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Abstract 

Accurate quantitative diagnosis of spall sizes in rolling bearings is often hindered by the 
limitations of conventional dynamic models in characterizing temperature-dependent 
contact behavior. To address this issue, this paper presents a quantitative diagnosis 
method that incorporates point-contact thermo-elastohydrodynamic lubrication (TEHL) 
characteristics into a classical bearing dynamic framework. Specifically, rather than using 
prescribed or constant contact parameters, an improved equivalent stiffness–damping 
representation of the bearing contact interface is formulated based on TEHL-derived oil-
film pressure, thickness, and temperature, while taking into account the inner–outer race-
way thermal asymmetry. This localized lubricated contact representation is subsequently 
integrated into a classical five-degree-of-freedom (5-DOF) dynamic model to evaluate the 
double-impact response caused by outer-ring spalls. Comparative simulations using con-
ventional 5-DOF, 4-DOF, and 2-DOF models, alongside experiments on a 6205-2-RS bear-
ing with a 0.6 mm outer-ring defect, validate the proposed method. The results demon-
strate that utilizing the TEHL-derived stiffness–damping representation significantly re-
duces spall-size estimation errors, improving both the accuracy and the physical inter-
pretability of bearing fault quantification under thermally coupled conditions. 

Keywords: rolling bearing; thermo-elastohydrodynamic lubrication; dynamic modeling; 
quantitative diagnosis 
 

1. Introduction 
Rolling bearings are key supporting components in rotating machinery, and their 

contact state, lubrication condition, and vibration response directly affect operational sta-
bility and fault evolution. For deep-groove ball bearings widely used in motors, pumps, 
machine tools, and automated production lines, localized defects such as raceway spalls, 
pitting, and local wear alter the load-transfer path between rolling elements and raceways 
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and generate distinct impact features in the time-domain response. Accurate spall-size 
quantification therefore depends not only on signal-processing results, but also on the ca-
pability of dynamic models to describe contact force, stiffness/damping variation, and de-
fect-induced excitation. Introducing lubricant-film behavior and thermal effects into lo-
calized-defect modeling is important for improving the reliability of spall-size estimation. 

The rolling element–raceway contact is commonly simplified as Hertzian contact. 
Under lubricated operating conditions, however, oil-film pressure, film thickness, and 
temperature affect the load-carrying capacity, energy dissipation, and dynamic transmis-
sion characteristics of the contact interface. Zhang et al. [1] considered temperature effects 
in rolling-bearing dynamics, but did not explicitly introduce lubricant-film states into the 
contact parameters. The coupling between lubricated contact and bearing dynamics has 
been studied in tribodynamics: Rahnejat and Gohar [2] represented lubricated radial ball 
bearings by nonlinear spring–damper elements in rotor–bearing vibration analysis; 
Wijnant et al. [3] examined lubrication effects on ball-bearing dynamics; Sarangi et al. [4] 
formulated stiffness and damping coefficients for mixed-lubricated ball bearings; Moham-
madpour et al. [5] developed a transient thermal-mixed non-Newtonian EHL framework 
linking contact load, lubrication state, and vibration response; and Zhang et al. [6] studied 
the dynamic behavior of elastohydrodynamically lubricated rolling contacts. These studies 
provide the basis for incorporating EHL/TEHL contact behavior into bearing dynamic analy-
sis. 

For bearings with localized defects, dynamic models have evolved from ideal Hertz-
ian formulations to models considering defect geometry, time-varying displacement exci-
tation, oil-film stiffness, skidding, and lubrication thermal effects. Luo et al. [7] described 
the displacement and excitation force caused by rolling elements passing through an in-
ner-race spall using piecewise functions. Gomez et al. [8] modeled localized defects based 
on instantaneous angular speed variations, while Jiang et al. [9] improved defective-bear-
ing modeling by considering the three-dimensional rolling element–defect geometry. Yan 
et al. [10] established a 5-DOF model under isothermal EHL conditions and analyzed lu-
brication-dependent stiffness and vibration response. Tian et al. [11] coupled bearing dy-
namics with TEHL to study contact force, friction force, and oil-film temperature in high-
speed angular contact ball bearings. Wang et al. [12] showed that thermal EHL changes 
oil-film pressure, film thickness, and vibration amplitude in defective bearings. Tian et al. 
[13] further introduced rolling element spin, revolution, skidding, and TEHL effects into 
defective deep-groove ball bearing dynamics. Huo et al. [14] investigated locally failed 
roller bearings under starved lubrication. Bai et al. [15] studied lubrication state transi-
tions in thermally affected defective bearings. Huo et al. [16] analyzed outer-ring localized 
failure under starved lubrication, and Peng et al. [17] considered rolling element–defect 
boundary interaction within a point-contact mixed-lubrication framework. These studies 
have advanced lubricated dynamic modeling of defective bearings, but most focus on 
global vibration response, contact load, skidding behavior, lubrication state variation, or 
defect-boundary interaction. The relationship between TEHL contact parameters and 
double-impact time characteristics for outer-ring spall-size quantification remains insuffi-
ciently clarified. 

