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Abstract. In lift systems, the repeated running back-and-forth movement of steel wire ropes over 

sheaves induces fatigue failure, which is a critical safety concern. Accurately assessing the fatigue 

life of hoisting ropes is an important issue for the reliability of lift systems. Certain main factors 

influencing fatigue life include rope structure, the sheave-to-rope diameter ratio (D/d), operational 

speed, and applied tensile force. It is expected that the fatigue occurs primarily through wire fractures 

in outer strands. The quantity of these fractures dictates when the rope should be replaced. However, 

quantifying these fractures without halting operations poses significant challenges in terms of 

downtime and budgeting. This study introduces an innovative approach that employs image 

processing enhanced by Artificial Intelligence within a fatigue testing setup. Utilising high-speed 

cameras, the system aims to detect the evaluation of fatigue failure. Overall, this research combines 

cutting-edge technology to enhance fatigue testing methodologies. 

1 INTRODUCTION 

Steel wire ropes are critical in various industries due to their high axial strength and bending 

flexibility, making them suitable for lifts, cranes, mining systems, bridges, offshore platforms, and 

cable cars. These ropes experience bending over sheaves (BoS), leading to fatigue from load 

variations, and degrading their physical properties over time. Previous studies have extensively 

studied their fatigue behaviour [1-10]. Understanding this behaviour is crucial for safety and 

reliability, helping determine fatigue life and identify critical failure points. Traditional visual 

inspection, though common, has limitations like time constraints and insufficient detection 

capabilities  [11]. Current literature lacks a thorough investigation of the D/d ratio (Sheave diameter 

to rope diameter) and has only tested limited rope diameters, operational speeds, and loading amounts, 

necessitating detailed investigation and data collection. 

In 2011, a lift system rope rupture in Tokyo highlighted the need for improved inspection methods. 

The accident was attributed to the natural weakening of the lifting rope's mechanical properties due 

to ageing and inadequate regular inspections [12]. Thus, automatic and non-destructive observation 

of steel wire ropes has become an important research topic [11]. 

Significant research has been conducted to understand steel wire rope fatigue. Feyrer [13] examined 

ropes under BoS fatigue, investigating the effects of tensile load, sheave diameter, zinc coating, 

sheave geometry and material, side deflection, and wrapping angle on durability. Onur and İmrak [4] 

studied the impact of tensile load (S) and sheave diameter (D) on fatigue durability in terms of cycle 

numbers. Ridge et al. [6] presented findings from experiments on various damage forms wire breaks, 

abrasive wear, loose wires, plastic wear, corrosion, and twisting imbalance on BoS fatigue durability. 

They used the Feyrer equation to theoretically estimate fatigue life, comparing it with experimental 

results. 
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Figure 1 Test Setup in Elevator Technologies Laboratory 

This study aims to determine the fatigue life of steel wire ropes under BoS using image processing 

and artificial intelligence simultaneously. The “Rope Fatigue Testing and Analysis Test Setup” 

located at the Elevator Technologies Laboratory, Faculty of Mechanical Engineering, Istanbul 

Technical University, is employed for the first time in Türkiye and designed specifically for 

experimental purposes and assembled with support by the Sanel Asansor company (Figure 1). This 

research utilises high-speed cameras and AI for real-time observation, detecting damage that may be 

missed by the naked eye, and allowing timely interventions. 

2 INFLUENCING FACTORS ON WIRE LIFETIME 

Steel wire ropes used in several industrial sectors are subjected to various types of damage depending 

on their usage. Certain factors influence these damages, which affect the steel wire rope's lifetime. 

2.1 Axial Stress 

Axial or normal stresses arise from forces aligned along the rope's axis. The axial stress is calculated 

by dividing the tension within the wire rope by its actual metallic cross-sectional area, as depicted in 

Equation (1). The breaking strength of wire rope is determined by its tensile strength. The formula 

for axial stress (fa) is: 

𝑓𝑎 =
𝑇

𝐴
 (1) 

where: 

fa = axial stress (MPa) 

T = the tension in the rope (N) 

A = actual metallic cross-sectional rope area (mm2) 
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2.2 Tensile Load 

Feyrer [13] has done several experiments on wire rope to relate tensile load to fatigue life. The 

obtained results show that by increasing the tensile load (S), the bending lifetime decreases. This can 

also be concluded from Figure 2. 

