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Abstract

:

South Korea has one of the largest e-commerce markets in the world. The last-mile delivery segment of e-commerce often causes critical damage to products in protective packages. Despite the rapid growth of the e-commerce market in Korea, the last-mile distribution environment has not yet been thoroughly investigated. The main aim of this study was to provide an understanding of the vibration levels that were measured from various parcel delivery routes within Seoul, Korea, using common types of parcel delivery trucks. Vibration levels of ten delivery trucks were measured and analyzed in terms of power spectral densities (PSDs) and presented as PSD spectra. The last-mile delivery vehicle vibration levels in Korea were found to be consistently lower (in the 1 to 200 Hz frequency range) than those recommended by international standards and lower than the vibration levels of parcel delivery vehicles in the U.S. and Hungary. The results also revealed that the highest intensity peak of the PSD spectrum for Korea was located in the lower frequency range (1.5 to 2 Hz) compared to the ISTA 3A pickup and delivery test profile (3 to 4 Hz) and the test profile recommended for Hungary (13 to 16 Hz). A smoothed composite spectrum was also provided to support Korean packaging engineers in optimizing their packages by simulating proper last-mile truck delivery vibration levels in lab conditions.
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1. Introduction


A common and widely used parcel delivery system, which is known as a two-echelon distribution network, consists of a logistics hub, a satellite facility (SF), and collection and delivery points (CDPs) [1]. Goods in the central logistics hub are distributed to multiple SFs using first-echelon transportation modes, such as large, heavy vehicles, or air and rail transportation [1]. Then, SFs distribute goods to two types of points of demand, which are CDPs and individual customers, using second-echelon vehicles, including different types of heavy/large or light/medium-size vehicles [1]. As the packages travel through this common distribution network, there are two main, inevitable types of hazards that packages can experience. First, shock and drop events due to both manual and automated handling points, and second, severe vibrations transmitted by both first-echelon and second-echelon vehicles. Packaging engineers design protective packaging to resist these distribution hazards and reach their customers with little to no damage to their products. To test their packages before the actual shipments to customers, packaging engineers use international lab-based testing protocols, such as ISTA 3A [2] or ASTM D7386-16 [3]. However, international testing standards sometimes do not completely reflect the unique circumstances in different countries. In packaging engineering, the product normally sits in a cushioning material. The cushioning material basically acts as a spring, and the product weight is a mass in the packaging system. The natural frequency of the packaging system can be calculated using the following equation (Equation (1)):


    f   n   =   1   2 π      k g   W     



(1)




where fn is natural frequency (Hz), k is spring constant, g is gravitational acceleration, and W is product weight.



This equation indicates that a packaging system’s resonance depends on the cushioning material’s spring constant and the system’s weight. The ratio of the natural frequency of the system and the frequency of the input vibration (vibration generated from the package delivery vehicle in this case) determines whether the acceleration or amplitude of the product–package system will be greater (amplification) or lower (attenuation) than that of the input vibration. This phenomenon is called transmissibility. Transmissibility increases when the packaging system’s natural frequency overlaps or gets close to the frequency of the input vibrations. Therefore, packaging engineers need to avoid designing packaging systems with a natural frequency close to the peak intensity frequency of the targeted distribution environment. According to the previous explanation, packages designed to have natural frequencies that are far from the peak acceleration frequencies of international testing standards’ vibration test profiles can become less effective in different geographical regions. This is because other countries could use various types of package distribution vehicles, which have peak intensity frequencies closer to the initially designed natural frequency of the packaging system. The amplified vibration level due to matching frequencies can cause more fatigue and potential scuffing to the product.