Double-impact features provide a direct physical basis for spall-size quantification. 
When a rolling element enters and exits a spalled region, two impact events with different 
physical meanings may appear in the vibration response, and their time interval is closely 
related to the spall length. Epps [18] first indicated that this interval increases with defect 
size. Randall and Sawalhi [19] developed signal-processing tools for spall tracking, and 
Sawalhi and Randall [20] verified the difference between entry and exit responses. Ming 
et al. [21] established a dual-impulse model based on acoustic emission signals. Singh and 
Kumar [22] and Jena and Panigrahi [23] used wavelet decomposition and vibration 
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analysis for defect-width measurement. More recently, He et al. [24], Wu et al. [25], and 
Luo et al. [26] advanced spall-size evaluation through cross-condition diagnosis, dual-
impulse behavior analysis, physical modeling, and instantaneous vibration energy. These 
studies confirm that the double-impact interval is an important indicator for spall-size 
estimation. 

Although EHL/TEHL bearing dynamics and double-impact-based defect quantifica-
tion have both been widely investigated, they have mainly developed along different 
modeling routes. Existing EHL/TEHL dynamic studies clarify how lubrication affects con-
tact load, stiffness/damping, skidding, and vibration response, whereas double-impact-
based quantitative diagnosis usually estimates defect size from impact timing, defect ge-
ometry, or vibration features. For outer-ring spalls, the remaining issue is not whether 
lubrication affects bearing dynamics, but how the local TEHL state is transferred into the 
dynamic quantities that determine the double-impact interval. In particular, the influence 
of oil-film pressure, film thickness, temperature field, and inner–outer raceway thermal 
asymmetry on equivalent stiffness/damping, oil-film-related displacement excitation, roll-
ing element–raceway contact force, and spall-size estimation has not been sufficiently de-
scribed. 

To address this issue, this study focuses on the outer-ring spall defect of an SKF 6205 
deep-groove ball bearing and adopts a 5-DOF bearing dynamic framework with contact-
interface parameters reformulated under point-contact TEHL conditions. The TEHL-de-
rived oil-film pressure, film thickness, temperature field, and inner–outer raceway ther-
mal asymmetry are converted into an equivalent stiffness–damping representation. These 
contact parameters are then introduced into the dynamic framework together with oil-
film-thickness-related additional-displacement excitation and rolling element–raceway 
contact force, thereby establishing the relationship between local lubricated contact behavior 
and the macroscopic double-impact response. Finally, the outer-ring spall size is estimated 
using the double-impact time interval and validated through numerical simulations and ex-
periments. 

2. Point-Contact Thermo-Elastohydrodynamic Lubrication Theory and 
Bearing Characteristic Modeling 

To overcome the limitation of neglecting temperature-dependent lubricant-film ef-
fects in conventional models, a point-contact TEHL-based framework is developed, ena-
bling accurate characterization of oil-film pressure, thickness, and temperature coupling, 
and facilitating an improved stiffness–damping model for enhanced dynamic analysis. 

2.1. Limitations of Traditional Bearing Stiffness and Damping Models 

Temperature fluctuations during prolonged operation alter rolling-bearing material 
properties, disrupting their dynamic models and lubrication performance. Excessive tem-
perature aggravates lubrication deficiency and localized overheating, making investiga-
tion of temperature-dependent elastohydrodynamic lubrication behavior of bearing lub-
ricants critical. This study focuses on the 6205 deep-groove ball bearing, whose parame-
ters listed in Table 1. 

Table 1. Geometric parameters of the 6205 deep-groove ball bearing. 

Parameter Name Value 

Number of rolling elements bN  

Diameter of rolling element 𝐷௕/(mm) 

9 
7.938 

Pitch circle diameter 𝐷௣/(mm) 38.5 
Inner raceway diameter 𝐷௜/(mm) 30.562 



Lubricants 2026, 14, 261 4 of 22 
 

https://doi.org/10.3390/lubricants14070261 

Outer raceway diameter 𝐷௢/(mm) 46.438 
Radial internal clearance 𝑐/(μm) 3 

Contact angle 𝛼/(°) 0 

Figure 1 presents two simplified rolling-bearing stiffness–damping models under 
TEHL conditions. Both models (Figure 1a,b) neglect oil-film thermal effect under temper-
ature variation, which causes misjudgment of bearing capacity and oil-film stiffness, de-
viation of dynamic simulation from actual working conditions, and significant bias in 
quantitative spall-size calculation. TEHL theory is thus introduced to correct this over-
sight, enabling more accurate quantitative fault diagnosis of rolling bearings via realistic 
characterization of oil-film properties and their influence on macroscopic bearing param-
eters. 
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Figure 1. Summary of stiffness and damping characteristics of SKF 6205 bearing under different 
modeling conditions:(a) Simplified stiffness–damping model without bearing inner- and outer- ring 
oil-film stiffness and structural damping under TEHL conditions; (b) Simplified stiffness–damping 
model with bearing inner- and outer-ring oil-film stiffness and structural. 

2.2. Numerical Simulation Modeling of Point-Contact Thermo-Elastohydrodynamic Lubrication 

2.2.1. Numerical Simulation Model Construction 

To characterize the temperature-dependent lubricant-film behavior of the rolling el-
ement–raceway contact, a point-contact TEHL model is first established. The calculated oil-
film pressure, film thickness, and temperature fields provide the local contact-state variables 
required for the subsequent stiffness–damping representation and dynamic formulation. 