 

Figure 2 Number of Bending Cycles as a Function of The Tensile Load [14] 

2.3 Sheave Size 

Sheave diameter greatly affects rope strength, causing a loss in effective strength due to bending. 

Tests show that rope strength efficiency decreases significantly as sheave diameter decreases relative 

to rope diameter. Manufacturers set sheave size standards based on rope composition [13]. Figure 

3(a) shows the relationship between sheave diameter (D) and the number of cycles to discard or 

complete rupture, indicating that increasing sheave diameter significantly extends rope life. Figure 

3(b) demonstrates that for a 16mm Filler rope, decreasing the diameter ratio (D/d) reduces the bending 

lifetime as the specific tensile load (S/d2) varies. 

 

(a) 

 

(b) 

Figure 3 a) Number of Bending Cycles as a Function of The Sheave Diameter [14]                        

b) Breaking Numbers of Bending Cycles for One Filler Rope [13]  
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2.4 Bending Principle 

In dynamic working conditions, wire ropes primarily face bending over sheaves, leading to bending 

fatigue. Understanding the bending mechanism is crucial for realising bending cycles. Figure 4(a) 

shows different bending cycles, while Figure 4(b) illustrates the rope stroke (h), the bending length 

(l), and the contact length (u) between the cable and sheave. 

During operation, cables bend either in a simple or reverse shape on the sheaves. In the fatigue test 

shown in Figure 4(b), the cable undergoes repeated simple bending, with the number of bending 

cycles denoted as (Nsim). The number of cycles in simple bending depends on the rope's progression 

length (h). If h is shorter than u, the cable experiences simple bending each cycle. 

The machine designed for this study operates on this principle. During each cycle, the cable bends in 

both the right and left regions of the test sheave, with a bending length of (h). The number of cycles 

(Z) and total bending length (l) during the test are calculated using equation (2) [13]. As the rope 

bends on both sides of the sheave, the total bending length (l) is twice h. 

𝑙 = 2ℎ and 𝑁 = 𝑁𝑠𝑖𝑚 = 𝑍, for ℎ < 𝑢 (2) 

 

 

(a)  

 

(b) 

Figure 4 a) Symbols for Numbers of Bending Cycles [13] b) Simple Bending Reproduced from 

[15] 

2.5 Shape of the Sheave Groove 

The groove shape and material of the sheave significantly impact the lifetime of steel wire ropes. 

Ideally, grooves should be +6% to +8% of the nominal rope diameter, as tight or wide grooves reduce 

rope lifespan. Incorrect groove geometry can cause greater reductions in lifespan than predicted by 

laboratory tests. [14]. Proper groove diameter for the rope composition prolongs both sheaves and 

rope life. Tempered steel grooves prevent changes in groove geometry due to wear, thereby increasing 

bending fatigue lifetime [13]. 

2.6 Rope Composition 

Furthermore, the composition of steel wire ropes influences their bending over sheave fatigue life. 

Ropes are made in various compositions to meet different demands. Coarser compositions with larger 

wires are suited for abrasion, while flexible compositions with smaller wires are better for frequent 

bending. Often, a single rope cannot withstand all destructive forces, necessitating compromises in 

selection. Commonly preferred ropes in lift systems are Seale, Warrington, or Filler types with fibre 

cores and parallel wires of the same pitch. Commonly used steel wire rope constructions are 8x19, 

6x19, and 6x25. 
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2.7 Wire Rope Diameter 

Particularly, wire rope diameter (d) is crucial for fatigue lifetime. Generally, fatigue life increases 

with the diameter until it reaches the "Optimal Nominal Rope Diameter," after which it decreases. 

