

  applsci-10-07821




applsci-10-07821







Appl. Sci. 2020, 10(21), 7821; doi:10.3390/app10217821




Article



Measurement and Analysis of Vibration Levels in Stacked Small Package Shipments in Delivery Vans as a Function of Free Movement Space



Péter Böröcz *[image: Orcid] and Bence Molnár





Department of Logistics and Forwarding, Széchenyi István University, Egyetem tér 1, 9026 Győr, Hungary









*



Correspondence: boroczp@sze.hu; Tel.: +36-70-335-22-60







Received: 28 September 2020 / Accepted: 2 November 2020 / Published: 4 November 2020



Abstract

:

In recent years there has been a very significant increase in parcel delivery shipments all over the world. Moreover, this mode of delivery, in some cases, is facing a very intensive flow of goods, such as in annual festive seasons or, for instance, in situations like COVID-19 when personal purchase of goods is strictly limited in malls. This often means that delivery vehicles operate at almost full capacity, and many same or different kinds of packages are therefore stacked in small delivery vehicles. In this study, we measured and analyzed the vibration levels that occur in smaller stacks of packages in parcel delivery shipments, paying particular attention to those circumstances such as stacking layers and free movement spaces that can affect the vibration in different layers of packages. The goal of this paper was to provide information about the vibration levels that occur in smaller stacks of packages that are not unitized and fixed, as is common in parcel transportation. The recorded vibration events were analyzed in terms of power spectral densities (PSDs) and supplied with statistical data of acceleration events to provide an understanding of the variability of intensity. Based on the results of this study, PSD spectra were developed for various free movement conditions, as well as spectra for each layer in the stacked parcel package shipment. The results showed that the vibration level increases in the stacked load upwards and with an increase of free space of possible movement. The results of this study can be used to simulate the measured vibration conditions in laboratory tests conducted on courier express parcel shipments.
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1. Introduction


In 2019, the net income of the global courier, express, and parcel market was over 330.4 billion EUR, with an almost 10% percent increase from the previous year [1]. Operators such as DHL, TNT, and FedEx primarily provide air, road, or combined express parcel delivery services of packages for various customers [2]. Although many modes of transport are used for parcel transportation, the packages travel a significant portion of the total transportation period in small vehicles like vans that collect from and deliver to senders and receivers.



The shipments of courier packages are usually small in size, light in weight, and time-sensitive products. The transport environment of these shipments produces physical events that can affect the integrity of the products and can be the primary source of damage [3]. The most common physical events include vibration, impacts (shocks), and compression [4]. These physical conditions are random, so it is important to measure and analyze them in order for packaging engineers to gain a better understanding and design suitable protective packaging systems. It is very important to avoid those damages during distribution that can cause losses by making the product unmarketable at its destination. On the other hand, the cost-effectiveness issue is also important for engineers to design optimal packaging that simultaneously serves to protect the goods and reduce environmental impact.



The vibration environment during distribution can be based on factors such as the vehicle body structure, type of vehicle suspension and tires, road roughness, vehicle speed, and actual payload [4].



Previous studies have measured and analyzed vibration levels for parcel delivery vehicles and CEP (Courier Express Parcel) modes of transportation [3,5,6,7]. Factors involving changes in vibration levels, including payload, suspension (leaf spring vs. air ride), and road condition, for small parcel delivery vehicles have also been previously investigated [8,9,10]. Former results have shown that significant vibration levels increase when a small vehicle such as a van travels on poor roads, with a higher speed, and with less payload. All these studies have only measured the vibration levels on the platform of the vehicle, but did not take into consideration that most of these parcels are delivered in a stacked state due to the relatively limited capacity of small vehicles and the large quantity of goods. In this context, the vibration levels in stacked loads (in layers) will be completely different from the direct input that can be experienced on the platform. Moreover, these shipments do not act as a palletized unit as they are not fixed to each other; furthermore, they are loaded into the vehicle with free movement spaces around them. This phenomenon can be seen in Figure 1a,b.



Nowadays, the above-mentioned circumstance can be often observed in parcel delivery methods due to the very intensive flow of goods in periods where customers’ orders occur via online stores, such as in situations like COVID-19, when personal purchase of goods is strictly limited, or during festive seasons when the malls are overcrowded.



