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Abstract

:

People seek health and leisure in gyms and fitness halls. In this study, interior acoustics including reverberation time (T) and activity noise levels were studied in 20 indoor sports and gymnasium (IS & G) halls in Amman, Jordan. Interviews and questionnaires were also applied to assess the subjective comfort levels of the acoustic environment in these IS & G halls. The measured values were correlated with the subjective evaluations. The range of measured T values was 1.09–5.38 s. The activity noise level, which was measured with LA,eq over 50 min of activity, ranged between 80.0 and 110.0 dB(A). The average personal noise exposure for instructors was 92.6 dB(A), ranging from 81.0 to 108.0 dB(A), whereas 90% of the measurement results were above the occupational exposure limit (OEL) of 85.0 dB(A), and 40% of instructors were potentially exposed to excessive noise levels. The subjective rating of listening conditions correlated significantly with the reverberation time rather than noise level (p < 0.01). In conclusion, the results from this study show that noise levels generated in the studied IS & G halls present a possible workplace noise hazard. Raising awareness of the risk of hearing problems among instructors working in IS & G halls is highly recommended.
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1. Introduction


In recent years, fitness gyms and indoor sports and gymnasium (IS & G) centers have become highly popular places for people seeking physical fitness and a healthy lifestyle. IS & G centers have large spaces with large areas of reflective parallel surfaces. When sound hits these reflective surfaces, it bounces back into the hall and can lead to echoes, focusing, and standing waves. Flutter echoes can occur as a result of the parallel walls, significantly increasing the reverberation time and reducing speech intelligibility [1,2,3]. Speakers increase their vocal effort and raise their voices when speaking in a noisy environment to enhance the audibility of their voice and to maintain good communication with others [4,5]. Most IS & G centers play music at a high volume as an integral feature of group exercise. Previous studies [6] have demonstrated that instructors and users believe that loud music stimulates physical activity and enhances performance. Furthermore, studies have also demonstrated that interacting with loud music with a fast beat and/or tempo plays a significant role in enhancing exercise performance and motivating those attending fitness classes [7,8,9].



For instructors, the gym hall is characterized as an occupational environment, whereas for users, it is a leisure environment. Although the main purpose of fitness gyms is to improve the users’ physical fitness and quality of life, such an environment with excessive exposure to loud music can be harmful to both instructors’ and users’ hearing [10,11,12,13]. Assessments of noise exposure in sports instructors have shown very high continuous equivalent sound pressure levels [14]. In addition, studies have investigated risks related to noise exposure, symptoms of hearing loss, and awareness of hearing problems among fitness instructors [15,16,17,18,19]. The results from a recent study [20] showed that more than half of fitness instructors were potentially exposed to excess noise and had signs and symptoms of hearing loss. Other investigators [21,22,23] also demonstrated that sports instructors have voice problems. Furthermore, the potential risk of noise-induced hearing loss (NIHL) due to loud music exposure [24] has been widely investigated in musicians and people working in music venues [25], students studying music [26], and people listening to loud music in leisure venues [27]. In general, noise sensitivity was found to significantly affect physiological responses [28]. Indoor ambient noise and noise exposure of physical education teachers were also studied [29,30] and results showed that fitness instructors are a high-risk population for vocal troubles, with 55% reporting that they experienced voice difficulties. In addition, the comfort levels of people in large interior spaces with complicated acoustical characteristics have also been investigated, and studies concluded that the acoustic environment has a negative impact on people’s emotions, attention, and thinking ability [15,31,32,33].



Considering the above, the acoustic design and qualities of fitness gyms and indoor sports halls have become integral parts of their structural design that are closely monitored and regulated by international standards. Specific standards for noise levels and reverberation time (T) for IS & G centers have been introduced in the Building Bulletin standards, BB version 17 issued in 2015 [1], and by experts in the field [34]. Criteria and allowable limits of recommended exposure levels (RELs) for occupational noise exposure have been introduced by the National Institute for Occupational Safety and Health (NIOSH) [35]. Similarly, the Occupational Safety and Health Administration (OSHA), the International Organization for Standardization (ISO-1999) [36], and the European Union Directive [37] have also established permissible exposure limits (PELs) of noise level at different settings.



In Jordan, the Jordanian Acoustic Code (JAC) established by the Ministry of Public Works and Housing recently established standards and guidelines to limit noise levels in the workplace and daily occupational exposure limits (OELs) [38]. Some IS & G centers are designed and constructed to be used as sports halls and gymnasia, while many others are adapted buildings that were previously used for another purpose. Although converting buildings to fitness gyms is an onerous task, it is considered to be essential investment, representing a means for addressing the growing demand for these facilities [39]. At present, the adherence of these centers to national and international guidelines and standards of acoustic qualities and noise levels is not well documented in Jordan. Therefore, the aim of this study is to examine the extent of noise exposure and the acoustic environment of 20 IS & G halls in Amman, Jordan by measuring the activity noise levels (LA,eq) and reverberation time (T) to compare the acoustical qualities in IS & G halls with the design criteria to assess whether the design target was achieved and to identify potential acoustic problems, as well as to investigate the subjective acoustic comfort rating through subjective survey and interview and correlate these ratings to the acoustic conditions in the different IS & G centers. Further, a case-study application for a simulation was also introduced to investigate the potential acoustic improvements resulting from using different absorptive materials.




2. Methods


2.1. Characteristics of Studied IS & G Halls


In this study, properties of the acoustic environment were investigated in 20 IS & G halls in terms of the room acoustic parameters of reverberation time and noise level. Most of the halls were located on main streets. The sport halls vary in their geometry, but had been constructed from typical building materials. The most common building materials used for the construction of indoor sports halls and gymnasia are concrete, concrete blocks, metal decks, concrete ceilings, and ceramic tile flooring, and no thermal insulation is used in the walls, floors, or roofs. Most of the interior walls are covered with reflective materials; in addition, most of the IS & G halls contain large mirrors on two parallel walls to encourage the participants during their workout sessions. Indoor sports and gymnasium buildings were generally designed for different functions and had no acoustic treatments. Only one studied building had acoustic treatment covering the ceiling. Materials covering the interior surfaces are listed in Table 1.



