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ABSTRACT  

 

Bearing wear is one of the main causes of failure of rotating machinery. Vibration analysis is the 

most widely used detection method for the monitoring and diagnosis of bearings. However, it cannot 

provide all the information required for the implementation of a preventive maintenance program. 

Therefore, a comprehensive preventive maintenance program must include other additional monitoring 

and diagnostic techniques; such as acoustic analysis and infrared thermography in order to achieve 

early detection. 

This article aims to determine to what extent these methods can predict the onset of a bearing failure 

and to establish a comparison between the three methods. 

  
Key words: Preventive Maintenance, Failure, bearing, rotating machine, vibration analysis, 

ultrasound analysis, infrared thermography. 
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INTRODUCTION  

 

For a long time, rolling element bearings were sources of concern for Maintainers. These highly 

reliable organs are often a cause of a major failure leading to discontinuation of production, even very 

serious operating incidents. Flaking, bearing clearance, deterioration of the outer or inner rings or the 

balls is often difficult to detect as mistakes in the first stage of their appearance. [1]. 

To prevent these failures and ensure optimum availability of bearings, there are methods such as 

surveillance of powerful non-destructive testing (NDT) that are part of the conditional preventive 

maintenance. [2] Indeed, these methods are used for the detection and diagnosis of rolling defects; and 

rely on the expertise using vibration, ultrasound and external bearing temperature [3]. 

In fact, many scientific publications have dealt with the detection and diagnosis of rolling defects. The 

majority of these researches focus on monitoring by conventional vibration analysis methods. As a 

result of its efficiency, this method is taking a very important place in the framework of the 

implementation of a conditional maintenance. It allows monitoring the status of the rotary machine in 

operation to prevent unwanted stops. [4] In this matter, it exists two vibration analysis techniques: The 

temporal analysis and the frequency analysis. The errors caused by the bearings induce periodic 

impulsive forces; it translates effectively the temporary signal by shocks in every contact of the ball 

with the error [5]. Several indicators were then used such as RMS, kurtosis and the crest factor and 

reliability has been proven in the detection of bearing defects and gear [6]. However, analysis in the 

frequency field has been widely used and it’s proved and known as the most effective technique when 

it comes to diagnosing errors and monitoring their evolution over time. [7]. 

Certainly, the vibration analysis has been known for many years to detect the health status of an 

equipment, to monitor and even trace the origin of defects. However, there are other techniques such as 

ultrasound analysis that has gained ground as a complementary diagnostic tool and infrared 

thermography which rises to be a very recent interest in the field of maintenance. Among these 

methods, the choice is difficult because each method has its preferred range of applications [8]. So it is 

clear that there is no universal method. The best diagnostic tool is the one that combines many 

techniques. 

The objective of this study is to compare and evaluate the affectivity of controlling methods as 

vibration analysis, ultrasonic analysis and infrared thermography. This will determine their detection 

limits and complementarities. For this, various tests are performed on tapered roller bearings with a 

crack. 

 

1. Bearing kinematics and characteristic frequencies defect 

During their operation, defective bearings induce impulsive repeated shocks to the rolling elements on 

the cage or the bearing tracks. These periodic pulses produce some frequencies. In fact, these 

frequencies said characteristic frequencies defects depend on the bearing kinematics, geometry and 

speed [9]. 

The figure 1 shows an explanatory diagram of the characteristic parameters of a rolling typical 

angular contact [9]. 
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Fig 1: Typical geometry of a rolling 

 

Considering that the rolling elements roll on the tracks without slipping, the characteristic frequencies 

are given by the formulas presented below from the formula of Willis, usually applied to planetary 

gear. [10] 

 

 The fundamental frequency of the train FTF: 

     FTF = 
  

 
     

 

  
                   (1) 

 The frequency of rotation of the balls BSF: 

    BSF = 
 

  
       

 

  
                   (2) 

 The frequency of passage of the balls on outer race BPFO:  

    BPFI = 
 

 
       

 

  
                  (3) 

 The frequency of passage of the balls on the inner race BPFI: 

BPFI =  
 

 
       

 

  
                 (4) 

With: 

Dp: pitch diameter 

d: diameter of the rolling elements 

N: number of rolling elements 

θ: contact angle 
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           fr: rotation frequency 

In fact, the theoretical values of these frequencies may vary from the reel values. Some researchers 

have shown that it is difficult to accurately obtain a peak at these frequencies defects in the spectra of 

vibrations from a faulty bearing. This is because of external noise or vibration from other sources 

especially if the fault is still in an early stage. [11] 

 

2.  Principle of control methods  

For this work we used three types of NDT methods: vibration analysis, acoustic analysis and 

infrared thermography. Indeed, the vibratory control is the most used and most powerful. The 

objective of this study is to compare the results of vibration monitoring to those obtained from 

ultrasound technique and infrared thermography. 