Many researchers in the past have observed and analyzed the country-specific characteristics of shock and drop events and vibration levels needed to update international testing standards to be suitable for their regions. Characteristics of shock and drop events have been investigated in Europe [4], China [5], the United States [6,7,8], South Korea (Korea) [9], and transcontinental parcel shipments between Europe and the United States [10]. The vibration levels of heavy, large trucks, commonly used as first-echelon vehicles in the parcel delivery industry, were also widely researched for different regions, such as India [11], Japan [12], Spain [13], the United States [14], China [15], and Korea [16]. The vibration levels of other modes of transportation for packaging, such as drones [17], industrial forklifts [18], multimodal shipping containers [19], ULD dollies at air cargo sorting hubs [20], and aircraft [21], and how vibration is generated by these different modes of transportation can affect the integrity of packaged products [22,23,24,25]. This has also already been widely investigated. However, the vibration levels of second-echelon vehicles used for last-mile parcel delivery have only been measured in a few countries, such as Australia [26], Hungary [27], the United States [28,29], China [30], and Southeast Asia [31].



Packaging engineers have decades of experience designing packages for large trailers; hence, they understand the vibration environment very well through multiple studies published in different countries [11,12,13,14,15,16]. Yet, there is a growing need to understand the last-mile delivery portion of the distribution environment, which is conducted using smaller vehicles, due to its severe harshness compared to the larger truckload environment. The ISTA 3A recommended vibration test profile for last-mile delivery vehicles [2] has 75% higher intensity at the peak frequency band than the main peak in the first echelon vehicle vibration simulation profiles. Also, there are many changes in last-mile delivery vehicles that happen due to the different strategies of various business models, the different urban structures of various countries, and the advent of technologies, such as electric vehicles. Autonomous, crowdsourced parcel delivery services using personal vehicles have been growing recently in many parts of the world in response to the demand for the rapid delivery of purchased products in urban areas [32,33]. The vibration levels of these vehicles in the U.S. have been measured by previous researchers [28]. The vibration levels of various motorcycles, which are commonly used for parcel delivery in Southeast Asia but are not common in other parts of the world, were also measured in previous studies because of their unique characteristics [31]. These studies clearly show that many different versions of vehicles are used in last-mile deliveries, and they have unique vibration characteristics. Therefore, characterizing the vibration levels of commonly used last-mile delivery vehicle types in different geographical regions is extremely important to properly simulate their harshness and unique characteristics, such as different peak intensity frequencies, which could increase transmissibility.



E-commerce is a trending and emerging type of retail service in Korea. In 2022, annual online retail transactions in Korea accounted for 33.6% of the total retail transactions. They also had the second-largest ratio of e-commerce to retail distribution market in the world in 2021 [34,35]. Moreover, online retail transactions, excluding non-product delivery services, such as travel and transportation services, culture and leisure services, e-coupon services, food services, and other service transactions, accounted for 73.7% of total annual online retail transactions in Korea [35]. One key factor that serves as a cornerstone of the rapid growth of e-commerce is a fast and convenient parcel delivery service along with an advanced and efficient courier network. Accordingly, parcel delivery volume in Korea has significantly increased. Parcel delivery volume increased by 158.2% between 2012 and 2021, and it increased by 7.6% in 2021 compared to the year before [36]. Due to regulations in Korea limiting the cargo capacity of last-mile delivery vehicles to less than 1.5 tons, more and more small cargo vehicles, commonly known as ‘1-ton trucks’, are being utilized for Korean last-mile delivery in order to cover this increased parcel delivery volume. This unique practice differs from other countries where vans or motorcycles are predominantly used for parcel delivery. However, Korean packaging engineers still rely on the last-mile vehicle vibration test profiles recommended by international test standards due to the lack of test profiles specific to the Korean delivery environment. Most internationally used vibration profiles for parcel delivery vehicles were developed to simulate commonly used parcel delivery trucks in the U.S. Considering the large size of the e-commerce market and the booming parcel courier industry, proper understanding and simulation of the unique characteristics of the Korean parcel delivery system could create significantly positive synergy for packaging engineers in many ways. For example, it could provide cost and waste reduction opportunities by cutting out overused packaging materials, and it will help achieve higher customer satisfaction due to reduced product damage rates through the testing and optimizing of packages using properly simulated vibration test profiles. A properly optimized packaging system can easily contribute to lightening the weight of the packaging materials used. It is called a linear reduction strategy and is sometimes considered more critical for packaging sustainability than developing new packaging materials [37]. However, despite the anticipated positive synergy between improving parcel packaging through the proper simulation of different vibration levels experienced by parcels across the various last-mile delivery vehicles and regions in Korea, the unique vibration characteristics and a general last-mile vehicle vibration test profile for the Korean distribution environment have not yet been studied and established. This research is the first of its kind to address this topic.