The studied IS & G halls were designated by the letters A–U, whereas the indoor sports halls (R, S, and U) have an open gym design. The design of the hall is open, so all activities, including workouts, aerobics, and machines, occur in the same space; certain architectural elements and spatial organization can have a range of influences regarding the formation of an aural environment. This affects the noise exposure for all instructors and participants [40]. Many types of workouts take place in IS & G halls, but, in this paper, we concentrated on fitness sessions such as aerobics and Pilates. Usually, music accompanies these workouts, characterized by high noise levels, and is considered to be occupational noise for instructors and participants [40].



The studied halls were divided into three categories according to area [1]: Category I, comprising gymnasium halls with an area less than 280 m2 (A–I); Category II, gymnasium halls with an area in the range of 280–530 m2 (J–N); and Category III, indoor sports halls with an area greater than 530 m2 (O–U). Figure 1 shows representative photos that were taken during the measurement of reverberation time inside some of the studied IS & G halls.




2.2. Noise Level Measurements in IS & G Halls


Following international standards adopted in the United Kingdom by BB [1], the evaluation of ambient noise was performed in non-occupied, but furnished IS & G halls with doors closed, but windows open, and without any ongoing activities inside the hall. Measurements were conducted using an XL2 Acoustic Analyzer and a Class I NTi Audio M2230 (NTi Audio AG, Schaan, Liechtenstein) sound level meter placed on a tripod at a height of 1.50 m from the floor and at least 1.5 m away from the surrounding reflective surfaces. The JAC indicates that only the continuous equivalent sound level LA,eq should not exceed 40.0 dB(A), and does not establish the duration of the measurements; the LA,eq measurement time was 30 min, thus characterizing the LA,eq, 30 min dB(A) as prescribed by Building Bulletin (BB) [1]. LA,eq, 30 min was measured twice per day: early in the morning (05:30–06:30) after opening the IS & G centers and before users arrived, and during the lunch break (14:00–15:00).



The activity noise levels (LA,eq) were measured in occupied IS & G halls during workout lessons; the music is played in all cases. The LA,eq was measured using an XL2 Acoustic Analyzer and a Class I NTi Audio M2230 sound level meter placed on a tripod at a height of 1.20 m from the floor, at the typical instructor’s position and not close to the loudspeakers, as illustrated in Figure 2. The workout session lasted for 60 min, and measurements of the equivalent continuous A-weighted sound pressure level, LA,eq, were taken for 50 min, because this is the duration of a workout session with loud music. The last 10 min of each session is for relaxation, usually accompanied by medium- to low-volume music. Hence, LA,eq was not measured during the last 10 min of the workout sessions. Three measurements of activity noise levels were measured per day during the sessions in each IS & G hall. Equivalent sound pressure levels were obtained for each record, and then the equivalent of the three measurements in each IS & G hall was calculated.



The dose per day, as a percentage, for the instructor’s exposure to occupational noise during the time they are delivering workout classes, was determined using Expression (1) [38]:


D = 100 ∑ Cn / Tn



(1)




where D is the dose (%), Cn is actual hours at a certain sound level, and Tn is the allowable time for that sound level. Allowable noise exposure time Tn was taken from [38]. It is acceptable to have the dose less than 100%, where exceeding 100% means exceeding the maximum permissible daily exposure time. The workplace noise assessment, LAEP,d [41], is known as LEX, 8 h in the Physical Agents (Noise) Directive [37]. Therefore, Expression (2) is used to calculate LEX, 8 h [41] from information about noise exposure levels during sub-periods:


LEX, 8 h = 10 × log 1/T (t1 × 10L1/10 + t2 × 10L2/10)



(2)




where L1 and L2 are the equivalent sound pressure levels during the two sub periods, t1 and t2 are the time periods for which these levels are maintained, and T is the overall time period. T must be equal to the sum of t1 and t2 sub periods of four hours were considered: t1 equals four hours with activity noise and t2 equals four hours without activity noise (i.e., only indoor background ambient noise).




2.3. Reverberation Time Measurements


Reverberation time is the key factor in characterizing the acoustic environment of a space [42], and is considered a quantity that can be used to control room acoustics [43,44]. Reverberation time values were determined according to the methodologies described by ISO 3382-2:2008 [45]. Reverberation time, T, was evaluated based on the dynamic range of 20.0 dB(A) and extrapolated to a decay time of 60.0 dB(A). T values were measured while the IS & G halls were unoccupied. This was done because the presence of people may have a strong influence on measured values. The mid-frequency reverberation time (Tmf) across the frequency spectrum was determined for all halls.



The measurements of T were taken using different equipment including an XL2 Acoustic Analyzer (serial no. A2A-14419-E0, FW4.03), NTi Audio M2230 microphone (serial no. 7492), omnidirectional DS3 Dodecahedron loudspeaker as a sound source, and PA3 power amplifier. The XL2 Acoustic Analyzer was calibrated before and after the measurements using a Class 1 94/114 dB(A) SPL calibrator. The calibrator was tested by the Royal Science Society in Amman, Jordan. The produced sound pressure level was sufficient to provide decay curves with the required dynamic range without contamination by background noise. A moving microphone was used, considering that the distance from the microphone position to the nearest reflecting surface, including the floor, was not less than 1.0 m. Reverberation time measurements were taken for one source position, and the average of the results of at least two source position‘s combinations and 2.0 m around the microphone position were applied. The source position was in the middle of the room, and if there was an irregular room shape, two sound source positions were used. The interrupted noise method was used. The frequency range covered at least 250–2000 Hz. The broadband spectrum was shaped to provide a pink spectrum of steady-state reverberant sound in the enclosure. The measurements of reverberation time were repeated three times at each IS & G hall, and the arithmetic mean was determined. An example of an IS & G hall is presented in Figure 3, illustrating the location of the measurement points of reverberation time, and locations of sound source.




