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Abstract

:

The complicated nature of indoor environmental quality (IEQ) (thermal, visual, acoustic comfort, etc.) dictates a multi-fold approach for desirable IEQ levels to be achieved. The improvement of building shells’ thermal performance, imposed by the constantly revised buildings’ energy performance regulations, does not necessarily guarantee the upgrade of all IEQ-related aspects, such as the construction’s acoustic quality, as most of the commonly used insulation materials are characterized by their low acoustic performance properties. From this perspective the SUstainable PReconstructed Innovative Module (SU.PR.I.M.) research project investigates a new, innovative preconstructed building module with advanced characteristics, which can, among other features, provide a high quality of acoustic performance in the indoor space. The module consists of two reinforced concrete vertical panels, between which the load bearing steel profiles are positioned. In the cavity and at the exterior surface of the panel there is a layer of thermal insulation. For the scope of the analysis, different external finishing surfaces are considered, including cladding with slate and brick, and different cavity insulation materials are examined. The addition of Phase Change Materials (PCM) in different mix proportions in the interior concrete panel is also examined. For the calculation of the sound insulation performance of the building module the INSUL 9.0 software is used. The results were validated through an experimental measurement in the laboratory in order to test the consistency of the values obtained. The results indicate that the examined preconstructed module can cover the sound insulation national regulation’s performance limits, but the implementation of such panels in building constructions should be carefully considered in case of lower frequency noise environments.
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1. Introduction


The building sector is a major contributor to the human-induced environmental degradation [1,2,3,4,5]. Due to this fact, the implementation of sustainability principles into the built environment has become a focal point of the global efforts to restrain environmental burdening. In this context, the functional unit of the built environment, i.e., the building, is of fundamental importance. Given the perplex nature of the building itself (multi-fold requirements to meet, different materials and components of varying life durations, function under dynamically changing conditions) and the (at-least) three main pillars of sustainability (environmental, economic and social axes), the assessment and improvement of the buildings’ environmental performance cannot but be implemented via a holistic approach. It is not only the energy efficiency of buildings, but also parameters related to every aspect of their construction, operation and end-of life (environmental impacts, materials used, indoor environmental quality (IEQ), location, waste, water use, etc.) that must be taken into consideration for a truly sustainable result to be achieved.



The quality of the indoor environment is an issue of fundamental importance for the health and the well-being of the buildings’ occupants. It is no coincidence that IEQ consists one of the major assessment areas in the structure of the buildings’ environmental performance assessment systems, with each one of its main axes (visual, thermal, acoustic comfort and indoor air quality) being analytically evaluated with the use of specific criteria and indicators [6]. With noise levels having a severe impact on the health of the buildings’ occupants [7], acoustic comfort should be an indispensable part of any study aiming at the assessment and the improvement of IEQ. As a result, the sound insulation capacity of the building elements that enclose spaces with specific indoor noise level requirements is a feature of great significance.



In this context of the holistic approach previously described, efforts towards the development and the integration of new elements (structural, mechanical or others), adapted to the need for upgraded building performance, should be accompanied by the consideration of all the aspects of their lifecycles and function. This is the case for the preconstructed building element of advanced performance, which is developed under the research project Sustainable PReconstructed Innovative Module (SU.PR.I.M.) [8]. More specifically, SU.PR.I.M. focuses on the development of an innovative building module with advanced thermophysical properties, properties related to flow and transfer of energy and mass and mechanical properties that will act as a load bearing element and/or as an interior partition wall in preconstructed residential buildings. The innovativeness lies on the formation of the building element; elements of innovation can be detected in the design of the connections between its layers, the design of the connections between the preconstructed components and the main load bearing elements of the building, as well as in its layout and configuration. In fact, with regard to the component’s configuration, the examined alternatives include the addition of Phase Change Materials (PCMs) in one of the layers. In the context of this building module’s development effort, the preconstruction process requirements, such as the feasibility and ease of assembly and prefabrication, and all the aspects of the component’s performance are taken into consideration. Specifically, the objective of the design is to create an element that will address all requirements of modern constructions, in terms of structural, hygrothermal, energy, fire, acoustic and environmental performance. Within this context, the assessment of the element’s sound insulation performance defines its capacity to provide acoustic comfort.



The assessment of acoustic comfort in indoor spaces involves the consideration of several parameters such as reverberation times and indoor noise levels, with the sound insulation capacity of the building elements enclosing them holding a determining role. In fact, the related regulatory contexts, where existent, include extended references to this capacity; for example, this becomes obvious in the review presented in [9] regarding the related requirements for housing in Europe. In Greece, the regulatory requirements related to the acoustic indoor environment and comfort include maximum values for noise levels generated in a property’s boundary [10], sound insulation from noises of different origin [11], and standards regarding measurements and calculations [12].



In this study, the main objective is the assessment and the determination of the sound insulation levels provided by the examined preconstructed element and the analysis of various alternatives for its configuration. This component’s basic structure consists of two lightly reinforced concrete plates that are positioned on either side of vertical steel profiles, with the cavity being filled with a thermal insulation material. As a result, its behavior regarding the transmission of sound was not expected to be the same as the one of a single layered building element [13]. The sound transmission via double layered structures is a complex phenomenon depending on several parameters such as the surface mass of the connected panels, the type of connection between them, the cavity insulation material and the size of the cavity. Therefore, its prediction is not straight forward. Several efforts dealing with the prediction and the assessment of the sound insulation capacity of such partitions have been reported in the literature, regarding either the approaches—numerical or otherwise—generally employed or studies of specific types of construction [14,15,16,17,18,19,20]. Other researchers have also investigated the sound insulation performance of double leaf walls incorporating both acoustic and structural transmission paths and have tried to determine their performance in low and high frequencies [20]. Researchers have examined the effect of structural connections, such as steel profiles in the sound insulation capacity of double leaf walls in order to take into account on the effect of structural connections, such as steel profiles or ties [21], while others focus mostly on the cavity material’s properties [22].