However, we could not find any published field research that measured and analyzed the vibration levels in stacked units for parcel delivery methods. Previous results have mainly focused on vehicle vibration as an input to normal cargo, but in reality, there is not enough knowledge to estimate the conditions of stacked parcels, which could suffer more significant damage than parcels in normal transport solutions. Therefore, this study presents new measured and analyzed data that can help packaging engineers gain a better understanding of this distribution environment and design appropriate protective packaging for CEP packages.



The main goal of this paper was to measure and analyze the vibration levels in a three-layer unit in van shipments for average delivery routes using tri-axial data recorders. We also discuss the effect of free movement space around the packages during transportation and provide a statistical presentation on the nature of random vibration throughout this shipping method. The data from this research can be compared to normal vibration testing profiles that are used for packaging testing purposes but can be used as recommended methods for general vibration on vehicle platforms. These new data can be a useful technical tool for packaging engineers to use for parcel package pre-shipment testing. Furthermore, this study presents a novel measurement method to evaluate and analyze the vibration levels in stacked small packaged goods that are not held down by equipment when being transported.



The importance of this study is also confirmed by logistics experts by the fact that in these pandemic days, consumers have become adept in their e-commerce shopping and make even smaller purchases via online stores; this trend is expected to continue even more in the future of normal business. This is also a big challenge for managers as sales strategies need to be redefined, which in turn will create new technical demands in real life. Thus, the results of our study can be of great benefit to companies that are already present in the CEP market with their products or to new entrants looking to develop an omni-channel strategy for their products in the future. Furthermore, designing the packaging of products more accurately and professionally can serve business management purposes by saving and avoiding costs resulting from product damage. Additionally, CEP companies such as Amazon, TNT, and FedEx could benefit greatly from the results by updating and applying the loading layout and packaging guidelines.




2. Materials and Methods


2.1. Testing Sample and Data Recorder Settings


Four SAVER™ 3 × 90 field data recorders (Lansmont Corp., CA, USA) were used to collect the data in the field measurements. Vibration events in the vertical, lateral, and longitudinal directions were also recorded in a three-layer stacked unit for this study. One of the SAVERs was mounted to the platform directly, and others were in small corrugated boxes. The SAVERs were fixed in the boxes using rigid frames made of aluminum ITEM profile (©item Industrietechnik GmbH) with a cross section of 20 × 20 mm. Table 1 contains the specifications for the corrugated box units and SAVER settings used in this study. Figure 2 shows the elements of the measuring system for the boxes.




2.2. Stacked Unit and Free Movement Space (FM)


The stacked unit was located above the rear axle, using a column stack fixturing to prevent vertical motion. This fixturing method is generally used by the ASTM D7386-12 [11] and ISTA 3A [12] protocols to hold the stacked unit together during the test time and to avoid free movement (FM) of the unit in lateral and longitudinal orientations. To determine the effect of the role of free movement (FM) space around the parcel shipment (in the lateral and longitudinal directions), the measurements of FM were divided into three groups in the field measurements, as described here:




	
No FM (0% free movement space);



	
FM of ±5% in the width/length of the box (total of 10% FM);



	
FM of ±10% in the width/length of the box (total of 20% FM).








The reasons for choosing these amounts of free movement space as parameters during the measurements were as follows: (a) The operators usually try to load these parcels as close to each other as possible in practice. (b) They are not able to perfectly fill the loading area, and some free spaces always remain. (c) If there is too much space available, the goods are stacked in groups but not fastened together, and smaller spaces remain between them. (d) If the spaces between the parcels are too great, then the parcels will not vibrate but will bump into each other, causing shock impulses, not vibration events. (e) During the simulation technique in packaging testing laboratories, the equipment generally used has a maximum table size to perform these tests, which limits the possibilities in laboratory practice.



In the 10% and 20% free movement experiments (Figure 3b,c), the space allowed the boxes planar movement, but did not let them fall down or change their placement angle from the horizontal position. The differences in box coverage could be up to 36 mm (20%) when one of the boxes moved in one direction while the box above or below moved to the totally opposite side.