2.4. Case-Study Simulation Application


In this study, a single case-study application was also introduced to investigate the potential acoustic improvements resulting from the addition of absorptive materials to the walls and ceiling of one of the studied halls. The case study was selected from Category III halls. The hall has an L-shape and a volume of 8530 m3. The added absorptive materials are wrapped panels and baffles; the sound absorptive panels are made of fiberglass, wrapped with acoustically transparent fabric, with a total thickness of 50 mm. The wrapped panels are positioned on walls and baffles on the ceiling. The sound absorption coefficients of the used materials in the simulation are illustrated in Table 2. The simulation was carried out with a geometrical acoustic based software. Rhino3D and Visual Studio Code C# and Matplotlib were applied to obtain room acoustic predictions [46,47,48,49,50,51]. In the simulation process, the first step was to import a 3D model of the room, previously drawn in a modelling software. The software used for room modelling was 3DS, which includes an available 3DS plug-in, allowing users to make direct use of 3DS models in Rhino3D and Visual Studio Code C#. The raytracing technology was used to calculate the sound pressure level (SPL) and visualize it as a 3D Smart Particle System [52].




2.5. Interviews and Questionnaire


Interviews were conducted with instructors and users to collect information about the number of hours spent at the IS & G hall and to explore the acoustic qualities (sound clarity and loudness, reverberance, and noise annoyance). The survey was conducted during the month of July 2019. The strategy of nonprobability convenience sampling was used, and everyone in the IS & G hall was asked to participate. Participants were fully informed about the study, either by reading the first introductory paragraph and approving it or by one of the researchers verbally for illiterate participants. In total, 480 people were asked to fill out the questionnaire, among whom 401 (83.5%) accepted and completed the questionnaire; the respondents comprised 210 men and 191 women, representing 137 instructors and 264 participants. One research assistant was present to explain any unclear terms while subjects filled out the questionnaire. The survey was conducted using a simple questionnaire consisting of two groups of questions. The first group consisted of general demographic questions about age, gender, whether the respondent was an instructor or participant, and time spent in the IS & G hall. The second group of questions was related to hearing problems and the acoustic environment in terms of listening conditions and annoyance. The questions were built with a five-point Likert scale, where 1 refers to positive reactions and 5 refers to negative reactions. The questions were related to the subjective listening conditions (i.e., sound clarity and loudness) (very satisfied, satisfied, fair, unsatisfied, very unsatisfied); sound description (do not know, do not feel reverberance and echo, fair, feel reverberance and echo, feel strong reverberance and echo); loud music during workout sessions (very motivating, motivating, fair, stressful, very stressful); background noise level (not annoyed at all, annoyed, fairly annoyed, very annoyed); and overall acoustic environment (very comfortable, comfortable, fair, uncomfortable, very uncomfortable). No open-ended questions were asked. Questions in the study were derived based on different studies [32,54,55,56] investigating the acoustic environment in nonperforming spaces after modification. The questionnaire was organized so that its purpose was stated in the beginning, in order to obtain the subject’s approval to participate in the survey according to the declaration of Helsinki. The questionnaire and the informed consent forms were written in the Arabic language to ensure clarity for the participants. The questions for the English version are shown below. Questionnaire used in the study:



	Part 1: General information



	Age: ____________

Gender: □ Male □ Female

c. Are you:

□ Instructor □ Participant

d. Time spent in gym

□ One hour □Two hours □ Three hours □ Four hours □ Five hours and more



	Part 2: Hearing and Acoustic Environment



	1. Do you have any hearing problems? □ Yes □ No

2. How would you describe the listening conditions (sound clarity and loudness)?

□ Very satisfied □ Satisfied □ Fair □ Unsatisfied □ Very Unsatisfied

3. How would you describe the sound in the gym?

□ Do not know □ Do not feel reverberance and echo □ Fair □ Feel reverberance and echo □ Feel strong reverberance and echo

4. How would you evaluate the loud music during workout sessions?

□ Very motivating □ Motivating □ Fair □ Stressful □ Very stressful

5. How would you rate the background noise level?

□ Not annoyed at all □ Not annoyed □ Fairly annoyed □ Annoyed □ Very annoyed

6. How would you rate the overall acoustic environment in the fitness hall?

□ Very comfortable □ Comfortable □ Fair □ Uncomfortable □ Very uncomfortable








Data were documented and the statistical analysis was done using MATLAB. Percentage and frequency of occurrence were used to evaluate the categorical variables, while mean values were given for continuous measures. Mann Whitney test was used to check differences between groups. Statistical comparisons between groups and variables were presented where applicable, using a two-tailed N-1 chi-square test for different groups. A p < 0.05 was used to indicate statistically significant differences.





3. Results and Discussion


3.1. Noise Levels and Noise Exposure


The results of the indoor ambient noise levels, that is, the A-weighting equivalent continuous sound pressure level (LA,eq) measured in IS & G halls over 30 min, are shown in Table 3. As shown in the table, the ambient noise level range was 42.0–83.0 dB(A), with an average of 58.0 dB(A). Comparing the indoor ambient noise levels for IS & G halls with the recommended indoor ambient noise levels (40.0 dB(A)) illustrated in Table 4, which were introduced by BB [1], it was found that ambient noise levels in all studied indoor sports and gymnasium halls were not in agreement with the recommended unoccupied ambient noise level (UANL) [1]; this finding is also clearly illustrated by Figure 4. In comparison with another study conducted in three gymnasia and sports center in China [54], the LA,eq for background noise ranged between 50.0 and 60.0 dB(A). Internal ambient noise levels (background noise arising from external sources and building services), which were measured in unoccupied IS & G halls, were affected by noise coming from streets, because most of the IS & G halls are located on main streets and the walls are not insulated. According to [57], the average of equivalent sound pressure levels at different sites of main streets in Amman, Jordan during the daytime and evening ranged from 67 to 75.5 dB(A), and the maximum equivalent sound pressure level measured during the daytime and evening was 103.0 and 72.0 dB(A), respectively.



