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Abstract

:

While up-right build structures are under construction, an over-hung crane has a major role in efficient lifting and transporting heavy materials from one point to another. There are several types of cranes for a variety of construction sites, such as bridge/overhead, barge lift, tower crane, etc. The mobile crane is one of the most widely used types of construction equipment due to its mobility. Unfortunately, the number of crane accidents including casualties and deaths has increased over the last decade. In order to reduce these fatal tragedies, a dynamic simulator of mobile cranes based on analyzed overturn limit data has been developed and analysis results have been applied to site tests. The test bench is formulated to simulate the actual construction field and some practical experiments have been performed in realistic manners of operation. Moreover, wireless network communication systems are applied for monitoring the status of the crane from a distance where visibility is not secure. Consequently, the applicability in the field derived from operating the simulator and actual vehicle testing confirmed the feasibility of applying it to construction sites.
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1. Introduction


While up-right build structures are under construction, an over-hung crane has a major role in efficient lifting and transporting heavy materials from one point to another. There are several types of crane in various construction sites, such as bridge/overhead, barge lift, tower crane, etc. The mobile crane is one of the most widely used types of construction equipment due to its mobility. The mobile crane is a system equipped with a crane on a commercial vehicle for general crane functions. Recently, large-sized and high-powered cranes are required according to the size of the construction site [1]. The increase in architectural scale occurs in high altitude operations with heavy materials. Moreover, lifting and holding materials in harsh conditions such as strong winds, heavy rain and ground vibration has catastrophic consequences on the safety of operators [2]. M.F. Milazzo et al. (2016) reported that mobile cranes account for approximately 72% of accidents during the entire construction period [3]. Mobile cranes are prescribed to prevent accidents as a type of heavy lifter in “Article 132 of the Rules for Occupational Safety and Health” in South Korea. Nevertheless, the number of crane accidents including casualties and death have increased over the last decade [4]. Much research on the safety of tower [5,6] and bridge cranes [7,8] have been performed worldwide [9]. The major causes of mobile crane accidents are overturning (45%) due to structural failure [10] of the outrigger, collapse of ground and overloading. Overloading could be well addressed through obeying procedure and following regulations [11].



In this paper, a dynamic simulator of mobile cranes based on analyzed overturn limit data from zero moment point (ZMP) theory [12,13] has been developed and analysis results were applied to site tests. The test bench was composed of an actual construction field and the practical experiments were performed in a realistic manner of operation. Moreover, wireless network communication systems [14] were applied for monitoring the status of the crane from a distance where visibility was not secure. Consequently, the applicability to the field from operating the simulator and actual vehicle tests, confirmed the feasibility of application to the construction site.




2. A Simulator of Mobile Crane


2.1. Zero Moment Point Theory


In order to develop the dynamic simulator of mobile cranes, numerical analysis of turnover felling limit had to be produced. The limit data analysis has been derived from zero moment ZMP theory of mass systems for position vector P [15]. Equation (1) and the parameters of the equations are listed in Table 1; assuming that the ZMP for the vehicle could be written as Equation (2); the ZMP for acceleration and rotation velocity to determine the overturning can be rewritten as Equation (3); assuming that the moment and external force are not applied Equation (3) could be expressed as Equation (4).
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In order to determine the overturning stability from ZMP theory a stable area has to be established. In the case of caterpillar excavators, the rectangular area set as a stable area was formed by the length and width of the caterpillar. With typical construction equipment whose operation requires the unfolding of the outrigger, such as with mobile cranes, the rectangular area formed by the front and rear outrigger is distributed, allowing for a stable area as shown in Figure 1.




2.2. Overturn Securing Algorithm


The x and y components of the ZMP could be calculated by the mass (weight), center of gravity position and gravitational acceleration component as shown in Equation (4). Based on this information, the ZMP is derived from classifying the fixed vehicle body and the variable part of the boom and load. Moreover, the ZMP requires reference coordinates as location information. The point initiates where the center of the pivot axis of the boom meets the ground and is set as the reference coordinate system; the boom coordinate system is set to the center of the first axis of rotation of the boom, for convenience of calculation. The process of anti-overturn securing algorithms is shown in Figure 2.



The 20-ton-class mobile crane manufactured was 3D modeled and composed of major components such as columns, rotation plates, sub-frames, outriggers and tires as shown in Figure 3. The 3D modeling performed various movements, such as withdrawal, intakes and ascending, descending from column parts, etc.; the design also included pivoting with the rotation plate.




2.3. Dynamic Characteristic Analysis


In order to investigate dynamic characteristics, actual parameters such as weight, length, relief angle, working radius and outrigger length of the crane are reflected in the analysis. The dynamic analysis was applied to the movement of the boom’s turning, ascending and descending (center of gravity change). The outrigger reaction force value, which is the support point, was derived and analyzed. Moreover, crane operation was simulated considering the constraint, contact and load conditions and the result was derived for the entire crane model through dynamic analysis.