Therefore, this study aims to pioneer the investigation into the unique characteristics of the Korean last-mile delivery environment by assessing and analyzing the vibration levels of commonly used last-mile delivery vehicle models across various delivery routes. This study also aimed to develop a composite vibration test profile and compare it to existing international test standards and last-mile delivery vehicle vibration levels from previously investigated countries. Finally, statistical characteristics of vibration data from Korea are also discussed in this study.




2. Materials and Methods


2.1. Instrumentation and Recording Parameters


In this study, field data recorders, such as Saver 3X90s manufactured by Lansmont Corporation (Monterey, CA, USA), were used to record the vibration levels of the most common last-mile delivery vehicles in South Korea. Saver 3X90s are equipped with full triaxial accelerometers that capture vibration levels in vertical, lateral, and longitudinal directions. The field data recorders were mounted to the vehicles’ cargo compartment floors using a magnetic base to measure the vibration levels of the locations where packages are directly loaded. The sensors were placed at the center front of the cargo areas where they could connect to the vehicles’ chassis. This was because there were no guarantees that the recorders would not get stolen if they were mounted to the bottom of the vehicles. Also, any other locations in the cargo areas were not feasible because those locations would disturb the loading process. Field data recorders were covered by a transparent acrylic box to prevent them from getting impacted by packages. The recording parameters used for this study were as follows:



Signal-triggered recording.



	
Record time: 2 s;



	
Sampling rate: 1000 Hz;



	
Signal pre-trigger: 20%;



	
Trigger level: 0.5 g;



	
Filter frequency setting: 250 Hz;



	
Data retention mode: Max overwrite;



	
Memory allocation: 60%.






Timer-triggered recording.



	
Record time: 2 s;



	
Sampling rate: 1000 Hz;



	
Wakeup interval: 20 s;



	
Filter frequency setting: 250 Hz;



	
Data retention mode: Fill/stop;



	
Memory allocation: 40%.







2.2. Delivery Vehicles and Trip Details


The average vibration levels of different last-mile delivery vehicles within Seoul, Korea, were measured; more than half (58%) of Korea’s parcel delivery volume is concentrated in the Seoul capital area [38]. Seoul was divided into four quadrants: northeast (NE), southeast (SE), northwest (NW), and southwest (SW). Then, two to three last-mile delivery vehicles from each quadrant were selected for use in measuring the vibration levels. In total, the last-mile vibration levels of 10 small box trucks were measured (Figure 1). Measurements took place from the beginning to the end of their last-mile delivery service. All last-mile delivery vehicles traveled to the local delivery area from the sub-terminals where they belonged. The sub-terminals covering the Seoul area were mostly located in areas slightly beyond the direct delivery zones, where the population density is relatively lower. Therefore, during the initial stages of delivery, they accessed these locations using highways. Upon entering the delivery zones, delivery vehicles navigated through urban roads, allowing them to experience various road conditions. How long each truck was driving, but not idling (duration in motion), was determined to avoid artificially lowering the measured vibration intensity (described in detail in Section 2.3) and to provide recommended lab testing durations. The average length of time in motion of the investigated vehicles was 81 min (Table 1).



Two different models of small box trucks that were similar to each other and common for last-mile delivery in Korea were selected for data collection: Bongo 3 (Kia, Seoul, South Korea) and Porter 2 (Hyundai Motor Company, Seoul, South Korea). Load capacity differed, even between the same models, due to modified (specialized) cargo boxes on some of the trucks and model year differences. The specifications and delivery areas of each box truck are listed in Table 1.




2.3. Data Analysis Method


Power spectrum density (PSD) is a way to present the average intensities of vibrations as a function of frequency. In this study, Saver Xware software v.4.2.1.1 (Lansmont Corporation, Monterey, CA, USA) was used to generate PSD for the measured vehicle vibrations. The PSD levels are presented from 1 to 200 Hz. In order to eliminate undesirable events that should not be considered vehicle vibrations, data points under 0.03 Grms (root-mean-square of the acceleration) and equal to or greater than 2 g were excluded from the analysis. This method has been historically used by many previous studies, especially to remove inactive movements of the vehicle, such as idling for pickup and delivery, and shock events that should be treated separately [27,39,40].



