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Abstract

:

In this study, structural thin-layer sandwich walls (SWs) made of steel-fibre-reinforced concrete (SFRC) without conventional reinforcements were investigated. Other researchers have shown that SWs with thin wythes can be used as load bearing structures in low-rise buildings, thereby reducing the amount of concrete by 2–5 times if compared to conventional reinforced-concrete SWs. In most studies, relatively warm climatic regions are the focus, and thin-layer SWs with shear connectors to obtain a certain level of composite action are investigated. In almost no studies has sound insulation been evaluated. In this study, a numerical investigation of structural, thermal and sound insulation performances was carried out. The load-bearing capacities of composite and non-composite SWs are compared. Regions with the lowest five-day mean air temperature of −20    ∘  C were considered. The characteristics of the SW are compared to the requirements given in relevant European and Latvian standards. The minimum thermal insulation for family houses varies from 120 mm to 200 mm, depending on the material. To ensure sufficient sound insulation, the average thickness of the concrete wythes should be around 60 mm, preferably with a 15 mm difference between them. Structural analysis of the proposed wall panel was performed using non-linear finite element analysis software ATENA Science. The obtained load-bearing capacity exceeded the design loads of a single-story family house by around 100 times, regardless of the degree of composite action.
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1. Introduction


Affordable and energy-efficient housing is a direction the building industry should be headed in due to climate change and global poverty. Concrete, as a structural material, has its flaws but also potential for this topic. High CO   2   emissions of concrete production force a reduction in its use. On the other hand, its high durability, fire resistance and good thermal inertia are the properties needed to build housing with low maintenance costs and long lifetimes.



One of well-used structural systems is precast concrete sandwich walls (SWs). Conventional SWs consist mainly of three layers—two outer concrete wythes and insulation layer as the core. Usually, one of the wythes is designed as a load-bearing panel with a thickness of 150 mm or more, and the other serves as a non-bearing façade. Precast concrete sandwich walls are well described in the PCI report [1]. With walls of this type, energy-efficiency and durability can be achieved; however, they are not normally used in affordable housing [2]. There are several reasons for that: (1) the production is rather complex, (2) the load-bearing concrete layer is too thick for low-rise buildings, and (3) the overall costs are high [2].



As a solution, thin-layer load-bearing SWs have been suggested by numerous researchers [3,4,5]. Insulated panels with the 20–75 mm tick wythes and 40–160 mm thick insulation were proposed and evaluated by experimental testing [6,7,8,9,10,11,12,13,14,15,16,17,18]. Most studies propose the wythes to be reinforced with conventional metallic or non-metallic mesh or bars. However, fibres might be a good alternative that could simplify the manufacturing process.



Steel-fibre-reinforced concrete (SFRC) SWs were suggested by Barros et al. [19] and further studied by Lameiras et al. [15,20,21]. The walls were designed with thin outer SFRC layers, 30 mm to 60 mm thick, having no conventional reinforcement. The bearing capacity was ensured by composite behaviour of the cross-section obtained by stiff shear connectors. The presence of steel fibres ensured the necessary level of ductility, thereby eliminating brittle failure. Such walls are good for single-story buildings, e.g., family houses. Due to the comparatively small amount of concrete, the proposed solution can address some environmental and affordable housing issues mentioned above.



The optimal cross-section of an SW strongly depends on the region and environmental conditions where the particular building is located. These load-bearing SWs are not optimised and analysed for northern climatic regions. The increased width of the core thermal insulation layer can change the structural performance of the wall [14]. Three types of SW panels are usually distinguished, based on their mechanical behaviour: non-composite, composite and partially composite [22,23]. A higher level of composite action is suggested by other researchers if thin-layer SWs are considered [3,24]. On the other hand, higher composite action can lead to more pronounced bowing issues [25]. An evaluation is needed to understand whether a non-composite thin-layer SW can be used as a load bearing structure.



One of the main problems of thin structures under in-plane compression is buckling. If two thin wythes are set apart and connected with shear connectors, a composite cross-section can be obtained, and both wythes are considered as structural wythes. Thus, the slenderness of such a wall can be reduced and the critical buckling load is increased significantly. If non-composite connectors are used, only the loaded wythe is considered as the structural wythe [25]; therefore, a significantly smaller buckling load is expected. On the other hand, the structural wythe is laterally connected to the non-structural wythe, which can be considered as a string support. The effect of the adjacent non-structural wythe on the buckling load of the loaded wythe needs to be investigated. It is important for SW with shear connectors as well, because in reality, most of the SW panels designed as composites act as partial composites [22,23].



In addition to the structural evaluation, requirements for thermal and sound insulation need to be considered. Thermal properties have also been evaluated by other authors [3,9,26], but they depend on the climatic region. Apart from the thickness of the cross-section, they can also influence the detailing of the SWs with regard to inter wythe connectors, base footing and wall-slab connection that need to be evaluated.



