-day compressive strength of RSFC reached about 85% of the standard value of the 28-day compressive strength.




3.1.2. Tensile Strength


Table 3 shows the 28-day tensile strength results of the RSFC specimen. It can be found that the increase in the content of the modifier has a certain effect on the standard tensile strength of RSFC. The higher the content of RS, the lower the standard tensile strength of RSFC. When the ratio of MgO:MgSO4:H2O changes from 8:1:20 to 9:1:20, the standard tensile strength of RSFC decreases.




3.1.3. Thermal Conductivity


Table 4 shows the thermal conductivity of three groups of RSFC with different mix ratios. It can be found that when the molar mass ratio of MgO:MgSO4:H2O is 8:1:20, the thermal conductivity of RSFC is larger, and the different proportions of cementing materials have a great influence on the thermal conductivity of the straw concrete. The thermal conductivity of the straw concrete with the molar mass ratio of 9:1:20 MgO:MgSO4:H2O is 0.0862 W/(m·K), which meets the requirements of the thermal conductivity of thermal insulation materials stipulated by the national code (GB50176-2016).




3.1.4. Density and Surface Cracks


This study measured the apparent density and observed the surface cracks of RSFC with different proportions after 28 days of curing. The results show that the higher the RS content, the lower the RSFC density. When the ratio of MgO:MgSO4:H2O changed from 8:1:20 to 9:1:20, the density of RSFC decreased to a large extent (Figure 7). Figure 8 shows the surface cracks of the straw concrete specimen. It can be found that when the RS content is less than 10%, the surface of the RSFC is easy to crack, which may be related to the volume expansion of the RSFC caused by the reaction of the active magnesium oxide with water which forms magnesium hydroxide during the condensation and hardening process of magnesium oxide and magnesium sulfate. However, when the straw content is 12%, the volume expansion generated by the magnesium hydroxide in the test block can be released in the gap due to the increase in RS content, and there are almost no cracks on the concrete surface. Thus, to avoid cracks, the content of RSFC should be more than 12%.



Based on the above analysis, considering the RSFC cost, surface crack, density and insulation performance, it is recommended to adopt the RS ratio of 5 mm straw length, 12% mass content, 8:1:20 mass ratio of MgO:MgSO4:H2O, and 1% conditioner content for RS-LSWP. The standard compressive strength, tensile strength, and thermal conductivity of the mixture are 2.2 MPa, 0.64 MPa, and 0.0862 W/(m·K), respectively. The mass content of various materials per cubic meter of concrete under this mix ratio is shown in Table 5.





3.2. Thermal Performance of RS-LSWP


3.2.1. Type C


	
Influence of different web widths on the thermal performance of RS-LSWP






The structure diagram of the RS-LSWP is shown in Figure 5a. Figure 9 shows the temperature field of the RS-LSWP when the web width of the steel keel is 100 mm, 150 mm, 200 mm, 250 mm and 300 mm, respectively. When the web width of the steel keel is below 150 mm, the influence range of the cold bridge effect of the steel keel gradually expands with the increase in web width. When the web width of the steel keel is greater than 200 mm, the cold bridge effect decreases with the increase in web width. Hence, the keel flange spacing should be more than 200 mm.



Figure 10 shows the variation rule of wall panel internal surface temperature with different web widths. It can be found that with the increase in the web width in the wall panel, the difference between the temperature of the inner surface of the wall and the surrounding temperature also gradually increases. When the height of the web width is 300 mm, there is a significant difference between the temperature at the cold bridge position and the surrounding temperature, which can reach 7~8 °C. Hence, the cold bridge effect can be significantly reduced by using a steel keel structure that does not penetrate the wall panel.



	
Influence of different insulation forms on the thermal performance of RS-LSWP






The thermal performance of the RS-LSWP was analyzed considering the insulation forms of internal and external insulation and whether the steel keel and OSB board were padded with battens. It can be found that compared with external insulation, the internal surface temperature variation rule of the internal insulation wall panel is not affected by the keel cold bridge effect. The internal surface temperature variation trend of steel keel walls is almost the same as that of straw concrete internal insulation and batten internal insulation. This indicates that the keel cold bridge effect of steel keel does not influence the temperature change in the inner surface of the wall. In addition, the results show that the insulation effect of RS is better than that of batten (Figure 11 and Figure 12).