2.3. Vehicle and Delivery Routes


The type of van used for these measurements was a FIAT Ducato (2008, 2.2. Multijet, load capacity of 11 m3, distance between front and rear axis 4035 mm, one parabolic leaf spring at rear). To collect vibration data in the field, measurements were performed on a motorway, arterial roads, country roads, and urban roads. In each case, the stacked unit was monitored three times for approximately 240 min, for a total of roughly 720 min. The measurements were conducted in three rounds. The reason for this was, on the one hand, to keep the same position of the unit in each measurement in the van, and on the other hand, because three sample units did not fit in the cargo space at the same time due to the sizes of the fences. Each measurement was performed on the same route and at night when the van could maintain a relatively higher travelling speed due to less traffic. The route for a single occasion can be seen in Figure 4. The location of the measurement was in the county of Győr-Moson-Sopron, Hungary. The specifications for average vehicle speed and distance covered in this study can be seen in Table 2. The experiment was conducted on 6–10 August 2020.




2.4. Statistical Methods for Acceleration Peaks


Vibration events and the effect of free movement space on vibration levels were analyzed using MATLAB R2014a (MathWorks Inc., Natick, MA, USA). First, empirical cumulative distribution functions (CDFs) were calculated (representing the percentage of events below a specific value) for the recorded acceleration peaks (g, peak), which allowed for a deeper understanding of vibration features according to layer levels. Additionally, the statistical distributions of the observed acceleration events were calculated for the recorded data in layers to develop the excess kurtosis (K) and skewness (S) of the probability distribution functions (PDFs) using a confidence interval (CI) of 95%. Kurtosis and skewness show the asymmetry and peaked-ness of a data distribution compared to the Gaussian normal distribution [13]. The random signal is practically stationary with a zero-mean normal distribution, and its statistical properties do not vary with time [14].




2.5. Data Analysis for Power Spectral Density (PSD) and Transmissibility


The vibration levels are presented as the PSD using fast Fourier transformation (FFT) via Xware software, for all three orientations. The power density (PD) levels are presented from 1 to 200 Hz. There was no additional filtering of the data recorded due to the fact that the van traveled continuously without any kind of stop; only anti-alias filtering was used. The PD spectra are presented separately for each layer, in all three directions. The spectra are supplied with the overall Grms in the frequency range of 1–200 Hz. Then, at the end, the input citation from the platform was compared to layers’ vibration levels (output) in the form of transmissibility.





3. Results and Discussion


3.1. Acceleration Levels


Table 3 contains the results of the measured peak acceleration values for all three orientations. On the floor, the highest acceleration levels were recorded in the vertical orientation, followed by lateral, with the least in the longitudinal direction. Concordant results on floor vibration levels have been presented in previous research for small delivery vehicles [3,5,6,7,10,15]. However, it is a very interesting observation that the highest peaks of the entire recorded data for this study were in the third layer and in the lateral direction: 4.16g, 4.93g, and 5.94g with 0%, 10%, and 20% FM space, respectively. On the other hand, the highest acceleration in the vertical direction was 3.99g with 20% FM, also in the third layer. This phenomenon can be attributed to heavy curvy roads on the country road network while traveling with relatively high speed, when the packages in the third layer can bounce into the fences with a high amplitude, first to the right/left side and then to the back.



Practically, at each measurement, it could be observed that the highest acceleration levels were in the third layer, followed by the second, first, and floor. This is true for all orientations except the longitudinal direction with 10% FM space, where 50% of recorded event data were higher in the first layer than in the second layer. This latter phenomenon can be explained by different sudden braking conditions due to variable traffic during different measurements.



Figure 5 presents the CDFs and also shows the probability of occurrence at a given acceleration level. The data presented in this figure show that 50% of vertical vibration levels are below 0.37g on the floor and below 0.48g in the third layer. In the lateral and longitudinal directions, 50% are below 0.18g and 0.13g, respectively, on the floor and below 0.45g and 0.26g, respectively, in the third layer.



It can be stated, based on the recorded data and CDFs, that higher acceleration levels can be observed with more free movement space. In the vertical direction, this means 1.21–1.51 times higher values in higher layers, with 1.44–2.81 times and 1.63–2.36 times higher values in the lateral and longitudinal directions, respectively, in comparison to the floor.



Higher vertical acceleration levels in higher layers mean a higher risk of damage to the shipment. This is mainly due to the stacked unit performance of the shipment. For longitudinal and lateral orientations, the acceleration levels increase when more free movement space is left for packages; this is due to sudden and normal braking/acceleration events, as well as the effects of winding roads.