Sound resistance, however, has hardly been addressed at all in the mentioned studies. As the aim of using thin-layer SWs is to minimise the thickness of the structure, requirements for the minimum sound insulation may also play a significant role. It is important to bring this aspect into a study, as it can influence not only the total thickness of the SWs, but the thickness of each SFRC layer.



The aim of this study was to evaluate whether thin-layer SFRC SWs are suitable for family houses in Latvia and other countries with similar environmental conditions. The evaluation was performed by means of numerical analysis of thermal, sound insulation, and structural performance using corresponding software: WUFI, FLIXO, INSUL and ATENA Science. The structural safety level was verified according to Eurocodes and Latvian National Annexes. A comparison of the load-bearing capacity between the composite and non-composite SW was carried out. The thermal performance and sound insulation were compared with relevant European, ISO, and Latvian Construction standards.




2. Materials and Methods


2.1. Thermal Analysis


The thermal analysis was performed for an external wall of a single-story family house in Latvia (Northern Europe). Two types of thermal insulation were considered: expended polystyrene (EPS) and polyurethane (PUR). The thickness of the insulation layer was calculated based on the optimal U value to be close to 0.2 W/(m   2  K). That resulted in two different thickness values: 200 mm for EPS and 120 mm for PUR. Material properties considered in the thermal analysis are given in Table 1. Equal thickness (60 mm) for both concrete layers was used. Thermal properties of the wall’s cross-section are given in Table 2.



Computer software was utilised to simulate the thermal performance. Moisture conditions were analysed by the programme WUFI Pro (Wärme Und Feuchte Instationär) [27]. One-dimensional hygrothermal calculations on the wall cross-section, taking into account built-in moisture, driving rain, solar radiation, long-wave radiation, capillary transport, and summer condensation were performed. The hygrothermal performance of the wall was determined under real climate conditions by using dynamic hygrothermal analysis according to standard EN 15026:2007 [28]. Thermal bridge values for the analysed building envelope were detected by performing a simulation with the software “Flixo” [29] that has veen validated according to European standards [30,31].



A correction value  Ψ  is used to evaluate linear-shaped thermal bridges. Such bridges are at the top and bottom of the wall. At the top, the bridge was caused due to the corner, reduction of thermal insulation and higher width at the bearing of the inner wythe (see Figure 1). The correction value is calculated as follows:


  Ψ =  Φ  Δ T   −  U i  ·  b i  ,  



(1)




where  Φ —heat flow (W/m);   Δ T  —difference between inside and outside temperatures;   U i  —U-value of the wall or roof;   b i  —length between cut-off planes of the structure considered in calculation (m). Minimum values for the distances   b i   are given in the standard [30]. Although the limit for the  Ψ  value was set to be 0.2 according to the Latvian Building Regulations [32], it is assumed that a value below 0.1 is needed for a satisfactory result.



At the bottom of the wall, the thermal bridge was formed due to heat flow through the foundation. This area was evaluated by the surface temperature. It was assumed that the temperature difference between the surface of the wall and the air should be less than 4 degrees. If it were more than 12 degrees, condensation on the surface could occur. Three different arrangements of external insulations were considered: (1) no additional insulation, (2) vertical, and (3) horizontal insulation. Dimensions of the foundation and the arrangements of the insulation are given in Figure 2.



To evaluate the thermal performance, the following air temperatures were used: (1) interior temperature was 20    ∘  C, (2) exterior temperature was −10    ∘  C and (3) ground temperature at the top surface was 0    ∘  C.




2.2. Sound Insulation Analysis


Sound insulation for an external bedroom wall in a single-story family house without doors and windows was evaluated. The current analysis was limited to airborne noise, excluding impact noise, which usually is relevant for horizontal structures such as floor slabs. The SW cross-section composition and corresponding material properties were the same as in the thermal analysis given in Table 1 and Table 2. To evaluate the influence of the thickness of SFRC wythes, additional cross-section compositions were introduced. Three types of connections between outer layers were considered: (1) no connectors, (2) horizontal steel connectors with spacing of 400 × 400 mm and (3) 200 × 200 mm. The panels without connectors were calculated as a three-layer panel, in which the outer layers were connected to each other by the elastic core layer. All the wall types analysed in this study are given in Table 3.



The properties of the layers defined in the analysis were density, thickness, damping, modulus of elasticity or stiffness and flow resistivity. The flow resistivity for EPS and PUR was 20,000 kg/(s·m   2  ). Damping was assumed to be equal to 0.01, as suggested in cases where it is not known [33]. The modulus of elasticity for SFRC is 33.0 GPa. At low frequencies, the sound insulation of a wall can be affected by resonances of the stiffened plates formed by the connectors between the outer layers [33].