An independent t-test was used to compare the overall Grms values of the vertical vibration levels measured from the Porter 2s and Bongo 3s with a significance level of 0.05. The analysis was performed using SAS JMP Pro 16 software (SAS Enterprises, Raleigh, NC, USA).



Understanding the distribution characteristics of measured vibration data is also important for proper lab-based simulation tests. Thus, the kurtosis (K) and skewness (S) of probability density functions (confidence interval of 95%) were also computed using Minitab v. 21 (Minitab, LLC, State College, PA, USA). Kurtosis explains the degree of peakedness, and skewness describes the degree of symmetry of measured data distribution compared to the Gaussian distribution. Kurtosis and skewness can be calculated using Equations (2) and (3), respectively, as follows:


  S =   1   N     ∑  j = 1   N            x   j   −   μ   x       σ   x         3      



(2)






  K =   1   N     ∑  j = 1   N            x   j   −   μ   x       σ   x         4      



(3)




where     μ   x     is the mean and     σ   x     is the standard deviation.





3. Results and Discussion


Table 2 displays the overall Grms values, the statistical distribution measurements of the 10 shipments measured in this study, and measurements of common parcel delivery vehicles in the U.S. and Hungary as reported in previous studies [27,29]. This study first investigated whether the two vehicle models had any significant differences in the overall Grms values for vertical vibration. The mean Grms values of vertical vibration for Porter 2 and Bongo 3 were 0.104 (SD = 0.019) and 0.114 (SD = 0.017), respectively. An independent t-test result comparing the overall Grms of the two vehicle models showed that there were no statistically significant differences between the two models (t(7.9) = −0.86, p > 0.42, Bayes factor = 0.616). It was also clear that the overall Grms values for vertical vibration for the three types of delivery vehicles used in the U.S. and the delivery van in Hungary were significantly higher compared to all shipments measured in Korea. The values of the overall vertical Grms for the Korean last-mile parcel delivery environment were as much as 2.5 times higher than longitudinal and lateral directional vibrations. This confirms multiple historical studies’ findings that protective packaging needs to be designed and tested based on vertical vibration levels to resist product damage during transport; vertical vibration is the orientation that transmits the most considerable vibration levels [16,39,41,42]. These findings suggest that establishing a new vibration test profile for Korea in terms of vertical orientation is recommended to better optimize their packaging, but it does not require differentiating between the two most common last-mile delivery vehicle models when establishing the test profile.



Figure 2 presents the cumulative distribution functions (CDFs) for the rms of measured vertical vibration events. The CDFs shown in Figure 3 provide the probability of event occurrence at a given the rms level. They show that 95% of the rms levels of vertical vibration events from all measured vehicles were below 0.25. The kurtosis (K) and skewness (S) of PDFs shown in Figure 4 are reported in Table 2. Kurtosis indicates how heavy or light the tail of the distribution is compared to normal distribution. The kurtosis of the normal distribution is 0, the heavy-tailed distribution has positive kurtosis, and the light-tailed distribution has negative kurtosis. The data showed positive kurtosis in most cases, except the SE1 route, which had negative kurtosis. These results show that the rms of recorded vertical vibration events do not follow the normal distribution. Skewness provides information on whether the data distribution is symmetrical. The normal distribution has a skewness value of 0, the right-skewed distribution has a positive skewness value, and the left-skewed distribution has a negative skewness value. The skewness value of data in this study ranged between 0.22 and 1.36, indicating that all measurements had right skewed rms data distribution. Most of the routes had moderately (>0.5) or highly skewed distributions (>1.0). The probability density functions (PDFs) with normal distributions for the individual routes are presented in Figure 3. This confirms that the rms of recorded vertical vibration events do not follow the normal distribution, and vehicle vibration is usually not uniformly excited due to irregular road conditions in the field [27].