The limit of overturning has been analyzed according to the working radius of the crane through dynamic simulation. The simulation was performed to find a situation where the undulation angle was fixed at 0° and the boom length was adjusted (work radius change) to invert when a limit load was applied at each work radius. The total analysis time was 45 s and a simulation was performed sequentially, turning 90 degrees from the rear to the lateral direction (counterclockwise) and then descending from a maximum angle of 78 to 0 degrees. At this time, the total length of the boom was 21.6 m and the loading weight was set to 4 tons.



As for the results of the analysis from Figure 4, the graph confirmed that the size of the reaction force was almost the same in all four positions of the front and rear outriggers due to the large body weight of 26 tons compared to the 3 tons load weight. The load weight is insignificant, so the magnitude of the four-point reaction force is not significantly different. As the analysis progressed, the rear outrigger reaction force gradually increased while the external force increased and the loading weight increased, while the front outrigger reaction force decreased; the overturning load was reached when the front outrigger reaction force became 0 N. The side overturning from load weight 48,070 N simulation is shown in Figure 5.



Table 2 shows the result of the reaction forces of the outrigger. The result confirmed that the larger the working radius, the smaller the felling load size in addition to the inversely related relationship with the felling moment value and the working radius. Table 2 summarizes the size of the initial outrigger reaction forces.



Prior to the actual vehicle experiment, optimization considering the weight of the crane cabin and attachments was performed to compare the simulated values of the four outrigger points and the measured values at the points installed on the ground. While calibrating the simulation model based on the value of the outrigger reaction force, the error rate between the measured value of each outrigger and the analyzed value for each outrigger position was calculated to be 1.7%, 3.9%, 7.7%, 7.6% and the result was consistent with the measured value as shown in Table 3.



Since the center of gravity of the body of the crane modeling is almost similar to the actual crane, it was possible to develop a simulation model similar to the actual vehicle through optimal arrangement of auxiliary parts.





3. Performance Evaluation and Field Test


The mobile crane control program was developed and applied before the actual test and the crane safety program is shown in Figure 6. The system was designed from the ZMP algorithm through Visual Studio 2015 MFC and included the configuration of fixed and variable parameters, the displaying of ZMP results, overturn securing ratio and prediction and warning signals. Moreover, the remaining distance to the felling point, two-stage alarm display and safety display function for each turning angle were added and the maximum lifting load and safety factor was calculated.



In order to find the overturn limit of mobile cranes, the felling condition was determined according to the current state of the crane by using the load change applied to the four outriggers supporting the crane. The crane extends the four outriggers to 0~25 m according to the experimental conditions and locates the axle underneath as shown in Figure 7 (a sensor for measuring the load applied to the outrigger) and then lifts the crane by lowering the outrigger.



After positioning, the crane performs work according to various experimental conditions from the initial state and simultaneously monitors the reaction force of the outrigger and the state of the crane through the monitoring program as shown in Figure 8.



The system was developed in a PC environment, connected to two USB ports using serial to USB gender and developed a program using NI Labview. Crane data was programmed to receive 12 data separated by line feed constants. The crane axle was configured to receive and display 4 individual crane data from its own indicator. The displayed value is the sum of the total weight and is displayed on the indicator. Using the monitoring program, we observed the change in reaction force measured in the axle according to the movement of the crane as shown in Figure 9.



Each outrigger’s reaction force result and actual vehicle operation data from attached sensors were equipped with a dual-core CPU or higher to support the appropriate transmission rate of the Android-based OS. The transmission to the control server, 3G or 4G (LTE) communication was used and the Internet of Things (IoT) communication module was adapted to reduce the cost of transmission. Bluetooth 4.0 or higher was used for communication between the terminal and the display, a G-mouse type external GPS module installed inside the terminal was applied to collect location information. Moreover, a temperature sensor and an impact sensor were additionally installed to detect the impact of temperature and impact on the terminal during operation. Lastly, the housing was manufactured based on the theory of mechanism design to satisfying the grade of IP66 (International Protection ratings).



The data was stored in accordance with various case experiment scenarios and compared the results with dynamic analysis. The crane measured and stored the amount of reaction force change of the axle crane in real time according to changes in boom length, swing and undulation angle and compared it with dynamic analysis results (moments) and showed a match rate of up to 95%. Figure 10 shows the result of the load changes of the crane according to the boom length.



