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Abstract. The focus of this research is to increase the reliability of mobile cargo ropeways formed by autonomous self-10 

propelled transport units. The article deals with the development of a method for forming an effective technical and 11 

economic strategy for the restoration during planned repairs of those structural elements of transport units that can lead 12 

to critical failures of the ropeway. The method involves predicting the kinetics of the probability of failure-free 13 

operation of the ropeway during the entire life of its operation on the basis of predicting the failure-free operation of key 14 

elements of the transport units, the failure of which leads to an emergency disruption of the ropeway. In the process of 15 

integrating the system of Chapman-Kolmogorov differential equations, its periodic reformation is performed at the time 16 

of planned repairs, which allows us to take into account the need for a discrete change in the probability of failure-free 17 

operation of the restored structural elements. As a criterion for the optimality of the repairs strategy, the condition for 18 

obtaining the minimum total cost of repairs is used, while ensuring the average probability of failure-free operation. The 19 

formation of such an optimal strategy includes planning the schedules, number, time points, volume and cost of 20 

restoration work. The effectiveness of the repair strategy is determined by the total number of planned repairs and the 21 

minimum permissible probability of critical failure of structural elements. Conditions have been established under 22 

which further improvement of the level of ropeway reliability becomes an economically unprofitable task. 23 

Key words: Mobile ropeway, Failure kinetics, Repair strategy, Cost of repairs, Optimization 24 
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1. Introduction 57 

 58 

1.1. Background 59 

 60 

Currently, overground rope transport systems in the form of stationary aerial or towed ropeways of various structural 61 

designs are widely used for organizing the transportation of passengers and goods [1, 2].  62 

Mobile ropeways formed on the basis of self-propelled wheeled or tracked chassis are a promising direction for the 63 

development of fast-mounted transport and reloading equipment for difficult operating conditions [3, 4]. The high 64 

mobility and autonomy of moving to the location of the ropeway, which are characteristic of this type of cargo rope 65 

transport systems, is due to their placement on special self-propelled multi-axle chassis of high load capacity and cross-66 

country ability of wheeled and tracked multi-purpose vehicles [4]. The scope of effective application of mobile rope systems 67 

is quite wide and diverse. It is advisable to use them when performing construction and mounting work at autonomous remote 68 

facilities, eliminating the consequences of natural or man-made emergencies [4], mining and extractive industries [5, 6], 69 

performing forestry work in mountainous or hard-to-reach areas [7, 8], performing loading and unloading operations [9], etc.  70 

The stationary ropeways currently in operation have high operational characteristics, including reliability, safety and 71 

maintainability indicators [10, 11]. This is due to the fact that aerial ropeways are technical devices of increased danger 72 

and therefore a wide range of equipment maintenance works is performed during their operation. The necessity and 73 

timing of specific works are based on the proactive prediction of the occurrence of critical failures of potentially 74 

dangerous structural elements of ropeway equipment using appropriate reliability models (for example, by analyzing 75 

failure trees [12] or simulation models [13]) or by the results of continuous monitoring of the current functional state of 76 

potentially dangerous structural elements (for example, by direct measurement of characteristic diagnostic parameters 77 

using various physical phenomena [14, 15] or approaches based on fuzzy logic [16]). As a rule, there is a specialized 78 

repair infrastructure near stationary ropeways with qualified personnel, the necessary technological equipment and the 79 

volume of spare parts. This circumstance greatly facilitates the restoration work even in case of sudden emergency stops 80 

of ropeways and ensures high efficiency of maintenance.  81 

On the contrary, mobile ropeways are intended for preferential operation in places that are significantly remote from 82 

the location of the profile repair infrastructure. This objectively complicates the necessary maintenance of equipment in 83 

unprepared field conditions. The quality of maintenance is reduced in comparison with carrying out repairs by 84 

specialized operational and repair services in stationary conditions [17]. Obviously, an effective strategy for carrying 85 

out repair and restoration works of mobile ropeways during the entire service life is an expedient way out of this 86 

situation. The formation of such a strategy is an urgent engineering task that has a technical and economic character [3]. 87 

 88 
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1.2. Setting a research task 89 

 90 

The experience of operation of transport and reloading equipment of various types shows that despite the planned 91 

repairs, during operation, accidental failures of individual structural elements are observed, leading to the impossibility 92 

of further operation of the equipment as a whole [18].  93 

In relation to the studied mobile ropeways, such failures should be considered as critical failures, and such structural 94 

elements - as key structural elements that determine the accident-free operation of the ropeway. The failure of these 95 

elements requires their immediate unplanned repair or replacement. Unplanned repairs during the operation of a mobile 96 

ropeway is a costly event both due to the need to carry out repairs away from the stationary repair infrastructure, and 97 

due to a sudden interruption in carrying out transport and reloading operations and a lack of time (for example, during 98 

emergency rescue operations). Critical failures of random structural elements of a mobile ropeway are random events, 99 

and the time moments of their occurrence are random variables with corresponding distribution laws [19].  100 