However, it is important to consider not only the overall Grms level and data distribution but also the shape of a vibration test spectrum when designing packages to prevent the damages that can occur from vibration. This is because different peak intensities at different forcing frequencies can magnify the vibrations experienced by the product differently in response to its natural frequency, even with the same overall Grms spectrum value. Therefore, the data collected from 10 different small trucks were analyzed to determine PD levels of vibration for the 10 different shipments. Figure 4 shows PSD plots of triaxial vibration for the 10 shipments, the recommended vertical vibration test spectrum for last-mile delivery using the small trucks in Korea, and the ISTA 3A standard [2] vertical vibration test spectrum for pickup and delivery (same as ASTM D7386-16 [3]).



A composite (full survey) PSD spectrum (the recommended test spectrum) was developed by smoothing the original small truck spectra using 17 breakpoints. The breakpoints and PD levels of the composite (full survey) spectrum were created by selecting the highest PD levels of vertical vibration data points coming from all 10 shipments between 1 Hz and 200 Hz. These breakpoints were used to ease the input process of the test profile to the testing equipment; testing equipment is usually incapable of following the sharp peaks shown in the original PSD spectrum. Recommended breakpoints in the composite (full survey) spectrum are listed in Table 3.



The recommended test spectrum developed in this study shows that the vertical vibration levels are consistently lower, in the 1 to 200 Hz frequency range, than those recommended by ISTA 3A [2] and the previous study conducted in Hungary [27]. It was also observed that the peak intensities of the recommended spectrum reside in different frequencies than ISTA 3A [2]. The highest PD levels in the ISTA 3A vibration test profile were located between 3 to 4 Hz and 15 to 24 Hz, whereas intensive ranges in Korea were between 1.5 to 2 Hz and 15 to 19 Hz. This finding encourages Korean packaging engineers to avoid designing protective packaging that has cushioning systems with natural frequencies that overlap the intensive peak frequency range unique to the last-mile delivery environment in Korea rather than aiming to avoid the peak intensity frequency ranges recommended by international standards. Another observation from this study was that lateral and longitudinal orientations do not have intensive peaks of PD levels in the lower frequency range, between 1 and 10 Hz, whereas the vertical direction has the highest PD level peaks in that region. Lateral and longitudinal orientation also lost PD levels quicker in the higher frequency range (over 50 Hz) compared to vertical orientation, which was also observed in Hungary [27].



Table 4 shows a comparison between the overall Grms of ISTA 3A’s [2] recommended spectrum and the spectrum recommended from this study for similar bandwidths. Splitting spectra into the same bandwidths allowed for direct comparison of the two spectra. The comparison shows that the Grms values of the recommended spectrum for Korea are lower than ISTA 3A in all bandwidths; some by as much as 68%. The greatest reduction (−68%) also occurs in the 1–4 Hz region, where the highest intensity vibrations occur in the ISTA 3A profile.



Results introduced previously from the overall Grms analysis and comparisons of PSD plots consistently show that vibration levels of the last-mile delivery segment in Korea are different and lower than in previously investigated countries. Traffic conditions in Seoul, Korea, could explain this. A high travel speed was discovered to be one of the main conditions that increase vehicle vibration levels from multiple historical studies [16,43]. However, delivery vehicles in Seoul, Korea, are often unable to drive at high speeds, even on highways, due to extreme traffic jams. Therefore, it can be inferred that the slow speed of vehicles plays a major role in keeping the vibration levels of delivery vehicles in Korea low.




4. Limitations of Study


	
Last-mile parcel delivery vehicle vibration measurements in this study were only conducted on delivery routes that served destinations within Seoul due to the predominant parcel delivery volume (58%) in Seoul compared to other cities in Korea. Vibration levels of last-mile delivery routes outside of Seoul, especially rural areas, may be further investigated in the future for better representation of the whole country.



	
Measurements in this study were limited to two major vehicle models for last-mile parcel delivery in Korea. The vehicle models investigated in this study are primarily used for parcel delivery purposes, so the vibration test profiles recommended in this study would be highly beneficial to packaging engineers in Korea. However, it is worth noting that there is a growing trend towards using different types of vehicles for parcel delivery, such as electric trucks and low-profile vehicles. This trend is growing due to the demands for sustainable delivery methods from customers and to accommodate the low height restrictions of underground parking facilities in Korea. Therefore, it may be useful to expand future research to investigate a broader range of courier vehicles.



