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Abstract

:

In this study, the static safety factor and fatigue life of fastening devices of an agricultural by-product collector were evaluated under hard flat ground driving conditions. The strain gage-based measurement system was constructed, and the strain gage was attached on the highest stress spot of the fastening devices derived from structural analysis. The static safety factor and fatigue life of the fastening devices were calculated using the measured strain values and by converting it into stress data. The two operating conditions are considered to be the loading part of the by-product collector, lifted and non-lifted. The results for all fastening devices showed that the static safety factor was larger than 1.0 and the fatigue life was much greater than the expected lifetime under both operating conditions. Therefore, it can be concluded that the fastening devices of the by-product collector can be operated reliably under hard flat ground driving conditions. In future work, we plan to evaluate the safety of the fastening devices in various actual orchard farm environments.






Keywords:


agricultural by-product collector; fastening device; fatigue life; hard flat ground; static safety factor












1. Introduction


When a material is subjected to repeated stress for a long time, fatigue proceeds and fractures occur; this phenomenon is called fatigue failure [1,2,3]. In addition, the time or number of loading cycles until the material subjected to repeated load fails is called fatigue life. In fact, most of the causes of mechanical and structural damage are reported to be due to fatigue, resulting in loss of life and property [4]. In order to minimize these losses, it is important to accurately determine the fatigue life of the material and reflect it in the design [5]. This is also important in the design of agricultural machinery. In order to accurately evaluate the fatigue life of agricultural machinery, the magnitude and frequency of load that occur during actual agricultural work should be measured [6,7]. However, this is not easy because it is time-consuming and costly.



Hwang et al. performed a conceptual design of an agricultural by-product collector to directly collect or process agricultural by-products [8]. Considering the characteristics of the cultivation environment of fruit trees, which are the main target crops, the agricultural by-product collectors are mainly operated off-site. When the agricultural by-product collector moves in an off-road working environment with a lot of gravel, stones, and obstacles, there is a high possibility that the fragile part will be damaged by repeated loads and stresses. Therefore, it is necessary to evaluate the fatigue life of the vulnerable part of the agricultural by-product collector in order to increase the safety of the worker and prevent damage and breakdown.



Fatigue life is predicted through the S–N curve indicating the number of stress cycles and the frequency of repeated stress was identified through the rain-flow counting method. Studies to evaluate the fatigue life of machines and structures through the rain-flow counting method and the S–N curve have been conducted in various fields. Kim et al. measured the stress of the rail under KTX running and calculated the equivalent stress through the rain-flow counting method, then the fatigue life of ground rail was predicted using the Modified Miner’s rule [9]. Cho et al. derived the stress profiles of the carrier weak points using commercial FE software and predicted the fatigue life of a planet carrier of a slewing reducer for a tower crane using the equivalent stress range, an S–N curve and the cumulative damage law [10]. Lee et al. constructed a load spectrum for torque and traction force generated during plowing in dry land and derived the fatigue life of the plow through the S–N curve of the material [11]. Paraforos et al. developed a sensor frame attached on a tractor 3-point hitch to measure the field profiles and the driving stress. Additionally, they derived the fatigue life of the 3-point hitch using a rain-flow counting method [12]. Paraforos et al. attached 28 strain gages to the rotary swather to measure the load generated when driving farmland and general roads, and derived the fatigue life [13]. Kepka et al. measured stress spectra and evaluated fatigue life using S–N curves for different materials of T-joint [14]. Han et al. measured the traction force of the tractor-mounted garlic–onion harvester through field experiments, and derived the fatigue life based on the rain-flow counting method and the Goodman equation [15].



In this study, the stress generated in the fastening device, which is a weak part, was measured when the agricultural by-product collector designed by Hwang et al. [8] was running, and the fatigue life was derived using a commercial analysis program. A theoretical analysis was performed to derive the fatigue life, and the process of a commercial analysis program was constructed based on the results of the theoretical analysis. In addition, by utilizing the rain-flow counting method, the equivalent completely reversed stress was derived and the load spectrum was constructed.