In general, most studies on double leaf walls concern lightweight walls, but there have also recently been some studies on more massive construction walls [23] which can be load bearing façade elements and provide thermal mass in the construction as well.



For the assessment of the sound insulation performance of building elements, both numerical and experimental approaches are used (often at the same time in order to compare and validate the results). Well-established calculation models can be found in the literature for the estimation of the protection provided by building elements. The models vary from simpler to more complicated (depending on the assumptions and simplifications adopted). Numerical approaches have been formulated for single-, double- and multilayered components, with other parameters also considered (such as types of connections or cavity insulation materials). Since manual calculations might be time consuming due to the complexity of the algorithms, the computational processes are often materialized via computer software (ACOUBAT Sound [24], INSUL [25]), into which these algorithms are integrated. For the experimental measurements, certified labs should be used in order to acquire valid results and to obtain a valid sound insulation certificate.



Basic Objective of the Study and Research Questions/Contribution


The basic objective of this study is the assessment of the sound-insulation performance of an innovative, double-layered preconstructed building module, which is described in detail in Section 2. Τhe preconstructed module is a double-layered component and can be categorized as a heavy-weight panel, as it is designed as a structural element that complements the load-bearing structure. The design of the preconstructed module can be expected to combine the advantages of the higher sound insulation performance of double panels while limiting their main disadvantage, which is their inability to provide high sound insulation performance in lower frequencies. This is because the examined building module has a structure of a double layered panel but it also includes two heavyweight layers of concrete, which are intended to provide the necessary mass in order to improve the sound insulation performance of the module in lower frequencies. Different types of exterior cladding layers are also examined to define even better levels of sound insulation due to the heavier construction.



Moreover, one of the alternative configurations studied involves the addition of PCM in the mix for the preparation of the interior concrete panel. Phase change materials have often been used recently as a thermal mass increase method, in order to improve the thermal performance of building shells [26]. However, their effect on the sound insulation capacity has not yet been examined extensively, with relatively few studies dealing with the subject [27,28].



The main goal, therefore, is to determine the sound insulation performance of the preconstructed building module and to assess its ability to meet the requirements of the Greek legal framework for the sound insulation of buildings, as well as to explore possible solutions for sound insulation improvement. A special focal point of the study is also the investigation of the effect of the addition of phase change materials on the mass of concrete in the sound insulation performance of the building module.





2. Materials and Methods


2.1. Description of the Preconstucted Module and of the Analyzed Cases


The preconstructed module is mainly intended to be used in residential single-family buildings, mostly detached or semi-detached constructed in low-rise, low density residential areas of permanent or holiday use. This means that low outdoor noise levels are expected, which is mostly the case in the city suburbs in at the semi-rural or rural areas, where holiday houses are mostly situated. However, it is important to define the limit of outdoor noise levels up to which the preconstructed module can be applied without further measures of improvement. Therefore, not only low but also higher outdoor noise levels are considered in this study. The main structure of the building element is described as follows:



Two lightly reinforced concrete panels (5 cm thick each) are positioned as planes parallel to each other and on the two opposite sides of steel profiles (square hollow structural sections—HSS, 5 cm × 5 cm). The steel profiles are mainly vertical, with the distance between them being around 0.70 m–1.30 m depending on the wall’s geometry, dimensions and the existence and positioning of openings on the building’s facade. The preconstructed elements are interconnected and connected to the main load bearing structure with anchors that are designed specifically for this construction. The 5 cm cavity between the concrete panels is filled with a thermal insulation material. Beyond the main structure previously described, the component’s configuration, as a ready-to-use module, is complemented by other layers as well:




	
layers composing the exterior coating/cladding



	
exterior insulation layer



	
interior coating.








As already mentioned, as part of the research, the sound insulation performance of the preconstructed module is examined for varied alternative configurations of some of the layers it consists of. Specifically, the layers for which alternatives are examined are the following:




	
layers composing the exterior coating or cladding (three alternatives);



	
cavity thermal insulation material (two alternatives);



	
interior concrete layer alternatives (according to the addition of PCM to the composition of the interior concrete panel); different proportion mixes are considered (five alternatives).








The scenarios studied regarding these varying parameters are presented in Table 1.



More specifically, three basic types of configurations are examined, depending on the external coating (Type 1, Type 2 and Type 3). It should be noted that Type 2 and Type 3 refer to exterior cladding with slate or brick, respectively, which is fixed with mortar (and not with a mechanical fixing and/ or an air gap).



The alternative configurations are produced by all the possible combinations of the aforementioned scenarios; a total of 30 different cases were examined.



In all the examined scenarios, the exterior thermal insulation material is graphite expanded polystyrene, while the interior surface of the module is covered by lime plaster coating. The research flow is presented in Figure 1.



The properties of the materials, which are presented in detail in Table 2, were determined based on the following:




	
The materials’ density (except for concrete) was determined based on the values obtained from national relevant databases [29].



	
Density and modulus of elasticity of concrete were determined experimentally as part of the research program; for all other properties of concrete, values found in the software database were used.