Sound insulation   R w   was estimated in INSUL [34]. The analysis was based mainly on mass law [35], according to which, the sound insulation effect   Δ R   of a wall increases by 6 dB if the mass of the wall or the frequency of the sound is doubled. The mass law is given in Equation (2):


  Δ R = 20 log  f  m s   − 47.3 ,  



(2)




where f—frequency (Hz);   m s  —area density of the panel material (kg/m   2  ); 47.3—numerical constant. In the case of double-layer panels,   Δ R   increases by 18 dB per octave if frequency is above the critical value   f c  . The critical value can be found by the following formula:


   f c  =  1  2 π      3.6  ρ 0   c  0  2     m ′  d     



(3)




where


   m ′  =   2  m 1   m 2     m 1  +  m 2    ;  








  m i  —mass of each panel (kg);   ρ 0  —air density (kg/m   3  );   c 0  —air velocity (m/s); d—distance between panels (m). According to Equation (3), the critical frequency   f c   will be low for a material with high mass, and vice versa. In addition, transport noise correction is used according to Equation (4):


   R  t r , s , w   =  R w  +  C  t r ( 100 − 3150 Hz )    ,  



(4)




where   R  t r , s , w   —sound insulation index;   R w  —sound reduction (dB);   C  t r ( 100 − 3150   Hz )   — correction for transport noise (dB). The limits of sound reduction were evaluated according to the Latvian Building Regulations [36,37]. There are maximum levels for allowable environment noise set by the Latvian Building Regulations, which are 50 to 65 dB, depending on the function of a particular area [37]. However, actual environmental noise levels can be higher, because not all of the historical areas are built according to these regulations. Another limiting value can be derived from the Regulation [36], which provides requirements for sound insulation from environmental noise of 55 to 78 dB. The required sound insulation of external walls   R  t r , s , w   , including windows and doors corresponding to this range, is greater than 25 or 49 dB. In this study, however, due to the wide range of possible input parameters, the wall panels without any leaks for sound (windows, doors, holes for ventilation, and connections with other structures) were considered. Therefore, a reserve of approximately 3–5 dB has to be taken into account when comparing the results with the limiting values.




2.3. Structural Analysis and Design


Structural performance was evaluated for internal and external walls of a single-storey building. The height of the wall from foundation to roof slab was 3.5 m. The wall consisted of three layers. The two outer wythes were 60 mm thick SFRC. The middle layer was 150 mm thick thermal insulation. Composite behaviour of the cross-section of the wall was assumed, which was ensured by steel truss type connectors between the outer layers. In addition, non-composite behaviour of the wall was modelled by introducing horizontal wires to connect the wythes. It was assumed that these two types of connectors represented the upper and lower boundaries for the load-bearing capacity.



Two design situations were considered: (1) persistent and (2) transient. The transient situation refers to manufacturing, transporting and construction processes. In this analysis, the loading due to the lifting up from horizontal moulds was considered. See Figure 3 for visual representation of the applied loads.



The persistent situation refers to normal use of the wall, after the house is built. The main actions result from the loads of the roof slab, wind and temperature loads. Visualisation of the load combinations in a persistent situation is given in Figure 4.



Actions


Self-weight in a horizontal position (3.2 kN/m   2  ) and adhesion between the concrete surface and mould (1.0 kN/m   2  ) are considered in the transient design situation. An equally distributed load of 4.2 kN/m   2   in total is applied perpendicularly to the wall with dimensions of 3.5 m × 6.0 m. Four lifting points were introduced and positioned approx. 0.9 m from the top and bottom side and 1.5 m from other two sides of the wall.



In the persistent design situation, the following loads were considered: (1) wall’s self-weight in vertical position, (2) dead load of the roof slab, (3) snow load, (4) wind load and (5) temperature loads in both winter and summer. The design values of loads 2 to 4 are given in Table 4. Load safety factors were 1.5 and 1.35 for live and dead loads, respectively. It was assumed that the span of the roof slab can reach up to 6.0 m. Thus, the line load from the roof slab on the inner wall was 7.35 kN/m   2  × 6.0 m ≈ 45 kN/m, and on the external wall it was 22.5 kN/m.



Temperature loads were taken according to standard EN 1991-1-5 [38] and its Latvian National Annex [39]. Two extreme conditions, the lowest temperature in winter and the highest temperature in summer, were considered. The outdoor temperature taken is only likely to be exceeded once in 50 years. In winter time, the inner air temperature was taken as +25    ∘  C, and the outdoor temperature ranged from −31.5    ∘  C to −41.0    ∘  C. The temperature difference between the inner and outer wythes was calculated: 41.0    ∘  C + 25.0    ∘  C = 76.0    ∘  C. In summer time, the inner air temperature was taken as +20    ∘  C, but the outdoor temperature ranged from +33.1    ∘  C to +36.0    ∘  C. Temperature on the surface of the outer wythe was 36.0    ∘  C + 37.0    ∘  C = 73.0    ∘  C, for a dark-coloured one that was facing southwest. The temperature difference between the inner and outer wythes was 73.0    ∘  C−20.0    ∘  C = 53.0    ∘  C. One metre of the bottom of the wall was in the ground, where the temperatures according to the National Annex [39] are +7.0    ∘  C and −6.0    ∘  C in summer and winter, respectively.