	
Comprehensive heat transfer coefficient of RS-LSWP with different web widths and different insulation forms






GB50176-2016 requires that the comprehensive heat transfer coefficient of the external wall in different cold areas is not higher than a certain value. The influence of different web widths of steel keel on the comprehensive heat transfer coefficient is analyzed. Figure 13 shows that the comprehensive heat transfer coefficient of the wall panel increases with the increase in the web depth. When the steel keel does not penetrate the wall panel, the comprehensive heat transfer coefficient of the wall panel increases slowly, but when the keel penetrates the wall panel, the heat transfer coefficient increases. The effect of external insulation is better than that of internal insulation, but the distinction is not obvious. Battens will degrade the thermal performance of the wall panel. Hence, considering the indoor living comfort of the occupant and to prevent the condensation phenomenon, for this kind of wall panel, the internal insulation scheme should be preferred.




3.2.2. Antitype C


	
Influence of different flange heights on the thermal performance of RS-LSWP






Considering the steel keel flange heights of 40 mm, 50 mm, 60 mm, and 70 mm, the thermal performance of the RS-LSWP was analyzed and parameterized. The structure diagram of the wall panel is shown in Figure 5b. The results of the temperature field calculation show that the influence range of the cold bridge effect of the steel keel expands gradually with the increase in flange height, but the influence range of the cold bridge effect of one side of the steel keel does not extend to the other side. The cross-section form of the antitype C steel keel can effectively reduce the transmission of the keel cold bridge effect in the thickness direction of the wall panel (Figure 14). Meanwhile, with the increase in the height of the steel keel flange, the minimum temperature of the inner surface of the wall panel decreases gradually. However, the phenomenon of the cold bridge is not obvious; the temperature of the inner surface of the wall panel is less than 2 °C, which is lower than the temperature around the wall. This means that an increase in the width of the steel keel flange does not change the range of temperature in the inner surface of the wall panel (Figure 15).



	
Influence of different offset distances on the thermal performance of RS-LSWP






The thermal performance of the RS-LSWP is analyzed considering that the opposite offset distance of the steel keel is 0 mm, 30 mm, 60 mm and 90 mm, respectively. The calculation results of the temperature field show that the cold bridge displacement of the steel keel is also offset by the increase in the opposite displacement distance of the steel keel. The offset of the opposite side of the steel keel has reduces the cold bridge effect of the keel (Figure 16). In addition, with the increase in the offset distance of the opposite side of the steel keel, the inner surface of the wall panel hardly changed. The phenomenon of the cold bridge effect of steel keel is not obvious, and the lowest temperature on the inner surface of the wall panel is only less than 2 °C lower than the temperature around (Figure 17).



	
Comprehensive heat transfer coefficient analysis of wall panels with different flange heights and different offset distances






Figure 18 shows the influence of different flange heights and different offset distances on the comprehensive heat transfer coefficient of the steel keel. It can be found that the comprehensive heat transfer coefficient of the wall panel is not related to the opposite offset distance but to the flange height. The comprehensive heat transfer coefficient of the wall panel increases obviously with the increase in flange height. When the flange height of the steel keel is 40 mm, the comprehensive heat transfer coefficient of the wall panel is about 0.28 W/(m2·K). However, when the flange height of the steel keel increases to 70 mm, the comprehensive heat transfer coefficient of the wall panel is about 0.31 W/(m2·K).




3.2.3. Type Z


	
Influence of different web widths on the thermal performance of RS-LSWP






The thermal performance of the internal thermal insulation wall panel was analyzed considering that the web width is 100 mm, 150 mm, 200 mm, 250 mm, and 300 mm, respectively. The structure diagram of the wall panel is shown in Figure 5c. The results of temperature field calculation show that when the web width of the steel keel is less than 150 mm, the influence range of the cold bridge effect of the steel keel gradually expands with the increase in web widths. When the height of the steel keel web is greater than 200 mm, the influence range of the steel keel cold bridge effect decreases gradually with the increasing distance of the keel flange. This is mainly because with the increase in the flange distance of the steel keel, the cold bridge effect of the keel gradually can only be transmitted by the web. Therefore, the flange distance should be more than 200 mm. This is consistent with the temperature variation law of type C (Figure 19). The temperature curve shows that with the increase in steel keel web height, the minimum temperature of the inner surface of the wall panel decreases gradually, and the influence range of the cold bridge effect temperature of the steel keel expands gradually. When the web height of the steel keel is 300 mm, the inner surface temperature of the steel keel decreases, and the influence range of temperature expands. The use of a non-penetrating steel keel structure is conducive to reducing the cold bridge effect of the keel and increasing the inner surface temperature of the wall panel (Figure 20).