2. Materials and Methods


2.1. Agricultural By-Product Collector


The shape of the agricultural by-product collector used in this study is shown in Figure 1. The agricultural by-product collector consists of a collecting part, a transferring part, a loading part, and a driving part. The collecting part/transferring part and the loading part/driving part are connected by a fastening device and are designed for easy attachment and detachment. The characteristics and functions of each part of the agricultural by-product collector are as follows:




	(1)

	
Collecting part: ADC motor is used as a power source to rotate the collecting brush, and the two rotating collecting brushes collect agricultural by-products in the center.




	(2)

	
Transferring part: A conveyor belt is operated using a chain-sprocket and a DC motor, and agricultural by-product collected in the center by the collecting brush are transferred to the loading unit through the conveyor belt.




	(3)

	
Loading part: The transferred agricultural by-products can be loaded, and the maximum loading weight is 100 kg. The size of the loading box was designed to be 900 × 1100 × 450 mm based on the size of the target crop, the fruit tree pruning branch. In addition, the loading box can be raised by applying the lift function.




	(4)

	
Driving part: By applying a caterpillar track, it is possible to steer forward/reverse and left/right.




	(5)

	
Fastening device: The shape of the fastening device is shown in Figure 2, it is designed to be fastened to the frame located at the bottom of the loading part in the form of a cantilever derived from the collecting/transferring part.









The fastening device has a structurally weak cantilever shape and is subjected with a large load because it has to support the self-weight of the collecting part/transferring part. When the agricultural by-product collector works on flat ground, it can be determined as the structurally weakest part, so it is necessary to analyze the fatigue life of the fastening device to determine the safety of the agricultural by-product collector.




2.2. Structural Analysis of Agricultural By-Product Collector Fastening Device


Structural analysis was performed using a commercial simulation program (Recurdyn V8R5, Functionbay, Seongnam, Korea) to determine the location of the maximum stress spot in the fastening device of the agricultural by-product collector. For the simulation, the actual shape of the agricultural by-product collector was modeled in three dimensions (Figure 3), and the actual physical properties and simulation parameters for each part of the agricultural by-product collector were input through literature research [16,17,18,19,20]. The physical properties and parameters of each part are shown in Table 1. The gravitational acceleration was set to act vertically downward with a magnitude of 9.81 m/s2, and the ground was assumed to be a rigid body. In addition, air resistance generated during driving was neglected. Reflecting the actual conditions, the fastening device of the agricultural by-product collector was set to support all of the 2166 N self-weight of the collecting/transferring part (Figure 4). The shape of the grid for the flexible body stress analysis is a triangle, and the size is 12.0–16.1 mm, depending on the location.



As a result of structural analysis of the fastening device of the agricultural by-product collector, a maximum stress of 158.97 MPa occurred at the upper end of the fastening device at a distance of 17.5 cm from the frame of transferring part of agricultural by-product collector (Figure 5).




2.3. Measurement System and Operating Conditions


A measurement system was constructed to measure the strain and stress generated in the fastening device when the agricultural by-product collector is working (Figure 6). As a result of structural analysis of the fastening device of agricultural by-product collector, a single-axis strain gage was attached to the top of each fastening device at a distance of 17.5 cm from the frame of transferring part, which is the location where the greatest stress occurs (Figure 7). The specifications of the strain gages used are shown in Table 2. The signal from strain gage that measured strain and stress was transmitted to a data acquisition device (DEWE-43A, Dewesoft, Trbovlje, Slovenia), and the transmitted data can be measured and analyzed in real time using the Dewesoft program (DewesoftX3, Dewesoft, Slovenia). The sampling frequency of the data collection device was set to 10 Hz to include the peak value through a preliminary test, and the driving distance was set to 15 m for one test.



When the agricultural by-product collector is working, a variable stress is generated in the fastening device due to the weight of the collecting/transferring part. The test was conducted by dividing the driving condition into a case in which the loading part was lifted to the highest point by using a hydraulic device and a case in which the driving part was driven without lifting the loading part. The former represents the most severe driving condition, while the latter represents the moderate condition. We chose the most severe and the normal moderate driving conditions for representative conditions in this study. Figure 8 shows that the collecting/transferring part is lifted to the highest point. Three repeated tests were performed under the same driving conditions and the average was used as a representative value. The working speed was set to 1.0 m/s, suitable for the agricultural by-product collector, by referring to previous studies [8]. A hard and flat concrete was selected as the test field.