3.2. Vibration Levels in Stacked Units and the Effect of FM, and Transmissibility


The recorded vibration levels displayed in the PSD plots are shown in Figure 6 for various amounts of FM space and layer positions in all three orientations. In all SAVER positions, the results showed that the highest vibration levels occurred in the vertical direction, followed by lateral and then longitudinal. In the vertical direction, the most intense vibration levels in higher layers were found in the frequency range of 8–50 Hz; below 8 Hz, the vibration intensity was almost the same in higher layers as on the floor. Additionally, around 40–50 Hz, cross-frequency could be observed, above which the intensity decreased rapidly below the floor intensity. The reason for the same vibration intensity between 1 and 8 Hz could be that the applied sample stacked unit, by its mass, moved together with the vehicle in this frequency range. The results also showed that in the longitudinal direction, this cross-frequency could also be found above, in which the intensity also decreased below the floor’s intensity. However, in a lateral orientation, the vibration intensity in the higher layers was already higher than that in the lower region (below 8 Hz). This was also true for the longitudinal direction if any FM space (10% or 20%) was applied.



Figure 7 presents the transmissibility plots for vertical orientation in the layers of the stacked unit with various amounts of FM space in the frequency range of 1–200 Hz. The peaks of the transmissibility ratio in the third layer were 11.9 (21 Hz), 7.2 (15 Hz), and 11.8 (16 Hz) at FM 0%, 10%, and 20%, respectively. At FM 10%, the highest peak was observed in the first layer. This phenomenon can be attributed to some shock (impact) impulse that may have occurred due to potholes or severe road roughness during this measurement. Nevertheless, it is clearly visible that the amplification at FM 0% and in a higher layer was significant in the frequency range of 8–50 Hz. However, if any FM space was applied, this frequency range was wider, as shown by FM 10% and 20%. It also has to be noted here that the middle layer was partly suppressed by the package above it, and this is reflected in the recorded and calculated levels. This phenomenon has already been observed in previous research in laboratory vibration simulations for unitized load shipments [16]. Table 4 reports the overall Grms values of the calculated vibration data for the various FMs and layers in the range of 1–200 Hz. The highest overall Grms values were observed in the third layer in each case in the vertical direction, followed by the lateral and longitudinal directions. In the analyzed frequency range of 1–200 Hz, the overall Grms values increased as layers were added. In the vertical direction, the overall Grms value was 1.22–1.48, 1.29–20.3, and 1.08–2.28 times higher than those on the floor, in the longitudinal direction, and in the lateral direction, respectively.




3.3. Statistical Characteristics of Acceleration Peaks


In Figure 8, the PDF plots of the recorded acceleration data are presented for the vertical direction. Appendix A contains the numerical data for all kurtosis and skewness values in all three orientations and for all layers and FM space amounts. Here it has to be noted that presenting the kurtosis and skewness values is very important due to the fact that the random vibration testing controller in the laboratory, when engineers want to simulate vibration circumstances, mostly generates a control signal from a normal distribution, so field-measured kurtosis can be used as an input parameter to perform realistic variability for the random signal during vibration simulations.



The recorded acceleration events at each measurement and in each layer were positively peaked (positive kurtosis) and showed a difference (CI: 95%) from a normal Gaussian distribution (where the kurtosis is zero). This indicates a so-called “heavy-tailed” distribution. The reason for this phenomenon is that the field-recorded acceleration values (used with positive or negative orientation) did not follow the normal Gaussian distribution as a function of time. The kurtosis values of vertical recorded events were between 1.18 and 6.76. These values for the floor confirm the results of previous papers presented on the non-Gaussian nature of random vehicle vibration in delivery vehicles [17,18,19]. However, the values of kurtosis in higher layers approached zero, which means that in a stack unit, the higher layers suffer such random vibration that it almost follows a normal distribution. The kurtosis values of longitudinal and lateral recorded events were 8.08–19.83 and 5.97–15.86, respectively, for higher layers and various FM amounts.



In each case, skewness values showed deviation from zero, which indicates asymmetric distributions. These values were between −0.74 and 1.10 in the vertical direction, 1.99–3.43 in the lateral direction, and 2.15–3.87 in the longitudinal direction. On the floor and in the vertical direction, the vehicle vibration was negatively skewed; these distributions thereby went towards the right dissymmetry. This can be attributed to more acceleration events in the vertical negative direction.