2.4. Nonlinear FEM Analysis


2.4.1. Materials


Nonlinear finite element analysis software, ATENA Science [40], was used. The wall was calculated as a 2D problem with the plane strain approximation. To model SFRC, a material with a user-defined tensile softening law was used (Cementitious2User). Default softening laws for shear stiffness and shear strength were used. Steel reinforcement was defined as a 1D reinforcement. The insulation layer was not included in the model. The tension function and its numerical values are given in Figure 5. The width of the wall was 1.0 m in the the persistent design situation, and the dimensions of the whole panel of 3.5 m × 6.0 m were used in the demoulding calculations.



In the analysis, material properties obtained from a real SFRC were borrowed. The mean compressive strength,   f  c m   , was 67.0 MPa; the modulus of elasticity,   E  c m   , was 30,300 MPa; and mean tensile strength back-calculated from F–CMOD flexure tests,   f  c t m   , was 3.4 MPa, according to the formula given in fib Model Code 2010 [41]. The tension function given in Figure 5 was determined by inverse analysis using ATENA. In the analysis, the standard notched prisms tested according to EN 14651 [42] were modelled as a 2D problem and analysed to obtain theoretical F–CMOD curves. The material model for the residual tensile strength or the tension function was manually modified so that the theoretical results would fit the minimum experimental F–CMOD curve. The characteristic length during the inverse analysis and current analysis was set equal to the finite element size in the inverse analysis, which was 8.0 mm. Geometric non-linearity was used.




2.4.2. Mesh


Quadrilateral element type with sizes 15 mm × 15 mm and 4 integration points was used for the finite element mesh. Other sizes, 60, 30 and 10 mm, were evaluated as well. The 10 and 15 mm elements showed similar results, but calculations with the 15 mm mesh were considerably faster. The wall model with the applied mesh and materials is shown in Figure 6.




2.4.3. Boundary Conditions and Load Application


In a persistent design situation, the wall is oriented vertically and the motion is restricted by one vertical tie applied to the bottom line and two horizontal ties at both ends of the wall. Load is applied by means of point load or a uniformly distributed line load. The temperature load is applied by defining the temperature difference in the outer wythe of the wall. In the case of concentrated loads, a linear elastic element is introduced to transfer the point load to the wall structure. Fixed contact between the elastic element and the wall is defined. The applied loads, boundary conditions and the numerical models are given in Figure 6 and Figure 7.



The vertical point load was applied centrally with respect to the whole cross-section of the wall for an inner wall. For an exterior wall, two positions of the point load with respect to the inner wythe were analysed: (1) in the centre of the top side of the wythe and (2) one third from the inner side of the wythe. The position of the load represents rectangular and triangular stress distribution (respectively) at the top of the wythe caused by the roof slab.



The demoulding situation was modelled while assuming that lifting direction was along the x axis. Two translation constraints in x directions were introduced at both lifting points, and a constraint in y direction was added to one of the points. The loading was defined as linear line load applied to the outer line of the right wythe (see Figure 6 and Figure 7 for the orientations of the elements) in x direction. Both the constraints and the line load were applied to the same wythe because the lifting inserts should be anchored in the bottom layer, which was also subjected to the loading during the demoulding process.



In all the situations, the loading was applied sequentially by using separate loading intervals and gradually by setting the number of load steps. The defined intervals and steps for each design situation and load combination are given in Table 5. The first interval was used for boundary conditions (BC) and definition of monitoring points. Self-weight (SW) of the wall was applied in the second interval. Design load was applied in interval F following the self-weight. An additional interval was applied in which the design load was increased three times (3F). In the last interval (failure), load was increased until failure of the structure occurred. For wind and temperature loads, an additional interval (W or T, respectively) was included after the design load was applied in interval F and before the interval 3F.






3. Results


3.1. Thermal Performance


Thermal performance of the walls was evaluated by the temperature and heat flow at the upper and lower corners. In addition, the influence of steel connectors was considered. The top corner was modelled with reduced thickness of vertical insulation due to the increased width of the inner concrete wythe. Temperature distribution in the cross-section of the top corner with and without steel connector is shown in Figure 8. The surface temperature in the corner was 18.45    ∘  C if no metal insert was present. After adding a steel bar representing an anchorage reinforcement, the surface temperature dropped to 16.41    ∘  C. The correction value  Ψ  was calculated according to Equation (1):


  Ψ =   21.6   30.0   − 0.148 · 1.62 − 0.184 · 2.29 = 0.059    W / ( mK ) ,   








where  Φ  = 21.6 (W/m),   U  r o o f    = 0.148 (W/(m   2  K)) and   U  w a l l    = 0.184 (W/(m   2  K)). The lengths of the roof and wall considered in the analysis were 1.62 and 2.29 m, respectively. The value is satisfactory because it is lower than the assumed limit 0.1.