	
Numerous factors could affect the measured vibration levels in specific countries, such as road conditions, speed, and driving styles. This study provided a wide snapshot of the vibration profile of parcel delivery vehicles in Korea for the first time. Further investigation of the factors mentioned above is recommended for future studies in order to fully characterize the details of last-mile delivery vehicle vibration levels in Korea.



	
It is important to note that the international test standard compared with the recommended test profile from this study has been time compressed by artificially amplifying the vibration levels without providing a time compression factor. Therefore, readers and authors can only compare the Grms values and peak intensity locations of the two profiles.



	
The payload of the investigated vehicles continuously changes (is reduced) since the measurements were conducted during actual parcel delivery service.







5. Conclusions


This study concludes with the following:




	
Although there are some minor differences between the structure of the two most common last-mile delivery vehicle models used in Korea, the results indicated no statistically significant difference in the vertical vibration levels between them. Therefore, a composite vibration test profile developed in this study could be used interchangeably between both vehicle models.



	
The vertical vibration levels observed from the most common last-mile delivery vehicles in the U.S. and Hungary and the international test standard for pickup and delivery of parcels were both higher than the vibration levels measured on last-mile delivery vehicles in Korea; hence, the recommended vertical vibration test spectrum for Korea is lower. However, various factors, like road and driving conditions, could also affect the level of parcel delivery vehicle vibrations in different geographical regions. Therefore, further studies are needed to understand whether it is the quality of roads and driving conditions or the vehicle type itself that causes more differences in vibration levels.



	
The highest intensity peak for the recommended vibration test spectrum was in a lower frequency band (1.5 to 2 Hz) than the ISTA 3A pickup and delivery vibration test spectrum (3 to 4 Hz). This result suggests that packaging engineers in Korea should avoid designing packaging systems with natural frequencies overlapping or close to the peak intensity frequency band unique to the Korean delivery environment rather than avoiding the peak intensity frequency bands indicated in the international test standard.



	
The PD levels of last-mile delivery vehicles in Korea were lower than were recorded in Hungary with no time compression in the entire frequency range that was an interest of this study (1 to 200 Hz).



	
A simplified, recommended vertical vibration test profile for last-mile delivery in Korea could help packaging engineers in Korea test their packages in the laboratory before shipping them without processing the large datasets that are provided in ready-to-use form in this study.
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Figure 1. Vehicles measured for last-mile delivery vibration. NE, SE, NW, and SW refer to northeast, southeast, northwest, and southwest, respectively, and the following number indicates the trip number. 
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Figure 2. Cumulative distribution function on the RMS acceleration of investigated routes in vertical orientation. 
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Figure 3. RMS distribution of investigated routes in the vertical orientation. 
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Figure 4. PSD plots of 10 different small trucks for the lateral, longitudinal, and vertical orientations, recommended composite test spectrum for vertical small truck vibration, and ISTA 3A pickup and delivery vertical vibration test spectrum. 
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Table 1. Specifications and local delivery area information for each investigated vehicle.
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Delivery Region

	
Trip

	
Local Delivery Address(es)

	
Model

	
Make

	
Year

	
Vehicle Weight (kg)

	
Load Capacity (kg)