3.4. Limitations


We want to call attention to the fact that the PSD method using the fast Fourier transformation (FFT) process results in a PSD plot with averaged intensity over the observed frequency range of interest. So, the presented PD levels do not expose some severe or extreme vibration levels that can happen during real delivery. Furthermore, each product has a different sensitivity to vibration, so this study can provide a simulation environment that can be used in practice to check the adequacy of packaging.



The CEP delivery services usually use other vehicles like minivans, mid-size trucks, or heavy trucks to deliver shipments; therefore, data from this study have limited use for the entire parcel delivery chain.



Last, but not least, it has to be recognized by the readers of this paper that the theoretical dynamics of stacked packages can be described as nonlinear free vibration of a coupled mass–spring system. Hence, various geometrical sizes and different weights of packages will change the vibration intensity in a nonlinear way.



Of course, there are also obstacles from an economic point of view that cannot be avoided. A higher intensity vibration may require stronger packaging, which, in turn, can lead to significant cost overruns and the risk of overpacking. This issue can only be resolved after careful economic consideration, i.e., with the combined examination of damage risks or the possible damage boundary of the product and additional packaging costs.





4. Conclusions


From this study, we can conclude the following: Higher acceleration values can be observed in packages that are in a higher stacked position. This is true for all orientations. The highest acceleration values were in the lateral direction: 4.16g, 4.93g, and 5.94g. In the vertical direction, the highest was 3.99g. Higher acceleration levels were observed when there was more free movement space in the package layout method.



In terms of vertical orientation, the most intense vibration levels were found in the frequency range of 8–50 Hz; furthermore, this was amplified in the higher layers. Below 8 Hz, the vibration intensity was almost the same in the higher layers as on the floor, and around 40–50 Hz, a cross-frequency could be found above which the intensity decreased rapidly below the floor intensity. In all package positions, the highest vibration levels occurred in the vertical direction, followed by lateral and longitudinal.



The highest overall Grms values (in the frequency range of 1–200 Hz) were observed in the third layer, and in each case, were highest in the vertical direction followed by the lateral and longitudinal directions.



The kurtosis statistical values for the recorded vertical vibration events were from 1.18 to 6.76, which presents a non-Gaussian nature of random vibration in every package position.



The results of this paper can provide information about such a test environment for engineers that can simulate the vibration circumstances of small stacked packages in parcel delivery transportation, thereby helping to find and design an optimal packaging that simultaneously serves to protect the goods and reduce the environmental impact of the packaging used.



We want to draw the attention of managers to the fact that the presented results can be used practically immediately in day-to-day design and testing practice. They are also encouraged to apply the newly developed packaging testing guidelines, which can also help avoid damage to goods, thereby generating greater profits or resulting in lower costs for companies. The results of this study will also help companies maintain a competitive advantage for a particular product in the market, or help them enter into a new sales channel that they have not used before.
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Table A1. Acceleration data for Lateral, Longitudinal and Vertical directions, and statistical data for their distributions.






Table A1. Acceleration data for Lateral, Longitudinal and Vertical directions, and statistical data for their distributions.





	
Acceleration Data

(g, Peak)