However, if steel connectors were used in the corner, the heat flow  Φ  was 27.815 (W/m), leading to the correction value of 0.266 (W/(mK)). This value is much higher than the liberal limit value of 0.2 defined by the Latvian Construction Standard [32]. It must be noted that this was a 2D analysis and the steel bar was acting like steel sheet with the same width (depth) as the wall itself. Although the actual influence of the steel bar could be smaller, it shows the possible risk of using steel connectors. For a more accurate evaluation, the wall should be modelled in 3D software.



As indicated in Figure 9, the calculated surface temperature at the bottom corner was almost the same in all the arrangements of the external insulation. It ranged from 16.77 to 16.91    ∘  C, which means that the temperature difference between the surface and the air in the room was 3.09–3.23 degrees. This is lower than the limiting 4 degrees, and thus, satisfactory. The results also reveal that there is no need for additional external insulation if the top of the foundation strip is as deep as 0.8 m from the ground surface.




3.2. Sound Insulation Performance


The sound insulation performance of the SW can be described by a diagram relating sound reduction   R w   to frequency f given in Figure 10 and Figure 11. If 60 mm SFRC wythes were used, the lowest sound transmission losses were at the beginning and near 320 Hz, after which a steep linear increase can be observed. The curves were almost the same for walls with 200 mm EPS and 120 mm PUR. That means that low density materials such as EPS and PUR have little effect on sound insulation if airborne noise is considered. This corresponds well with the mass law given in Equation (2) described in Section 2.2 and experimental findings by other authors [43,44].



The results of the analysis reveal that the most influential factors are the presence and number of connectors between outer SFRC layers. If the wythes are connected, their sound-induced vibrations tend to be more synchronised. In this case, the addition of connectors with a spacing of 400 × 400 mm resulted in lower sound reduction, by about 4 dB, at low frequencies, but almost no difference near higher frequencies (∼2000 Hz). By increasing the density of the connectors to 200 × 200 mm, the sound reduction decreased by 6 dB over the whole range of the frequencies if compared to the SW with 400 × 400 mm connectors (see Figure 10).



Assuming the highest density of connectors (i.e., 200 × 200 mm spacing), additional analysis was performed to evaluate the effect of the thickness of SFRC wythes. As can be seen from the diagrams plotted in Figure 11, changing the thickness and consequently the mass of the wall changes the position of the “valleys” of the   R w  –f curves. After decreasing the thickness of both wythes to 45 mm, the lowest point moved up to 400 Hz, which is closer to the centre of the everyday noise range. Increasing the thickness to 75 mm moves the “valley” down to 250 Hz, which is further from the centre. Although in this case, the sound reduction is smaller at lower frequencies, it is significantly higher (∼8 dB) in the frequencies above 400 Hz. Nevertheless, the best results can be obtained if the SFRC wythes have different thickness. In both cases, whether the thicknesses of one wythe is reduced or increased by 15 mm, the sound reduction in the “valley” increases by around 3 to 4 dB. In fact, the “valley” is replaced by two considerably smaller ones.



All the   R w  –f curves were weighted, and the sound insulation indexes,   R  t r , s , w   , calculated according to (4), are plotted together with the required minimum values in Figure 12. In all these cases, the obtained sound insulation index values are higher than 36 dB, which corresponds to the highest admissible environmental noise levels (65 dB) set by the Latvian Building Regulations [37]. However, the reserve was only 2 to 3 dB if a symmetric cross-section with dense spacing between connectors was used. If an asymmetric cross-section is introduced and the difference between the thickness of both wythes is 15 mm, the index is 4 dB higher than the required value. In this way, it is possible to improve the acoustic performance by reducing material consumption. If the actual environmental noise level is higher than 65 dB, other measures should be applied. Reduction of the amount of connectors seems to be one of the most effective approaches to be considered.




3.3. Structural Performance


The structural performance of the wall was evaluated by (1) stresses and (2) deformations of the wythes and (3) maximum load-bearing capacity. The compression stresses must be lower than 67/1.5 = 44.5 MPa, and tensile stresses should be less than 3.4/1.5 = 2.26 MPa to prevent cracking. The load-bearing capacity should be sufficient to take the design loads.



3.3.1. Demoulding


At the moment of demoulding, maximum compressive stresses are 0.8–1.3 MPa for non-composite walls and 0.2–1.2 MPa for composite walls. The tensile stresses are 0.8–1.6 MPa for non-composite walls and 0.25–1.4 MPa for composite walls. Although the tensile stresses are lower than the strength, the demoulding is normally done while the concrete is premature. This increases the risk of cracking; therefore, horizontal demoulding should be avoided. The stresses in the top and bottom wythes plotted over the applied lifting load are given in Figure 13. The demoulding load is calculated by multiplying the distributed area load 4.2 kN/m   2   with the surface area of one side of the wall, i.e., 4.2 × 3.5 × 6.0 = 88.2 kN. As the lifting load cannot exceed the demoulding load, the lifting load in the figure should be considered as a pseudo lifting load.