For the ball–inner/outer raceway point-contact conjunctions of the 6205 bearing, the 
TEHL numerical model is solved using a multigrid method by coupling the Reynolds 
equation, the viscosity–pressure–temperature relation, the density relation, the elastic de-
formation equation, and the energy equation. No. 4106 aviation lubricant is selected as the 
lubricating medium, and its parameters are listed in Table 2. 
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Table 2. Parameters of No. 4106 aviation lubricating oil. 

Parameter Name and Unit Value 

Thermal Conductivity / (W/ (m K))hk ⋅  0.0966 

Viscosity–Pressure Coefficient 1/ (Pa )α −  1.85 × 10−8 

Viscosity–Temperature Coefficient 1/ (K )β −  0.0315 

Specific Heat Capacity / (J / (kg K))hc ⋅  2000 

Ambient Temperature 0 / (K)T  298.15 

Initial Viscosity 0 / (Pa s)η ⋅  0.055 

Initial Density 3
0 / (kg/m )ρ  890 

The point-contact TEHL model is used to obtain the lubricant-film pressure, film 
thickness, temperature field, and the corresponding oil-film stiffness/damping of the ball–
raceway contact, which are subsequently introduced into the bearing dynamic model. 
Therefore, the local lubrication problem is treated as a quasi-steady point-contact TEHL 
problem, while the time-varying response caused by the outer-ring spall is described in 
the dynamic model. 

(1) Reynolds equation 

For the SKF 6205 bearing, the ball–raceway contact is modeled as a fully flooded el-
liptical point contact. The x- and y-directions are defined along the rolling direction and 
the transverse direction of the contact ellipse, respectively. Surface motion is assumed to 
be dominated by rolling entrainment in the x-direction, with the entrainment velocity de-
fined as 𝑢௘ = (u1 + u2)/2. The y-direction pressure-flow term is retained to describe trans-
verse pressure diffusion, whereas lateral entrainment and the transient squeeze-film term 
12𝜕(ρh)/𝜕t are not included in the local Reynolds equation. Under these assumptions, the 
Reynolds equation used in the point-contact TEHL calculation is written as 

൬ 𝜕𝜕𝑥൰൭ቆ𝜌ℎଷ𝜂 ቇ ൬𝜕𝑝𝜕𝑥൰൱ + ൬ 𝜕𝜕𝑦൰൭ቆ𝜌ℎଷ𝜂 ቇ ൬𝜕𝑝𝜕𝑦൰൱ = 12𝑢௘ ቆ𝜕(𝜌ℎ)𝜕𝑥 ቇ (1)

where ℎ is the oil-film thickness, 𝑝 is the oil-film pressure, 𝜂 is the lubricant viscosity, 𝜌 is the lubricant density, and 𝑢௘ is the entrainment velocity in the rolling direction. In a 
fully transient TEHL formulation, the squeeze-film contribution is associated with the in-
stantaneous normal approach or separation of the contacting surfaces. In this study, this 
impact-induced approach and separation are represented at the bearing-system level 
through the time-varying contact deformation, additional-displacement excitation, rolling 
element–raceway contact force, and TEHL-derived equivalent stiffness/damping, as de-
scribed in Section 3. 

(2) Viscosity variation equation (dependent on pressure and temperature): 

For the selected 4106 aviation lubricant, the viscosity in the point-contact TEHL cal-
culation is evaluated as a function of the local pressure and temperature. The Roelands 
viscosity relation, expressed using Houpert’s pressure–viscosity and temperature–viscos-
ity indices, is adopted as follows [27,28]: 𝜂 = 𝜂଴expቆ(ln𝜂଴ + 9.67) × ቂ−1 + (1 + 5.1 × 10ିଽ𝑝)(௭బ) ቀ்ିଵଷ଼బ்ିଵଷ଼ቁି௦బቃቇ  (2)𝑧଴ = ఈହ.ଵ×ଵ଴షవ(lnఎబାଽ.଺଻)  (3)
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𝑠଴ = ఉ( బ்ିଵଷ଼)
lnఎబାଽ.଺଻   (4)

where 𝑇଴ is the ambient temperature, T is the oil-film temperature, 𝜂଴ is the initial vis-
cosity of the lubricant, 𝛼 is the viscous pressure coefficient, 𝛽 is the viscous temperature 
coefficient, and 𝑧଴ and 𝑠଴ are the pressure–viscosity index and temperature–viscosity 
index in the Roelands–Houpert formulation, respectively. 

(3) The lubricant density is described using the Dowson–Higginson density–pressure 
relation with a temperature correction [29]: 𝜌 = 𝜌଴ ቂ1 + ଴.଺ × ଵ଴షవ௣ଵାଵ.଻ × ଵ଴షవ௣ − 6.5 × 10(ିସ)(்ି బ்)ቃ  (5)

where 𝜌଴ is the initial density of the lubricant. 

(4) Point-contact elastic deformation equation 

The solution domain for the point-contact deformation is a rectangular region, as 
shown in Figure 2a. In the solution domain, AB is defined as the entrance edge, CD as the 
exit edge, and AD and BC as the end drain edges. 
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Figure 2. Schematic diagrams for the point-contact TEHL model: (a) point-contact solution domain; 
(b) equivalent elastic deformation model; (c) theoretical distribution of oil-film shape and elastohy-
drodynamic pressure. 

