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Introduction

Operators of cable-drawn transport systems must maintain the quality and safety of the service, so they have to inspect periodically the different operation variables of the system (Konieczny and et.al, 2008). Bearing in mind that the operating conditions are affected by wear and tear of components, maintenance routines must include the frequent measurement of critical parameters; one of these is the magnitude of the force at the point of coupling between the track rope and the coupling device.

The state of the art has already tackled the measurement of parameters related to the journey safety assessment, by checking the force of the coupling device of the vehicle to the track rope, called cable grip. The cable grip transmits the loads between the aerial cable car and the track rope [START_REF] Bryja | Computational model of an inclined aerial ropeway and numerical method for analyzing nonlinear cable-car interaction[END_REF], so it is a critical system:

 In Document FR2750764 a device is described, which verifies the clamping force exerted by the cable grip, formed by two infrared detectors that measure the distance between the moving jaw and some fixed points in balanced positions of the cable grip [START_REF] Pomagalski | Device for remote measurement of clamping force of cable car or chair lift support cable clamp[END_REF].

 Document AU2003203595A1 reveals a device to check the clamping force, made of at least two different measuring sensors, which are arranged in an elastically deformable zone inside a station [START_REF] Innova | Device for checking the clamping force of the coupling assembly for a movable transport unit of a cableway installation[END_REF].

None of the known devices complies with the requirements outlined in this paper since the installation of the devices requires that the system has to be stopped and then, there are no measurements in operation.

The present work proposes: (i) the instrumentation of the cable grip of each aerial cable car in order to automatically and continuously inspect the magnitude of the clamping force in the whole circuit, travelled by the aerial cable car during the commercial operation of the system; (ii) the automatic evaluation of the journey safety condition, for implementing an urban transport system of the lift type, which creates a high demand for service and high frequency of maintenance routines. In this way, it is intended to replace the manual process of the systems safety variables with an automated and continuous assessment.

The proposed inspection method is feasible to be applied to a mass transportation system, since it uses sensors (strain gauge arrays) of easy installation [START_REF] Degasperi | Measurement of dynamic stresses on carriers with detachable grip at station entrance: LA.T.I.F. experiences and future prospects[END_REF], which record reliable signals, and use wireless devices that do not interfere with the commercial operation of the system.

Description of the object of study

This study has been applied to passenger aerial cable cars, which operate in the city of Medellin (Colombia). The transport system is similar in design and construction to those used for tourist passenger transports in winter regions (e.g. Daemyung-Korea, La Clusaz-France, Donovaly-Slovakia) [START_REF] Sever | Some new methods to assure harmonisation of sustainable development of mountain resorts ropeway[END_REF]; it has been manufactured by Pomagalski/France, since 2004. This was the first time an aerial cable was used for urban purpose, completely different from a tourist purpose [START_REF] Mizuma | Recent urban transport technologies and assessments[END_REF]. Therefore, the transport system is required on extreme levels that have not been supported by similar systems, causing highly elevated wear rats [START_REF] Hoffmann | Recent developments in cable-drawn urban transport systems[END_REF]; it will be hence the aerial cable transportation system with highest level of demand, in terms of wear hours of components and service. Table 1 presents the overall technical characteristics of the object of study.

The cable grip has the function of clamping (during inter-stations trip) and releasing (during transit inside the stations) the aerial cable car to and from the track rope, providing the clamping force needed to cancel the relative movements between the aerial cable car and the track rope, especially in sections of track with extreme slopes [START_REF] Bryja | Computational model of an inclined aerial ropeway and numerical method for analyzing nonlinear cable-car interaction[END_REF]. Figure 1 shows the main elements of the cable grip, defined as the set of basic structural elements that make it up.

The development focuses on the study of the recorded load states exerted on one of the components of the cable grip, called moving jaw. This element allows the grip and release of the clamp onto the track rope and operates in conjunction with two coil springs and a fixed jaw. The whole set is articulated through a main shaft, holding the aerial cable car due to the force of the springs [START_REF] Doppelmayr | Conceptual inputs for optimizing the functional efficiency of circulating monocable ropeways: project engineering, design and operation in a safety management control loop based on incident analysis[END_REF]. The moving jaw is made of 36NiCrMo16 material with HB350-390 hardness and resistance to stress of 850 MPa, according to the material specifications.