Maximum deformations are very small (<1.0 mm) at the demoulding load. The deflection of the wall during the lifting process is shown in Figure 14. The maximum force needed for the wall to fail is around 360 kN for the non-composite and around 700 kN for composite walls, which are 4 and 8 times more than the applied load, respectively.




3.3.2. Persistent Design Situation


The load-bearing capacity of the external wall estimated by the non-linear FEM analysis was significantly higher than necessary in the design situations. The assessed vertical design load was approximately 23 kN/m, which can increase several times near large openings. Nevertheless, the numerical results show that the failure load can reach up to a value 100 times higher, i.e., 2200–3100 kN/m. These results are lower than the theoretical cross-section capacity in a centric load:


   N R  =  f  c m   ·  A c  = 67 × 60 × 1000 ×   10   − 3   = 4020   kN / m ,   



(5)




if one wythe is considered, and   N R   = 8040 kN/m if the cross-section of both SFRC layers are considered. The calculated load–displacement curves for exterior wall under different load combinations are given in Figure 15. It should be noted that the eccentricity of the applied point load at the top of the inner layer (see Section 2.4.3) has a minor influence on the failure of the wall and almost no influence on the behaviour of the wall at the level of the design load.



Although the estimated load-bearing capacity for an exterior wall was almost the same for composite and non-composite walls, different results were obtained in the case of an inner wall (see Figure 16). The composite wall failed at approximately 6000 kN/m, and the non-composite at 3300 kN/m. Despite that in both cases, the whole cross-section area was loaded symmetrically, the non-composite section showed an almost twice smaller load-bearing capacity, which is close to the cross-sectional capacity of a single wythe.



If stresses of an external wall are analysed, a distinction between non-composite and composite wall types can be noticed. The stresses plotted over the applied force are shown in Figure 17 and Figure 18. In the case of non-composite walls, stresses in the outer wythe were close to zero and do not change much. All the stresses were taken by the loaded inner wythe. Although the overall behaviour was similar in both cases, higher stress levels developed in composite walls due to temperature loads. The tensile stresses on the inner surfaces of the wythes reached up to 3.1 MPa, which exceeded the tensile strength. Note that the cracks are not visible because they were on the inner surfaces. Moreover, the load-bearing capacity was not influenced.



Different lateral deformations of two adjacent walls can cause visual defects. Wind and temperature loads are short-term loads, which are not considered in deflection analysis. Long term deformations could be caused by the reaction of roof slabs. If two adjacent wall panels are loaded by slabs with significantly distinct spans, it could result in a notable difference in lateral deformations. The largest lateral displacement showed up in the case of composite cross-section due to the temperature loads. However, the displacement was close to 2.0 mm, which is a very small value for construction sites. In all other cases, the displacements were smaller than 0.5 mm. The vertical force versus lateral displacement of the wythes are plotted in Figure 19 and Figure 20.






4. Discussion


4.1. Load-Bearing Capacity


In the current analysis of the wall with height of 3.5 m, the simulated load-bearing capacity reached 55–77% of the cross-section capacity,   N R  , calculated according to Equation (5). This is similar to the results of thin-layer reinforced concrete sandwich panels subjected to eccentric compression obtained by Alchaar and Abed [45]. In their case, failure occurred at 70%. Experimental tests and numerical simulations of sprayed in situ reinforced concrete sandwich panels with 50 mm wide wythes that were 1.1 and 3.0 m in height were carried out by Serpilli et al. [6], attaining 55% and 64%, respectively, of the cross-section capacity under centric loading. In the tests conducted by Gara et al. [14], rather slender sandwich panels without shear connectors were loaded (height 3.0 m, wythe thickness 35 mm). The obtained load-bearing capacity was only around 20–40% of the cross-section capacity. The results depend on the eccentricity of the load and the thickness of the insulation layer.




4.2. Composite Action


Composite action is one of the characteristics of SWs that is evaluated by most relevant studies. In the case of structural SWs with thin wythes, mostly partial composite action is obtained [9,15,23]. The degree of composite action strongly depends on the stiffness and number of shear connectors [7,8,11,23].



Composite action between two outer layers is important if long panels with thin wythes are loaded with lateral loads, e.g., wind. The composite action can also increase load-bearing capacity under compression [6]. However, if temperature loads are considered, the composite action is unfavourable. The current numerical analysis shows that the loading conditions of single story buildings do not require maximum capacity of the panel either in compression or in bending. In fact, the benefits gained from using non-composite sections, such as lower tensile stresses under temperature loads, simpler manufacturing, and increased sound reduction, seem to be more important in the case of low-rise buildings.



Even if the composite action is not achieved in bending, it is suggested here that the connection between outer layers of the SW prevents the loaded wythe from buckling under compression. The buckling load of a single wythe (  F  c r   ), if calculated according to Euler’s Formula (6), is very small:


   F  c r   =    π 2  E I   l 2   =   9.87 × 30300 × 1000 ×  60 2    12 ·  3500 2    = 440   kN   



(6)







If a fully composite cross-section is assumed,   F  c r    = 32,300 kN. The nonlinear FEM analysis showed that the loaded wythe could take loads much higher than the buckling load of a single layer.