National Institute for Occupational Safety and Health (NIOSH) established the recommended exposure level (REL) for occupational noise exposure to be 85 decibels, with A-weighted decibels (dB(A)) as an 8 h time-weighted average [35]. Exposure equal to or above this level is considered hazardous. The REL is based on exposure at work 5 days per week and assumes that the individual spends the other 16 h of the day and weekends in quieter conditions. Importantly, the NIOSH REL is not meant to be used to protect against general environmental or recreational noise; it does not account for noisy activities or hobbies outside the workplace (such as hunting; using power tools; listening to music with earbuds; playing music; or attending sporting events, movies, and concerts), which may increase the overall risk for hearing loss. By comparison, the environmental noise limit as recommended by the Environmental Protection Agency [58] is 70.0 dB(A) over 24 h (75.0 dB(A) over 8 h).



In the same manner as NIOSH, JAC also specifies a maximum allowable daily noise dose, expressed as a percentage [38]. For example, a person continuously exposed to 85.0 dB(A) over an 8 h work shift will reach 100% of the daily noise dose. The exchange rate or equal-energy rule is that, for every 3.0 dB(A) increase in noise level, the allowable exposure time is reduced by half; alternatively, for every 3.0 dB(A) decrease in noise level, the allowable exposure time is doubled. A peak noise level of 135.0 dB(C) was used as the lower action value, which is also used by the European Union and the United Kingdom for peak sound pressure [37]. It is worth mentioning that most IS & G centers operate 6 days per week, with some operating 7 days per week. Shaikh et al. [59] explained that many businesses in developing countries operate 8 h per day, 6 days per week, that is, 48 h per week.



The results of activity noise levels, LA,eq, over 50 min during the workout sessions are shown in Table 3. In this study, the LA,eq measured during workout lessons is quite variable, reaching values between 80.0 and 110.5 dB(A). This is considered high in comparison with a sample study conducted in Italy [15], which was conducted on 15 gymnasia and 3 swimming pools. They observed that the LA,eq measured for 1 h during different lessons varied between 70.0 and 87.0 dB(A). A study conducted in China [54] demonstrated that the LA,eq of the activity noise varied between 63.0 and 70.0 dB(A). In another study [60], occupational noise exposure from indoor arena hockey games was studied, and the average sound equivalent levels ranged from 81.0 to 97.0 dB(A). The average of activity noise level LA,eq at IS & G halls is 92.6 dB(A).



The daily noise dose exposure percentage for the 50 min workout session and daily noise dose exposure percentage for 3 h are listed in Table 3. From the mentioned measurements, the personal daily dose, A-weighting LEX, 8 h in dB(A), was calculated and is presented in the table. Evaluating the data from the field survey, it was found that instructors working in 40% of the studied IS & G halls receive a daily noise dose exceeding 100%. The instructors in IS & G halls are exposed to an average personal daily dose (LEX, 8 h) of 89.8 dB(A), ranging between 80.5 and 107.5 dB(A). Previous studies [15] have shown that 20–25% of instructors could achieve weekly noise exposure higher than 80.0 dB(A). The results from our study are well above these values and show a higher risk of exposure to occupational noise. The results for personal daily dose A-weighting (LEX, 8 h) are shown in Figure 5. Evaluating the personal daily dose, referring to JAC [38], it was found that 90% of measurement results were above the OEL of 85.0 dB(A). Applying the limit action values in the Physical Agents (Noise) Directive (Table 5) [37], about 15% of the studied IS & G halls have a lower exposure action value, 30% have an upper noise exposure action value, and 55% have a noise exposure limit value. In a previous study [15], it was found that a weekly noise exposure(LEX, w) higher than 80.0 dB(A) occurs when the number of users is more than 30, time exposure is 25 h or more per week, and reverberation time is more than 5 s.




3.2. Reverberation Time


Recommended mid-frequency reverberation times, Tmf, were introduced by BB [1] as a function of floor area. They are illustrated in Table 6 and were used as a reference to evaluate the Tmf results of the fitness gyms obtained in this study. In BB, it is notable that the maximum Tmf for sports halls is reduced from 2 s for halls with floor area greater than 530 m2 to 1.5 s for those with floor area less than 280 m2.



For halls with a floor area range of 280–530 m2, the recommended mid-frequency reverberation time should be calculated. The measured reverberation time in all IS & G halls is shown in Table 7. The mid-frequency reverberation time Tmf values were calculated as the arithmetic means of respective reverberation times at frequencies of 500, 1000, and 2000 Hz. In general, considering all categories, it was found that 40% of the studied IS & G halls meet the criteria, 25% of the studied IS & G halls marginally meet the criteria, and 35% of the studied IS & G halls exhibit excessive Tmf.