Earlier, in the studies of the authors [20], it was shown that an effective approach to maintaining the working 101 

condition of a ropeway in the event of a possible accidental occurrence of critical failures is the proactive replacement 102 

of key structural elements at the time of planned repairs of a mobile ropeway. The criterion for the need to restore or 103 

replace the m-th key element at the time of i-th repair r,i  is the achievement of the minimum permissible value by the 104 

probability of failure of this structural element Pm(r,i): 105 

 106 

Pm(r,i)[Pm],                                                                                                                                      (1) 107 

 108 

where [Pm], the minimum permissible value of the probability of a critical failure of the m-th key element. 109 

The values [Pm] are individual for each structural element. Their large values should correspond to the most 110 

responsible and expensive elements. Critical failure of such elements can lead to greater damage both due to increased 111 

duration and due to increased repair costs. Setting high values [Pm] will lead to the need for more frequent repairs of 112 

structural elements and, thus, to increased labor and material and financial costs. However, the amount of technical risk 113 

for a mobile ropeway will be low. Otherwise, when assigning lower values [Pm], the cost of repair work will decrease, 114 

but the amount of technical risk will increase. Thus, a reasonable assignment of marginal probabilities [Pm] is an 115 

important technical task and requires an assessment based on technical and economic optimization. 116 

Within the framework of this study, a method of technical and economic optimal planning at the design stage of 117 

mobile ropeways of schedules, the number, volume and cost of planned repair and restoration operations has been 118 

developed. 119 
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 120 

2. Technical objects under study 121 

 122 

2.1. Construction and operation of a mobile ropeway 123 

 124 

The general view of the studied mobile cable car of the pendulum type is shown in Fig. 1. It consists of two terminal 125 

self-propelled transport units 1 (A and B) installed at the end points of the cable car route [4]. As self-propelled chassis 126 

of transport units, multi-axle wheeled chassis are used for high-cross-country and load-carrying tractors. Such wheeled 127 

tractors, which have the necessary technical characteristics for placing the technological equipment of mobile ropeways, 128 

are produced by a number of automobile companies in Russia, Belarus, Germany, the USA, China, Sweden, etc. [21, 129 

22]. Rope pulleys 3 with traction and tension mechanisms are installed on the heads of the end supports 2. When 130 

operating a ropeway, only one of these mechanisms works, and the other is disabled. Thus, one of the transport units 131 

provides the movement of the carrying-traction rope 4 with the transported cargo 5 fixed on it by means of a 132 

suspension, and the second unit provides the necessary tension of the carrying-traction rope. 133 

 134 

 135 

Fig. 1 Mobile ropeway formed by two terminal self-propelled transport units: A, B – self-propelled transport units, 1 – 136 

transport unit, 2 – end tower, 3 – rope pulley, 4 – carrying-traction rope, 5 – cargo 137 

 138 

2.2. Construction and operation of a self-propelled transport unit 139 

 140 

The design of the transport unit under study, intended for the formation of a mobile cargo ropeway, is shown in Fig. 2. 141 

It is protected by the patent RU 200827 [23] and corresponds to a structural modification of the unit with the location of 142 

the end tower in the terminal part of the load-bearing frame. Directly on the load-bearing frame 2 of the wheeled chassis 143 

1, the components and elements of the hydraulic mechanism of installing and fixing of  the end tower in the working 144 

position are mounted. It includes an end tower 3, a lifting hydraulic cylinder 4 and an external braking device to protect 145 
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the tower from self-overturning when it is lifted into the working position. The end tower is a supporting structure for 146 

the hydraulic carrying-traction rope movement mechanism 7, including the rope pulley 5. The end tower and the lifting 147 

hydraulic cylinder are kinematically connected to each other and the load-bearing frame by cylindrical hinges A, B and 148 

C. 149 

 150 

 151 

Fig. 2 Self-propelled transport unit: a transport position b working position (1 – wheel chassis; 2 – load-bearing frame; 152 

3 – end tower; 4 – lifting hydraulic cylinder; 5 – rope pulley; 6 – rope pulley orientation mechanism; 7 – carrying-153 

traction rope; 8 – anchor outrigger) 154 

 155 

The transport unit moves independently to the place of deployment of the mobile ropeway, and the end tower is in 156 

the transport position (Fig. 2a). At the location, each unit is oriented in such a way that its longitudinal axis coincides 157 

with the longitudinal axis of the ropeway. To ensure overall stability under the conditions of significant horizontal 158 

overturning loads from the tension force of the carrying-traction rope and the transported cargo, the wheeled chassis is 159 

installed on outriggers 8. They are fixed to the ground with the help of additional anchoring devices. When the rod of 160 

the lifting hydraulic cylinder is extended, the end tower rotates in a vertical plane relative to the cylindrical hinge B and 161 

occupies the required working position (Fig. 2b). To coordinate the mutual inclination of the rope pulleys of the 162 
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conjugate transport units, which is caused by the natural sagging of the carrying-traction rope and the location of the 163 

units at different heights [24], a hydraulic rope pulley orientation mechanism is used. 164 

