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Summary: Failure of a structural or mechanical component of cranes usually can be associated with materials-related problems and/or design-related, as well as the fabrication-related problems or inadequate structural maintenance. Also, crane components and structure experience a spectrum of stresses while operating.  Therefore, about ten percent of material handling high-performance machines failures can be attributed to fatigue failure. In most cases these failures were unexpected and lead to catastrophic consequences. This paper discusses some aspects in failure analysis of cranes, particularly high-performance ones, gives the background for failure analysis and presents some typical examples of failure. The aim of this article is to encourage practitioners in the failure investigation process to look beyond the metallurgical issues and to also examine the loads and stresses.
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1. INTRODUCTION 

Exploitation of heavy duty and high-capacity lifting/conveying and earthmoving machines such as cranes (tower cranes, container cranes, ship unloaders, gantry cranes, elevators, conveyors, etc.), bucket wheel excavators and stacker/reclaimers under the action of highly pronounced dynamic loads, may lead to failures of their structural parts, substructures and subassemblies - plastic deformations, cracks and fractures. Failures of the cranes’ structural parts unavoidably lead to serious damages or total collapses; these accidents are often followed by very high financial losses (millions of €) and possibly serious injuries or crane-related fatalities. A lot of data reveals on the serious consequences of cranes’ accidents. For instance, more than 500 US construction workers died in crane accidents between 1984 and 1994, according to a study of Occupational Safety and Health Administration (OSHA), while the International Union of Operating Engineers revealed that 502 workers died in 480 separate accidents - major causes included assembly/dismantling (12 percent), boom buckling (8 percent), rigging failure (7 percent) and overturn (7 percent). [1]. The US Department of Labor OSHA in May 2010 estimated there are as many as 82 fatalities annually associated with cranes in construction, and said a more up-to-date standard would help prevent them. The increase of cranes numbers was followed by the increase of accidents, so in 2009, according to the source [1], have been reported 303 accidents with 197 deaths (in the same period, according to Aviation Safety Network - http://aviation-safety.net/, have been reported 30 aircraft accidents with 757 fatalities). Statistics reveal that crane accidents are the most common cause for construction site death. There are over 125,000 cranes used in operation in the construction injury and another 100,000 in general and maritime industries. The causes of crane-related deaths in US construction industry in the period 1992-1996 are given in Fig. 1 [2].  
[image: image2.emf]                     