Figure 5 illustrates this experimental finding. Optimal nominal diameter, tensile load, and sheave 

diameter parameters must be considered when selecting wire rope diameter. 

 

Figure 5 Number of Bending Cycles as a Function of The Nominal Rope Diameter [14] 

2.8 Wire Rope Core  

Finally, the core type impacts the fatigue life of wire ropes. Bending tests on ropes with fibre cores 

showed that sisal and polypropylene (PP) cores had similar results, while polyamide (PA) cores lasted 

longer due to their superior strength. Increasing the core mass enhances fatigue life. Tests on steel 

cores indicated that steel cores coated with solid polymer (ESWRC) and those aligned parallel to 

external strands (PWRC) had longer bending life compared to independent wire rope cores (IWRC) 

[13]. 

3 EXPERIMENTAL PROCEDURE 

In this section, a description of the test setup design, details of the experiment, and the wire rope 

inspection system are provided. 

3.1 Test setup specifications 

The specially designed test setup, shown in Figure 1, includes sheave-1 with a diameter of 400mm as 

the drive sheave, positioned at a height of 2200 mm from the ground, and a 250mm sheave-2 as the 

deflection sheave. Sheave-2 provides necessary pre-tension and maintains the required wrapping 

angle on the drive sheave. The distance between the drive sheave and the deflection sheave is 1160 

mm. Fatigue occurs in the area moving over the drive sheave, with high-speed cameras positioned 

around the red area of Figure 6 to examine rope damage. The setup uses semi-circular grooved 

sheaves that can be adjusted vertically to accommodate different diameters, controlling the wrapping 

angle and contact length between the rope and the sheave. The Load mechanism in Figure 6 can hold 

up to 450 kg to provide the necessary cable tension. The cable drive system uses a three-arm 

mechanism powered by a 4.32 kW synchronised motor, with an electronic control panel for speed 

control, ensuring the system operates at the required speed. 
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Figure 6 a) Test Setup Right View b) Front View c) Wire Rope Clipping Parts Assembled on 

Three Arm Mechanism d) The Loading Mechanism e) Rotating Motor System 

3.2 Experiment Samples 

Due to BoS fatigue, steel wire ropes begin to break over time, as shown in Figure 7. This breaking 

behaviour is similar across all steel wire ropes, but the time of occurrence and initiation of fatigue 

damage varies. Literature on rope fatigue includes studies using different rope types and diameters 

with sheaves. For instance, Warrington-Seale (IWRC) ropes were used in studies [4, 7]. Both types 

were used in [3, 5]. Another example is a 109 mm diameter 'low-torque, multi-strand' rope in [8, 9]. 

This project investigates the fatigue life of two rope types, Warrington and Seale, commonly used in 

the lift industry. Three rope samples of each type, with diameters of 8 mm, 10 mm, and 12 mm, are 

chosen to be tested. 

Various discard criteria for wire ropes ensure safe use, varying by system and industry. One key 

criterion is the number of visible broken wires, based on the rope classification and the number of 

load-bearing wires in the outer strands. The TS ISO 4309 [16] standard presents threshold numbers 

of broken wires for round-strand steel ropes on steel sheaves. These counts are based on the rope 

loading condition and operational time as specified in the TS ISO 4301 [17] standard. 

 

Figure 7 Fatigue-Induced Wire Breaks in Steel Wire Ropes. 
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3.3 Experiment Variables 

In previous research studies similar to the planned experiments, different ratios of sheave diameter to 

rope diameter have been used. These ratios include 10 and 25 D/d ratios in studies by [3, 4], the 25 

ratios studied by [2] and [5], and 20 in research by [8, 9]. Additionally, other ratios such as 8, 12, 16, 

17, 18, and 23.3 have been used in similar research like [1, 6, 7, 10]. In this project, a sheave diameter 

of 400 mm will be used as the drive sheave, and three different rope diameters will be considered, 

which gives ratios of 33, 40, and 50 D/d.  

The other parameter to be investigated is the rope’s operating speed because it significantly affects 

rope life [3] . For this reason, the improved test setup will be operated at speeds of 2400 rev/s (Hz) 

and 4800 rev/s (Hz).  