Following the point-contact EHL formulation, the two elastic bodies are reduced to 
an equivalent elastic body and a rigid plane, as shown in Figure 2b. The local film thick-
ness ℎ(𝑥,𝑦), consisting of the central film thickness, geometric separation, and pressure-
induced elastic deformation 𝑣(𝑥,𝑦), is expressed as [30]: ℎ(𝑥, 𝑦) = ℎ଴ + ௫మଶோೣ + ௬మଶோ೤ + 𝑣(𝑥,𝑦)  (6)𝑣(𝑥,𝑦) = ଶగாᇲ∬ ௣(௦,௧)ඥ(௫ି௦)మା(௬ି௧)మఆ 𝑑𝑠𝑑𝑡  (7)

where ℎ଴ is the undeformed central film thickness, 𝑅௫ and 𝑅௬ are the equivalent cur-
vature radii, 𝐸ᇱ is the equivalent elastic modulus, 𝑝(𝑠, 𝑡) is the contact pressure, 𝑠 and 𝑡 are integration coordinates, and 𝛺 is the solution domain. 

The theoretical oil-film shape and elastohydrodynamic pressure distribution are 
shown in Figure 2c. The pressure distribution exhibits a typical secondary pressure peak 
near the outlet region. 

(5) The oil-film temperature field is obtained from the thermal EHL energy equation [31]: 𝑐௢ ቀ𝜌𝑢 డ்డ௫ + 𝜌𝑣 డ்డ௬ − 𝑞 డ்డ௭ቁ = ௞೚൫డమ்൯డ௭మ − ቀడఘడ்ቁ ቆቀ௨ఘ் ቁ ቀడ௣డ௫ቁ + ቀ௩ఘ் ቁ ቀడ௣డ௬ቁቇ + 𝜂 ൤ቀడ௨డ௭ቁଶ + ቀడ௩డ௭ቁଶ൨  (8)

where 𝑘௢ represents the thermal conductivity of the lubricant, and 𝑐௢ denotes the spe-
cific heat capacity of the lubricant. 
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(6) The heat transfer at the rolling element–lubricant and raceway–lubricant interfaces 
is described using thermal boundary conditions derived from moving heat-source 
theory [32]: 

൞𝑇(𝑥, 𝑦, 0) = 𝑘ℎඥ𝜋𝜌1𝑐1𝑘1𝑢1 ׬ ൬ 𝜕𝑇𝜕𝑧|𝑥,𝑦,0൰𝑥−∞  𝑑 𝑠√𝑥−𝑠 + 𝑇0(𝑥, 𝑦, ℎ) = 𝑘ℎඥ𝜋𝜌2𝑐2𝑘2𝑢2 ׬ ൬ 𝜕𝑇𝜕𝑧|𝑥,𝑦,ℎ൰𝑥−∞  𝑑 𝑠√𝑥−𝑠 + 𝑇0   (9)

where 𝜌, 𝑐, 𝑘 denote the density, specific heat capacity and heat transfer coefficient of 
the contact pair; subscripts 1 and 2 refer to the rolling element and raceway, respectively. 

2.2.2. Analysis of Numerical Simulation Results 

Via the aforementioned coupled equations and multigrid method, the pressure dis-
tribution, film thickness distribution and oil-film temperature map under the point-con-
tact TEHL state are derived, as depicted in Figure 3a–c, respectively. 

 

Figure 3. Numerical results of the point-contact TEHL model. 

As shown in Figure 3a–c, the point-contact TEHL model presents typical elastohy-
drodynamic lubrication characteristics. The pressure distribution exhibits a secondary 
pressure peak near the outlet region, which is consistent with the theoretical distribution 
shown in Figure 2c and supports the validity of the model. 

2.3. Improved Rolling-Bearing Stiffness and Damping Model Considering  
Thermo-Elastohydrodynamic Lubrication 

2.3.1. Improved Bearing Stiffness and Damping Models 

Under point-contact TEHL conditions, the rolling element is separated from the inner 
and outer raceways by lubricant films, forming an inner raceway–oil film–rolling ele-
ment–oil film–outer raceway contact system. The solid-contact component of this system 
is described by the Hertzian load–deformation relation [33]. For the ball–raceway contact 
considered in this study, the nonlinear normal contact force is expressed as: 𝐹 = 𝐾 𝛿௡ (10)

where 𝐹 denotes the nonlinear contact force, 𝛿 is the contact deformation displacement, 𝐾 is the contact stiffness coefficient, and 𝑛 is the load–deflection index, which is usually 
taken as 𝑛 = 1.5 for ball bearings.  

Under TEHL conditions, the rolling element–raceway contact is represented by the 
simplified stiffness–damping form shown in Figure 4. 
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Figure 4. Simplified stiffness–damping representation of the rolling element–raceway contact under 
TEHL conditions. 

Figure 4 shows the stiffness–damping representation of the bearing contact interface un-
der TEHL conditions. In this representation, the rolling element–raceway contact is not de-
scribed only by a prescribed Hertzian contact parameter. Instead, the inner- and outer-race-
way contact characteristics are represented by the combined effects of Hertzian contact stiff-
ness/damping and TEHL-derived oil-film stiffness/damping. Different temperature parame-
ters are introduced for the inner and outer raceways to capture the thermal asymmetry of the 
lubricated contact. The minimum oil-film thickness and rotational speed are taken as the key 
variables for calculating the equivalent stiffness and damping. These equivalent parameters 
provide the contact-interface input for the subsequent 5-DOF dynamic formulation. 