Fig. 1 Causes of crane-related fatalities in US construction (1992-2006)[2]
*   Included 64 struck by falling booms/jibs, ** Included 21 falls from cranes, 9 falls from crane baskets, 8 from crane loads, ***Other causes included 9 highway incidents.
Types of cranes usually involved in statistical data are mobile cranes, tower cranes, floating or barge cranes and overhead cranes. At least 71% of all crane-related accidents involved mobile cranes, Fig. 2a. Mobile cranes are involved e.g. in 63% of all crane collapses, tower cranes are involved in 5% of all crane-related incidents, while other and unspecified cranes were involved in 24% of all crane related incidents [2]. The reasons of the crane collapses are shown in Fig. 2b [2]. According to [3], there is 30 plus major accidents annually worldwide with around 50 deaths. Also, since the year 2000 there have been over 1112 tower crane accidents which have resulted in over 778 deaths and countless injuries [3]. Of course, many accidents are never reported on, so the data can perhaps be doubled. Worldwide tower crane accident statistics in the year 2009 gives 176 accidents resulting in 75 deaths, while in the year 2010 we have 112 accidents with 62 deaths [3]! The incidents analyses statistics show that a non-negligible number of reasons leading to the accidents remain unknown. 
Mechanical and civil engineering structures are always designed to carry their own dead weight, superimposed loads and environmental loads such as e.g. wind or waves. These loads are usually treated as maximum loads not varying with time and hence as static loads. In some cases, the applied load involves not only static components but also contains a component varying with time which is a dynamic load. In the past, the effects of dynamic loading have often been evaluated by use of an equivalent static load, or by an impact factor, or by a modification of the factor of safety [4]. Many developments have been carried out in order to try to quantify the effects produced by dynamic loading. Examples of structures where it is particularly important to consider dynamic loading effects are the construction of tall buildings, long bridges under wind-loading conditions, buildings in earthquake zones, high-performance cranes etc. Exploitation of high-performance cranes in insensitive working conditions provides fertile ground for the occurrence of fatigue cracks, while extreme environmental conditions may also cause disastrous consequences, even when machines are out of operation. Brittle fracture occurrence of vital parts of the structure is also possible in the installation stage of the machine [5]. The above examples confirm that a failure with disastrous consequences is possible at any stage of the product life cycle [5]. In addition, they confirm the factual existence of four main reasons for the collapse of high-capacity lifting/conveying and earthmoving machines [6]: (1) design faults, the so-called ‘designing-in’ defects, [6,7]; (2) manufacture faults causing the so-called ‘manufacturing-in’ defects, [6,7]; (3) exploitation faults – according to [7], these causes can be named ‘operating-in’ defects; and (4) extreme environmental impacts – unusual occurrences (extreme storm, earthquake, fire) – according to [7], these causes can be named ‘environment-in’ defects. Of course, machine failures are often the result of a combination of several different causes [6].
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Fig. 2 a) Overturning of the mobile crane, b) Statistics of crane collapses 
2. some examples in cranes failure
Several different examples of crane failures and accidents, reported in the last decade, can be found in the following references and explained shortly in this paper. Failure analysis of mobile harbor crane wheel hub is presented in [8], while the failure analysis demonstrated that the mechanism of failure was fatigue due to the service-induced growth of a fatigue crack and stress-concentrating effects of that crack on motioninduced stresses. Failure analysis of a large ball bearing of a dockside crane is shown in [9]. Analysis of the bearing showed that faulty hardening of the bearing caused pitting of the raceways, which led to failure of the bearing. It should be mentioned that in both papers [8,9] the authors didn't carry out a thorough structural analysis and/or e.g. employ FEM to evaluate the failure. Practically they used a ''mettalurgical'' approach to analyze failure. On the other hand some failure case studies encompassed a more detailed structural analysis including FEM [3, 10, 11, 12, 13]. For instance   fatigue damage analysis and repair procedure at the large 250 kN portal crane placed in the shipyard is shown in [10].  The fatigue cracks occurred at several critical points, i.e., on the bottom of the tower and on both legs of the portal, Fig. 3a). Previous attempts of repair by simple welding of cracks were not successful, because new cracks were detected soon after the repair, Fig. 3b).When cracks reached the critical length (300–500 mm), the exploitation of the crane was stopped and detailed analysis was carried out. First cracks were detected soon after the crane was placed in the shipyard. The crane was still in usage with the reduced allowed carrying capacity (50 kN instead of nominal 250 kN), but the cracks continued to grow. In order to find the source of crack initiation and growth, the complete documentation and calculations were checked. It was found that the calculations were performed by using the finite element method and simple beam elements, without taking into account the stress concentrations, the influence of inertial forces and the wind. Those facts led to perform the complete static and fatigue analysis, what involved measurements of real stresses during the typical maneuvers.
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Fig. 3 a) Location of fatigue cracks, b) Cracks after repair
 The catastrophic collapse of the crane on the Milwaukee Brewers baseball stadium retractable roof project (Miller Park) that could be the most awesome lift accident of all time is shown in [11], while the investigation of the cause and origin of the collapse of an overhead tower crane at an office building construction site in Bellevue, USA, is given in [12]. Failure analysis of container crane boom failure occurred while the boom were being lowered is shown in [13]. The most recent failure analysis of a tower crane that was used during the construction of a hydroelectric power plant is given by the authors of this paper in [3]. Due to the breakaway of the gusset plate of the counterjib truss structure, Fig. 4a) and 4b), plastification occurred and the counterjib ballast fell from the crane. This caused the crane’s loss of static stability whereupon the jib leaned (at a distance of approximately 29 m from the axis of rotation) onto the structure of the adjacent portal crane. Because of this there was no total overturning of the crane. 
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Fig. 4 a) Fractured gusset plate, b) 3D model of the joint fracture
In order to diagnose the cause of the gusset plate fracture the authors in [3] carried out FEA to calculate the working stress in the gusset plate accompanied by chemical composition and mechanical properties testing and microstructure testing. It was concluded that the fracture of the gusset plate originated from the cumulative influence of the following factors, such as influence of the parent metal hardening in the fracture zone.            

3. CONCLUSION 

Failure of a structural or mechanical component usually can be associated with materials-related problems and/or design-related problems (which may include, depending on the definition of design, unexpected service environment). Materials failure analysis investigations are usually carried out first, and the objective is to determine what the material can reveal about the cause of failure [14]. This type of failure analysis consists of first evaluating the failed material for evidence of the failure mechanism such as fatigue, overload, corrosion and environmentally assisted cracking.

But, at the same time an engineering review of the component design and service application to determine the loads, displacements, temperatures, vibrations, and other service-related factors is required. It may also include numerous analytical, classical, and computer techniques that are available to assist in a structural design failure analysis. However, traditional analytic techniques have their limitations in that only relatively simple and idealized structures can be analyzed using simplified loading and materials property assumptions. When complex designs, such as high-performance material handling and mining machines, transient loadings, and nonlinear material behavior need to be evaluated, computer-based techniques are used. This is where finite element analysis (FEA) is most applicable and provides considerable assistance in design analysis as well as failure analysis [14]. Finite element analysis is one of the most common tools used by design engineers in failure analysis [3,10,11,12,13]. It has application in the structural/mechanical fields to determine the stress, strain, and displacements of structures subjected to different types of loading. Therefore, in the failure investigation process it is necessary to look beyond the metallurgical issues and to also examine the loads and stresses.
The majority of large structures such as cranes have significant welding and hence small defects (cracks) are already present and in [15] is assumed that small cracks are present and that crack propagation is the only part of the fatigue process. Because of non-uniform temperature gradient and local elastic/plastic deformations during the welding and cooling process, residual stresses are found in all welded structures. The residual stresses profiles and their magnitudes are difficult to quantify. Therefore it is usual for welded structures to ignore the effects of mean stress and whether the stress is tensile or compressive. An investigation given in [15] after analyzing failures of over sixty materials handling machines found that about ten percent of shiploader, stacker, reclaimer and stacker/reclaimer failures can be attributed to fatigue failure. Similar can be concluded for other type of material handling machines. In most cases these failures were unexpected and lead to catastrophic consequences. The process of fatigue means that steel strength deteriorates under the action of cyclic loads and this may ultimately lead to cracking and the unexpected failure of structures. 
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