2.3. Structure and reliability analysis of the technological equipment 165 

The general structural diagram of the mobile ropeway is shown in Fig. 3. It includes structural diagrams of 166 

mechanisms and systems of the main technological equipment of self-propelled transport units (the pumping station, the 167 

mechanism of installing and fixing of the end tower in the working position, the carrying-traction rope movement 168 

mechanism, rope pulley orientation mechanism, the control system), as well as a single rope system. 169 

In Fig. 3 structural elements of the general scheme of the mobile ropeway have the following designations:  170 

• the pumping station (P – hydraulic pump; DV1 – gate directional control valve; GV – gate valve; CV1, CV2 – 171 

check valves; SV – pressure safety valve; HR – hydraulic reservoir; F – filter; AF – air intake filter; FD – filling 172 

device); 173 

• the carrying-traction rope movement mechanism, including the rope system (HM – hydraulic motor; DV2 – 174 

directional control valve; PV1 – pilot operated check valve for fixing the rope pulley; TV1, TV2 – throttle valves; C1, 175 

C2, C3 – couplings; B – brake; SR – speed reducer; B1 – axial radial spherical roller bearing; B2 – radial spherical ball 176 

bearing; RP – rope pulley; BR – carrying-traction rope; LF – load handling fixture; RC – rope end connector); 177 

• the mechanism of installing and fixing of the end tower in the working position (HC1 – lifting hydraulic 178 

cylinder; PV2 – pilot operated check valve; DV3 – directional control valve; TV3 –throttle valve);     179 

• the rope pulley orientation mechanism (HC2 – hydraulic cylinder for the rope pulley orientation; DV4 – 180 

directional control valve; TV4 – throttle valve);  181 

• the control system (M – microprocessor; CP – control panel for rope system operation; IP – information panel on 182 

the current state of the rope system; DiS – end tower angle transmitter; DS1 – pump volumetric flow transmitter; DS2 – 183 

hydraulic motor volumetric flow transmitter; LI – hydraulic reservoir liquid level transmitter; LS1 – limit switch for the 184 

lowest position of the tower; LS2 – limit switch for the upper end position of the tower; LS3 – limit switch for the 185 

lowest position of the rope pulley; LS4 – limit switch for the upper end position of the rope pulley; PS1 – pump outlet 186 

pressure transmitter; PS2, PS3 – pressure transmitters in the hydraulic lines of the hydraulic motor; PS4, PS5 – pressure 187 

transmitter at the inlet of the hydraulic cylinder; RS1 – rotational velocity transmitter of the pump shaft; RS2 – 188 

rotational velocity transmitter of the hydraulic motor shaft; RS3 – rotational velocity transmitter of the rope pulley; TeS 189 

– hydraulic reservoir fluid temperature transmitter; TiS – transmitter for counting the time of the carrying-traction rope 190 

movement; TS1 – tension transmitter of the carrying-traction rope; TS2 – weight transmitter of transported cargo; VE1 191 

– gate directional control valve solenoid; VE2, VE3, VE4 – directional control valve  solenoids). 192 
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Obviously, not all of the listed structural elements are the key elements that lead to a critical failure and shutdown of 193 

the mobile ropeway. In general, they include elements such as P, HM, HC1, HC2, HR, SV, F, DV1 - DV4, PV1, PV2, 194 

RP, SR, B, C1 – C3, B1, B2, BR, LF, RC, M, CP, IP, VE1 – VE4, RS1, RS3, TS1, TS2, TiS. Additionally, among the 195 

key structural elements, a part of the responsible metal and flexible pipelines of the hydraulic system and the 196 

transmission shafts of the carrying-traction rope movement mechanism should be considered. With a good level of 197 

maintainability of the control system, the control system sensors (RS1, RS3, TS1, TS2, TiS) can be excluded from the 198 

number of key elements due to the low labor intensity of their replacement during operation. 199 

 200 

 201 

Fig. 3 General scheme of the mobile cargo ropeway 202 

 203 

3. Mathematical models 204 

 205 

As a basis for the development of a mathematical model for the formation of an optimal schedule of planned repairs 206 

of a mobile cargo ropeway, ensuring optimization (minimization) of the cost of its operation, it is advisable to use the 207 

method of probabilistic forecasting of the reliability kinetics of lifting and transport equipment [17, 20]. It is based on 208 

the use of the Chapman-Kolmogorov equation [19]. 209 
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 210 

3.1. A model for probability predicting the kinetics of failure-free operation 211 

 212 

When predicting the kinetics of the probability of accidence-free operation of a mobile ropeway, it should be taken 213 

into account that at any time of operation it can be in one of the following possible states: 214 

- in one operable state S0 (it is characterized by finding all the key structural elements in operable state and therefore 215 

it determines the normal accident-free operation of the ropeway); 216 

- in one of several inoperable states S1, S2, …, Sm, …, SN (each state is characterized by finding one corresponding m-217 

th key element in an inoperable state with the operable state of all other N-1 elements, and therefore it determines the 218 

occurrence of an emergency mode of the ropeway operation). 219 

Fig. 4 shows the corresponding graph of possible states and their connecting transitions during the operation of a 220 

mobile ropeway. A quantitative measure of the transition of a ropeway from an operable state S0 to an inoperable state 221 