The third and final parameter is the payload to be subjected. During the fatigue test, 200 kg and 400 

kg payloads will be applied. After applying these loads, the tension build-up in the rope will be 

measured and recorded using load cells. During the experiments, ambient temperature and humidity 

will also be observed and registered. Based on the literature survey, the parameters selected for the 

experiment can be seen in Table 1. 

Table 1 Selected Parameters of The Experiment 

Rope Type 
Rate  

(D/d) 

Diameter  

(mm) 

Machine 

Speed  

(rpm) 

Payload  

(kg) 

Warrington 

50 8 

40 
200 

400 

80 
200 

400 

40 10 

40 
200 

400 

80 
200 

400 

33 12 

40 
200 

400 

80 
200 

400 

Seale 

50 8 

40 
200 

400 

80 
200 

400 

40 10 

40 
200 

400 

80 
200 

400 

33 12 

40 
200 

400 

80 
200 

400 

 

3.4 Artificial Intelligence Embedded Image Processing System  

Traditional visual inspection methods for wire ropes are inadequate for many reasons. This paper 

proposes an alternative approach using high-speed cameras and AI. Four high-speed cameras, each 

covering a 90-degree segment of the moving rope, must have at least 2 MP resolution, a 2 mm lens, 

and a frame rate of 249 fps for accurate data capture. These cameras continuously record the rope’s 
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condition, sending footage to a computer with an AI image processing module. Due to high-speed 

motion, a powerful graphics card is needed for real-time analysis. 

The research aims to detect cracks and determine the discard time of wire ropes. This involves training 

the AI to classify different types of broken wires, requiring a comprehensive dataset of annotated 

images. Broken wires identified during experiments enhance the training dataset. The process is time-

consuming, depending on the dataset size, but for demonstration, a robust training method was used, 

taking four hours for 73 images which has been augmented to 2926 images automatically. 

 

Figure 8 AI-Embedded Crack Detection 

Then, the AI image processing system's user interface to handle four video inputs from the cameras 

will be prepared. The generated AI model then analyses the footage, autonomously identifying and 

classifying anomalies such as cracks or broken wires. The sample of AI-embedded crack detection 

which is captured from the software where the AI detected 24 out of 30 cracks with a minimum 

similarity of 80% is shown in Figure 8.  

In this AI system, the precision of the detection can be varied from 0 to 100% similarity to the 

collected dataset. The results of the crack detection process of 5 different wire rope samples with two 

detection precisions (80% and 40%) are tabulated for comparison in Table 2. It can be seen that with 

lower detection precision, the system detects more cracks. Additionally, the error percentages are 

shown on each bar in the table. This method enhances inspection efficiency and reduces reliance on 

manual labour and subjective judgment. It allows real-time monitoring, minimising catastrophic 

failures, and optimising maintenance schedules. Combining advanced imaging with AI analysis has 

significant potential for improving industrial maintenance practices and ensuring operational safety. 
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Table 2 Crack Detection Examples

 

4 CONCLUSION 

After conducting an in-depth analysis of the experimental data, including observations on the first 

wire break, discard lifetime, and complete failure cycles, an examination of the impact of various 

experimental variables on these outcomes is warranted. By scrutinising factors such as wire diameter, 

rope type, test rate, machine speed, and preload, we aim to elucidate their respective influences on 

the critical performance metrics of wire ropes. 

This comparative analysis will shed light on the nuanced interactions between experimental 

parameters and the resulting mechanical behaviours of the wire ropes. Insights gleaned from these 

comparisons will not only enhance our understanding of wire rope failure mechanisms but also inform 

future design considerations and operational practices. 

To facilitate clarity and comprehension, graphical representations will accompany the discussion, 

providing visual insights into the comparative effects of experimental variables on the observed 

outcomes. Through this multifaceted approach, we endeavour to present a comprehensive and 

insightful exploration of the experimental findings, paving the way for advancements in wire rope 

engineering and maintenance practices. 
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