 

2.1.Vibration control 

The vibration control is a powerful tool for diagnosis of rotating machinery failure modes: used 

especially to detect faults that occur in the bearings. Rolling the defects (defect cage, bead, inner race 

or outer race) is characterized by repetition frequencies based on known parameters. 

To detect these defects (in this article only the frequency of the fault outdoor track will be considered), 

we choose two techniques: 

 The overall level of measure to describe a condition in comparison to standards or previous 

measurements [12]. 

 The envelope method that uses the working resonance frequency to extract information 

necessary for determining the presence of the fault. [13]. 

 

2.2.Ultrasound control  

Far of ultrasonic testing used in non-destructive testing to detect internal defects of materials, the 

ultrasound control used in preventive maintenance is to "listen" to the ultrasound emitted by the 

machines in operation. For that, the equipment of measure detects the ultrasonic waves of frequency 

above 20 kHz, and converts them into audible sounds (50 Hz to a few kHz). The audible noise then 

reveals the presence of problems. [14] 

This control allows detecting bearing defects at an early stage. These defects, which begin to manifest 

high frequency, move indeed at a frequency of more low (with increasing energy) as and when they 

degradation. [15]. 

 

2.3.Thermal control: Infrared Thermography 

Infrared thermography (IRT) is the science of the acquisition and analysis of thermal information using 

thermal imaging [16]. It consists in collecting, via a thermal camera, the heat flux emitted naturally by 

the body studied [17]. In fact, the configuration of the passive thermography allows non-destructive 

and non-invasive inspections at a safe distance from the machines in operation. The elements that 

overheat are easily detected and located using thermal images. Thermal abnormal profiles are 

indicative of defective components or in the process of becoming. [18] 

In this study, the temperature measurement by the infrared thermography is used to detect the presence 

of abnormally hot areas on the bearing surface [19]. 
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3. Experimental procedure  

3.1.Test bench 

The figure 2-(A) shows the test bench used in this study.  It consists of a shaft supported by two 

tapered roller bearings and connected to a motor with a flexible coupling. The defect (~ 11mm) was 

artificially induced on the outer ring as shown in the Figure 2-(B). The shaft speed is controlled by a 

speed variator. 

 

 

 

 

 

 

 

 

 

 

 

 

Fig 2: (A) the experimental test bench, (B) artificial defect on the outer ring 

 

 

3.2.Instrumentation  

The equipment of vibration, ultrasound and thermal collection data are shown in the Figure 3, they 

comprise: 

 

 A vibrotest 60 (Sensor:AS_056 accelerometer, sensitivity of 100 mV / g ); 

 A Collector-analyzer SCI 2130 ( Sensor: AC207 accelerometer sensitivity of 100 mV / g); 

 An ultrasound detector SDT 270 (Sensor: RS1NL500, FUSOND270-03); 

 An infrared camera (provider: FLIR T440) 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig 3: Measurement instrumentation 

(A) vibrotest 60 ; (B) ultrasound detector SDT 270; (C) Collector-analyzer SCI 2130 ; (D) 

FLIR T440 
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4. Analysis of results 

4.1.Analysis of vibration results  

4.1.1. In time domain 

The statistical indicators (RMS, Crest factor, Kurtosis…) associated for a vibratory or ultrasonic 

signal, observed most often in its temporal form of a fixed-term [20], are used in the monitoring of 

rotating machinery to compare their efficiencies for monitoring bearing condition.  

 The most common indicator is probably the effective value or commonly known as RMS (Root 

Mean Square) to quickly check the status of the machine and whether the operating conditions 

have evolved alarmingly since the last measurement [21]. 