Sm caused by the failure of the m-th structural element is the failure rate of this element m. A quantitative measure of 222 

the reverse transition from an inoperable state Sm to an operable state S0 caused by the restoration or replacement of the 223 

m-th structural element is the restoration rate of this element m. 224 

 225 

 226 

Fig. 4 Graph of possible states and transitions for a mobile ropeway 227 

 228 

The probabilities P0, P1, …, Pm, …, PN  of finding a mobile ropeway at an arbitrary time of operation  in all possible 229 

states S0, S1, …, Sm, …, SN can be determined by step-by-step integration in time of a system of linear differential 230 

equations of the first order of the form 231 

 232 

{Ṗ}=[A]{P} ,                                                                                                                                     (2) 233 

 234 

where {P}, a vector containing the probabilities of finding a mobile ropeway at a time  in all possible states S0, S1, …, 235 

Sm, …, SN; [A], a square matrix containing the coefficients of the Chapman-Kolmogorov system of linear differential 236 

equations.  237 
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For a mobile ropeway formed from two identical transport units A and B (Fig. 1) with a common rope system, the 238 

number of key elements leading to critical failure will be determined taking into account the distribution of functions of 239 

these units during the mobile ropeway operation. For a drive transport unit that ensures the operation of the cable 240 

system, it is necessary to take into account all the key structural elements listed in subsection 2.3. For a non-drive 241 

transport unit, only a part of the key structural elements of the carrying-traction rope movement mechanism (namely 242 

B1, B2, RP) is used. This is due to the fact that in a non-drive unit, the carrying-traction rope movement mechanism 243 

does not work during the ropeway operation, the drive of the rope pulley is disabled, and the rope pulley itself rotates 244 

freely due to contact interaction with the carrying-traction rope. 245 

Thus, for a mobile ropeway, the total number of elements leading to a critical failure is N= 60 (or if the control 246 

system sensors specified in subsection 2.3 are not taken into account, N= 55). 247 

In relation to the considered structural scheme of a mobile ropeway (Fig. 3) and the graph of possible states and 248 

transitions (Fig. 4), the system of Eqs. (2) has the following form: 249 
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 251 

where ΛΣ, the coefficient determined by the dependence 252 

 253 


=

=
 =

Nm

m
mm

1

 ;                                                                                                                                    (4) 254 

 255 

m, the number of m-th structural elements working in the ropeway operation; {M} is a vector-string of size 1×(N+1) 256 

whose structure has the following form: 257 

 258 

{M} = {11  22  …  mm  …  N-1N-1  NN} ;                                                                            (5)   259 

 260 

{Λ}', a vector-column of size (N+1)×1 whose structure has the following form: 261 

 262 

{Λ}' = {11  22  …  mm  …  N-1N-1  NN} ;                                                                             (6)   263 
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 264 

{…}', vector transpose operation; [] is square diagonal matrix of size N×N whose structure has the following form:  265 

 266 

diag{} = [-11  -22  …  -mm  …  -N-1N-1  -NN] .                                                                 (7)   267 

 268 

The initial conditions for solving the system of differential Eqs. (3) include a set of probability values P0, P1, …, Pm, 269 

…, PN  at the time of commissioning of the mobile ropeway (at  = 0 = 0) and are expressed by a vector of initial 270 

conditions of the form: 271 

 272 

{P]=0 = {P0(0)  P1(0)  …  Pm(0)  …  PN(0)}'=0 = {1  0  …  0  …  0}' .                                           (8) 273 

 274 

The solution of the system of differential Eqs. (3) under the initial conditions (8) adequately characterizes the change 275 

in time of the probability of accident-free operation of the mobile ropeway until the first planned repair r,1. At the 276 

moment of time r,1, one or more key structural elements that meet the condition (1) are replaced or restored. Therefore, 277 

the probability of finding an m-th arbitrary element in an inoperable state decreases abruptly from the value Pm(r,1-0) = 278 

Pm(r,1)
 
to the value Pm(r,1+0) = 0.  279 

The probability of finding a ropeway in an operable state increases abruptly from P0(r,1-0) = P0(r,1)
 
by the amount 280 

of the sum of the probabilities of the restored elements Pm(r,1). Therefore, from the moment of time, the integration of 281 

the system of differential Eqs. (3) must be performed with a new vector of initial conditions: 282 

 283 


=

=
+=+

1,

1
1,1,01,0 )()()0(

rnm

m
rmrr PPP  ;                                                                                                  (9) 284 

 285 

Pm = 0,    m [1; N] ,                                                                                                                        (10) 286 