	
Comprehensive heat transfer coefficient analysis of wall panels with different flange heights and different offset distances






Figure 21 shows the influence curve of web widths of type Z steel keel section on the comprehensive heat transfer coefficient of the internal insulation wall panel. The results show that the comprehensive heat transfer coefficient of the wall panel increases with the increase in the height of the steel web, and the comprehensive heat transfer coefficient of the wall panel is 0.304 (W/m2·K) when the height of the web is 100 mm. When the web height increases to 300 mm, the comprehensive heat transfer coefficient of the wall panel is 0.5381 (W/m2·K). The width of the web has a great influence on the comprehensive heat transfer coefficient of the wall panel.




3.2.4. Inverted Type Z


	
Influence of different flange widths on the thermal performance of RS-LSWP






The thermal performance of the steel keel was analyzed with flange widths of inverted Z section of 75 mm, 100 mm, 125 mm and 150 mm, respectively. The construction diagram of the wall panel is shown in Figure 5d. With the increase in flange height of inverted type Z, the influence range of the cold bridge effect of the steel keel decreases gradually. The cold bridge effect has the largest influence range at 75 mm. With the increase in flange height, the influence of the web on the cold bridge effect decreases gradually. Thus, the flange height should be more than 100 mm (Figure 22). Meanwhile, with the increase in the height of the steel keel flange, the inner surface temperature of the steel keel wall panel gradually decreases, and the influence range of the keel flange on the inner surface temperature gradually expands. When the total flange height reaches 300 mm, the influence range of the temperature of the steel keel on the inner surface temperature of the wall panel increases. Therefore, for this form, non-penetrating steel keel sections should be selected (Figure 23).



	
Influence of different web widths on the thermal performance of RS-LSWP






Considering that the height of the steel keel section web is 100 mm, 150 mm, 200 mm, 250 mm and 300 mm, respectively, the thermal performance of the wall panel is analyzed. The structure diagram of the wall panel is shown in Figure 5d. The results of temperature field calculation show that with the increase in web height of the steel keel, the influence range of the steel keel cold bridge effect increases gradually in the web height range, but decreases gradually in the flange width range. When the height of the web is above 250 mm, the cold bridge effect at the flange of the keel in the wall panel significantly decreases, and the influence range of the cold bridge effect of the keel also gradually decreases (Figure 24). The curve shows that the influence of the cold bridge effect on the inner surface temperature of the wall panel is unchanged because the steel keel is located outside of the wall panel. The increase in the web height of the steel keel does not affect the temperature variation rule of the inner surface of the wall panel (Figure 25).



	
Comprehensive heat transfer coefficient analysis of wall panels with different web widths and flange heights






Figure 26 shows the influence of different web heights and flange widths of inverted Z section steel keel on the comprehensive heat transfer coefficient of the wall panel. The results show that with the increase in the height of the steel keel web, the comprehensive heat transfer coefficient of the wall panel decreases gradually. The comprehensive heat transfer coefficient of wall panels with flange widths of 75 mm, 100 mm and 125 mm decreases slowly, while that with a flange width of 150 mm decreases rapidly. This is mainly because the keel with a width of 150 mm flange runs through the thickness of the wall panel, and the keel cold bridge effect is obvious. Therefore, for such a keel arrangement form, a non-penetrating steel keel arrangement is better.




3.2.5. Comparison of Thermal Performance of Different Steel Keel Structures


The comprehensive heat transfer coefficient and internal surface temperature of the four different keel arrangements were studied using quantitative comparative analysis. To ensure the principle of a single variable, the cross-section areas of different steel keel arrangements are calculated and analyzed. The results show that the inverted type Z and the antitype C keel structure can reduce the comprehensive heat transfer coefficient and improve the temperature variation law of the inner surface of the wallboard. Compared with the inverted type Z, the minimum temperature of the inner surface of the antitype C is higher, and the cold bridge phenomenon is the least obvious. Therefore, antitype C is the best keel arrangement scheme in the RS-LSWP (Figure 27).





3.3. Discussion


To promote the rational utilization of crop fibers, such as rice straw, this study tries to combine rice straw and rice husk with magnesium cementitious material to develop an RSFC with high rice straw content and good physical and mechanical properties. The physical and mechanical properties, such as compressive strength, tensile strength and thermal conductivity of RSFC with different proportions were studied. In order to promote the practical application of RSFC, four different light steel keel structural forms are put forward in the light steel housing. The thermal performance of these wall panels is analyzed and some properties are discovered.