	
The rest of the materials’ properties were determined with the help of the software library. As the software manual suggests, the flow resistivity should not be less than 500 Rayls/m or more than 60,000 Rayls/m. The air flow resistivity value used for rockwool (40,000 Rayls/m) was defined according to INSUL’s material library for absorptive materials according to its density. For the expanded polystyrene (EPS), an assumption was made for the flow resistivity value taking into account the smaller permitted value the software suggests and the material’s density, as INSUL only includes open-cell and sound absorptive material options in its material library.








Based on the values presented in Table 2, it is deduced that the preconstructed module for Type 1 has a total thickness of 27.7 cm, for Type 2, 29.0 cm and for Type 3, 34.0 cm.



For the calculation of the sound insulation performance of the preconstructed module several assumptions were necessarily made for its dimensions and for the distance between the steel profiles. In order to represent a typical wall unit positioned between the main structural vertical elements of a building, the preconstructed module’s typical size was shown to be 3.0 m × 2.7 m. The vertical steel profiles (50 mm × 50 mm) were assumed to be distributed per 1 m and a rigid connection was considered between the steel profiles and the concrete panels. Regarding other information required as input for the simulations, the room’s volume was defined as 50 m3 and a typical value for the reverberation time of 0.5 s was considered.




2.2. Sound Insulation Performance Criteria


The minimum requirements for the sound insulation of new buildings are defined in article 12 of the Greek Building Regulation [11]. Sound insulation criteria are the limit values of the acoustic comfort parameters set by the regulation for each type of sound protection and each class of acoustic comfort. Three classes of acoustic comfort are defined in the regulation:




	
Class A: High acoustic comfort



	
Class B: Normal acoustic comfort



	
Class C: Low acoustic comfort








In order to classify a building into a class of acoustic comfort, it is necessary to cover all the criteria of this class.



In the regulation, the following five criteria are defined for the vertical building partitions (criteria of performance against airborne sound transmission):




	
For the sound insulation from an adjacent space of main or auxiliary use and from the communal spaces of the building (e.g., between two apartments of the same building), the sound insulation criterion for airborne noise should fulfill a minimum of the limit value of the weighted apparent sound reduction index R’w (dB).



	
For the sound insulation of an apartment from another space of the building with a different main use (e.g., between an apartment and an office), the sound insulation criterion for airborne noise should fulfill a minimum of the limit values of the weighted apparent sound reduction index R’w (dB).



	
The sound insulation criterion for external noise (environmental, traffic or urban noise) should fulfill a maximum of the limit values of the A-weighted sound level LAeq,h in the interior space.



	
For the sound protection from mechanical installations, the sound insulation criterion should fulfill a maximum of the limit values of the A-weighted sound level LpA in all interior spaces of main use.



	
For the sound insulation between the spaces of the same residence, the sound insulation criterion for airborne sound insulation should fulfill a minimum of the limit value of the single number quantity of the weighted apparent sound reduction index R’w (dB).








Among the five above mentioned criteria, number 1 and 3 were considered according to the intended use of the considered building element.



The above-mentioned criteria refer to all building uses, however different limit values are applied according to the use. It should be noted that the regulation also has criteria for impact noise which are apply only to horizontal building elements.



The study of the preconstructed module’s sound insulation performance takes into account the limit values of Class B according to article 12 of the Building Regulation [11], in order to test the sound insulation capacity of the building module, since, as is mentioned in the regulation texts, this is the Class to which all new buildings should belong. Table 3 presents the values for residential building use that are considered in the study as performance limits.



According to ISO 12354-3/2017: “the sound insulation… of a façade or other external surface of a building is based on the sound reduction index of the different elements from which the façade is constructed and it includes direct and flanking transmission” [30]. This means that flanking noise should also be considered in the above-mentioned limits. As mentioned in the regulatory texts, the relation between the weighted apparent sound reduction index and the weighted sound reduction index can be correlated according to the values described in article 12 [11], as presented in Table 4. In order to take into account the noise flanking paths during the construction process, appropriate measures should be applied in order that the differences between Rw and R’w do not exceed the differences presented in Table 4.




2.3. Methodology Used for the Calculation of the Sound Reduction Index for the Building Module and Validation through Experimental Measurement


The sound insulation capacity of the examined module is determined both with analytical methods and laboratory measurements. More specifically, the INSUL 9.0.1 software of Marshall Day Acoustics software was used for calculating the sound reduction index of one case scenario, while the results were validated through an experimental measurement in the laboratory, for the same case, in order to test the consistency of the values obtained. The experimental measurement and validation results are analytically described in Section 3.1.



Then, the sound insulation capacity of all the alternative solutions of the preconstructed module was calculated with INSUL software. The calculated results were compared to the regulatory limits in order to assess them in terms of their ability to cover the required values. Given that the Building Regulation’s requirements for vertical building elements are limited to controls related to their sound protection against airborne sound transmission, the analyzed cases are as described below.



	
Assessment of the sound insulation performance of the preconstructed module against sound transmission for diffuse sound was performed by calculating the sound reduction index R for the frequency range 100–3150 Hz and the weighted sound reduction index Rw corresponding to the above-mentioned range.



	
Calculation of the sound insulation capacity of the preconstructed module against environmental noise was performed by calculating the A-weighted sound level LAeq,h inside the building.






Furthermore, the results derived for the studied alternative configurations were compared, so that the impact of the examined parameters’ variations could be assessed. The results and the outcomes are presented and discussed in the following sections.