2.3.2. Rolling-Bearing Stiffness Calculation 

The stiffness–damping representation of the bearing contact interface includes the 
Hertzian contact stiffness between the rolling elements and the inner/outer raceways and 
the lubricant-film stiffness. The Hertzian contact stiffness is calculated based on Hertzian 
contact theory and rolling-bearing contact analysis [33,34]: 

⎩⎪⎨
⎪⎧𝐾௕௜ = ଶටଶቀ ಶభషഌమቁଷ(∑ఘ೔)భమ ቀ ଵఋ೔ቁయమ𝐾௕௢ = ଶටଶቀ ಶభషഌమቁଷ(∑ఘ೚)భమ ቀ ଵఋ೚ቁయమ  (11)

where 𝐾௕௜, 𝐾௕௢ represent the initial contact stiffnesses between rolling elements and the 
inner/outer raceways, respectively; ∑𝜌௜, ∑𝜌௢ represent the curvatures of the inner/outer 
raceways; 𝛿௜, 𝛿௢  represent the contact displacements of unit magnitude for the inner/outer 
raceways; 𝐸 represents the elastic modulus; and 𝜈 represents the Poisson’s ratio. 

Under TEHL conditions, oil-film stiffness is defined as the ratio of the radial load to 
the radial deformation of the oil film. For the calculation of oil-film stiffness, the oil-film 
stiffness of the bearing’s inner/outer rings can be derived as follows: 𝐾௙௜ = 𝐾௙௢ = limഃ→బ௱ఠఋ = −ௗఠௗ௛ = lim௱→଴  ௱ொmax௱௛೘೟ = డ൫∬ ௣(௫,௬)ௗ௫ௗ௬೾ ൯డ௛೘೟   (12)

where ℎ௠௧ denotes the minimum oil-film thickness under TEHL conditions. 
The equivalent stiffness of the inner ring, 𝐾௦, the equivalent stiffness of the outer ring, 𝐾௣, and the integrated stiffness of the bearing, 𝐾௕, are calculated as follows: 𝐾௦ = ௄್೔(்೔)௄೑೔௄್೔ା௄೑೔   (13)𝐾௣ = ௄್೚( ೚்)௄೑೚௄್೚( ೚்)ା௄೑೚  (14)𝐾௕ = ௄ೞ௄೛௄ೞା௄೛  (15)
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2.3.3. Calculation of Rolling Bearing Damping 

The calculation formula of the bearing’s structural damping under TEHL conditions 
is given as follows [35]: 𝐶௕௜ = 𝐶௕௢ = ఎ್⋅௞೔ష೚ఠext

  (16)

where 𝜂௕ is the bearing structural loss factor, and 𝜔ext is the excitation frequency. Under 
thermo-elastohydrodynamic lubrication, 𝐶௕௜ represents the structural damping of the inner 
ring of the bearing and 𝐶௕௢ represents the structural damping of the outer ring of the bearing 
as the initial structural damping, ki-o denotes the equivalent stiffness between the inner and 
outer rings of a rolling bearing. 

Under TEHL conditions, oil-film damping is defined as the ratio of the variation in 
load acting on the oil film to the variation in contact velocity. The oil-film damping of the 
bearing’s inner and outer rings is given as follows: 𝐶௙௜ = 𝐶௙௢ = lim௱→଴ ௱ொmax௱௨ೞ = డ൫∬ ௣(௫,௬)ௗ௫ௗ௬೾ ൯డ௨ೞ   (17)

where 𝐶௙௜ and 𝐶௙௢ denote the TEHL-derived oil-film damping components of the rolling 
element–inner raceway contact and rolling element–outer raceway contact, respectively;  𝛥𝑄maxdenotes the variation in the maximum oil-film load; 𝛥𝑢௦ is the variation in relative 
sliding/contact velocity; 𝑝(𝑥, 𝑦) denotes the pressure distribution in the contact area; and 
Ω is the integral domain of the contact area. 

The equivalent damping 𝐶௦  of the inner ring, the equivalent damping 𝐶௣  of the 
outer ring, and the integrated damping 𝐶௕ of the bearing are calculated as follows: 𝐶௦ = ஼೔(்೔)஼೑೔஼೔(்೔)ା஼೑೔  (18)

where 𝐶௜(𝑇௜) represents the temperature-dependent structural/contact damping compo-
nent of the inner-raceway side at temperature 𝑇௜ , 𝐶௙௜  represents the TEHL-derived oil-
film damping between the rolling element and the inner raceway, and 𝐶௦ is the equiva-
lent damping of the inner-raceway side. 𝐶௣ = ஼೚( ೚்)஼೑೚஼೚( ೚்)ା஼೑೚  (19)

where 𝐶௢(𝑇௢)  represents the temperature-dependent structural/contact damping com-
ponent of the outer-raceway side at temperature 𝑇௢, 𝐶௙௢ represents the TEHL-derived 
oil-film damping between the rolling element and the outer raceway, and 𝐶௣ is the equiv-
alent damping of the outer-raceway side. 𝐶௕ = ஼ೞ஼೛஼ೞା஼೛  (20)

where 𝐶௕ is the total damping of the rolling bearing. 
Based on Equations (11)–(20), the equivalent stiffness and damping of the inner- and 

outer-raceway contacts are obtained under point-contact TEHL conditions. These param-
eters combine the Hertzian solid-contact component with the lubricant-film component 
and include the temperature difference between the inner and outer raceways. The ob-
tained equivalent stiffness and damping are then used as contact-interface parameters in 
the subsequent dynamic formulation. 