Five general operation scenarios have been identified during the commercial service of the transport system, which exert different conditions of work to the cable grip. The scenarios directly define the load states i  , applied to the moving jaw:  load state: it consists of the travel of the vehicle in inter-stations trip. In this state, the vehicle must be fully attached to the track rope.

The total weight of the aerial cable car is transmitted from the cable grip to the track rope;

 1  load state: it is the load state that occurs at the moment when the clamp device comes into contact with a first element in the station, altering its dynamic status.

 2  load state: it is the load state in which the  is sensitive to external conditions (Degasperi, 1999): (i) terms and conditions of operation live loads, operation frequency; (ii) environmental conditions wind loads, temperature, moisture, corrosion, etc.; and (iii) system availability. However, the load state 0  can be considered a quasi-static load in the event of the load state 0  is made in controlled tests, which has been performed in quasi-static conditions, i.e. then the controlled test has the following features: (i) a null live load; (ii) a constant travel speed; (iii) a negligible wind load;

(iii) a constant temperature and moisture.

The analysis of the stress-strain distribution was performed with Finite Elements Method (FE) using a linear elastic model with the integration algorithms developed by Ansys®. FE is used to simulate the particular characteristics of the moving jaw, and is considered as a true virtual prototype. Virtual techniques allow the model to generate information on the behaviour of the moving jaw in each of the load states i  , so that they are comparable only with physical prototypes. For the construction of the model in FE, it is necessary to pose the static elastic problem.

Development of the FE model

The The analysis process starts with the geometric modelling, using a three-dimensional model generated by using a CAD tool. The FE model is built with the following assumptions: (i) the geometric details that do not influence the transmission of load are omitted; (ii) the non-linear components in the geometry of the model are negligible in the system; (iii) the displacements are performed in the elastic region of the material; (iv) the stress that are external to the areas of interest are not considered.

It is assumed that the magnitude of the mass of the moving jaw, , is negligible in relation to the charges that flow at the clamp device. Therefore, it is possible to express , and the inertia matrix will be { } { }. Accordingly, for each i  it is possible to consider the system of equilibrium equations as ∑{ } ⃗⃗⃗ ⃗ , and ∑{ } { } ⃗⃗⃗ ⃗ , where ⃗⃗⃗ and ⃗⃗⃗ denote translational and rotational acceleration respectively.

A procedure is carried out to find the equations of equilibrium of the system [START_REF] Bryja | Computational model of an inclined aerial ropeway and numerical method for analyzing nonlinear cable-car interaction[END_REF]Petrova and et.al, 2011), which can be obtained through any of the classical methods defined in the mechanics of solid bodies -e.g. free body

diagram- [START_REF] Liedl | Motions and forces in the rope system of aerial ropeways during operation, 8th International Congress for Transportation by Rope[END_REF], finding { } and { } at each i  , thus defining the FE model boundary conditions. Appendix 2 describes in detail the boundary conditions of the FE model for each i  . Table 2 shows that the load states, where there are the greatest magnitudes of force, correspond to 0  and 4  , the task will therefore focus on the analysis of the force at these load states.

Selection of the measuring point for inspection of the clamping force

It has been established a set of criteria to select a suitable measuring point in the moving jaw for the different i  : (i) the measurement point must be accessible to the instrumentation; (ii) the measurement point must be such that the instrumentation does not interfere with the operation of the system; (iii) the measurement point must be located at a superficial point with a sufficient sensitivity range, so that an arrangement of strain gauges can properly register the strain.