The data was stored to various experiment scenarios which compared the results via dynamic analysis. The crane measures and stores the amount of reaction force change to the axle crane in real time according to changes in boom length, swing and undulation angle and compares it with dynamic analysis results (moments), showing a match rate of up to 95%. Figure 10 shows the result of the load changes to the crane according to the boom length.



Utilizing the monitoring program developed, the reaction force changes were measured on the axis mid-term relative to the motion of the crane and stored according to the test scenario. The data for comparison of results to the dynamic analysis results are shown in Table 4.



Table 4 compares the reaction force and analysis value of the outrigger point, which is the basic condition of the crane boom length at 7.7 m and after lifting the boom 13 m, it lifts 2 tons of heavy weight and compares the actual measured value with the analysis value. Point 1 is the right front outrigger, 2 is the left front outrigger, 3 is the right rear outrigger and 4 is the left rear trigger axle weight value.




4. Conclusions


The mobile crane is one of the most widely used cranes and accounts for approximately 72% of accidents during the construction with the crane. The major causes of mobile crane accident are overturning (45%), structural failure of the outrigger, collapse of the ground and overloading. In order to reduce the number of crane accidents, an anti-overturn securing Monitor System is suggested, a dynamic simulator of mobile cranes based on analyzed overturn limit data was developed and analysis of the results was applied to the site test. The test bench was formulated to simulate the actual construction field and some practical experiments were performed in the realistic manner of operation. The overturning limit was determined based on the ZMP position in the set stable area and the stability of the mobile from dynamic characteristic results or the crane was displayed on the terminal through the axle installed in four places. The applicability in the field was confirmed using the simulation result values according to the overturning limit and then the adequate test was carried out to determine the feasibility of the designed simulator to the construction site. The result from actual field tests was performed using the movement test during the actual construction and various crane operations. Moreover, an Internet of Things (IoT) communication module was adapted to transmit to the control server and Bluetooth 4.0 was used for communication between the terminal and the display.
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Figure 1. Schematic diagram of the stable area of a mobile crane. 
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Figure 2. The process of anti-overturn securing algorithms. 
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Figure 3. 3D Modeling of mobile crane (Model No. SS7506). 
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Figure 4. The simulation result of rear overturning. 
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Figure 5. The simulation result of side overturning. 
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Figure 6. The mobile crane control program UI. 
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Figure 7. The outrigger axle installation in actual field test. 
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Figure 8. The real time monitoring system of mobile crane. 
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Figure 9. Measuring the reaction force of mobile crane. 
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Figure 10. The result of the axel loads according to changes boom length. 
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Table 1. Description of variables.






Table 1. Description of variables.





	Nomenclature
	Description





	    m i    
	mass of particle  i 



	   G =   [  g x     g y     g z  ]  T      
	gravitational acceleration



	    r i  =   [  x i     y i       z   i  ]  T    
	position vector of particle  i 



	   P =   [  x  z m p      y  z m p      0  ]  T    
	position vector



	    S k  =   [  x k     y k       z   k  ]  T    
	position vector where external force  k 



	   T =   [  T x     T y     T z  ]  T    
	resultant torque acted on point  P 



	    F k  =   [  F  x k      F  y k      F  z k   ]  T    
	external force  k 



	    M i  =   [  M  x j        M    y j        M    z j   ]  T    
	external moment  j 
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Table 2. Analyzed results of outrigger reaction forces.






Table 2. Analyzed results of outrigger reaction forces.





	Operation Radius (m)
	Overturn Load (kN)
	Initial Reaction Force Front Outrigger (kN)
	Initial Reaction Force Rear Outrigger (kN)





	13
	227
	79.8
	79.5



	16
	171
	72.5
	86.8



	19
	122.5
	65.1
	94.1
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Table 3. Comparison between the simulation result and actual load of reaction force.
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	Reaction Forces (kgf)
	Right Front
	Left Front
	Right Rear
	Right Rear





	simulation
	7916
	7961
	4908
	4913



	actual loads
	8120
	8290
	5320
	5320
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Table 4. Comparison between the simulation result and actual load of reaction force.
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Reaction Forces (kgf)

	

	
7.7 (m)

	
13 (m)

	
Lift 2 Tons






	
simulation

	
1

	
8090

	
7160

	
6890




	
2

	
8180

	
7320

	
6910




	
3

	
5280

	
6180

	
7510




	
4

	
5320

	
6230

	
7580




	
actual loads

	
1

	
8240

	
1630

	
7059




	
2

	
8256

	
1645

	
7065




	
3

	
5188

	
8489

	
7405




	
4

	
5188

	
5745

	
7390




	
error (%)

	
1

	
1.8

	
4.5

	
2.4




	
2

	
0.9

	
3.4

	
2.2




	
3

	
1.7

	
4.8

	
1.3




	
4

	
2.4

	
4.7

	
2.5
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