The physical and mechanical properties of RSFC are significantly affected by the change in RS content and length or the difference of cementing material ratio. When the length of RS increased from 5 mm to 15 mm, the tensile strength and compressive strength of RSFC first decreased and then increased. The higher the content of RS, the lower the compressive strength of RSFC. When the content is 12% of RS, the tensile strength and compressive strength of RSFC decrease. When the modifier increased from 0.5% to 1.0%, the tensile strength and compressive strength of RSFC increased. When the ratio of MgO: MgSO4 changes from 8:1 to 9:1, the tensile strength and compressive strength of RSFC decrease. The 14-day strength of the RSFC reaches more than 85% of the final strength. Also, the higher the RS content, the lower the RSFC density. The ratio of MgO:MgSO4:H2O changed from 8:1:20 to 9:1:20, and the density of RSFC decreased to a large extent. However, when the straw content is 12%, the volume expansion generated by magnesium hydroxide in the test block can be released in the gap due to the increase in RS content, and there are almost no cracks on the concrete surface.



It is recommended to adopt the RS ratio of length 5 mm, mass content 12%, the mass ratio of MgO:MgSO4:H2O 8:1:20, and conditioner content 1% for RS-LSWP. The standard compressive strength, tensile strength, and thermal conductivity of the mixture are 2.2 MPa, 0.64 MPa, and 0.0862 W/(m·K), respectively. Compared with the results of previous studies [32], the straw content in RSFC was greatly improved using a simpler treatment method proposed in this study. Although the mechanical properties and thermal insulation properties of RSFC are lower than those of SMLCS to a certain extent, it does not affect the popularization and application of RSFC in certain scenarios. Rock wool and foamed concrete are commonly used as fillings in light steel housing wall panels [26,27,28,29,30,31,32,44]. The thermal conductivity of rock wool is 0.04 W/(m·K), but the strength is close to zero [43]. The thermal conductivity of foamed concrete is above 0.5 W/(m·K), and the compressive strength is about 0.65 MPa [43]. RSFC has good thermal conductivity and the highest strength. To sum up, RSFC has certain application prospects.



Further, to study and optimize the thermal performance of RS-LSWP, four different light steel keel structural forms, including type C, antitype C, type Z and inverted type Z were designed. The influences of the height of the web depth, the width of the flange, and the offset distance of the opposite keel on the internal temperature field of the wall panel, the variation law of the temperature on the inner and outer surfaces of the wall panel and the comprehensive heat transfer coefficient are discussed. Finally, to compare the advantages and disadvantages of the four keel construction methods, the comprehensive heat transfer coefficient and internal surface temperature of the four different keel arrangements were studied using a quantitative comparative analysis. The result shows that the inverted type Z and the antitype C keel structure can reduce the comprehensive heat transfer coefficient and improve the temperature variation law of the inner surface of the wallboard. Antitype C is the best keel arrangement scheme in the RS-LSWP.





4. Conclusions


To promote the rational application of RS, reduce environmental pollution, and improve the conditions of rural housing, the physical and mechanical properties of RSFC with different proportions were studied, and the suitable mix ratio of RSFC was selected in this paper. The thermal properties of four different types of RS-LSWPs with straw concrete were simulated using the finite element software. The main conclusions are as follows:




	
The mechanical properties of RSFC can be improved by increasing the length of RS and the content of the modifier. The mechanical properties of RSFC decreased with the increase in straw content and with the mix of MgO and MgSO4. When RS content is 12%, the compressive strength, tensile strength, apparent density, and thermal conductivity of straw concrete are reduced significantly, and the crack can be avoided effectively. The 14-day strength of RSFC reached more than 85% of the final strength.



	
The ratio of RSFC applied in RS-LSWP should be C05H12*(1.0). The standard compressive strength, tensile strength, and thermal conductivity of the mixture are 2.2 MPa, 0.64 MPa, and 0.0862 W/(m·K), respectively.