2.4. Theoretical Analysis


2.4.1. Static Safety Factor


When the static safety factor is greater than 1.0, it means that the design is statically safe. However, if the maximum stress in a specific area is greater than the strength of the material, the static safety factor becomes less than 1.0, which is dangerous in design, and the parts fail or do not function properly [21]. Therefore, it is necessary to analyze the static safety factor of the agricultural by-product collector. As in Equation (1), the static safety factor can be calculated using the yield strength of the material and the maximum stress.


  S . F . =    S y     σ  m a x      



(1)




where   S . F .   is the static safety factor;    S y    is yield strength of the material, MPa; and    σ  m a x     is the maximum stress, MPa.




2.4.2. Fatigue Life


The measured strain was converted into stress using Equation (2).


  σ = E × ε  



(2)




where  σ  is the stress, N/m2;  E  is the modulus of elasticity, N/m2; and  ε  is the strain, mm/mm.



In order to construct the load spectrum, the magnitude of the load must be expressed into the frequency domain. The load spectrum represents the equivalent of a completely reversed load as a function of its occurring frequencies [22]. A load from a time domain can be expressed into the frequency domain by applying a rain-flow counting method. In addition, in order to derive the durability life, the magnitude of the load must be converted into an equivalent of completely reserved stress. For this, the load spectrum for the equivalent completely reserved stress is derived by applying the Goodman’s equation as shown in Equation (3).


   σ  e q   =    S u   σ a     S u  −  σ m     



(3)




where    σ  e q     is the equivalent completely reserved stress, MPa;    S u    is the ultimate strength, MPa;    σ a    is the stress amplitude, MPa, and    σ m    is the mean stress, MPa.



By applying the Palmgren–Miner rule to the load spectrum, the damage sum can be calculated as in Equation (4). In the cumulative damage theory, the total damage is derived by adding all the partial damage caused by all the loads acting on it. A stress spectrum is prepared using a load spectrum expressed as an equivalent completely reserved load, and partial damage can be calculated using the ratio of the actual applied loading cycles at each stress to the respective life cycles corresponding to that stress in the S–N curve. However, at a stress less than the endurance limit, fatigue failure does not occur, regardless of the frequency, so partial damage to the stress below the endurance limit is calculated as 0. The fatigue life is calculated using the damage sum and working time as shown in Equation (5).


   D t  =   ∑   i = 1  k     n i     N i     



(4)




where    D t    is the damage sum;    n i    is the actual applied cycles for equivalent completely reversed stress in the ist cycle, respectively; and    N i    is the life cycles for equivalent completely reversed stress in the ist cycle, respectively.


   L f  =  1 D  × t  



(5)




where    L f    is the fatigue life, sec;  D  is the damage sum; and  t  is the working time which generate damage sum, sec.





2.5. Fatigue Life Analysis


Fatigue life was calculated using commercial software nCode (nCode, HBM Prenscia, Southfield, MI, USA). The fatigue life analysis process is shown in Figure 9. The input for this process is time series stress data. After entering the time series stress data, the S–N curve of the fastening device of agricultural by-product collector was selected from the library of nCode program [23]. The material of the fastening device of the agricultural by-product collector is Steel UML UTS 300, and the physical properties and S–N curve are shown in Table 3 and Figure 10. After the process is executed, the rain-flow counting result, the damage result, and the fatigue life result can be obtained.





3. Results and Discussion


Figure 11 shows the shape of measured stress at each fastening device of agricultural by-product collector when the loading part was lifted to the highest point. The average maximum stresses for three repeated experiments were 183.6 MPa and 172.8 MPa for fastening devices 1 and 2, respectively. Figure 12 shows the shape of measured stress when the loading part was not lifted. The average maximum stresses were 145.8 MPa and 139.4 MPa for fastening devices 1 and 2, respectively. The stress level and its deviation were higher when the loading part was lifted because of the cantilever effect. The low-frequency fluctuation of stress was found in the non-lifting condition due to the interaction between collecting part of the collector and the ground.