	
FM

	
Location

	
Kurtosis

	
Skewness






	
Lateral

	
0%

	
Floor

	
8.08

	
2.54




	
1st

	
17.23

	
2.27




	
2nd

	
8.77

	
2.54




	
3nd

	
19.83

	
3.29




	
10%

	
Floor

	
9.19

	
2.89




	
1st

	
9.28

	
2.15




	
2nd

	
12.40

	
2.73




	
3nd

	
16.86

	
3.16




	
20%

	
Floor

	
12.12

	
3.57




	
1st

	
12.43

	
2.65




	
2nd

	
19.71

	
3.87




	
3nd

	
14.85

	
3.04




	
Longitudinal

	
0%

	
Floor

	
8.51

	
2.46




	
1st

	
5.97

	
1.99




	
2nd

	
9.64

	
2.26




	
3nd

	
14.48

	
3.35




	
10%

	
Floor

	
8.22

	
2.71




	
1st

	
9.41

	
2.47




	
2nd

	
11.7

	
3.17




	
3nd

	
9.28

	
2.87




	
20%

	
Floor

	
8.23

	
2.75




	
1st

	
12.41

	
3.01




	
2nd

	
15.86

	
3.43




	
3nd

	
11.73

	
2.72




	
Vertical

	
0%

	
Floor

	
5.06

	
−0.74




	
1st

	
2.36

	
0.38




	
2nd

	
1.98

	
0.83




	
3nd

	
1.18

	
0.50




	
10%

	
Floor

	
6.76

	
−0.67




	
1st

	
3.34

	
0.59




	
2nd

	
2.62

	
1.10




	
3nd

	
1.80

	
0.91




	
20%

	
Floor

	
5.12

	
−0.37




	
1st

	
3.49

	
0.36




	
2nd

	
3.04

	
0.66




	
3nd

	
1.56

	
0.67
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Figure 1. CEP packages in daily delivery, (a) packages during normal period, (b) packages during before festive season. 
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Figure 2. (a) Corrugated box, (b) aluminum profile, and (c) test sample used for this study. 
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Figure 3. (a) Sample stacked unit in a van with fences of free movement (FM) 0%, (b) FM 10%, and (c) FM 20%. 
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Figure 4. Route measured for this study. 
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Figure 5. Empirical cumulative distribution functions (CDFs) of peak acceleration values: (a–c) lateral direction with FM 0%, 10%, 20%; (d–f) longitudinal direction with FM 0%, 10%, 20%; (g–i) vertical direction with FM 0%, 10%, 20%. 
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Figure 6. PSD plots of various layers in a stacked unit and on the floor at FM 0%, 10%, and 20%, in the (a–c) longitudinal, (d–f) lateral, and (g–i) vertical axes. 
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Figure 7. Transmissibility plots of the various layers in the vertical direction for (a) FM 0%, (b) FM 10%, and (c) FM 20%. 
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Figure 8. Distributions of vertical acceleration records from this study for (a–d) FM 0%, (e–h) FM 10%, and (i–l) FM 20%. 
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Table 1. Specifications for SAVER settings and samples used for this study.
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Samples Used

	
SAVERs






	
Corrugated board

	
35BC

	
Timer triggered data

	
1 s




	
Weight of board

	
742 g/m2

	
Wake-up interval

	
1 s




	
ECT (Edge Crush Test)

	
9.0 kN/m

	
Recording time

	
1.000 s




	
BST (Bursting Strength Test)

	
1685 kPa

	
Samples/sec

	
500 Hz




	
Weight of box

	
190 g

	
Sample size

	
500




	
Size of box (w × d × h)

	
180 × 180 × 195 mm

	
Frequency resolution (PSD)

	
0.50 Hz




	
Weight of ALU frame

	
1440 g

	
Anti-aliasing frequency

	
200 Hz




	
Entire weight

	
2630 g
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Table 2. Specifications of the route and vehicle speed for the van used in this study.






Table 2. Specifications of the route and vehicle speed for the van used in this study.





	

	
FM 0%

	
FM 10%

	
FM 20%




	

	
Distance

(km)

	
Average Speed

(km/h)

	
Distance

(km)

	
Average Speed

(km/h)

	
Distance

(km)

	
Average Speed

(km/h)






	
Motorway

	
120.9

	
114

	
120.7

	
115

	
121.4

	
117




	
Arterial

	
80.2

	
73

	
79.8

	
68

	
80.1

	
71




	
Country

	
51.5

	
54

	
51.4

	
57

	
51.2

	
53




	
Urban

	
38.4

	
35

	
38.7

	
34

	
39.0

	
37




	
Summary

	
291.0

	
69.1

	
290.6

	
68.1

	
291.7

	
69.7
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Table 3. Summary of measured acceleration (acc.) data.






Table 3. Summary of measured acceleration (acc.) data.





	
Acc. Data

(g, Peak)

	
FM

	
Location

	
Max.

Acc.

	
Acc. at 99% Occurrence

	
Acc. at 95% occ.

	
Acc. at 90% occ.

	
Acc. at 50% occ.