 287 

where nr,1, the number of key structural elements that were planned restored or replaced during planned repairs at a time 288 

r,1. 289 

The vectors of the initial conditions (8) change similarly for other time points r,i. Thus, the process of predicting 290 

changes in the probabilities of finding a ropeway in an operable or inoperable state over time is reduced to the alternate 291 

integration of a system of differential Eqs. (3) within sequentially arranged time intervals r,i ≤  ≤r,i+1. The vectors of 292 
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the initial conditions (8) at the starting point of each such interval r,i
 
are subject to periodic reformulation according to 293 

Eqs. (9) and (10). 294 

As an example of using the considered mathematical model, Fig. 5 shows graphs of changes in the probability of 295 

accident-free operation of the ropeway P0() during the service life Top = 40,000 hours, depending on the accepted value 296 

of the minimum permissible probability of critical failure [Pm]
 
and the number of repairs Npr. When performing 297 

calculations, it was assumed that during the service life Top, the time points of planned repairs r,i
 
are distributed evenly 298 

with frequency ΔTop = Top/Npr
 
and all key structural elements have the same value [Pm] = [P] = const. The calculations 299 

were carried out in relation to a mobile ropeway with a length of 200 m with hydraulic frequency-throttle control of the 300 

speed of cargo movement [25] weighing up to 100 kN, formed by two self-propelled rope units with a height of the end 301 

tower of 12 m, with a standard service life of 40,000 hours. The values of the failure rate m
 
of key structural elements 302 

of transport units and the rope system were adopted on the basis of experimental and reference data [26-28]. 303 

 304 

4.2 A model for calculating the indicators of the schedule of planned repairs 305 

 306 

The primary task that needs to be solved when forming an effective strategy for maintaining a mobile ropeway 307 

during operation in an accident-free state is the mutual linking of both the technical aspect of this task (ensuring an 308 

acceptably high level of reliability and technical risk) and its economic aspect (ensuring an acceptably low level of the 309 

total cost and number of repairs during the entire specified period of ropeway operation).  310 

The analysis of the graphs in Fig. 5 allows us to draw the following conclusion: the main factors determining the 311 

effectiveness of the ropeway repair strategy are the total number of planned repairs Nrp
 
during a given service life Top

 
312 

and the minimum permissible value of the probability of critical failure [P]. These graphs also indicate that the 313 

probability of accident-free operation of a mobile ropeway P0() changes significantly during operation. Kinetic curves 314 

P0() have a sawtooth shape with sharp jumps at the time of planned repairs. 315 

Therefore, it is advisable to use the following technical and economic indicators as the studied factors that 316 

quantitatively characterize the effectiveness of the mobile ropeway repair strategy: 317 

- the minimum value of the probability of failure-free operation during the entire life of the ropeway 318 

 319 

)]([min)( 0
0

min0 


PP
opT

= ;                                                                                                                    (11) 320 

 321 

- the average value of the probability of failure-free operation during the entire life of the ropeway  322 

 323 
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 324 

Fig. 5  Change in the probability of failure-free operation of a mobile ropeway with different repair intervals: a 8000 h 325 

b 4000 h c 2000 h d 1000 h (1 – [P]=0.99,  2 – [P]=0.98, 3 – [P]=0.97) 326 

 327 

−=
opT

opav dPTP
0

0
1

0 )()(  ;                                                                                                                    (12) 328 

 329 

- the total cost of repairs of the ropeway during the entire life of its operation  330 

 331 


=

=
=

rpNi

i
irprp cC

1
, ;                                                                                                                                  (13) 332 

 333 

- the relative total cost of repairs of the ropeway during the entire life of its operation 334 

 335 

Crp,rel = Crp/C1set ,                                                                                                                             (14) 336 

 337 
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where )(min A
B

, the operation of searching for the minimum value of the parameter A on the interval ΔB; crp,I , the cost 338 

of the i-th repair; C1set
 
, the cost of one set of key structural elements. 339 

The assessment of economic indicators Crp and Crp,rel
 
can be performed both in absolute and relative (conditional) 340 

units of the cost. However, it is important to assign the correct ratio between the costs of individual structural elements. 341 

Fig. 6 and Fig. 7 give an idea of the influence of the minimum permissible probability [P] and the number of repairs 342 

Nrp
 
on the studied parameters of various strategies for repairing a mobile ropeway. There is a clear tendency to decrease 343 

the quantitative values of the studied parameters with increasing probability [P]. However, the schedules corresponding 344 

to different numbers of repairs Nrp
 
may overlap. The graphs (P0)min

 
and (P)av (Fig. 7a, b) corresponding to the value [P] 345 

= 1.0 have no practical significance, since they provide for the complete replacement of all key structural elements 346 

during each planned repair. This strategy is the most expensive and unrealistic. However, these graphs serve as a 347 

guideline for what maximum values of the minimum (P0)min
 
and average (P)av

 
probability of accident-free operation can 348 

theoretically be obtained with a different number of repairs of the ropeway. With an increase in the number of repairs, 349 

there is a certain increase in the values of (P0)min
 
and (P)av. However, their constant growth is typical for small values 350 

[P] ≤
 
0.98. At large values, almost equal values (P0)min

 
and (P)av

 
are observed and with the number of repairs Nrp ≥ 351 

4…8. 352 

 353 

 354 
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Fig. 6 Indicators of various ropeway repair strategies: a minimum probability of failure-free operation for the entire 355 

service life b the average value of the probability of failure-free operation for the entire service life c the total cost of 356 

repairs (1 - Nrp = 20, 2 - Nrp = 16, 3 - Nrp = 12, 4 - Nrp = 8, 5 - Nrp = 4) 357 

 358 

 359 

Fig. 7 Indicators of various ropeway repair strategies: a minimum probability of failure-free operation for the entire 360 

service life b the average value of the probability of failure-free operation for the entire service life c the total cost of 361 

repairs (1 - [P]= 1.0, 2 - [P]= 0.99, 3 - [P]= 0.98, 4 - [P]= 0.97, 5 - [P]= 0.96, [P]= 0.95) 362 