 

          RMS=  
 

 
              (5) 

We note also the use of crest indicators that are derived from peak values of the measured time signal; 

it is possible to distinguish mainly between: 

 The Crest Factor (CF) is defined as the ratio between the peak value and the effective value; it 

is a sign of a possible downgrade if its value exceeds six. [20] 

        CF= 
                

   
   

        (6) 

 The kurtosis is a dimensionless indicator to characterize the degree of flatness of a distribution 

of a signal. [21] It has the advantage of being independent of variations of the rotational speeds 

and loads of the machine. 

  

Kurtosis=         
       )

4 
/ б

4           
(7) 

In this study, we focus on the study of the evolution of indicators RMS and FC in both 

directions (axial and radial) depending on the rotational speed. 

 

 

Fig 3: RMS Values in radial and axial directions:     defective bearing and     healthy bearing 
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Fig 4: Crest factor Values in radial and axial directions:     defective bearing and     healthy 

bearing 

 

 

As shown in Figures 3 and 4, the RMS factor increases as a function of speed. The Crest 

Factor responds well in the frequency range of 500 rpm to 1200 rpm. For low and high speeds, it 

decreases because the signal is less pronounced and less amplified by default. 

 

 

4.1.2. In frequency domain 

In the frequency domain, a fault is quantified by measuring the amplitude of the vibration velocity 

signal raised to the bearing defect frequencies (FTF, BPFO, BPFI or BSF) or their harmonics [23]. 

The evolution of the degradation a bearing degradation failure cause not only increasing the 

amplitude of the vibration at the frequencies of bearings, but also generates vibration harmonics of 

these frequencies [24].  

The bearings used in this test are tapered roller bearings (TIMKEN, 6005-2Z / C3) whose frequency 

characteristics are listed in Table 1. 

 

Table1. Bearing frequencies TIMKEN, 6005-2Z / C3 

 

Rotation 

frequency 

FTF BSF BPFO BPFI 

Order 1 Order 0.42 Order 5.81 Order 6.7 Order 9.3 

 

The acceleration signals for a healthy bearing and a defective bearing, acquired at a speed of 600 

rpm, are shown in Figure 5. We observe that the ‘healthy’ bearing generates a white noise 

random vibration. For the defective bearing, we can perfectly distinguish the BPFO frequency 

and its harmonics, which is significant of a fault on the outer ring 
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Fig 5: Vibration measurement at 600 rpm: (A) Healthy bearing (B) defective bearing. 

 

 

We turned up the shaft speed to 1200 rpm and 1500 rpm, the Figure 6 shows the vibration spectrum of 

healthy and defective bearing at 1200 rpm. At this speed, we can notice that the vibration level 

increased and we may distinguish the BPFO frequency with remarkable amplitude. However, we could 

not see exactly the BPFO frequency harmonics in the spectrum of defective bearing. Figure 7 

represents the vibration spectrum of both healthy and defective bearing acquired at 1500 rpm. At this 

speed, it was difficult to detect the bearing defect. 

Fig 6: Vibration measurement at 1200 rpm :(A) Healthy bearing (B) defective bearing. 
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Fig 7: Vibration measurement at 1500 rpm: (A) Healthy bearing (B) defective bearing. 

 

 

4.2.Analysis of ultrasound results  

4.2.1. In time domain  

As in vibration analysis, we chose the temporal descriptors RMS and Crest factor to test their 

effectiveness. In the Figure 8, we established a comparison a comparison of these statistical parameters 

calculated from ultrasound signals between a healthy bearing (blue) and a defective bearing (red) for 

different frequencies. 

 

Fig 8: RMS Values in radial and axial directions:     defective bearing and     healthy bearing  
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Fig 9: Crest factor Values in radial and axial directions:     defective bearing and     healthy bearing  

 

From the graphs presented in the figures 8 and 9, we notice that the RMS is gradually changed 

according to the rotation frequency. However, the crest factor follows a random evolution (in low 

frequencies, the crest factor values are very high). Consequently, the crest factor does not react 

appropriately according to the reconstruction of the signal. Furthermore, we think that the RMS is 

more efficient to distinguish the defective bearing from the healthy one for all frequencies values. 

 

4.2.2. In frequency domain  

 

Now, we use the ultrasound signals to diagnosis of bearing defect for different rotation speeds. The 

figure 10 shows an ultrasound signal acquired at 600 rpm for both healthy and defective bearing. We 

can observe that the defective bearing produces more shocks than the healthy bearing. 