Based on the results of the FE model (see Appendix 3), the measurement point , is chosen for the installation of the strain gauge array. clearly complies with criteria (i) and (ii) is noticeable in the different 

{ } is obtained on the surface of the moving jaw in . This is a particular case of flat strain, whereupon it is possible to calculate the magnitudes of flows of { } at based on the expressions (see Figure 3

.b) , , , (2) 
where is the shear module. The magnitude of the longitudinal stress is used to estimate the force (see Figure 4). This is , where and is the width and the thickness of the cross section of the moving jaw, respectively. Therefore, to find the clamping force between the moving jaw and the track rope, the load balancing is considered.

This force distribution can be continuously inspected and compared with a reference value (established by international standards), which is a procedure that allows to determine the behaviour of the system force, regardless of the position of the gondola and the loads it receives.  load condition, analogous to the first stage of calibration process and calculating the static strains { } at .

Then, the obtained results in each of the two stages are compared, i.e. the result from the workshop controlled test { } and the values calculated in FE { } . This allows to get a calibration coefficient { } (see Figure 5), which will be used later to adjust the records obtained during the inspection method to assess the journey safety of aerial cable cars.

The calibration coefficient is used to calculate the calibrated dynamic strains { } { } in commercial condition, where 

{ } { } , (3) 

Analysis of results

Based on { } in all the circuit, including inter-station trips and transit within the stations, an algorithm was developed to calculate the magnitude of (see Figure 5) by means of structured sequential steps that allow getting a journey safety assessment with real-time data processing and during the ropeway commercial operation. Figure 

Conclusions and future work

The proposed algorithm gives the possibility of automating the process of ongoing inspection of , for assessing the journey safety of a passenger aerial cable car of urban transportation on an aerial ropeways.

There is a clear feasibility to implement the proposed procedure for the entire fleet of aerial cable cars of urban aerial ropeway systems, due to: (i) the sensors and data acquisition systems are widely studied for technical elements that do not represent a challenge to the current industrial sector; (ii) the costs of implementation are low in relation to the amount of information that the process may obtain from the system.

In case that is found constant in normal records from a moving jaw over a period of time, and suddenly changes during the records, it could implicate a wear symptom.

The developed algorithm allows performing different types of analysis for an aerial cable transportation system, since the implementation could be targeted for different purposes:  (iii) to establish the relationship between the variations of the magnitude of force as a parameter to infer the rope wear.

 (i)
The proposed algorithm is useful whereas the data logging allows getting information in terms of commercial operation, avoiding measurements that require downtime for the system inspection. 
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  of a measuring system under operating conditions A measuring arrangement is set at point to continuously estimate the magnitudes and directions of the strains { } in three reference axes , , (see Figure 3.a). This is done using a strain gauge array (resistive sensors sensitive to the variation of deformation) attached to the surface of the moving jaw in the point . The recorded values { } are wirelessly transmitted to a data acquisition system, to process data in real time. Based on { }, it is possible to calculate the magnitudes of the normal strains { }, and shear strain { } on two axes, 1 and 2 (see Figure 3.b), by means linear transformation. The solution to the posing of transformation of coordinate axes allows calculating the magnitudes of the variables corresponding to { }, in the directions of axes 1 and 2, by means of the expressions , , .

  6.a shows the variation of in two different inter-station trips, where is a dynamical signal, because of is a direct result of { } real-time data processing. Fluctuations in the magnitude are due to multiple reasons, some of them are, among others: (i) oscillation of the aerial cable car because of the wind load; (ii) variation of the gravity centre of the air car because of the movement of passengers; and (iii) fluctuations in operation speed, .

Figure 6 .

 6 Figure 6.b shows the variation of in the transit of the aerial cable car within

  to observe the behaviour of the components wear of the cable grip of the aerial cable car in relation to the coupling with the rope, by means of the determination of the variation of level in a same aerial cable car, during a representative period of time in relation to the operation of the system in its life cycle,  (ii) to observe the influence of environmental factors (wind load, temperature, humidity, etc.), and operation factors (passenger load, frequency of operation, etc.), using the variation of the level of in a different aerial cable cars that travel within the system;

Figure 2 .

 2 Figure 2. Description of the measurement point.

Figure 3 :

 3 Figure 3: Strain and stress axes.

Figure 4 .