3. Modeling and Quantitative Diagnostic Study of Rolling-Bearing  
Dynamics Under TEHL 

Based on the point-contact TEHL model and the stiffness–damping representation 
developed in Section 2, this section introduces the TEHL-derived contact-interface param-
eters into a 5-DOF bearing dynamic framework to analyze the double-impact response of 
rolling bearings with outer-ring spall defects. The oil-film thickness, equivalent 
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stiffness/damping, and contact force are then used to establish the relationship between 
the lubricated contact state and spall-size quantification. 

3.1. Excitation Model for Additional Displacement of Rolling Element–Raceway Contact  
Under TEHL 

Under TEHL conditions, lubricant films exist between the rolling element and the 
inner/outer raceways, so the rolling element–raceway contact displacement differs from 
that under dry-contact conditions. The lubricant film modifies the local contact clearance, 
load transfer, and energy dissipation, thereby affecting the double-impact response in-
duced by outer-ring spalls. Therefore, the oil-film thickness is introduced into the addi-
tional-displacement excitation model to describe the variation in rolling element–raceway 
separation when the rolling element passes through the outer-ring spall. 

The oil-film thickness used in the additional-displacement model is calculated using 
the Hamrock and Dowson film-thickness relation for fully flooded elliptical elastohydro-

dynamic contacts, with the oil-film thickness correction factor Tf   introduced for the 
TEHL condition [36]: ℎ௜/௢ = 3.63 𝑉଴.଺଼ 𝑀଴.ସଽ 𝑊ି଴.଴଻ଷ(1− 0.61𝑒ି଴.଻ଷ఑) 𝑅௫ 𝑓   (21)

where 𝑉 denotes the dimensionless speed parameter; 𝑀 denotes the dimensionless ma-
terial parameter; 𝑊 denotes the dimensionless load parameter; 𝑅௫ denotes the equiva-
lent radius of curvature of the two contacting bodies along the rolling direction of the 
bearing; and 𝜅 denotes the contact ellipse parameter. ℎ௜ represents the central oil-film 
thickness between the inner ring and the rolling element, and ℎ௢ represents the central 
oil-film thickness between the outer ring and the rolling element. 𝑓  denotes the oil-film 
thickness correction factor. Based on Equation (21), the radial contact deformation be-
tween the rolling element and the inner/outer rings under point-contact TEHL conditions 
is compared for the fault-free and faulty states. 

The Hertzian contact deformation of the rolling elements under TEHL conditions is 
shown in Figure 5a, and the radial displacement geometry is presented in Figure 5b, 
where the orange area represents the oil film. 

  
(a) (b) 

Figure 5. Contact deformation and radial displacement relationship of the rolling element–raceway 
contact under TEHL conditions: (a) Hertzian contact deformation of the rolling element; (b) geomet-
ric relationship of radial displacement, where the orange region denotes the lubricating oil film. 

Based on the geometric relationship shown in Figure 5b, the radial deformation of 
the first rolling element and the inner/outer rings under fault-free operation can be written as: 𝛿௝ଵ = ൫𝑥௦ − 𝑥௣൯𝑐𝑜𝑠𝜙௝ + ൫𝑦௦ − 𝑦௣൯𝑠𝑖𝑛𝜙௝ − 𝑐 − ℎ௜ − ℎ௢  (22)
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Secondly, when the outer ring fails, the radial deformation between the first rolling 
element and the inner and outer rings is converted to the total contact displacement model 
under point-contact thermo-elastohydrodynamic lubrication: 𝛿௝଴ = ൫𝑥௦ − 𝑥௣൯𝑐𝑜𝑠𝜙௝ + ൫𝑦௦ − 𝑦௣൯𝑠𝑖𝑛𝜙௝ − 𝑐 − ℎ௜ − ℎ௢ − 𝛽௝𝑙ௗ  (23)

where 𝑙ௗ is the additional displacement. 
To determine whether the bearing is in the fault zone, the same switching function 𝛽௝ is introduced as follows: ቄ1   𝜙𝑑 < 𝜙𝑗 < 𝜙𝑑 + 𝛥𝜙𝑑0                        𝑜𝑡ℎ𝑒𝑟𝑤𝑖𝑠𝑒  (24)

where 𝜙ௗ   and 𝛥𝜙ௗ   denote the initial angular position and the angular width of the 
spalled area, respectively. For rolling bearings with outer-ring spalls, assuming the outer 
ring is fixed and the inner ring rotates, the theoretical time required for a rolling element 
to traverse this defect zone is denoted by 𝑇spall. Based on the geometric relationship, the 
quantitative mapping between this double-impact time interval and the outer-ring spall 
size 𝐿spall  can be explicitly expressed as 𝐿spall = 2𝑟଴𝑠𝑖𝑛(𝜔௖𝑇spall/2) , where 𝑟଴  is the 
corresponding radius of the raceway. 