2.4. Description of the Software Applied and of the Experimental Facility Used


As mentioned in the previous sections, the numerical approach to the estimation of the developed building module’s sound insulation capacity was conducted via the application of the software INSUL 9.0.1. INSUL is a computational tool for the prediction of the sound insulation performance of building components (walls, floors, ceilings and windows). In general, as deduced from several sources [31,32,33,34], the software is based on models proposed by Sharp, Cremer and others; it can provide predictions for single-, double- and multilayered components. Regarding double panels systems, different types of connections between the two layers can be taken into consideration. For double panel elements, the transmission loss is calculated for 4 frequency regions, which are identified within the frequencies spectrum based on the prevailing mechanisms determining the transmission phenomenon through double layered components in each region (mass law, coupled or decoupled layers, etc.) [34]. The transmission loss in each region is governed by different mechanisms and, therefore, varies in size per octave. For example, in the low frequencies area (below the mass–air–mass resonance frequency) it is the mass law that primarily determines the transmission loss (i.e., dependence on the surface mass of each panel) [34].



For the experimental measurement, the SU.PR.I.Μ. wall was installed in the premises of the certified Laboratory of Architectural Technology, School of Architecture, Aristotle University of Thessaloniki, in order to measure the sound reduction index.



The structure of the tested module consisted of two vertical steel profiles and two layers of lightweight concrete, without PCΜ aggregation, on both sides. The exterior surface consisted of a layer of graphite expanded polystyrene (EPS) insulation board and the cavity insulation material of expanded polystyrene (EPS). Both the interior and the exterior surface remained exposed (without coating). The dimensions of the tested module were (1.23 × 1.48) m. This size was chosen because of the weight of the building element (the specific size weighs up to 400 kg). As it was not possible to build the building element in the lab due to constructional reasons, a larger size would make its transfer and installation in the laboratory room impossible.



The test took place under laboratory conditions according to ISO 10140-2:2010, Acoustics—Laboratory measurement of sound insulation of building elements—Part 2: Measurement of airborne sound insulation [35]. In order to estimate the sound reduction index, R (dB) Equation (1) was used:


  R =  L 1  −  L 2  + 10    log   S A   



(1)




where:




	
L1: the average sound pressure level in the source room in dB;



	
L2: the average sound pressure level in the receiving room in dB;



	
S: the total surface of the tested module in m2;



	
A: the equivalent sound absorption area in the receiving room given by Equation (2):










  A =   0.163 V  T   



(2)




where:




	
V: the volume of the receiving room in m3;



	
T: the reverberation time of the receiving room in s.








For the calculation of the reverberation time, 6 measurements in six different microphone positions were performed. No background noise correction was required. A dodecahedron loudspeaker (Lab-1217, Roister) was used. The source room volume was 55.5 m3 and the receiving room volume was 50.6 m3.



The test results in 1/3 octave bands from 100 to 3150 Hz were used to calculate the weighted sound reduction index of the building module according to ISO 717-1: 2013 [36].





3. Results


3.1. Experimental Results and Software Validation


As already mentioned, a laboratory measurement was performed. After the test, the sound reduction index of a module with the same properties and dimensions was calculated with the help of the INSUL software in order to test the compliance of the results.



According to the experiment’s derived values, the weighted sound reduction index is: Rw (C; Ctr100–3150) = 44 (–2; –5) dB. The weighted sound reduction index of the same configuration and the same dimensions (as in the experiment) of the module was calculated with the help of the INSUL software. The calculated value in this case is Rw (C; Ctr100–3150) = 48 dB (–3; –9). Concerning the weighted sound reduction index it can been seen that there is a 4 dB difference, while, for spectrum adaptation terms difference, can be seen that there is a 1 dB difference for C and a 4 dB difference for Ctr100–3150. The difference of 4 dB in the weighted sound reduction index between the measured and the calculated values can be considered as reasonable since the examined building element is a four layered module, which includes also a steel profile frame and, as mentioned in the software’s user’s guide [25], the accuracy of its calculations seems to decrease as a function of the number of elements involved in the construction. The difference could also be related to the software’s calculation assumption about the rigid connection of the profiles with the concrete panels. Moreover, other researchers [37] have also concluded that the INSUL software tends to overestimate the weighted sound reduction index Rw values against experimental results especially when multilayered configurations are examined. Moreover, the software developer gives an error margin (generally) of ±3 dB. Based on the limited difference (below 10%) between the measured and the estimated values, it is deducted that the model is validated, and it is reliable to be used for further simulations. Concerning spectrum adaptation terms the results of both the experiment and the calculations imply that the module’s performance against traffic noise might be lower from 5 to 9 dB than expected when considering the weighted sound reduction index.




3.2. Sound Insulation Performance of the Preconstructed Module Results and Assessment


The sound reduction index R, the weighted sound reduction index Rw and the A-weighted sound level LAeq for the examined scenarios mentioned in Section 2.1 were calculated with the use of the INSUL software.



The preconstructed module for these calculations was considered with all the necessary layers, including its final coatings. It was found that the weighted sound reduction index for all examined cases ranges from 53 dB to 58 dB (Table 5). As expected, the cases with decorative slate and solid brick exterior cladding present higher values of the sound reduction index, when compared to the cases with simple exterior organic render finishing. This obviously means that the heavier cladding affects the sound insulation capacity of the preconstructed module positively.



The cases with rockwool as a cavity insulation material present a slightly higher sound insulation capacity by 1 dB when compared to the corresponding cases with EPS. This result must be interpreted together with the high density of rockwool rigid boards and the limitation of the software in simulating non sound absorptive materials such as EPS. Concerning the effect of PCM in the sound insulation performance of the preconstructed module, it can be found that the sound insulation capacity is not significantly affected, as all corresponding values of the weighted sound reduction index before and after taking into account the PCM presence in the mixture of the interior concrete layer remain unchanged for all examined alternatives. Furthermore, a similar research [27] on a dry wall lightweight building element has also pointed out that the PCΜ do not provide a significant contribution in the sound reduction index of wall elements.



