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Model and Analysis of Rope Winch Operation in Underground Rail Transport

The primary means of rail transport in inclined workings up to 45° are typically single- or double-drum 
rope winches. These winches are part of a transport system consisting of the winch itself, a rope with a dia
meter d and length Ll, a track system, and a return drum with a rope tensioning mechanism. A fundamental 
challenge in employing winches in a given working is accounting for their operational conditions, which 
include the route length Lu, its inclination αu, and the value of the hauled mass (weight) Gm, given a speci-
fied load transport velocity vpł. These factors influence the drive load parameters, such as the winding rope 
force FC, unwinding rope force FS, and drive motor power Np. Manufacturers of these devices provide their 
structural (Lumax), kinematic (vpj), and energy-related (Np) parameters. However, it is the responsibility of 
the prospective user to assess the suitability of a specific winch for the conditions present in their transport 
excavation. To address this need, an analytical model, algorithm, and computer program have been devel-
oped to dynamically determine the required parameters while considering the winch’s operating conditions.
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1.	I ntroduction

The transportation of various types of machinery, equipment, materials, and personnel can 
be carried out through haulage (Fig. 1), conveyance (Fig. 2), or hoist (Fig. 3). Haulage refers to 
a mode of transport that utilizes cars equipped with running gear and wheelsets, moving along 
different transport routes and powered by various drive systems (electric, hydraulic, internal 
combustion, or pneumatic) [1,2]. Conveyance is performed using belt, scraper, screw, bucket, 
plate, or auger conveyors [3,4].
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Fig. 1. Passenger train in coal mine for miners transportation (haulage) [5] 

a)	 b)

Fig. 2. Belt conveyors transport: a) for people, b) for output [6,7] 

Fig. 3. Transport in a shaft under construction (hoisting system) [8,9]
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The distinguishing feature of hoisting transport is using a rope or, less commonly, a chain 
traction system for moving loads. In this system, the transport cars are guided by rail tracks or 
dedicated guiding structures. Rail transport utilizing winches equipped with ropes falls within 
this category (Fig. 4) [10,11]. Typically, the movement of valuable loads or personnel in wheel-
rail transport cars occurs along transport routes of length Lu, inclined at an angle αu. A typical 
transport assembly includes a single- or double-drum winch (1), a rope (2) with a diameter d and 
length Ll, one or more transport wagons equipped with rail undercarriages (3), a return sheave 
with a rope tensioning system and rail track (4) (Fig. 5). In inclined workings with a slope of four 
degrees or more, safety devices (5) are additionally installed to prevent uncontrolled descent of 
transport wagons in case of rope or winch failure [12,13].

The rope winch is the drive unit within this transport system (Fig. 6) [14]. The rope winch 
consists of a supporting frame (1), rope drums (2) with a rope (3), planetary gear transmissions (4), 

Fig. 4. Transport using rope winch (hauling)

Fig. 5. Transport system with a rope winch in an inclined underground excavation
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braking systems, including manoeuvring brakes (5) and a parking brake (6), a drive motor, usually 
electric or hydraulic. Drum diameter D is selected based on rope diameter d, ensuring compliance 
with minimum conditions D ≥ 30d.

The control system for rope winch transport is typically local, though remote operation 
is also possible in some cases [15]. A prospective user considering rope winch transport is prima
rily interested in drive parameters, such as load travel speed, maximum rope force and motor 
power. Determining these parameters requires analytical or empirical evaluation, considering the 
transport distance and transported mass. 

Fig. 6. Double rope drum winch [16,17]

2.	A nalytical Model of a Transport System  
with a Rope Winch

As previously mentioned, selecting a suitable rope winch requires determining its technical 
parameters, preferably through analytical methods. It necessitates the development of an analytical 
model of a transport system with a rope winch. The schematic diagram of such a transport system 
operating on an inclined route (working) is presented in Fig. 7. It is assumed that the operation 
of this transport system is carried out using a winch with an endless rope [15]. The rope wound 
around the rope drum may be wrapped x times to achieve the required frictional engagement 
(XP). In an alternative configuration, where the ropes are anchored to the drum, friction between 
the rope and the drum is not considered.