	
Duration in Motion






	
Northeast

	
NE 1

	
Jayang-dong, Gwangjin-gu, Seoul

	
Bongo 3

	
Kia

	
2016

	
2895

	
800

	
35 min




	
NE 2

	
Jayang-dong, Gwangjin-gu, Seoul

	
Porter 2

	
Hyundai

	
2012

	
2895

	
700

	
42 min




	
Southeast

	
SE 1

	
Gaepo-dong, Gangnam-gu, Seoul

	
Porter 2

	
Hyundai

	
2013

	
2895

	
700

	
95 min




	
SE 2

	
Ilwon-dong, Gangnam-gu, Seoul and

Suseo-dong, Gangnam-gu, Seoul

	
Porter 2

	
Hyundai

	
2020

	
3495

	
1000

	
64 min




	
Northwest

	
NW 1

	
Myeongdong 2ga, Jung-gu, Seoul

	
Porter 2

	
Hyundai

	
2006

	
2930

	
700

	
93 min




	
NW 2

	
Heungindong, Jung-gu, Seoul

	
Bongo 3

	
Kia

	
2014

	
2895

	
800

	
131 min




	
NW 3

	
Yeongeon-dong, Jongno-gu, Seoul and Seongsu-dong, Seongdong-gu, Seoul

	
Bongo 3

	
Kia

	
2015

	
2895

	
700

	
159 min




	
Southwest

	
SW 1

	
Daebang-dong, Dongjak-gu, Seoul

	
Bongo 3

	
Kia

	
2015

	
2895

	
700

	
70 min




	
SW 2

	
Sadang-dong, Dongjak-gu, Seoul

	
Bongo 3

	
Kia

	
2020

	
3275

	
1000

	
57 min




	
SW 3

	
Sadang-dong, Dongjak-gu, Seoul

	
Porter 2

	
Hyundai

	
2022

	
3265

	
700

	
60 min











 





Table 2. Overall Grms values for vertical vibration of last-mile delivery vehicles in Korea, the USA, and Hungary.
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Overall Grms

	

	




	
Model

	
Route

	
Vertical

	
Longitudinal

	
Lateral

	
Kurtosis

	
Skewness






	
Bongo 3

	
NE 1

	
0.087

	
0.050

	
0.073

	
0.64

	
0.96




	
Porter 2

	
NE 2

	
0.083

	
0.048

	
0.052

	
0.26

	
0.22




	
Porter 2

	
SE 1

	
0.114

	
0.059

	
0.055

	
−0.52

	
0.24




	
Porter 2

	
SE 2

	
0.126

	
0.060

	
0.061

	
1.63

	
1.18




	
Porter 2

	
NW 1

	
0.086

	
0.045

	
0.045

	
1.93

	
1.36




	
Bongo 3

	
NW 2

	
0.132

	
0.062

	
0.109

	
0.38

	
0.58




	
Bongo 3

	
NW 3

	
0.112

	
0.076

	
0.117

	
0.29

	
0.53




	
Bongo 3

	
SW 1

	
0.116

	
0.052

	
0.078

	
0.32

	
0.31




	
Bongo 3

	
SW 2

	
0.121

	
0.048

	
0.054

	
1.99

	
1.21




	
Porter 2

	
SW 3

	
0.112

	
0.061

	
0.109

	
0.21

	
0.59




	
Ford van [29]

	
0.207

	
-

	
-

	
-

	
-




	
Dodge van [29]

	
0.231

	
-

	
-

	
-

	
-




	
Freightliner small truck [29]

	
0.377

	
-

	
-

	
-

	
-




	
Delivery van in Hungary [27]

	
Average 0.202

	
-

	
-

	
-

	
-











 





Table 3. Recommended composite spectrum for small truck vibration in Korea.
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	Frequency Breakpoints (Hz)
	PD Level (g2/Hz)
	Frequency Breakpoints (Hz)
	PD Level (g2/Hz)





	1
	0.00204
	15
	0.00091



	1.5
	0.00434
	19
	0.00091



	2
	0.00434
	24
	0.00011



	4
	0.00024
	42.5
	0.00011



	5.5
	0.00024
	50
	0.00018



	6.5
	0.00014
	83.5
	0.00046



	9.5
	0.00014
	148.5
	0.00016



	10
	0.00025
	200
	0.00005



	12
	0.00025
	
	










 





Table 4. The overall Grms differences in various bandwidths.
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	Frequency Range
	ISTA 3A (Grms)
	Recommended (Grms)
	Intensity

(Compared in the % of Standard)





	1–4 Hz
	0.244
	0.078
	~68%



	4–15 Hz
	0.146
	0.056
	~62%



	15–24 Hz
	0.095
	0.074
	~22%



	24–50 Hz
	0.063
	0.056
	~11%



	50–200 Hz
	0.343
	0.181
	~47%
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