3.2.1. Examination of the Sound Insulation Performance of the Preconstructed Module When Installed as a Partition


In order to define the capacity of the examined preconstructed module to cover the requirements of the sound insulation regulation’s Class B (normal acoustic comfort), the weighted apparent sound reduction index (R’w) was calculated. As already mentioned, R’w is calculated according to the approximation methods described in the national regulation [11] according to Table 4. The weighted apparent sound reduction index values for all the cases are presented in Table 6. The weighted apparent sound reduction index values range from 50 dB to 54 dB, which means that all examined cases can cover the requirements of the regulation (50 dB). For the modules with an external finish of Type 1 (plaster), rockwool appears to be more favorable as a cavity insulation material for the sound insulation of the wall. The same applies for most of the examined elements. Regarding the impact of the type of the exterior cladding, Type 3 presents the most favorable behavior, with Type 1 being characterized by the lowest R’w values (however, still higher than the regulation’s limits). This could be explained by the surface mass contribution of each type of external covering.



Values of the weighted sound reduction index, for all the examined cases range between 53 and 58 dB. According to calculations, the Rw of a conventional double brick masonry wall with an insulated cavity ranges between 54 and 59 dB. This means that the SUPRIM wall has a similar sound insulation performance to a conventional double brick masonry wall.




3.2.2. Examination of the PCM Aggregation Calculation Results


The calculations of the weighted sound reduction index show that the change in the composition of the interior concrete panel with the addition of phase change materials does not influence the sound insulation capacity of the preconstructed module. However, except for the comparison of the weighted sound reduction index, it is very important to also examine the sound reduction index per frequency in order to draw conclusions on the capacity of the preconstructed module to provide a satisfactory sound reduction in all frequencies. In fact, reduced performance (transmission loss decrease) in some frequencies can be an issue, as, under specific conditions, the resulting effects can severely affect the quality of the acoustic environment (e.g., in the case of low frequencies [38]).



From the comparison of the values of the sound reduction index per frequency for the alternatives A.1 and B.1 when Type 1 exterior coating is used, there is no difference in the capacity of the preconstructed module. The resonance frequency also remains common in both cases at 125 Hz (Figure 2).



Similar conclusions are drawn from the comparison of the values of the sound reduction index per frequency for the alternatives A.1 and D.1 of Type 1 (Figure 3). The same conclusion applies, regardless of the quantity of PCM mixture in concrete, to all Type 1 alternatives. Diagrams comparing C.1 and E.1 are not presented as the results are similar to B.1 and D.1, respectively.



In any case, the preconstructed module presents significantly lower values in lower frequencies than in higher frequencies. This is an expected condition as the lower sound insulation performance in lower frequencies is a common weakness in all steel profile-based double leaf walls when compared to simple panels.



However, despite the examined preconstructed module’s lower performance in lower frequencies, it still performs better, even in these frequencies, than the lightweight panels with similar air cavity widths [39].



It should be noted that, in the context of this paper, the term “lower frequencies”, is used in a comparative sense and does not indicate low frequencies such as 20, 60, or 80 Hz. Specifically, the study focuses on the range of 100-3150 Hz; although some conclusions can be drawn for the module’s performance for frequencies lower than 100 Hz, the analysis focuses on frequencies above this limit.




3.2.3. Examination of the Exterior Coating Calculation Results


Figure 4, Figure 5 and Figure 6 show the comparative analysis of the three types, regarding the external coating or cladding, of the preconstructed module (Type 1, Type 2 and Type 3) in order to determine whether the exterior coating, (lime plaster, slate or solid bricks, respectively) can significantly affect sound reduction index at all frequencies. As already mentioned, the quality of sound insulation is not only a function of the weighted sound reduction index, it also depends on the values of the sound reduction index at different frequencies. At lower frequencies, especially in double layered building elements where the drop in the sound reduction index is more intense, it is important to study the frequency variation of the sound reduction index in order to define the quality of acoustic comfort provided to the building’s occupants.



As already mentioned, Type 3 (exterior cladding with solid bricks) has higher sound insulation capacity than Type 1 and Type 2, which is obviously due to the higher mass of the exterior cladding material. However, it is noted that the resonance frequency area, both in the case of Type 2 (exterior cladding with slates) and in the case of Type 3, occurs at a lower frequency (100 Hz) than in the Type 1 (125 Hz). The values of the sound reduction index at this frequency (22 dB) in both Type 2 and Type 3 are higher than in Type 1 (21 dB) but the sharp drop of its value at this frequency range is still large. This means that the preconstructed module has a weaker sound insulation performance at low frequencies and interventions to improve its sound insulation capacity in low frequencies (near the resonance frequency) should be examined.




3.2.4. Examination of the Sound Insulation Performance of the Preconstructed Module against Environmental Noise


Indoor noise levels were calculated with INSUL’s indoor to outdoor calculator in order to assess the capacity of the examined preconstructed module to fulfill the regulatory requirement for exterior walls (LAeq ≤ 35 dB). All three types of the preconstructed module were examined (with EPS in the cavity between the concrete panels).



According to the Greek regulation (Government Gazette 1367/B’/27.04.2012) “Road, rail and airborne noise limits”, the environmental noise should not exceed the following values:




	
For the Lden indicator (24 h): 70 dB.



	
For the Lnight indicator (8 h—night): 60 dB.








The maximum permitted noise level at properties’ boundaries in residential areas is 50 dB [10].