In the schematic diagram, the individual components of the transport system are designated 
as follows (Fig. 7):
	 KZN	 –	 return and tensioning sheave,
	 KK	 –	guiding sheave,
	 CC	 –	winding rope,
	 CS	 –	unwinding rope,
	 vpj	 –	 transport velocity in steady-state motion, m/s,
	 Lu	 –	 length of the transport route (inclined excavation), m,
	 Lul	 –	distance from arbitrarily selected point A to the guiding sheave KK, m,
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	 αu	 –	 inclination angle of the transport route (inclined excavation), °,
	 ql	 –	unit weight of the rope, kN/m,
	 Fnwl	 –	 initial rope tension force, kN,
	 Gm	 –	 transported weight, kN,
	 Gml	 –	component of Gm parallel to the floor, kN,
	 Gmo	 –	component of Gm perpendicular to the floor, kN,
	 Gl	 –	component of the winding rope weight parallel to the floor, kN,
	 Gl1	 –	component of the rope weight section from KZN to point A parallel to the floor, kN,
	 Gl2	 –	component of the rope weight section from point A to the drive unit parallel to the 

floor, kN,
	 Gls	 –	component of the unwinding rope weight parallel to the floor, kN,
	 μpm	 –	coefficient of resistance for Gm, 
	 μpl	 –	coefficient of resistance for the unwinding rope,
	 μpl1	 –	coefficient of resistance for the winding rope section from KZN to point A, 
	 μpl2	 –	coefficient of resistance for the winding rope section from point A to the drive unit, 
	 Tm	 –	 resistance force for the movement of Gm, kN,
	 Tl	 –	 resistance force for the movement of the winding rope, kN,
	 Tl1	 –	 resistance force for the movement of the rope section from KZN to point A, kN,
	 Tl2	 –	 resistance force for the movement of the rope section from point A to the drive 

unit, kN,
	 Tls	 –	 resistance force for the movement of the unwinding rope, kN,
	 FC	 –	 tension force in the winding rope, kN,
	 FS	 –	 tension force in the unwinding rope, kN.

Fig. 7. Schematic diagram of rail transport in an inclined underground excavation using  
a rope winch (endless rope system) 
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Then, using the principle of equilibrium on an inclined plane, the individual forces relevant 
to selecting the winch, rope, and rope tensioning mechanism were determined. 

	 Gml = Gm · sinαu	 (1)

	 Gl = Gl1 + Gl2	 (2)

	 Gl1 = ql · (Lu – Lul) · sinαu	 (3)

	 Gl2 = ql · Lul · sinαu 	 (4)

	 Gmo = Gm · cosαu 	 (5)

	 Gls = ql · Lu · sinαu	 (6)

	 Tm = Gm · μpm · cosαu	 (7)

	 Tl1 = ql · μpl1 · (Lu – Lul) · cosαu	 (8)

	 Tl2 = ql · μpl2 · Lul · cosαu	 (9)

	 Tl = Tl1 + Tl2 = ql · μpl1 · cosαu · (Lu – Lul) + ql · μpl2 · cosαu · Lul	 (10)

	 Tls = ql · Lu · μpl · cosαu	 (11)

	 Fs = Gls ± Tls + 0.5 · Fnwl = 0.5 · Fnwl + ql · Lu · (sinαu ± μpl · cosαu)	 (12)

	 FC = 0.5 · Fnwl + GlmC ± Tm ± Tl	 (13)

	 GlmC = Gml + Gl = (Gm + ql · Lu) · sinαu	 (14)

Based on the above dependencies, the values of the individual forces can be calculated, 
particularly the tension force in the winding rope FC and the tension force in the unwinding rope 
FS, allowing for the selection of the rope diameter d [18,19]. Assuming the required travel veloc-
ity vpj for the mass Gm, the motor power of the winch drive Np can be selected accordingly. The 
coefficients of resistance μpl1, μpl2, and μpl appearing in these relationships are assumed arbitrarily 
(empirical values), allowing for two possible cases to be considered. The first case assumes that 
these coefficients have identical values, leading to:

	 μpl1 = μpl2 = μpl	
	 Tl = ql · μpl · Lu · cosαu	 (15)

	 FC = 0.5 · Fnwl + (Gm + ql · Lu) · sinαu ± Gm · μpm · cosαu ± ql · μpl · Lu · cosαu

	 FC = 0.5 · Fnwl + Gm · sinαu + ql · Lu · sinαu ± Gm · μpm · cosαu ± ql · μpl · Lu · cosαu

	 FC = 0.5 · Fnwl + Gm · (sinαu ± μpm · cosαu) ± ql · Lu · (sinαu ± μpl · cosαu)	 (16)

In the second case, these coefficients have different values, and the lengths of the rope seg-
ments before and after point A also differ.