The mid-frequency reverberation time measured in IS & G halls ranged from 1.09 to 5.38 s. The comparison between the measured mid-frequency reverberation time of IS & G halls with lower and upper limits of recommended Tmf according to [1] is shown in Figure 6. The lower limit of recommended Tmf is for Category I and upper limit of recommended Tmf is for Category III. As shown by the figure, 55% of the IS & G halls in Category I (orange) comply with the recommended specifications [1] compared with 78% of the halls in Category II (blue). However, 83% of the halls in Category III (grey) exceed the recommended reverberation time and do not comply with the BB specifications [1]. The lack of acoustic treatment in the vertical and horizontal directions (interior walls, floor, and ceiling) causes poor acoustic performance; adding soft materials can help, but does not solve the reverberant noise problem. Although hall Q in Category III had the greatest area in the category, it met the criteria because it has an acoustically absorbent ceiling. The recommended mid-frequency reverberation time for gymnasium halls in Category II is calculated according to BB [1]. For this category, all of the halls met the recommended Tmf. This is because the gymnasiums’ floors are covered with material characterized by a high absorption coefficient, for example, foam or vinyl, or the gymnasium has a low relative height, resulting in moderate volume because these buildings were rehabilitated to be used as gymnasia and were previously used for other purposes. The shorter reverberation times can be attributed to small volume and absorbent room surfaces. Reverberation time contributes to speech intelligibility and reverberation times above 1 s produce a loss in speech discrimination and make speech perception more difficult and strained [61,62]. The average of measured mid-frequency reverberation time, Tmf, values (average + standard deviation) for IS & G halls in the three categories compared with recommended Tmf is shown in Figure 7.




3.3. Cases-Study Simulation Application


The results of the simulation application of the studied IS & G halls (single case-study) are illustrated in Figure 8 and Figure 9. Figure 8 shows the energy time curve (ETC) of the untreated hall, while Figure 9 shows the ETC of the treated hall. ETC shows a decay of sound energy, where each peak after the direct sound represents a reflection. The level of reflections relative to the direct sound, and the time it takes the sound to decay within the hall, can be figured out from ETC. Figure 8 shows that the level changes over time, with each peak being attributable to a reflection from a nearby boundary such as the floor, ceiling, or side walls. Meanwhile, in Figure 9, most of these peaks vanished owing to the addition of sound absorptive panels.



Visualizations of sound pressure level using the 3D Smart Particle System are shown in Figure 10, where the impact of the addition of the absorptive panels on ceiling and walls causes the unwanted reflections to be substantially suppressed and no longer contribute to the sound field.



The results from this single case-study simulation application demonstrate that the room acoustic quality has been improved by the addition of the absorptive material. A study conducted on meeting rooms [3] showed the impact of adding absorptive material on the improvements of room acoustic quality, as in this study. In similar study [63], the addition of the absorptive panels improved the subjective perceived speech quality.




3.4. Subjective Evaluation of IS & G Acoustics


The questionnaire was filled out by 401 subjects visiting IS & G halls, none of whom suffered from hearing problems based on their own report. The group was divided into 210 men (52.4%) and 191 women (47.6%). The sample consisted of 137 instructors (34.2%) and 264 participants (trainees) (65.8%); the instructors’ average working time in the gym was 4.0 h daily and the trainees’ average time spent in the gym was 2.0 h daily. The instructors at IS & G halls delivered an average of three workout lessons per day, while spending 4 h on average at the gymnasium; participants attended the gymnasium for 2 h per day on average. Instructors spent an average of 24 h per week in fitness classes; in addition, 30% performed other work that involved noise exposure most of the time for an average of 27 h per week, thus extending their daily load and noise exposure.



The results related to user satisfaction with the acoustic conditions in the IS & G halls are shown in Figure 11. As shown in the figure, the average rating of the parameters (listening conditions, reverberant sounds, music loudness, and background noise level) ranged from 2.74 to 3.35, which belongs to the fair rating. However, the figure shows that the overall acoustic environment in the fitness hall was comfortable (2.10). Regarding activity and ambient noise levels, Table 3 and Figure 4 and Figure 5 clearly illustrate that the values exceeded the internationally recommended limits; however, this is not reflected in the subjective evaluation. These results correspond to a study conducted in Jordan of young adults’ awareness of hearing problems [64]. The study has shown that 35.9% of subjects considered hearing loss as not a significant problem or no problem at all, and only 10% used earplugs to protect their ears from loud sounds. These results clearly indicate a lack of concern about hearing and hearing problems.



When comparing the responses of instructors with those of participants, it can be noted that there is a significant difference in their evaluation of overall acoustical comfort (p < 0.01); instructors tended to rate the acoustic environment as more fair (2.52), while participants rated it as comfortable (1.88). This could be related to the time each group spends in the gym, which is longer for instructors (4 h on average) than for participants (2 h on average), which exposes them to loud sounds for a longer time. The instructors consider loud music in the gym as a motivating factor during training sessions; however, the participants’ opinion differs significantly (p < 0.01), considering it to be a stress factor. In the remainder of the questions, there were no significant differences between the two groups (p > 0.05), as shown in Table 7. A comparison between the answers of male and female subjects showed no significant differences in their responses.




3.5. Subjective Evaluation of IS & G Hall Acoustics and its Relationship to Measured Values


Figure 12 illustrates the relationship between the reverberation time at each IS & G hall with the average subjective rating of listening conditions. The figure shows a statistically strong positive correlation between reverberation time and listening conditions (p < 0.01). The longer the reverberation time, the more unsatisfactory the hearing conditions, with a linear correlation coefficient (R² = 0.69) indicating the reverberation time as an important factor influencing the listening conditions. However, analyzing the relationship between LA,eq and listening conditions, no correlation was found. In a study conducted on a shopping mall [65], the employees’ responses showed a correlation between the loudness in the mall and the reverberation time, as in this study, without any relationship with noise levels.