For the calculations three different levels of traffic noise (65, 70 and 75 dB) were considered and a flat geometry of the façade was assumed. The traffic noise levels in the 1/3 octave bands were also calculated with the help of INSUL software which uses ISO 717-1:2013 for the calculations. Despite the fact that the panel is to be used in environments with low or moderate noise levels, a 5 dB higher value (than the maximum permitted value) for the calculations was considered as in many cases the regulatory requirements for traffic noise are exceeded.



All alternatives considering PCM mixture in the interior concrete panel were considered. As shown in the histogram of Figure 7, in all cases the increase in external noise by 5 dB results in an increase in the A-weighted sound level of the indoor space by 18%. For 65 and 70 dB exterior noise levels; the preconstructed module can meet the requirement of the regulation (LAeq ≤ 35 dB). However, at 75 dB none of the three types of the building module can meet the regulatory requirements, as the value of the A-weighted sound level slightly exceeds the limit value of 35 dB.





3.3. Suggestions for the Improvement of the Module’s Acoustic Performance


The improvement of the sound reduction index of a building element can be achieved with various interventions. The greater the improvement required in each case, the more radical the interventions that should be made.



In general, the sound insulation capacity of the examined building element is considered satisfactory, especially in cases where rockwool is used as a cavity insulation material and in cases where the exterior finish is realized with decorative slates or solid bricks. The only case where measures may be required to improve the sound insulation capacity of the preconstructed module is for the conventional finish with plaster (Type 1) and only in case the environmental noise level is higher than 70 dB. Of course, it should be noted that this case requires the existence of an extremely noisy environment beyond the legal limits. However, in case the preconstructed module is required to be improved in terms of its sound insulation capacity, the cavity width and the cavity insulation material’s thickness can either be increased, or resilient bars and a metal bracket incorporating a rubber or neoprene isolation element can be placed between the steel profiles and its connection to the inner concrete panel in order to provide a more elastic connection.



In order to support these suggestions, further calculations were made. For the first case (increase in the cavity and cavity insulation thickness) the improvement of the A-weighted sound level of the indoor space is relatively small. However, for both cavity insulation materials it is possible to achieve the desired sound insulation performance. The calculation of the sound reduction index for different thicknesses of the cavity insulation material and the improvement of the A-weighted indoor sound level for the increase in thickness of the cavity insulation material is presented in Table 7.



In the second case (resilient bars and rubber isolation clips connection), the improvement of the sound insulation capacity of the structural element is much greater, as it was calculated that the sound reduction index is 74 dB for both cavity insulation material alternatives. In this solution the value of the sound reduction index is improved at all frequencies, as shown in Figure 8. In fact, in the case of elastic connection, not only is the value of the weighted sound reduction index improved but also the quality of the sound protection of the indoor space, as the fluctuations of the sound reduction index per frequency decrease significantly, especially in the lower frequency area (around 100 Hz–125 Hz), where the examined preconstructed module in its original form shows weakness in its sound-insulating behavior due to the sharp dip of the curve in 125 Hz.



However, in this solution two parameters must be considered. The first has to do with the load bearing capacity of the preconstructed module, which should be re-examined with the new connection to ensure that the it can meet the static and structural requirements, and the second has to do with the possible increase in the thickness of the structural element in order to include the necessary distance required for the installation of the rubber insulation connections and the horizontal resilient bars, leading to extra construction costs.





4. Discussion


The outcomes of the calculations showed that the examined configurations of the preconstructed module can meet the requirements of acoustic comfort for Class B, with an exception of the case of high traffic sound loading (noise level 75 dB). Specifically, regarding the calculations of the A-weighted sound level of the indoor space for traffic noise for when EPS is used as cavity, it was found that the examined building element can meet the requirements of the regulation (LAeq ≤ 35 dB) for environmental noise [11], in case the noise level is up to 70 dB.



Based on the comparative analysis of the examined alternatives’ performance, the main observations derived were the following:




	
In all cases, the use of rockwool board in the cavity between the concrete panels led to higher (in very few cases to unaltered) performance compared to EPS.



	
The addition of PCM to the interior concrete panel does not affect the sound insulation of the examined module against airborne noise. Other researchers have concluded that a 1.4 dB improvement might be observed on a lightweight dry wall due to the existence of a 5 mm PCM panel [27]. In our research, the difference is non-remarkable as the weighted sound reduction index remains unchanged, which can be explained by the fact that the PCΜs do not form a separate layer but are incorporated in the concrete mixture and their quantity is obviously smaller and by the fact that the wall is characterized by a high mass construction due to the two concrete panels.



	
The type of exterior cladding was proven to affect the sound insulation performance of the examined module, with the exterior organic coating (Type 1) having the lowest contribution.



	
The preconstructed module’s weighted apparent sound reduction index R’w was calculated to be above the limit of the building regulation (R’w ≥ 50 dB), which means that the examined module could be used in all alternative configurations as an internal partition between spaces of main or auxiliary use and as partition adjacent to communal spaces as well.








However, the above-mentioned conclusions are based on the calculation results and further analysis is necessary. The present work is a feasibility study, which represents the first approach to the estimation of the examined building module’s sound insulation capacity. As such, the analysis is characterized by limitations that extend to some of its aspects. Specifically, additional experimental data would be useful as INSUL uses corrections based on empirical data of more common materials; measurements for various potential configurations of the element (considering not only the use of “unconventional” materials but also different sizes of the specimen) would enhance the depiction of its acoustic performance.



Another limitation of the research is that flanking sound was approximated according to the Greek Building Regulation, which means that, in real buildings, flanking may vary significantly and there may be cases where the regulation limits may not be complied with, due to weak flanking elements and construction errors. At this point further research is necessary including field measurements which would provide data on the components’ sound insulation performance under real-life conditions, as part of an actual building. The results presented in this pre-study provide systematic information for the sound insulation performance of the examined module, but limitations regarding the assessment of its behavior in the context of the actual working conditions exist. Field measurements on an actual building, constructed with the use of this element, have been planned in the next stage of the research.