 363 

Fig. 8 shows graphs rel = rel(P0)
 
describing the relative duration of the ropeway operation time rel = Δ (P0)/Top

 
with 364 

a probability of failure-free operation exceeding P0 (i.e. lying in the range from P0
 
to 1.0). The points P0

 
satisfying the 365 

condition rel(P0) = 1 (i.e. the leftmost points of the graphs) correspond to the minimum values of the probability of 366 

failure-free operation during the entire life of the mobile ropeway. It is obvious that the repair strategy, in which the 367 

ropeway works most of the time of operation with increased values of the probability of failure-free operation, is more 368 

favorable. From this point of view, Graph 2 in Fig. 8, which has a more convex curve shape, is more favorable than 369 

Graph 3. 370 

 371 
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 372 

Fig. 8 The relative duration of the operating time with an arbitrary probability of failure-free operation: 1 - (P)av = 0.95, 373 

2 - (P)av = 0.85, 3 - (P)av = 0.75 374 

 375 

4.  The method of forming the mobile ropeway planned repair strategy 376 

 377 

As a technical and economic criterion for the effectiveness of the mobile ropeway planned repair strategy, the 378 

following condition was adopted: obtaining the minimum possible total Crp  or relative total Crp,rel
  

cost of repairs of a 379 

ropeway during the entire life of its operation, while ensuring the average probability of failure-free operation (P)av
  

set 380 

in the technical task for design. As factors x that vary when searching for the minimum cost Crp (or Crp,rel), and are used 381 

[P] and Nrp. Thus, the task of optimizing the mobile ropeway planned repair strategy has the following form: 382 

- objective function 383 

 384 

O(x1; x2) = Crp([P]; Nrp) → min ;                                                                                                     (15) 385 

 386 

- restrictions 387 

 388 

(P0)av = [Pav] ;                                                                                                                                   (16) 389 

 390 

[P] – [P]min  0,     1.0 – [P]  0 ;                                                                                                    (17) 391 

 392 

(Nrp)max – Nrp  0 ,    Nrp – (Nrp)min  0 ,                                                                                           (18)  393 

 394 

where [P]min, the minimum possible value of the permissible probability of a critical failure [P]; (Nrp)min, (Nrp)max, the 395 

minimum and maximum possible number of planned repairs Nrp. 396 

Setting the required average value of the probability of failure-free operation (P)av
 
is more preferable than rationing 397 

the minimum value of the probability of failure-free operation [P0]min, since in the first case an acceptable level of 398 
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reliability of the ropeway is provided during the entire service life, and in the second case – only for a local moment of 399 

time. 400 

The formation of a mobile ropeway repair strategy based on the accepted efficiency criterion is based on finding the 401 

optimal combination of two variable factors [P]
 
and Nrp. The process of finding the optimal combination is based on a 402 

discrete iteration of several values of the number of repairs Nrp 
 
from the interval (Nrp)min 

 
Nrp  (Nrp)max

 
. For each 403 

value under consideration Nrp, the following calculation steps must be performed. 404 

Step 1. Determination of the limit (maximum) value [P]
 
at which the condition (16) is met. To do this, it is 405 

convenient to use the approach [25]. It is based on determining the average probability of failure-free operation (P)av
 
in 406 

a discrete number of points [P]1, …, [P]K 
 
within the possible change in the limit value [P] [[P]min; 1.0) at [P]min 

in the 407 

range from 0.93 to 0.96 (Fig. 9). Then the resulting discrete function is approximated using a one-dimensional spline 408 

interpolation of the form (P0)av = (P0)av([P]). One-dimensional spline interpolation allows us to approximate this 409 

function on each k-th section between neighboring discrete reference points [P]k 
 
and [P]k+1

 
using a cubic polynomial: 410 

 411 

(P0)av([P]) = (P0)av,k + bP,k([P] – [P]k) + cP,k([P] – [P]k)2 + dP,k([P] – [P]k)3 ,                                  (19)  412 

 413 

where [P]k , abscissas of reference points of spline interpolation; (P0)av,k , ordinates of the reference points of the spline 414 

interpolation (Fig. 9); bP,k , cP,k , dP,k , spline interpolation coefficients. 415 

The desired limit value [P]
 
is determined by the solution of a nonlinear algebraic equation 416 

  417 

(P0)av,k + bP,k([P] – [P]k) + cP,k([P] – [P]k)2 + dP,k([P] – [P]k)3 – [Pav] = 0                                       (20) 418 