In addition, T values correlated positively with the subjective rating of reverberant sounds in IS & G halls (p < 0.01) with a high linear correlation coefficient of R² = 0.8186 (Figure 13). These results indicate that the measured T values, which are already large, are sufficiently large to be recognized by users even though 41.9% (n = 168) of users considered the level as fair. Similarly, subjects rated the background noise as high for IS & G halls with higher background noise levels, with a correlation coefficient R² = 0.6985 (p < 0.01), as shown in Figure 14. Within Figure 14, it is noticed that the first two points of the background noise level were less than 45 dB(A) (41.4 and 43.2 dB(A)) in two gyms and the corresponding subjective rating of the background noise was also significantly lower than the rest of the gyms; this can be correlated to the Lombard effect, where an increase in background noise levels higher than 43.3 dB(A) is followed by a higher magnitude of vocal discomfort in comparison with values less than that change-point limit [66]. Other researchers have reported that factors such as personal reasons, satisfaction with working conditions, temperature, humidity, and lighting may also influence subjects’ answers, and further investigation is necessary to understand all conditions [56,67].





4. Conclusions and Recommendations


Indoor sports and gymnasium halls located in Amman, Jordan were studied with regard to the comfort level of the acoustic environment and occupational noise exposure of instructors. The first part involved a review of the literature, which aimed to collect data about the acoustic environment in large indoor environments and its influence on users comfort. The second part covered the methods, measurements, and interviews and questionnaires. Measurements of reverberation time and equivalent sound pressure levels were carried out in 20 IS & G halls. The third part covered the results of the measured reverberation time, and ambient and activity noise levels. The results from this study show that the majority of IS & G halls have a long reverberation time that exceeds the local and international recommended levels. There is a need for improvement and addition of absorptive acoustic materials. The study shows a strong relationship between measured reverberation time and the subjective rating of reverberant sounds in IS & G halls. An improvement in the values of reverberation time will improve the acoustic comfort. Improving the reverberation time could be done by selecting interior finishing materials on walls, floors, and ceilings that do not represent optimal acoustic design in the studied IS & G halls. The measured activity noise level values in this study show that the majority of these spaces have high noise levels; however, the annoyance of these activity noise levels to instructors was moderate, and they were rated as fair. This may be because the instructors have adapted and are used to these sounds as part of their work environment [56]. The study highlights the participants’ annoyance at music played throughout sport lessons. Moreover, the author subjectively experienced discomfort in the acoustic environment; this is consistent with the interviewees’ evaluations, in which 40% of the studied IS & G halls were reported to be excessively reverberant.



The average personal noise exposure for instructors at IS & G halls was 92.6 dB(A), whereas 90% of measurement results were above the occupational exposure limit (OEL) of 85.0 dB(A), to which 40% of instructors were potentially exposed. More actions should be taken to reduce the noise. Subjective ratings of listening conditions showed a statistically strong (p < 0.01) relationship with reverberation time rather than noise level. Although there are studies concerning noise exposure for sport instructors, few studies investigated the acoustic comfort of the participants in the fitness halls; moreover, few consider the satisfaction of participants who are the customers of the fitness halls.



Raising awareness of hearing problems for instructors working at IS & G halls requires understanding that the noise levels generated in the studied facilities constitute a possible workplace noise hazard. It is important to communicate the risks of loud music in IS & G halls with media outlets to publicize research findings and raise awareness among those at risk. The acoustic design was not given sufficient consideration in the building design. Thus, enforcement of the recommended reverberation times is necessary and can be addressed by adding acoustic treatments and sound-absorbing materials to reduce the reverberation time.
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Figure 1. Representative photos taken during measurements of reverberation time and noise levels inside the studied indoor sports and gymnasium (IS & G) halls. 
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Figure 2. Layout of the measurement set-up in the fitness gym (P); red stars represent the location of measurement points of activity noise level (LA,eq) and blue points represent the locations of the gymnasium’s loudspeakers. 
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Figure 3. Layout of the indoor sport hall (Q); the average height was 10.2 m; the volume was 25,792.0 m3; red circles represent the location of measurement points of reverberation time; red stars represent the locations of sound source (omnidirectional loudspeaker). 
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Figure 4. Unoccupied ambient noise level (UANL) equivalent sound pressure level LA,eq dB(A) at unoccupied indoor sports and gymnasium halls. Orange bars represent Category I, blue bars represent Category II, and grey bars represent Category III. 
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Figure 5. Personal daily dose (LEX, 8 h) at indoor sports and gymnasia halls compared with occupational exposure level (OEL) of 85 dB(A). Orange bars represent Category I, blue bars represent Category II, and grey bars represent Category III. 
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Figure 6. Measured mid-frequency reverberation time, Tmf (s), for the studied IS & G halls. Orange bars represent Category I, blue bars represent Category II, and grey bars represent Category III. According to BB [1], the lower limit of recommended Tmf is for IS & G halls of Category I and upper limit of recommended Tmf is for Category III. 
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Figure 7. Average of measured mid-frequency reverberation time, Tmf, values (average + standard deviation) for indoor sports and gymnasium (IS & G) halls in the three categories compared with recommended Tmf. 
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Figure 8. Logarithmic energy time curve for the hall without acoustic treatment, with channel 0 for hall in unoccupied mode and channel 1 for occupied mode. 






Figure 8. Logarithmic energy time curve for the hall without acoustic treatment, with channel 0 for hall in unoccupied mode and channel 1 for occupied mode.



[image: Applsci 10 06349 g008]







[image: Applsci 10 06349 g009 550] 





Figure 9. Logarithmic energy time curve for the hall with acoustic treatment, with channel 0 for hall in unoccupied mode and channel 1 for occupied mode. 






Figure 9. Logarithmic energy time curve for the hall with acoustic treatment, with channel 0 for hall in unoccupied mode and channel 1 for occupied mode.



[image: Applsci 10 06349 g009]







[image: Applsci 10 06349 g010 550] 





Figure 10. Visualizations of sound pressure level using the 3D Smart Particle System: (a) visualization of the hall without acoustic treatment and (b) visualization of the hall when adding acoustic treatment (absorptive panels). 
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Figure 11. Results of questionnaire for all 401 subjects. 
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Figure 12. Relationship between reverberation time and subjective rating of listening conditions. 