5. Conclusions


Τhe high quality demand at all levels of construction is nowadays an important target and, in the study of new innovative ways to improve the quality of life in buildings, indoor acoustic quality should be provided through appropriate materials, methods and construction practices. The present research, carried out in the framework of the research program SU.PR.I.M., examined the capacity of an innovative building module—designed for advanced performance in terms of structural thermal and environmental performance—not only to comply with the regulatory indoor sound level requirements but also to provide a high acoustic quality for the inhabitants.



The sound insulation performances of a variety of alternative configurations (different coating/cladding types, different cavity insulation materials, and addition of PCM in the interior concrete panel) were calculated and conclusions related to whether regulatory limits are met were drawn.



Specifically, the sound insulation capacity of the preconstructed module was calculated based on the weighted sound reduction index for all the alternative configurations and all the three types of exterior coating/cladding analyzed (Type 1, Type 2, Type 3). In addition, the A-weighted sound level of the indoor space for traffic noise for Type 1, which was calculated to be the weaker alternative in terms of the Rw calculated values, was examined.



The results of the research showed that the definition of the overall quality of the construction demands the thorough study of all design parameters as the high thermal insulation or structural quality of building elements does not necessarily lead to a high acoustic quality. The examined preconstructed module may be able to meet the regulatory requirements, but, as further step, in order to be able to provide also a high indoor acoustic quality for lower frequency noises several measures could be examined. In fact, two scenarios for improving the sound insulation capacity of Type 1 modules were examined—which, however, demand further considerations (thickness of the element, structural issues)—and it was found that the structural element can be significantly improved covering the sound insulation requirements of the regulation.



In addition, further research is needed concerning the connections of the prefabricated module to the perimeter and to the side panels, as they can significantly affect the sound insulation performance of the construction. Moreover, the current research analyzed a specific configuration of the preconstructed module concerning the distance between the steel profiles. However, in real buildings the varying distances that might be applied according to the architectural and geometry constraints might significantly alter the indoor sound levels. Therefore, in a further and more detailed analysis, the effect of the distance between profiles on the sound insulation performance of the preconstructed module would be useful.



Another aspect that arose in the context of this study regarding future research is the need for data regarding novel technologies such as components incorporating PCM; the absence of such information may represent a limitation for calculation methods that are based on conventional materials.



Of course, the weaker sound insulation capacity in low frequencies is an inherent weakness of double leaf building elements in comparison to single panels and not only of the examined building element. Therefore, in similar constructions, the specific environmental noise conditions of the building should be considered in order to ensure that all building elements will be able to meet the sound insulation requirements. In general, special care should be taken in the case of composite wall surfaces (with openings), for which, in addition to the opaque structural element, a careful selection of the sound insulation capacity of the openings should be made, in order to balance the low performance of the composite structural element at low frequencies.
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Figure 1. Diagram presenting the research flow for the sound insulation performance examination of the preconstructed module. 
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Figure 2. Sound reduction index R, calculated for A.1 (0% PCM) and Β.1 (20% PCM (24 + 28)) configuration alternatives. 
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Figure 3. Sound reduction index R, calculated for A.1 (0% PCM) and D.1 (20% PCM (28)) configuration alternatives. 
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Figure 4. Comparison of the sound reduction index of the three types regarding the exterior finishing material (Type 1, Type 2 and Type 3) for the case A.1 (exterior insulation layer Graphite EPS, cavity insulation layer EPS, 0% PCM). 
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Figure 5. Comparison of the sound reduction index of the three types (Type 1, Type 2 and Type 3) for the case B.1 (exterior insulation layer Graphite EPS, cavity insulation layer EPS, 10% PCM (28)). 
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Figure 6. Comparison of the sound reduction index of the three types (Type 1, Type 2 and Type 3) for the case D.1 (exterior insulation layer Graphite EPS, cavity insulation layer EPS, 20% PCM (28)). 
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Figure 7. Indoor sound level of the examined building module under different traffic noise levels (65, 70, 75 dB) for a flat geometry of the façade and for Type 1, Type 2 and Type 3 in the case of cavity insulation material with EPS and for all PCM aggregation alternatives. 
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Figure 8. Comparative values of the calculated sound reduction index R between the standard SUstainable PReconstructed Innovative Module (SU.PR.I.M.) wall and the improved isolated frame SU.PR.I.M. wall. 
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Table 1. Alternative scenarios for the examined building module’s configuration.
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Interior Coating

	
Lime Plaster Coating






	
Interior concrete layer

	
Concrete 0% PCM 1




	
Concrete 10% PCM (28) 2




	
Concrete 10% PCM (28 + 24) 3




	
Concrete 20% PCM (28) 2




	
Concrete 20% PCM (28 + 24) 3




	
Cavity insulation

	
Expanded polystyrene (EPS)




	
Rockwool (rigid board)




	
Exterior insulation layer

	
Graphite expanded polystyrene (EPS)




	
Exterior coating

	
Type 1: Lime plaster coating

Type 2: Solid decorative bricks

Type 3: Decorative slate tiles








1 PCM: Phase Change Materials. 2 Aggregation melting point at 28 °C. 3 50% aggregation melting point at 28 °C and 50% aggregation melting point at 24 °C.