 419 

by one of the known methods of numerical analysis [29].  420 

 421 

 422 

Fig. 9 Spline interpolation of the average probability of uptime 423 

 424 
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Step 2. Construction of the kinetic curve of the change in the probability of failure-free operation of a mobile 425 

ropeway during the entire service life and determination of the total Crp (or relative total Crp,rel) the cost of repairs. For 426 

this purpose, the mathematical model presented in subsection 4.1 and Eqs. (13) or (14) are used. 427 

Step 3. Comparison of the Crp
 
or Crp,rel

 
indicators corresponding to the kinetic curves P0()

 
for a different number of 428 

planned repairs, and the choice of the strategy that has the smallest value of Crp or Crp,rel. This ropeway repair strategy is 429 

the most cost-effective, since it requires minimal financial costs. The combination of variable factors [P]
 
and Nrp, which 430 

characterizes this strategy, is optimal. 431 

Step 4. Clarifying calculation of the optimal strategy for the planned repair of the ropeway. This is necessary, since 432 

the procedure of approximate representation of the function (P0)av = (P0)av([P]) was used to determine the limit value of 433 

[P]. The clarifying calculation includes the construction of a kinetic curve of the change in the probability of failure-free 434 

operation of the ropeway P0()
  
with an optimal combination of variable factors [P]

 
and Nrp. At the same time, the time 435 

points of planned repairs rp,i(1 ≤ i ≤ Nrp), the minimum (P0)min
 
and actual average (P0)av

 
probability of failure-free 436 

operation, the total Crp
 
and relative total Crp,rel

 
cost of all planned repairs and the cost of individual repairs crp,i(1 ≤ i ≤ 437 

Nrp)
 
are determined. Also, for each planned repair, a list of key structural elements to be restored during each planned 438 

repair is determined. During these repairs, the relevant elements must be restored or replaced. This allows you to make 439 

a list of restored structural elements for each i-th planned repair, estimate the volume and cost of i–th repair, as well as 440 

form an application for the need for spare parts. This information allows you to plan the consumption of spare parts 441 

during the entire service life of the mobile cargo ropeway. 442 

 443 

5 Test analysis and discussion of the results 444 

 445 

A test evaluation of the developed method for forming an optimal strategy for planned repairs of a mobile cargo 446 

ropeway was carried out with the same initial data as in subsection 3.1. Calculations were carried out for three values of 447 

the average probability of failure-free operation [Pav]: 0.95, 0.85 and 0.75. 448 

Fig. 10 shows the kinetic curves of the probability of failure-free operation of the ropeway with the most effective 449 

strategies of planned repairs, depending on the normalized value [Pav]. In the Table 1 and Fig. 11 show the values of the 450 

parameters that characterize these strategies. According to Fig. 11c, up to the normalized value of [Pav]~ 0.92, there is a 451 

linear increase in the total cost of repairs, and then it is replaced by a sharply nonlinear increase. As a result, for the 452 

ropeway under study, with the accepted failure rate and the cost of key structural elements, achieving a higher level of 453 

reliability is an economically unacceptable task.  454 

 455 
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 456 

Fig. 10 Changing the probability of failure-free operation of the ropeway with optimal strategies of planned repairs: 1 - 457 

[Pav]= 0.95, 2 - [Pav]= 0.85, 3 - [Pav]= 0.75 458 

 459 

 460 

Fig. 11 Indicators of optimal strategies for planned repairs: a the minimum permissible probability of critical failure b 461 

the minimum probability of failure-free operation c the relative total cost of repairs 462 

 463 

Table 1 Calculated indicators of optimal strategies for planned repairs of the ropeway 464 

Indicators The value of the indicator when [Pav]  

0.95 0.90 0.85 0.80 0.75 

Number of planned repairs Nrp 11 11 11 10 5 

Minimum permissible probability of critical 

failure [P]  

0.9995 0.9995 0.9901 0.9845 0.9786 

Actual average probability of failure-free 

operation  (P0)av 

0.9524 0.9003 0.8517 0.8050 0.7547 

Minimum probability of failure-free 

operation (P0)min 

0.9066 0.8204 0.7588 0.6998 0.6109 

Relative total cost of repairs Crp,rel  7.62 3.14 1.72 1.08 0.53 

 465 

When using structural elements that have other values of the failure rate as part of self-propelled transport units, this 466 

value of the normalized probability [Pav]
 
may shift. Thus, by purposefully using key elements with increased reliability 467 

indicators in the design of transport units, it is possible to manage quantitative indicators of the optimal strategy for 468 

planned repairs of a mobile cargo ropeway. 469 
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Table 2 shows calculated data on the structure and volume of each i-th planned repair for optimal strategies for 470 

repairing a mobile ropeway, corresponding to two given values of the average probability of failure-free operation [Pav] 471 

= 0.95 and 0.85. For each m-th key element, the critical failure of which causes the ropeway to stop, it is shown by 472 

which points in the time of planned repairs rp,i , their probability of being in an inoperable state increases to the value 473 