Figure 12. Relationship between reverberation time and subjective rating of listening conditions.



[image: Applsci 10 06349 g012]







[image: Applsci 10 06349 g013 550] 





Figure 13. Rating of reverberant sounds and mid-frequency reverberation time, Tmf (s), measurements. 
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Figure 14. Subjective rating of background noise and ambient noise level measurements. 
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Table 1. Interior finishing materials used on the floors, ceilings, and walls in studied indoor sports and gymnasium (IS & G) halls.
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No.

	
IS & G Hall

	
Material Used in Interior Design




	
Floor

	
Ceiling

	
Walls






	
1

	
A

	
W **

	
GB *

	
CP *




	
2

	
B

	
EP *

	
CP *

	
CP *




	
3

	
C

	
W **

	
CP *

	
CP *




	
4

	
D

	
W **

	
GB *

	
CP *




	
5

	
E

	
V **

	
GB *

	
CP *




	
6

	
F

	
P **

	
GB *

	
CP *




	
7

	
G

	
W **

	
MD *

	
G *




	
8

	
H

	
W **

	
AT **

	
G & CP *




	
9

	
I

	
W **

	
CP *

	
CP & G *




	
10

	
J

	
V **

	
GB *

	
CP & G *




	
11

	
K

	
W **

	
GB *

	
CP *




	
12

	
L

	
W **

	
CP *

	
CP *




	
13

	
M

	
F **

	
CP *

	
CP *




	
14

	
N

	
F **

	
CP *

	
CP & G *




	
15

	
O

	
EC *

	
MD *

	
G *




	
16

	
P

	
EC *

	
GB *

	
G & CP *




	
17

	
Q

	
EC *

	
AT **

	
CP *




	
18

	
R

	
F **

	
MD *

	
G & P *




	
19

	
S

	
V **

	
MD *

	
G & P *




	
20

	
U

	
F **

	
MD *

	
G & P *








(1) MD, metal deck; CP, cement plaster; GB, gypsum boards; G, glass; EC, epoxy paint on concrete; W, wood; F, foam; P, PVC; V, vinyl; AT, absorptive tiles. (2) * Reflective material; ** absorptive material.
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Table 2. Sound absorption coefficients (α) as a function of frequency for materials used in the simulation [53].
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	Material
	125

(Hz)
	250

(Hz)
	500

(Hz)
	1000

(Hz)
	2000

(Hz)
	4000

(Hz)





	Cement plastering
	0.02
	0.02
	0.03
	0.04
	0.05
	0.05



	Gypsum boards
	0.45
	0.70
	0.80
	0.80
	0.65
	0.45



	Epoxy on concrete
	0.10
	0.25
	0.65
	0.55
	0.70
	0.70



	Wrapped panels and baffles
	0.25
	0.74
	1.50
	1.80
	1.50
	0.98
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Table 3. A-weighting equivalent continuous sound pressure level for indoor ambient noise levels and activity noise levels, daily noise dose (D (%)) for 50 min workout session, average daily noise exposure of 3 h (D (%)), and personal daily dose; A-weighting LEX, 8 h in dB(A).
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	No.
	Fitness Hall
	Indoor

Ambient Noise

Level,

30 min LA,eq

(dB(A))
	LA,eq

(dB(A))

50 min

Workout Session
	LAFmax

(dB(A))
	LAFmin

(dB(A))
	Daily Noise

Dose

D (%)

Te = 50 min

(Workout Session Duration)
	Daily Noise

Dose D (%)

Te = 3 h

(or 180 min

(Mean Daily

Exposure

Time)
	Personal Daily Dose

A-Weighting

LEX, 8 h

(dB(A))





	1
	A
	43.0
	89.0
	98.0
	46.0
	26.2
	78.6
	86.0 *



	2
	B
	55.0
	90.0
	83.0
	50.0
	32.8
	98.4
	87.0 *



	3
	C
	83.0
	85.0 *
	102.0
	56.0
	16.6
	49.8
	84.0



	4
	D
	73.0
	83.0
	88.0
	70.0
	8.4
	25.2
	81.0



	5
	E
	42.0
	80.0
	83.0
	50.0
	3.2
	9.6
	77.0



	6
	F
	70.0
	88.0
	92.0
	70.0
	20.8
	62.4
	85.0



	7
	G
	50.0
	86.0
	103.0
	50.0
	13.2
	39.6
	83.0



	8
	H
	50.0
	87.0
	105.0
	51.0
	16.6
	49.8
	84.0



	9
	I
	50.0
	85.0
	77.0
	46.0
	10.4
	31.2
	82.0



	10
	J
	63.0
	111.0
	141.0
	62.0
	>>100
	>>100
	108.0 *



	11
	K
	55.0
	95.0
	110.0
	57.0
	105.2
	315.6
	92.0 *



	12
	L
	55.0
	91.0
	106.0
	53.0
	41.6
	124.8
	88.0 *



	13
	M
	77.0
	93.0
	89.0
	69.0
	66.2
	198.6
	90.0 *



	14
	N
	74.0
	87.0
	89.0
	56.0
	16.6
	49.8
	84.0



	15
	O
	63.0
	103.0
	111.0
	58.0
	>>100
	>>100
	100.0 *



	16
	P
	70.0
	94.0
	104.0
	67.0
	83.4
	250.2
	91.0 *



	17
	Q
	61.0
	85.0
	92.0
	75.0
	10.4
	31.2
	82.0



	18
	R
	62.0
	105.0
	130.0
	55.0
	>>100
	>>100
	102.0 *



	19
	S
	61.0
	106.0
	132.0
	58.0
	>>100
	>>100
	103.0 *



	20
	U
	66.0
	110.0
	135.0
	60.0
	>>100
	>>100
	107.0 *







* Personal daily dose level above 85.0 dB(A). LAFmax: sound pressure level, A-weighted fast maximum. LAFmin: sound pressure level, A-weighted fast minimum. Te: exposure time, (minutes).
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Table 4. Noise for indoor sports and gymnasia (IS & G) halls according to Building Bulletin (BB) [1].