 4 Figure 4. Description of the measurement point P.

Figure 5 .

 5 Figure 5. Algorithm for the proposed inspection method.

Figure 6 .

 6 Figure 6. Stress results on the point P.

Figure 7 .

 7 Figure 7. FE boundary conditions.

Figure 8 .

 8 Figure 8. Moving jaw stress distribution.
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. Determination of the inspection point on the coupling device

  

	i  whit   4 ,..., 0  i , the load state 0
	F o r
				P
				e
				e r
				R
		belonging to the cable grip moves along an element of the station e
		called coil ramp, causing the opening of the gripper and the freeing of the aerial cable car from the track rope. v i e
			4	load state: it is the load state in which the open-close-wheel w
		belonging to the cable grip is at its maximum displacement, causing the greatest opening of the gripper. In this state the aerial cable car is completely released from the track rope. O n l
				y
	{Figure 1}			
	{Table 1}			
	3The determination of the inspection point on the cable grip is done by an analysis of
	the distribution of stress-strain in the moving jaw, generated at each of the load states

cable grip gets aligned and leads during the first transit in the station. In this state, the wheels of displacement of the cable grip run on a surface of the station, called stabilization track.  3  load state: it is the load state in which the open-close-wheel

  Figure 1. Components of the aerial cable car coupling assembly.

	, ,			Elasticity, shear and Poisson modules, respectively.
					Clamping Force.
					Calibration coefficient
					Moving jaw mass.
					Measuring point.
	,				Surface area and solid volume, respectively.
					Number of nodes of a FE.
	,				Height and thickness of cross section, respectively.
					Potential energy of the external forces.
	i		,..., 0	4	i-th load state.
			F o r Strain energy of the body. Total potential energy of an elastic body. F o r F o r
	P e Appendix 2. Boundary FEA model conditions P P {Figure 7} e e
	{Table 2}		e r e r e r
	Appendix 3. Stress distribution {Figure 8}	R e R R e e
						v i e v i e v i e
						w w w
	Appendix 1. Notation Abbreviations, acronyms, coefficients and constants FE Finite Elements. MPE Minimum Potential Energy.	O n l O n l O n l y y y
	{ }				Volumetric forces.
	[ ]				Symmetric matrix stiffness of material.
	{ }				Inertia matrix.
	{ }, { }		Applied punctual moments and forces, respectively.
	[ ]				Interpolation matrix function.
	{ }				Surface unity forces.
	{ }, { }		Displacement vector and tensor, respectively.
	{ }, { }		Stress and strain tensor, respectively.
	⃗⃗⃗ , ⃗⃗⃗			Translational and rotational accelerations, respectively.

The record of the signals during a sufficient period of time allows the development of statistics that can be used for maintenance planning. This means that the proposed procedure represents the technological basis for the development of a predictive maintenance program or a based on condition maintenance for the assessment of the journey safety.

The paper opens to different research fields, elements that can be considered for future publications: (i) to study of the short pulses -with high frequency components-in signal; (ii) to study the cable load and stress relative to the excitation frequencies effect; (iii) to study the relationship between the variation and the aerial cable car faults to identify the technical state in commercial conditions. i  ,  

Table 1 .

 1 General features of the transport ropeway system.

	General features	K-line	System line J-line	L-line
	Length of the plot [m]	2 072	2 789	4 595
	Capacity [pass/hour]	3 000	3 000	1 200
	Heigth's difference [m]	399	309	470
	Medium slope [%]	20	12	15
	Maximum slope [%]	49	43	58
	Commercial speed [m/s]	5	5	6
	Gondola cap. [pas]	10	10	10
	Quant. stations [ud.]	4	4	2
	Quant. towes [ud.]	20	31	25
	Quant. vehicles [ud.]	90	119	27
	Dist. between vehicles [m]	60	60	340
	Frequency [s]	12	11.5	65
	Energy	Electric (central energetic source) and
		solar (lighting inside the vehicle)

Table 2 .

 2 FE boundary conditions.

	Load	Load states, i
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