The yield strength of the Steel UML UTS 300 that is the material of fastening devices was 230.769 MPa, and the average maximum stresses generated in each fastening device for each driving condition were measured to be 183.6 MPa, 172.8 MPa, 145.8 MPa, and 139.4 MPa as mentioned earlier. The static safety factors of each fastening device were calculated using these values and Equation (1) (Table 4). The static safety factors of fastening devices were greater than 1.0 in both driving conditions. Therefore, the design of the fastening device of agricultural by-product collector can be determined to be statically safe.



The shape of damage histogram for each driven conditions are shown in Figure 13 and Figure 14. A few load conditions caused most of the damage, and the other load conditions have negligible effect on the damage. Table 5 and Table 6 show the maximum damage condition at each fastening device. The maximum damage condition occurred in just one cycle; however, it accounted for more than 60% of the total damage. Therefore, it can be seen that the specific load condition has a decisive effect on the damage and fatigue life of the fastening device. Total damage was larger at the lifted loading part condition compared to the non-lifted condition. The shape of the load spectrums at each fastening device is shown in Figure 15 and Figure 16. It can be seen that the cycle in which the maximum load occurs is small, and the cycle occupied by a load less than 10 MPa accounts for more than 50%.



Table 7 shows the calculated fatigue life using total damage for each driving condition. Through a literature review, the average annual pruning time of orchard farmers in Korea was found to be 38.5 h [24]. Assuming that the agricultural by-product collector is continuously driven during the pruning season, the fatigue life of the fastening devices 1 and 2 is 8258 and 6105 years, respectively, when the loading part is lifted. In addition, the fatigue life of the fastening devices 1 and 2 under the condition that the loading part is not lifted is 17,095 and 38,993 years, respectively. Considering that the average service life of agricultural machines is 9 years in Korea [25], the fatigue life of the fastening device is sufficient, and it can be concluded that the fastening devices can be driven reliably for its expected lifetime.




4. Conclusions


In this study, the stress generated in the fastening device of the agricultural by-product collector was measured during flat ground driving to evaluate the static safety factor and fatigue life. The strain gage-based measurement system was constructed, and the experiment was conducted under the driving conditions of the lifted and non-lifted loading part of the by-product collector.



The main results of this study are as follows:




	(1)

	
The average maximum stresses of the fastening devices 1 and 2 when the agricultural by-product collector was driven with the lifted loading part condition were 183.6 MPa and 172.8 MPa, respectively. Additionally, for the non-lifted loading part condition, the average maximum stresses of fastening devices 1 and 2 were 145.8 MPa and 139.4 MPa, respectively.




	(2)

	
The static safety factors of the fastening devices ranged from 1.3 to 1.7 depending on operating conditions. It is considered that the fastening devices of agricultural by-product collector are statically safely designed for its hard flat ground driving conditions.




	(3)

	
The maximum damage of the fastening devices ranged from 6.41 × 10−9 to 2.31 × 10−8 depending on driving conditions. A few load conditions caused most of the damage, and the other load conditions have a negligible effect on the damage.




	(4)

	
Considering the average annual fruit tree pruning time of orchard farmers in the Republic of Korea, the fatigue life of the fastening devices ranged from 6105 to 38,993 years. It exceeds the expected lifetime of agricultural machinery in Korea, and it can be concluded that the fastening devices can be driven reliably on hard ground.









In future research, we plan to evaluate the static safety factor and fatigue life of the fastening devices when the agricultural by-product collector operates in various orchard farm environments.
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Figure 1. Shape of agricultural by-product collector. 
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Figure 2. Shape of fastening device. 
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Figure 3. 3D modeling of agricultural by-product collector. 
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Figure 4. Self-weight of collecting/transferring part. 
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Figure 5. Maximum stress generated on the fastening device. 
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Figure 6. Configuration of measurement system. 
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Figure 7. Attachment point of the strain gage. 
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Figure 8. Collecting/transferring part lifted to the highest point. 
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Figure 9. Fatigue life analysis process using nCode. 
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Figure 10. S–N curve for Steel UML UTS300. 