Table 4. Noise for indoor sports and gymnasia (IS & G) halls according to Building Bulletin (BB) [1].





	
Type of Room

	
Upper Limit for Indoor Ambient Noise Level

LEX, 8 h




	
New Building

	
Refurbishment






	
Indoor sports hall

	
40.0

	
45.0




	
Gymnasium/activity studio

	
40.0

	
45.0








Highest 30 min equivalent noise level (dB(A) LA,eq, 30 min) occurring during normal working hours in unoccupied and unfurnished spaces arising from external sources and building services.
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Table 5. Exposure action and limit values under Physical Agents (Noise) Directive [37].






Table 5. Exposure action and limit values under Physical Agents (Noise) Directive [37].










	
	LAEP,d
	LCpeak





	Lower exposure action value
	80 dB
	135 dB or 112 Pa



	Upper exposure action value
	85 dB
	137 dB or 140 Pa



	Exposure limit value
	87 dB
	140 dB or 200 Pa










[image: Table] 





Table 6. Mid-frequency reverberation time (with SD) in indoor sports and gymnasium halls compared with recommended mid-frequency reverberation time (Tmf) from BB [1].






Table 6. Mid-frequency reverberation time (with SD) in indoor sports and gymnasium halls compared with recommended mid-frequency reverberation time (Tmf) from BB [1].





	
No.

	

	
Fitness Hall

	
Area

   (  m 2  )   

	
Volume

   (  m 3  )   

	
T (s)

	
Tmf

(s)

	
Recommended

Tmf, (s)




	
500 Hz

	
1000 Hz

	
2000 Hz






	
1

	
Category I

	
A

	
72

	
180

	
1.25

	
1.75

	
1.65

	
1.55 (±0.26)

	
1.5




	
2

	
B

	
62

	
311

	
6.25

	
4.95

	
4.13

	
5.11 (±1.07)




	
3

	
C

	
54

	
270

	
1.01

	
1.1

	
1.28

	
1.13 (±0.14)




	
4

	
D

	
134

	
338

	
0.99

	
1.11

	
1.17

	
1.09 (±0.09)




	
5

	
E

	
140

	
456

	
0.99

	
1.13

	
1.17

	
1.10 (±0.09)




	
6

	
F

	
110

	
275

	
1.03

	
2.29

	
1.33

	
1.55 (±0.66)




	
7

	
G

	
66

	
264

	
1.25

	
1.41

	
1.7

	
1.45 (±0.23)




	
8

	
H

	
70

	
280

	
1.28

	
1.44

	
1.86

	
1.53 (±0.30)




	
9

	
I

	
80

	
347

	
1.48

	
1.36

	
1.3

	
1.38 (±0.09)




	
10

	
Category II

	
J

	
367

	
1100

	
1.82

	
1.45

	
1.79

	
1.69 (±0.21)

	
1.67 *




	
11

	
K

	
410

	
1435

	
1.15

	
1.5

	
1.63

	
1.43 (±0.25)

	
1.76 *




	
12

	
L

	
421

	
1475

	
1.39

	
1.56

	
1.56

	
1.50 (±0.10)

	
1.78 *




	
13

	
M

	
516

	
2305

	
1.92

	
1.98

	
1.92

	
1.94 (±0.03)

	
1.97 *




	
14

	
N

	
416

	
1858

	
1.09

	
1.25

	
1.39

	
1.24 (±0.15)

	
1.77 *




	
15

	
Category III

	
O

	
840

	
8653

	
5.1

	
5.49

	
5.54

	
5.38 (±0.24)

	
2.0




	
16

	
P

	
828

	
8530

	
4.98

	
5.54

	
5.6

	
5.37 (±0.34)




	
17

	
Q

	
2531

	
25,792

	
2.13

	
2.31

	
2.16

	
2.20 (±0.10)




	
18

	
R

	
1200

	
9000

	
2.86

	
3.21

	
2.98

	
3.02 (±0.18)




	
19

	
S

	
1230

	
9225

	
3.05

	
3.3

	
3.05

	
3.13 (±0.14)




	
20

	
U

	
1260

	
10,005

	
3.16

	
3.47

	
3.18

	
3.27 (±0.17)








* Mid-frequency reverberation time of Category II is calculated from Tmf = (2.0 − ((530 − floor area)/500).
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Table 7. Results of acoustic comfort parameters of instructors’ and participants’ opinions.






Table 7. Results of acoustic comfort parameters of instructors’ and participants’ opinions.





	
Parameter

	
Instructors (n = 137)

	
Participants (n = 264)

	
p-Value




	
Mean

	
SD

	
Mean

	
SD






	
Listening conditions

	
2.64

	
±0.855

	
2.78

	
±0.908

	
0.131




	
Reverberant sound

	
3.13

	
±0.906

	
2.99

	
±0.935

	
0.155




	
Loud music

	
2.05

	
±0.869

	
3.75

	
±0.937

	
p < 0.01




	
Background noise level

	
3.31

	
±0.782

	
3.37

	
±1.012

	
0.539




	
Overall evaluation

	
2.52

	
±0.796

	
1.88

	
±0.687

	
p < 0.01












© 2020 by the author. Licensee MDPI, Basel, Switzerland. This article is an open access article distributed under the terms and conditions of the Creative Commons Attribution (CC BY) license (http://creativecommons.org/licenses/by/4.0/).
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