 

 

Fig 10: Ultrasound measurement for a healthy bearing at 600 rpm: (A) time signal; (B) frequency 

signal 
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Fig 11: Ultrasound measurement for a defective bearing at 600 rpm (A) time signal; (B) frequency 

signal 

 

Indeed, we note that the defective bearing shows clearly the frequency BPFO and its harmonics, 

what is significant of a fault on the outer race. 

When running at 1200 rpm and 1500 rpm respectively, the ultrasound spectra of healthy 

bearing and the defective one (as shown in figures 12 and 13) reveal that the ultrasound 

measurement was able to detect the BPFO frequency and its harmonics. 

 

 

Fig 12: Ultrasonic measurement at 1200 rpm: (A) Healthy bearing, (B) defective bearing. 
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Fig 13: Ultrasonic measurement at 1500 rpm: (A) Healthy bearing, (B) defective bearing. 

 

To summarize, according to the experimental results, it is clear that the ultrasound test has proven its 

efficiency in the detection and diagnosis of bearing defects for the different frequency values. 

 

 

4.3.Analysis of thermal results 

In this part of the study, we look to understand the thermal behavior of rolling bearing. An infrared 

camera is used to measure the temperature in the healthy bearing and the defective one. (Figure 14). 

The rotation speed of the axis is maintained constant: 1500 rpm. 

Fig 14: the test bench seen by infrared camera 

 

 

The image given by the infrared camera from the test bench showed a hot area (34,9°C) on the cap of 

defective bearing comparing with the cap of the healthy one (28,9°C) . Then, the thermal control was 

used to indicate the presence of the defect without specifying its location (inner race, outer race, 

ball…) or severity. 
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5. Discussion  

The results of this article focus on a comparison between three NDT methods. The tests were made 

from a bearing with a crack induced artificially on the outer ring. Thus, two bearings (defective and 

healthy) were used. Vibration signals, the ultrasound signals and the thermal images were recorded and 

analyzed for comparative purposes. 

This study was used to extract the following results: 

 First, the method of vibration analysis gave, generally, good results in the time and frequency 

domains.  In the time domain, the RMS indicator was ineffective and it revealed misinterpretations 

because it depends on the speed. While the crest factor (which is a dimensionless indicator) reacted 

well on the frequency range between 500 rpm and 1200 rpm. So it is more meaningful to use the 

crest factor to characterize the vibration signal of a bearing. For the frequency domain, the 

vibration analysis is more suitable for 600 rpm and 1200rpm speed (easy visualization of the 

characteristic frequency of default BPFO). However, when the rotational speed increased to 1500 

rpm, the frequency characteristic of the defect BPFO became hardly detectable. 

 Secondly, the ultrasound method has proven effective for both temporal and frequency domains 

and for all frequency bands. Indeed, the RMS values and crest factor calculated from ultrasound 

measurements revealed unreliability of the crest factor. However, the RMS confirmed its efficiency 

for the characterization of an ultrasound signal. In the frequency domain, the ultrasound spectra 

appeared the ability of this technology to detect bearing defect in different frequency bands: clear 

visualization of the characteristic frequency BPFO and its harmonics at 600, 1200 and 1500 rpm. 

 Finally, the infrared thermography test revealed ineffective results for the diagnosis of the bearing 

defect (especially in our case: the defect is not severe and that the bench is not subjected to loads). 

Indeed, the thermograph shows hot spots (34.9°C) on the defective bearing (sign of an 

abnormality) without having an idea about the location of the defect. 

 

CONCLUSION  

To summarize, this study revealed that the ultrasonic technique is at least as good as the vibration 

measurements for the detection of bearing faults. More specifically, the ultrasound measurements are 

more sensitive than vibration technique to detect the defect in all frequency bands. In conclusion, we 

can extract from this study that there is a complementarity between the three methods: infrared 

thermography for fast and remote detection, vibration analysis and ultrasonic inspection for a thorough 

diagnosis of bearing defect. 

This work will be developed in two axes:  

- Highlighting the correlation between the vibration level and the thermal heating generated by the 

bearing defect. 

- Proposing a much more sophisticated signal treatment tool for the vibration and ultrasound 

diagnosis of bearing defects. 
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