[image: Table] 





Table 2. Properties of materials used in the analysis.
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Position of the Layer

	
Material

	
Thickness (mm)

	
Density (kg/m3)

	
Young’s Modulus (Gpa)

	
Damping






	
Exterior

	
Organic coating with fiberglass reinforcement

	
7

	
1800

	
36.60

	
0.04




	
Decorative slate tiles

	
10

	
2800

	
68.16

	
0.01




	
Decorative solid ceramic bricks

	
60

	
1700

	
8.96

	
0.00




	
Graphite EPS

	
100

	
20

	
0.005

	
0.20




	
Cavity

	
EPS

	
50

	
20

	
0.005

	
0.01




	
Rigid rockwool boards

	
50

	
100

	
0.025

	
0.20




	
Interior/exterior concrete panel

	
Lightly reinforced concrete 0% PCM

	
50

	
2300

	
51.29

	
0.20




	
Interior concrete panel

	
Lightly reinforced concrete 10% PCM (28)

	
50

	
2340

	
41.72

	
0.01




	
Lightly reinforced concrete 10% PCM (28 + 24)

	
50

	
2305

	
45.17

	
0.01




	
Lightly reinforced concrete 20% PCM (28)

	
50

	
2215

	
39.40

	
0.01




	
Lightly reinforced concrete 20% PCM (28 + 24)

	
50

	
2210

	
36.28

	
0.01




	
Interior

	
Lime plaster coating

	
20

	
1800

	
36.60

	
0.01
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Table 3. Sound insulation and protection parameters’ limit values of Class B for residential buildings used for the assessment of the sound insulation performance of the preconstructed building module according to article 12 of the Building Regulation [11].
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Sound insulation from adjacent space of main or auxiliary use.

Sound insulation from communal spaces (expressed as sound reduction index of the partition)

	
Sound protection from




	
external noise (expressed as maximum permissible indoor noise level)




	
Weighted apparent sound reduction index

R’w, dB

	
A-weighted sound level

LAeq,h, dB (A)




	
≥50

	
≤35
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Table 4. Relation between the weighted apparent sound reduction index R’w and the weighted sound reduction index Rw according to the Greek Regulation for the sound insulation of buildings, article 12 [11].
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	R’w (dB)
	Rw = R’w + d





	up to 42
	R’w + 0



	from 43 to 48
	R’w + 2



	from 49 to 52
	R’w + 3



	from 53 to 55
	R’w + 4



	from 56 to 60
	R’w + 6
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Table 5. Weighted sound reduction index values (Rw) for all the examined cases.
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Exterior Surface Material




	
Thermal Insulation Material

	
Type 1: Organic Coating

	
Type 2: Decorative Slate Tiles

	
Type 3: Decorative Bricks




	
% PCM at the Interior Concrete Layer

	
External Thermal Insulation

	
Core Thermal Insulation

	
Weighted Sound Reduction Index




	
RW

	
RW

	
RW






	
A (0%)

	
EPS (graphite)

	
A1

	
EPS

	
53

	
54

	
56




	
A2

	
Rockwool board

	
54

	
55

	
58




	
Β

	
EPS (graphite)

	
Β1

	
EPS

	
53

	
54

	
56




	
(10% PCM (28))

	
Β2

	
Rockwool board

	
54

	
55

	
58




	
C

	
EPS (graphite)

	
C1

	
EPS

	
53

	
54

	
56




	
(10% PCM (28+24))

	
C2

	
Rockwool board

	
54

	
55

	
58




	
D

	
EPS (graphite)

	
D1

	
EPS

	
53

	
54

	
56




	
(20% PCM (28))

	
D2

	
Rockwool board

	
54

	
55

	
57




	
Ε

	
EPS (graphite)

	
E1

	
EPS

	
53

	
54

	
56




	
(20% PCM (28 + 24))

	
E2

	
Rockwool board

	
54

	
55

	
58
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Table 6. The weighted apparent sound reduction index values R’W for all the examined cases.
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Exterior Surface Material




	
Thermal Insulation Material

	
Type 1: Organic Coating

	
Type 2: Decorative Slate Tiles

	
Type 3: Decorative Bricks




	
% PCM at the Interior Concrete Layer

	
Exterior Thermal Insulation

	
Cavity Insulation

	
Weighted Apparent Sound Reduction Index




	
R’W

	
R’W

	
R’W






	
A [0%]

	
EPS (graphite)

	
A1

	
EPS

	
50

	
51

	
53




	
A2

	
Rockwool board

	
51

	
52

	
54




	
Β

	
EPS (graphite)

	
Β1

	
EPS

	
50

	
51

	
53




	
[10% PCM (28)]

	
Β2

	
Rockwool board

	
51

	
52

	
54




	
C

	
EPS (graphite)

	
C1

	
EPS

	
50

	
51

	
53




	
[10% PCM (28+24)]

	
C2

	
Rockwool board

	
51

	
52

	
54




	
D

	
EPS (graphite)

	
D1

	
EPS

	
50

	
51

	
53




	
[20% PCM (28)]

	
D2

	
Rockwool board

	
51

	
52

	
53




	
Ε

	
EPS (graphite)

	
E1

	
EPS

	
50

	
51

	
53




	
[20% PCM (28 + 24)]

	
E2

	
Rockwool board

	
51

	
52

	
54
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Table 7. Weighted sound reduction index and A-weighted sound level change for different thickness of the cavity of the wall and of the cavity insulation material.
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Thickness of the Cavity and Insulation Material (mm)

	
EPS

	
Rockwool




	
Rw (dB)

	
LAeq (dB)

	
Rw (dB)

	
LAeq (dB)






	
50

	
53

	
36.6

	
54

	
35.2




	
100

	
57

	
35.0

	
58

	
32.5
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