(P0)m(rp,i)  1– [Pav]. During these repairs, the corresponding structural elements must be restored. For each planned 474 

repair, this allows you to determine the structure of the repair (that is, to make a list of restored elements), to estimate 475 

the volume and cost of the repair, as well as to form an application for the necessary spare parts. As a result, a joint 476 

analysis of the structure and volume of all repairs included in the optimal mobile cargo ropeway repair strategy allows 477 

planning the distribution of material and financial resources for carrying out the necessary repairs during the operation 478 

of the ropeway at the design stage of self-propelled transport units. 479 

Table 2 Structure and volume of planned repairs 480 

Element Number of planned repair 

 1 2 3 4 5 6 7 8 9 10 11 

P x/x x/- x/x x/x x/- x/x x/- x/x x/- x/x x/- 

HM x/- x/- x /x x/- x/- x/x x/- x/- x /x x/- x/- 

HC1 -/- -/- -/- -/- -/- -/- -/- -/- -/- -/- -/- 

HC2 -/- -/- -/- -/- -/- -/- -/- -/- -/- -/- -/- 

HR x/- x/- x/- x/- x/- x/- x/- x/x x/- x/- x/- 

SV x/- x/x x/- x/x x/- x/x x/- x/x x/- x/x x/- 

F -/- -/- -/- -/- -/- -/- -/- x/- -/- -/- -/- 

DV1- 4 x/- x/- x /x x/- x/- x/-  x/x x/- x/-  x/- x /x 

PV1, 2 x/- x/- x/- x/- x/- x/- x/- x/- x/- x/- x/- 

RP -/- -/- -/- -/- -/- -/- -/- -/- -/- -/- -/- 

SR -/- -/- -/- -/- -/- -/- -/- -/- -/- -/- -/- 

B x/- x/x x/- x/- x/x x/- x/- x/x x/- x/- x/x 

C1- 3 -/- -/- x/- -/- -/- x/- -/- -/- x/- -/- -/- 

B1 -/- -/- -/- -/- -/- -/- -/- x/- -/- -/- -/- 

B2 -/- -/- x/- -/- -/- x/- -/- -/- x/- -/- -/- 

BR x/- x/- x/x x/- x/- x/x x/- x/- x/x x/- x/- 

LF x/- x/- x/- x/x x/- x/- x/- x/x x/- x/- x/- 

RC x/- x/- x/x x/- x/- x/x x/- x/- x/x x/- x/- 

M x/- x/- x/- x/- x/- x/- x/- x/- x/x x/- x/- 

CP -/- -/- -/- -/- -/- -/- -/- x/- -/- -/- -/- 

IP -/- -/- -/- -/- -/- -/- -/- x/- -/- -/- -/- 

VE1 x/- x/- x/x x/- x/- x/x x/- x/- x/x x/- x/- 

VE2- 4 x/- x/- x/- x/- x/- x/- x/- x/- x/x x/- x/- 

crp,I /Crp 0.67/ 

0.06 

0.70/ 

0.02 

0.69/ 

0.39 

0.71/ 

0.12 

0.67/ 

0.01 

0.72/ 

0.30 

0.67/ 

0.11 

0.74/ 

0.15 

0.69/ 

0.37 

0.70/ 

0.08 

0.70/ 

0.12 
a”x” - the element is subject to restoration during i-th repair, “-“ - the element cannot be restored during i-th repair. 481 

bIn the numerator - the calculation results for a probability of failure-free operation [Pav] = 0.95, in the denominator - 482 

for [Pav] = 0.85. 483 

 484 

Conclusion 485 

 486 
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The mathematical models presented in this article for predicting the kinetics of reliability and the method for forming 487 

an optimal strategy for planned repairs can be recommended for use at the design stage of technological equipment of 488 

self-propelled transport units intended for creating mobile cargo ropeways.  489 

The functionality and algorithm of using this method were considered in relation to the structural scheme of a mobile 490 

ropeway based on two terminal transport units with a specific set of structural elements. However, this circumstance 491 

does not reduce the universality of the method of forming an optimal repair strategy in relation to other currently known 492 

structural variants of terminal transport units [4]. Taking into account the features of the design of mechanisms and 493 

systems of the technological equipment, as well as the specific structural elements used, only leads to a change in the 494 

dimension of the problem being solved, but does not change the algorithm of the researcher's actions. 495 

The proposed approach makes it possible to maintain the reliability level initially set during the design of both self-496 

propelled transport units themselves and the mobile ropeways formed by them. The approach is implemented by 497 

preemptively restoring or replacing during planned repairs in stationary conditions those of its structural elements 498 

whose probability of loss of operable state reaches by the time of repair the minimum permissible value of the 499 

probability of critical failure specified in the technical task for design. At the same time, a two-pronged technical and 500 

economic task is solved: ensuring an acceptably high level of reliability and technical risk while simultaneously 501 

ensuring the minimum possible total cost and number of repairs during the entire specified service life of a mobile cargo 502 

ropeway. This approach is a promising direction for improving the operational performance of this transport equipment. 503 

 504 
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