The loaded wythe is connected to the unloaded wythe through horizontal connectors, which can be considered as horizontal spring supports. As the unloaded wythe takes a very low level of compressive stresses, the buckling load is not reached in it; thus, it can act as a flexible support for the loaded wythe. Therefore, when the stability of the loaded wythe is evaluated, the effect of flexibility of the adjacent member should be included in the analysis [46].



The positive effect of the adjacent panel was also approved by experimental tests performed by other authors. For instance, in their investigation of SW panels made of 75 mm thick geopolymer concrete wythes, Kumar et al. [8] found that 3.5 m long walls failed due to crushing of the section. Only those slender specimens subjected to large load eccentricities had stability failure followed by the crushing of concrete.




4.3. Thermal and Sound Reduction Performance


To improve thermal performance, non-metallic connectors are suggested. A considerably lower U-value can be achieved this way [26]. Different shapes of fibre reinforced polymer (FRP) connectors have been suggested and studied [3,8,9,15,47,48]. However, some studies show that structural performance in a fire can decrease significantly if FRP connectors are used. Early buckling of the loaded wythe may occur due to progressive failure of the FRP connectors [24,49]. This reveals that fire design has a very important role in the analysis of thin-layer SW panels if non-metallic connectors are considered.



A number of studies have been carried out with the aim of reducing the overall thickness of SW panels, which would result in space, weight and material savings and reduced environmental impact. Two main aspects are considered in these studies—thermal and structural performance [4]. The current study reveals that requirements for sound insulation can be the main limiting factor if the minimum thickness of a SW is being defined. Ignoring acoustic performance can result in misleading conclusions.





5. Conclusions


In this study, the performance of thin-layer steel-fibre-reinforced concrete (SFRC) sandwich walls (SWs) in northern climatic conditions and according to European and Latvian standards was analysed. The structural performance in cases of composite and non-composite SW was compared. The influences of the requirements for the thermal and sound insulation on the composition of the cross-section were evaluated. The following main conclusions from this study can be drawn:




	
Short fibres can substitute for conventional reinforcement mesh in SW panels and maintain a high load-bearing capacity, even with the increased distance between wythes resulting from the required thickness of thermal insulation.



	
In the case of a family house, the core layer of the exterior SW must be at least 120 or 200 mm if polyurethane (PUR) or expended polystyrene (EPS) is used, respectively.



	
The theoretical load-bearing capacity estimated by nonlinear finite element analysis exceeds the design loads significantly—by up to 100 times.



	
An SW with a non-composite cross-section exhibited the same load-bearing capacity as the ones with a composite cross-section, reaching 55–77% of the load-bearing capacity of the loaded wythe cross-section.



	
An SW with a fully composite cross-section can have unfavourable effects in cases of extreme temperature loads, in which high tensile stresses are developed.



	
The thermal bridge analysis showed that the temperature distributions at the top and bottom of the wall are satisfactory; however, use of steel connectors resulted in possible condensation of the surface of the SW.



	
The sound insulation properties of the analysed thin-layer SW satisfy the requirements set by the Latvian Building Regulations if maximum admissible environmental noise levels are not exceeded.



	
In cases of higher environmental noise levels, the requirements for sound insulation can lead to SWs needing thicker wythes. A positive effect can be achieved also by reducing the amount of connectors and using wythes with different thicknesses.



	
The thickness of the thermal insulation layer does not have any noticeable effect on the sound reduction of the SW due to its low density.