3.2. Calculation of Rolling Element–Raceway Contact Force Under TEHL 

Under the action of an external radial load, the inner and outer rings undergo radial 
displacement, inducing contact deformation and corresponding nonlinear contact forces. 
To calculate these forces under TEHL conditions, the bearing kinematics must first be de-
fined. The angular velocity of the cage (and the rolling elements) is given by 𝜔௖ = (1 −𝐷௕/𝐷௣)𝜔௦/2, where 𝐷௕ and 𝐷௣ are the rolling element and pitch circle diameters, respec-
tively, and 𝜔௦ is the shaft angular velocity. Consequently, the instantaneous angular po-
sition of the 𝑗 − 𝑡ℎ rolling element is 𝜙௝ = 2𝜋(𝑗 − 1)/𝑛௕ + 𝜔௖𝑑𝑡 + 𝜙଴, where 𝑛௕ is the to-
tal number of rolling elements, and 𝜙଴ is the initial phase. 

To integrate the complex TEHL characteristics into the classical dynamic framework 
efficiently, a quasi-static nonlinear approximation is widely adopted in engineering mod-
eling. Specifically, the improved equivalent stiffness 𝐾௕ is substituted into the classical 
3/2 power law to approximate the macroscopic nonlinear contact force 𝐹௝: 𝐹௝ = 𝐾௕𝛿௝ଵ.ହ  (25)

where 𝐾௕ is the combined stiffness of the improved bearing stiffness and damping model 
under TEHL, and 𝛿௝ is the contact deformation of the j-th rolling element. 

The nonlinear contact forces of the rolling bearing in the X  and Y  directions are, 
respectively: 𝑓௫ = 𝐾௕∑ఊೕ  𝛿௝యమ cos൫𝜙௝൯ = ௄ೞ௄೛௄ೞା௄೛ ∑𝛾௝𝛿௝యమ cos൫𝜙௝൯  (26)𝑓௬ = 𝐾௕∑ఊೕ  𝛿௝యమ sin൫𝜙௝൯ = ௄ೞ௄೛௄ೞା௄೛ ∑𝛾௝𝛿௝యమsin൫𝜙௝൯  (27)

The rolling element contributes to the contact force only when it is in the loaded con-
tact region. Therefore, the following switching function is introduced: 𝛾௝ = ൜ 1   𝛿௝ > 00   𝑜𝑡ℎ𝑒𝑟𝑤𝑖𝑠𝑒  (28)

The Hertzian contact force 𝑓௫ in the horizontal direction of a rolling bearing, for ex-
ample, varies as follows: 𝑓௫ = ቐ ௄ೞ௄೛௄ೞା௄೛ ∑𝛾௝𝛿௝యమ cos൫𝜙௝൯   non − faulty area0   𝑜𝑡ℎ𝑒𝑟𝑤𝑖𝑠𝑒   faulty area   (29)
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The Hertzian contact force yf  in the vertical direction of a rolling bearing, for exam-
ple, varies as follows: 𝑓௬ = ቐ ௄ೞ௄೛௄ೞା௄೛ ∑𝛾௝𝛿௝యమ sin൫𝜙௝൯   non − faulty area0   𝑜𝑡ℎ𝑒𝑟𝑤𝑖𝑠𝑒   faulty area   (30)

Equations (29) and (30) describe the horizontal and vertical components of the rolling 
element–raceway contact force, respectively. Since the subsequent vibration analysis fo-
cuses on the vertical response, the vertical contact-force component 𝑓௬ is used in the fol-
lowing discussion. 

3.3. Equation Construction of Rolling-Bearing Dynamics Under TEHL 

The 5-DOF dynamic equations used in this section follow the classical bearing/spin-
dle vibration framework reported by Aini et al. [37]. In this framework, the stiffness and 
damping coefficients associated with the rolling element–raceway contacts are generally 
treated as prescribed bearing parameters. In the present formulation, the equation struc-
ture is retained, while the contact-related terms are parameterized using the equivalent 
stiffness and damping obtained in Section 2.3. Specifically, the equivalent stiffness and 
damping include the Hertzian contact stiffness/damping, TEHL-derived oil-film stiff-
ness/damping, and the thermal asymmetry between the inner and outer raceways. 

Based on the additional-displacement excitation model and the rolling element–race-
way contact-force model under TEHL conditions, these equivalent contact parameters are 
introduced into the 5-DOF formulation for a rolling bearing with an outer-ring spall defect. 
Thus, the oil-film pressure, film thickness, and temperature field calculated at the contact 
interface are transmitted to the system-level dynamic response through the equivalent 
stiffness/damping, additional-displacement excitation, and nonlinear contact force. The 
parameters used for the 6205 deep-groove ball bearing are listed in Table 3. 

Table 3. Parameters used in the TEHL-based 5-DOF dynamic model of the 6205 deep-groove ball 
bearing. 

Parameter Name Value and Unit Parameter Name Value and Unit 
Inner race and shaft mass 𝑚௦ 

Outer race and shaft stiffness 𝐾௦ 1.2638 kg 
4.241 × 104 N/m 

Unit resonator mass 𝑚௥ 
Unit resonator stiffness 𝑘௥ 

1 kg 
8.8826 × 109 N/m 

Inner race and shaft damping 𝐶௦ 2376.8 N s/m Unit resonator damping 𝑐௥ 9424.8 N s/m 
Outer race and base mass 𝑚௣ 12.638 kg Outer race and base stiffness 𝐾௣ 15.1056 × 106 N/m 

Outer race and base damping 𝐶௣ 2210.7 N s/m Contact stiffness 𝐾ௗ 1.8918 × 1010 N/m 

The schematic diagram of the outer-ring spalling defect under TEHL conditions is 
shown in Figure 6. The dynamic equation for the outer-ring spalling defect of rolling bear-
ings under TEHL is given in Equation (31). 