	
Lateral

	
0%

	
Floor

	
1.24

	
0.68

	
0.46

	
0.36

	
0.18




	
1st

	
1.41

	
0.79

	
0.56

	
0.45

	
0.24




	
2nd

	
2.40

	
0.80

	
0.58

	
0.48

	
0.26




	
3nd

	
4.16

	
1.24

	
0.75

	
0.59

	
0.26




	
10%

	
Floor

	
1.58

	
0.68

	
0.45

	
0.38

	
0.17




	
1st

	
2.15

	
0.74

	
0.51

	
0.41

	
0.22




	
2nd

	
2.35

	
1.09

	
0.63

	
0.46

	
0.15




	
3nd

	
4.93

	
2.50

	
1.39

	
0.98

	
0.33




	
20%

	
Floor

	
1.33

	
0.65

	
0.41

	
0.32

	
0.16




	
1st

	
1.91

	
0.86

	
0.54

	
0.41

	
0.19




	
2nd

	
2.81

	
0.84

	
0.55

	
0.43

	
0.24




	
3nd

	
5.94

	
2.19

	
1.34

	
1.02

	
0.45




	
Longitudinal

	
0%

	
Floor

	
0.96

	
0.38

	
0.27

	
0.22

	
0.11




	
1st

	
1.81

	
0.41

	
0.32

	
0.28

	
0.15




	
2nd

	
1.94

	
0.72

	
0.49

	
0.39

	
0.16




	
3nd

	
3.74

	
1.07

	
0.66

	
0.50

	
0.26




	
10%

	
Floor

	
1.11

	
0.55

	
0.35

	
0.27

	
0.13




	
1st

	
1.72

	
0.59

	
0.38

	
0.31

	
0.19




	
2nd

	
1.82

	
0.61

	
0.43

	
0.35

	
0.16




	
3nd

	
2.38

	
0.71

	
0.43

	
0.36

	
0.20




	
20%

	
Floor

	
1.56

	
0.37

	
0.26

	
0.21

	
0.11




	
1st

	
2.08

	
0.67

	
0.43

	
0.34

	
0.17




	
2nd

	
3.02

	
0.94

	
0.57

	
0.41

	
0.18




	
3nd

	
3.42

	
1.05

	
0.65

	
0.49

	
0.20




	
Vertical

	
0%

	
Floor

	
2.33

	
1.40

	
0.87

	
0.67

	
0.31




	
1st

	
2.88

	
1.67

	
1.26

	
0.82

	
0.38




	
2nd

	
2.94

	
1.69

	
1.29

	
0.87

	
0.39




	
3nd

	
3.04

	
1.72

	
1.41

	
0.96

	
0.39




	
10%

	
Floor

	
3.06

	
2.05

	
1.26

	
0.94

	
0.37




	
1st

	
3.79

	
2.18

	
1.46

	
1.14

	
0.41




	
2nd

	
3.88

	
2.62

	
1.64

	
1.14

	
0.42




	
3nd

	
3.98

	
2.82

	
1.66

	
1.24

	
0.45




	
20%

	
Floor

	
2.82

	
1.52

	
1.01

	
0.77

	
0.32




	
1st

	
3.69

	
2.06

	
1.24

	
0.91

	
0.36




	
2nd

	
3.78

	
2.30

	
1.42

	
1.09

	
0.47




	
3nd

	
3.99

	
2.36

	
1.43

	
1.10

	
0.48
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Table 4. Overall Grms for various layers and FM space, in all three orientations (1–200 Hz).






Table 4. Overall Grms for various layers and FM space, in all three orientations (1–200 Hz).





	
FM

	
Location

	
Lateral

	
Longitudinal

	
Vertical






	
0%

	
Floor

	
0.064

	
0.037

	
0.136




	
1st

	
0.085

	
0.051

	
0.166




	
2nd

	
0.101

	
0.069

	
0.170




	
3rd

	
0.118

	
0.095

	
0.181




	
10%

	
Floor

	
0.063

	
0.044

	
0.146




	
1st

	
0.068

	
0.057

	
0.193




	
2nd

	
0.079

	
0.067

	
0.216




	
3rd

	
0.098

	
0.070

	
0.217




	
20%

	
Floor

	
0.059

	
0.036

	
0.149




	
1st

	
0.081

	
0.070

	
0.182




	
2nd

	
0.090

	
0.073

	
0.204




	
3rd

	
0.135

	
0.075

	
0.216
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