This study is part of an ongoing research project. In the next step, experimental investigation of structural and sound reduction performance will be carried out. One of the aspects that needs to be added to the further evaluation of thin-layer SW is fire resistance.
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Figure 1. Details of the top of the wall: (a) without a connector and (b) with a connector between the wall and slab; 1—insulated wall panel, 2—insulated roof slab, 3—increased thickness of inner wythe, 4—steel connector. 
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Figure 2. Dimensions of the foundation, temperatures and arrangements of external insulation considered in the present study: (a) no additional external insulation, (b) additional vertical insulation and (c) additional horizontal insulation. 
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Figure 3. Load combinations in a transient design situation: (a) Wall in a horizontal position in isometric view. (b) View A and (c) view B of the wall. The downward arrows represent load induced due to adhesion and self-weight. 
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Figure 4. Load combinations in persistent design situation: (a) centric vertical loading for internal walls; (b) eccentric vertical loading for external walls; (c) eccentric loading with wind suction load; (d) eccentric loading with temperature load in summer and (e) in winter. 
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Figure 5. Tension function of SFRC and its numerical values used in the analysis. 
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Figure 6. Finite element model used in nonlinear structural analysis: 1 and 2—monitoring points for vertical displacement and force reaction; 3—monitoring points for lateral displacements; 4—stresses and strains in y direction; H—total height of the wall. 
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Figure 7. Models of sandwich walls (SWs) used in the structural analysis: (a) composite and (b) non-composite SWs under centric loading; (c) composite and (d) non-composite SW under eccentric loading; and (e) composite and (f) non-composite SW in demoulding stage; see legends in Figure 6. 
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Figure 8. Temperature distribution in the top corner of the wall: (a) without steel connector, (b) with steel connector. Colour palette: from −10    ∘  C (violet) to 20    ∘  C (red). 
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Figure 9. Temperature distribution in the wall and foundation in different arrangements of external insulation layer: (a) no external insulation, (b) additional vertical insulation and (c) additional horizontal insulation. 
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Figure 10. Sound reduction in the case of an SW with different arrangements of connectors (spacings of 200 × 200 mm, 400 × 400 mm and no connectors) and different wall compositions: with EPS (thickness 200 mm) and PUR (thickness 120 mm). 
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Figure 11. Sound reduction influenced by different thicknesses of SFRC wythes. 
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Figure 12. Comparison of the sound insulation index and the required minimum values for each SW panel analysed in this study. 
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Figure 13. Maximum stresses in top and bottom SFRC layers during the demoulding process. 
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Figure 14. Theoretical deflection of the wall during demoulding related to the pseudo lifting force. 
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Figure 15. Load–displacement behaviour of exterior walls until failure in different load combinations. 
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Figure 16. Load–displacement behaviour of the inner wall until failure. 
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Figure 17. Stress on the surface of the wythes at the middle of the wall height-wise in the case of external walls. The compressive stresses are plotted positively. 
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Figure 18. Stress on the surfaces of the wythes half-way up the wall in the range of loads from 0 to 50 kN. 
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Figure 19. Lateral displacement of the wythes under different load combinations. 
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Figure 20. Lateral displacement of the wythes under different load combinations in the range of design loads. 
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Table 1. Material properties used in thermal analysis.
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	Property
	Unit
	Concrete
	EPS
	PUR





	Density
	kg/m   3  
	2400
	30
	40



	Porosity
	m   3  /m   3  
	0.18
	0.95
	0.95



	Specific Heat Capacity (dry)
	J/(kg K)
	850
	1500
	1500



	Thermal Conductivity (dry, 10    ∘  C)
	W/(m K)
	2.2
	0.04
	0.025



	Water Vapour Diffusion Resistance Factor
	-
	180
	50
	50



	Moisture-dep. Thermal Cond. Supplement
	%/M.-%
	8
	-
	-



	Temp-dep. Thermal Cond. Supplement
	W/(m K   2  )
	0.0002
	0.0002
	0.0002
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Table 2. Thermal properties of the wall’s cross-section.
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	Type 1
	Type 2





	Composition
	concrete–EPS–concrete
	concrete–PUR–concrete



	Thickness (mm)
	60-200-60
	60-120-60



	Total thickness (mm)
	320
	240



	R-value (m   2  K/W)
	5.04
	4.81



	U-value (W/(m   2  K))
	0.191
	0.2
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Table 3. Wall compositions used in sound insulation analysis.
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	Label
	Cross-Section Composition
	Insulation
	Connector Spacing, mm





	EPS1
	60/200/60
	EPS
	no connectors



	EPS2
	60/200/60
	EPS
	400 × 400



	EPS3
	60/200/60
	EPS
	200 × 200



	PUR1
	60/120/60
	PUR
	no connectors



	PUR2
	60/120/60
	PUR
	400 × 400



	PUR3
	60/120/60
	PUR
	200 × 200



	PUR4
	75/120/75
	PUR
	200 × 200



	PUR5
	45/120/45
	PUR
	200 × 200



	PUR6
	60/120/75
	PUR
	200 × 200



	PUR7
	45/120/60
	PUR
	200 × 200
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Table 4. Design values of loads applied to the wall in a persistent design situation.
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	Load Type
	Load Design Value, kN/m    2   





	Dead load of roof slab
	5.85



	Snow load
	1.50



	Wind suction load
	1.00










[image: Table] 





Table 5. Loading intervals and steps used in the FEM analysis.
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Loading Situation

	
Intervals and Number of Steps




	
BC

	
SW

	
F

	
W

	
T

	
3F

	
Failure






	
Centric

	
1

	
10

	
200

	
-

	
-

	
200

	
1000




	
Eccentric

	
1

	
10

	
200

	
-

	
-

	
200

	
1000




	
Eccentric + wind

	
1

	
10

	
200

	
20

	
-

	
200

	
1000




	
Eccentric + temperature (winter)

	
1

	
10

	
200

	
-

	
30

	
200

	
1000




	
Eccentric + temperature (summer)

	
1

	
10

	
200

	
-

	
30

	
200

	
1000




	
Demoulding(vertical section)

	
1

	
-

	
200

	
-

	
-

	
200

	
1000




	
Demoulding(horizontal section)

	
1

	
-

	
200

	
-

	
-

	
200

	
1000
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