	 μpl1 ≠ μpl2, Lu ≥ Lul, Lul ≠ const
	 Tl = ql · cosαu · [μpl1 · (Lu – Lul) + μpl2 · Lul]	 (17)
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	 FC = 0.5 · Fnwl + (Gm + ql · Lu) · sinαu ± Gm · μpm · cosαu ± 
	 ql · cosαu · [μpl1 · (Lu – Lul) + μpl2 · Lul]
	 FC = 0.5 · Fnwl + Gm · (sinαu ± μpm · cosαu) ± ql · Lu · sinαu ± 
	 ql · cosαu) · [μpl1 · (Lu – Lul) + μpl2 · Lul]	 (18)

Using a rope for moving (hoisting) machines, equipment, materials, and people in the case 
of winches with an endless rope requires the implementation of a rope tensioning mechanism 
to provide the necessary initial tension force Fnwl. The magnitude of this force is determined by 
the frictional engagement between the rope and the drum and is derived from the force FC. The 
force Fnwl is typically constant or adjustable, depending on the load conditions.

However, due to the elongation or contraction of the rope under load (resulting from the 
rheological properties of the rope [20]), its length must be compensated by the rope tensioning 
mechanism. Therefore, such a mechanism must have an appropriate stroke ∆Fnwl and initial rope 
tension force Fnwl. Assuming that ∆FC represents the elongation of the winding rope under the 
action of force FC, and ∆FS represents the elongation of the unwinding rope under the action of 
force FS, the unit elongation of the rope qlw can be expressed as:

	 ∆FC = qlw · FC	 (19)

	 ∆FS = qlw · FS 	 (20)

Then, the elongation of the rope ΔFnwl under the action of the initial tension force Fnwl is 
determined using equation (22). In contrast, the elongation of the rope under the action of forces 
FC and FS can be obtained from equation (21). The sum of these displacements corresponds to the 
minimum stroke of the return sheave in the rope tensioning mechanism, as given by equation (23).

	 ∆FCS = ∆FC + ∆FS = qlw · (FC + FS)	 (21)

	 ∆Fnwl = qlw · Fnwl	 (22)

	 ∆F = ∆FCS + ∆Fnwl 	 (23)

3.	A nalytical model application 

Based on the previously described analytical model and using a spreadsheet, the necessary 
calculations were performed for a selected transport system with a rope winch installed in an 
inclined mining excavation of a deep mine (Fig. 8). The purpose of these calculations was to 
verify the correct selection of the stroke of the return sheave in the rope tensioning mechanism. 

The following input data were assumed for the calculations:
–	 length of the transport route (inclined excavation), Lu = 1150 m;
–	 distance from arbitrarily selected point A to the guiding sheave KK, Lul = 500 m;
–	 unit elongation of the rope qlw = 5.8 mm/kN;
–	 inclination angle of the transport route (inclined excavation), αu = 16°;
–	 transported weight, Gm = 467 kN;
–	 coefficient of resistance for Gm, μpm = 0.05; 
–	 required travel velocity, vpj = 2.5 m/s;
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–	 coefficient of resistance for the unwinding rope, μpl = 0.05;
–	 coefficient of resistance for the winding rope section from KZN to point A, μpl1 = 0.05;
–	 coefficient of resistance for the winding rope section from point A to the drive unit, 
μpl2 = 0.05.

Initially, a rope with a diameter of d = 42 mm (Gm = 467 kN) and a unit weight of rope 
ql = 0.08 kN/m. A preliminary rope pretension force of Fnwl = 20 kN and a return sheave stroke 
of ΔF = 1000 mm were adopted. As a result of the calculations (Fig. 9), the tension forces in the 
winding rope pulling the system upward FC = 190.9 kN and in the unwinding rope FS = 30.9 kN 
were determined. These results confirm that both the selected rope parameters and the initial 
rope pretension force are sufficient.

However, the actual return sheave stroke in the rope tensioning mechanism was calcu-
lated as ΔF = 1143 mm when moving downward and ΔF = 1403 mm when moving upward. 
The calculations indicate that the required return sheave stroke exceeds the assumed value by 
403 mm, necessitating modifications to the actual system. Of course, similar calculations can 
be performed with different input parameters to verify whether the theoretical results align with 
real-world conditions. 

5.	C onclusions

As previously mentioned, the analytical model of the transport system with a rope winch 
serves as a support tool in the selection process of the winch and other system components, 
ensuring suitability for specific operational conditions. Therefore, the future user must be fa-
miliar with and capable of defining the requirements for winch, rope, transport route (guidance 
system), and safety devices. The previously described model is a valuable tool when selecting 
a rope winch, particularly when determining its technical parameters such as travel speed vpj, 
transported mass Gm, hauling force FC, and stroke of the tensioning mechanism ΔF.

Fig. 8. Transport system in the analyzed excavation
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