Figure 10. S–N curve for Steel UML UTS300.



[image: Agriculture 12 01071 g010]







[image: Agriculture 12 01071 g011 550] 





Figure 11. Measured stress at each fastening device when loading part lifted: (a) fastening device 1; (b) fastening device 2. 
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Figure 12. Measured stress at each fastening device when loading part not lifted: (a) fastening device 1; (b) fastening device 2. 
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Figure 13. The shape of damage histogram when loading part is lifted: (a) fastening device 1; (b) fastening device 2. 
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Figure 14. The shape of damage histogram when loading part is not lifted: (a) fastening device 1; (b) fastening device 2. 
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Figure 15. Load spectrum at each fastening device when loading part is lifted: (a) fastening device 1; (b) fastening device 2. 
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Figure 16. Load spectrum at each fastening device when loading part is not lifted: (a) fastening device 1; (b) fastening device 2. 
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Table 1. Material properties for simulation.
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Items

	
Value






	
Alloy steel (body frame)

	
Poisson’s ratio

	
0.3




	
Shear modulus (GPa)

	
0.3




	
Density (kg/m3)

	
1900




	
Synthetic rubber (wheel)

	
Poisson’s ratio

	
0.46




	
Shear modulus (GPa)

	
0.4




	
Density (kg/m3)

	
950




	
Interaction between wheel and ground

	
Stiffness (N/mm)

	
408




	
Damping coefficient

	
2.8




	
Coefficient of static friction

	
1.55




	
Coefficient of dynamic friction

	
0.8
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Table 2. Specification of strain gage.
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	Item
	Specification





	Model/Company/Nation
	KFGS-5-350-C1-11/KYOWA/Japan



	Gage factor (%)
	2.13 ± 1.0%



	Gage Length (mm)
	5



	Gage Resistance (Ω)
	350.0 ± 0.7%
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Table 3. Material properties of fastening device.
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	Item
	Material Properties





	Material
	Steel UML UTS300



	Yield strength (MPa)
	230.769



	Ultimate strength (MPa)
	300



	Elastic modulus (MPa)
	2.07 × 105
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Table 4. Static safety factor of the fastening device.
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	Item
	Fastening Device 1
	Fastening Device 2





	When loading part is lifted
	1.3
	1.3



	When loading part is not lifted
	1.6
	1.7
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Table 5. Maximum damage condition at each fastening device when loading part is lifted.






Table 5. Maximum damage condition at each fastening device when loading part is lifted.





	Item
	Mean Stress (MPa)
	Stress Amplitude (MPa)
	Equivalent Stress (MPa)
	Damage
	Number of Cycles





	Fastening

device 1
	159.83
	30.19
	64.62
	2.31 × 10−8
	1



	Fastening

device 2
	145.84
	31.16
	60.63
	1.43 × 10−8
	1
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Table 6. Maximum damage condition at each fastening device when loading part is not lifted.






Table 6. Maximum damage condition at each fastening device when loading part is not lifted.





	Item
	Mean Stress (MPa)
	Stress Amplitude (MPa)
	Equivalent Stress (MPa)
	Damage
	Number of Cycles





	Fastening

device 1
	113.19
	40.17
	64.51
	2.28 × 10−8
	1



	Fastening

device 2
	109.92
	34.49
	54.43
	6.41 × 10−9
	1
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Table 7. Fatigue life of each fastening device.






Table 7. Fatigue life of each fastening device.





	
Driving Condition

	
Fastening Device

	
Fatigue Life (Hours)

	
Fatigue Life Considering 38.5 h of Annual Working Time (Years)






	
When loading part is lifted

	
1

	
3.180 × 105

	
8258




	
2

	
2.351 × 105

	
6105




	
When loading part is not lifted

	
1

	
6.582 × 105

	
17,095




	
2

	
1.501 × 106

	
38,993
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