	
The inverted type Z and the antitype C keel structure can reduce the comprehensive heat transfer coefficient and improve the temperature curve of the inner surface of the wall panel. The antitype C keel structure is most suitable for RS-LSWP.
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Figure 1. Raw material: (a) rice straw; (b) husk. 
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Figure 2. Flow chart. 
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Figure 3. Thermal conductivity test. 
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Figure 4. Finite element model scheme: (a) 0.5 m single-story wooden structure; (b) Double timber construction with rock wool. 
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Figure 5. Parameterized model: (a) Type C; (b) Antitype C; (c) Type Z; (d) Inverted type Z. 
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Figure 6. Standard compressive strength of RSFC with different proportions: (a) Different RS lengths; (b) Different RS content; (c) Modifiers with different contents; (d) Cementitious materials with different proportions. 
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Figure 7. RSFC density: (a) Different RS content; (b) Different proportions of cementitious materials. 
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Figure 8. Surface crack(red box): (a) C05H08(0.5); (b) C10H08(0.5); (c) C15H08(0.5); (d) C05H08(1.0); (e) C05H10(1.0); (f) C05H12(1.0); (g) C05H12*(1.0). 
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Figure 9. Temperature field of RS-LSWP: (a) 100 mm; (b)150 mm; (c) 200 mm; (d) 250 mm (e) 300 mm. 
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Figure 10. Internal surface temperature variation curve of type C wall panel in different insulation forms. 
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Figure 11. Temperature field of RS-LSWP in different insulation forms: (a) RS internal insulation; (b) RS external insulation; (c) Fill battens for internal insulation; (d) Fill battens for external insulation. 
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Figure 12. Internal surface temperature variation curve of type C in different insulation forms. 
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Figure 13. Comprehensive heat transfer coefficient curves of type C with different web depths and different insulation forms. 
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Figure 14. Temperature field of different flange heights in antitype C: (a) 40 mm; (b) 50 mm; (c) 60 mm; (d) 70 mm. 
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Figure 15. Internal surface temperature curves of different flange widths in antitype C. 
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Figure 16. Temperature field with different offset distances in antitype C: (a) 0 mm; (b) 30 mm; (c) 60 mm; (d) 90 mm. 
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Figure 17. Internal surface temperature curves of different offset distances in antitype C. 
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Figure 18. Comprehensive heat transfer coefficient curve in antitype C. 
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Figure 19. Temperature field with different web heights in type Z: (a) 100 mm; (b) 150 mm; (c) 200 mm; (d) 250 mm; (e) 300 mm. 
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Figure 20. Internal surface temperature curves of different web heights in type Z. 
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Figure 21. Comprehensive heat transfer coefficient curve in type Z. 
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Figure 22. Temperature field with different flange widths in inverted type Z: (a) 75 mm; (b) 100 mm; (c) 125 mm; (d) 150 mm. 
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Figure 23. Internal surface temperature curves of different flange widths in inverted type Z. 
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Figure 24. Temperature field with different web heights in inverted type Z: (a) 100 mm; (b) 150 mm; (c) 200 mm; (d) 250 mm; (e) 300 mm. 
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Figure 25. Internal surface temperature curves of different web heights in inverted type Z. 
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Figure 26. Comprehensive heat transfer coefficient curve of inverted type Z with different web heights and flange lengths. 






Figure 26. Comprehensive heat transfer coefficient curve of inverted type Z with different web heights and flange lengths.



[image: Sustainability 15 08109 g026]







[image: Sustainability 15 08109 g027 550] 





Figure 27. Comparison of thermal performance: (a) Comprehensive heat transfer coefficient; (b) Variation curve of inner surface temperature. 
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Table 1. Material mix ratio.
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	Number
	MgO/MgSO4/H2O ①
	Modifier ② (%)





	C05H08(0.5)
	8/1/20
	0.5



	C10H08(0.5)
	8/1/20
	0.5



	C15H08(0.5)
	8/1/20
	0.5



	C05H08(1.0)
	8/1/20
	1.0



	C05H10(1.0)
	8/1/20
	1.0



	C05H12(1.0)
	8/1/20
	1.0



	C05H12*(1.0)
	9/1/20
	1.0







① means molar ratio, ② mass ratio.
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Table 2. Comparison of finite element simulation and theoretical calculation.
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	Computational Model
	Theoretical Calculation

(W/m2·K)
	Finite Element Simulation (W/m2·K)
	Error (%)





	0.5 m single-story wooden structure
	0.322
	0.327
	1.5



	Double timber structure with rock wool
	0.1509
	0.1509
	0
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Table 3. Standard tensile strength of RSFC with different proportions.
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	Number
	Strength (Mpa)





	C05H08(0.5)
	1.74



	C05H08(1.0)
	1.98



	C05H10(1.0)
	1.68



	C05H12(1.0)
	1.42



	C05H12*(1.0)
	0.64
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Table 4. Thermal conductivity of RSFC.
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	Number
	Thermal Conductivity (W/(m·K))





	C05H08(1.0)
	0.617



	C05H10(1.0)
	0.600



	C05H12*(1.0)
	0.0862
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Table 5. Straw concrete ratio.






Table 5. Straw concrete ratio.





	Composition
	Content (kg/m3)





	Rice straw
	81



	Husk
	27



	Magnesium oxide
	340



	MgSO4•7H2O
	235



	Modifier
	2.65
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