 

Figure 6. Schematic diagram of an outer-ring failure in a rolling element. 
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Equation (31) represents the 5-DOF dynamic formulation used for the outer-ring spall bearing 
under TEHL conditions. The equation structure follows the classical 5-DOF framework, while 
the stiffness, damping, and contact-force terms are supplied by the TEHL-based stiffness–
damping representation. The formulation includes the motion of the inner race and shaft, the 
outer race and base, and the unit resonator coupled to the outer-race/base system in the y 
direction. In this equation, 𝑚௦ is the mass of the inner race and shaft, 𝑚௣ is the mass of the 
outer race and base, and 𝑚௥ is the mass of the unit resonator. 𝐾௦ and 𝐶௦ are the equivalent 
stiffness and damping of the inner-race side obtained from the stiffness–damping representa-
tion under TEHL conditions, while 𝐾௣  and 𝐶௣  are the corresponding equivalent stiffness 
and damping of the outer-race side. The parameters 𝑘௥  and 𝑐௥  denote the stiffness and 
damping of the unit resonator, respectively, and they describe the coupling between the unit 
resonator displacement 𝑦௕  and the outer-race/base displacement 𝑦௣. The terms 𝑓௫  and 𝑓௬ 
are the nonlinear rolling element–raceway contact force components in the x and y directions, 
respectively, and 𝐹௥ is the radial load applied to the inner race in the y direction. The displace-
ment variables 𝑥௦ and 𝑦௦ denote the motion of the inner race and shaft in the x and y direc-
tions, respectively; 𝑥௣ and 𝑦௣ denote the motion of the outer race and base in the x and y 
directions, respectively; and 𝑦௕ denotes the displacement of the unit resonator in the y direc-
tion. The overdot and double overdot denote velocity and acceleration, respectively. 

3.4. Simulation and Mechanism Analysis of Rolling-Bearing Impact Characteristics Under TEHL 

3.4.1. Vibration Response and Contact Force Analysis for Two Defect Sizes 

The TEHL-parameterized dynamic formulation is applied to a 6205 deep-groove ball 
bearing. The simulation conditions are as follows: a sampling frequency of 1.2 kHz, a rota-
tional speed of 1000 rpm, a radial load of 500 N, two representative outer-ring defect widths 
of 4.2 and 0.5 mm, and a constant defect depth of 1.25 mm. Numerical integration is per-
formed using the fourth-order Runge–Kutta method, and the vibration signals together 
with the vertical Hertzian contact forces are extracted over 0.224–0.2315 s for comparison. 
Figure 7a,b show the simulated responses for the large and small defects, respectively. As 
the defect size decreases, the rolling element enters the defective zone later, consistent with 
the actual fault evolution characteristics. 

  
(a) 4.2 mm (b) 0.5 mm 

Figure 7. Simulated signals versus Hertzian contact force variation for rolling-bearing defects of 
different sizes. 
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3.4.2. Comparison and Mechanism Exploration of Impact Phenomena Associated with 
Large-Size and Small-Size Failures 

To compare the impact responses predicted by the TEHL-parameterized formulation 
for different defect sizes, an outer-ring spall with a size of 4.2 mm is defined as a large 
defect, whereas a 0.5 mm spall is defined as a small defect. The local impact components 
are magnified in Figure 8, where characteristic points A, B, C, D, A1, B1, C1, and D1 are 
marked for comparison. 

 

(a) 4.2 mm outer-ring failure (b) 0.5 mm outer-ring failure 

Figure 8. Localized enlargement of rolling-bearing outer-ring fault signals. 

A comparison of Figure 8a,b shows that the 4.2 mm outer-ring spall exhibits a clear 
double-impact characteristic, whereas the 0.5 mm spall presents only a weak double-im-
pact or single-impact feature. In both cases, points A/A1 correspond to the instant when 
the rolling element enters the defective zone and triggers the entry impact, while points B/B1 
indicate the rapid decay of the contact force to a minimum or zero within the fault region. 
Points C/C1 denote the instant when the rolling element leaves the defective zone and gen-
erates the exit impact. Points D/D1 indicate the subsequent post-exit local response extrema 
after the rolling element leaves the defective zone. They are used as auxiliary markers to 
illustrate the post-impact vibration and contact-force evolution, whereas points A and C are 
used for the subsequent spall-size quantification. For the large defect, the time interval be-
tween the entry and exit impacts is sufficiently long, resulting in a distinct double-impact 
pattern. For the small defect, the two impacts tend to overlap, leading to a weakened double-
impact or an apparent single-impact response. Therefore, points A and C are selected as the 
characteristic instants for subsequent spall-size quantification, and the corresponding con-
tact-force evolution is consistent with the time-domain response predicted by Equation (31). 

3.5. Quantitative Diagnosis of Localized Defects Based on the TEHL Model 

3.5.1. Dynamic Model Validation and Characteristic Point Analysis at Different  
Rotational Speeds 

For the quantitative diagnosis of local defects based on the TEHL-parameterized for-
mulation, two rotational speeds (500 rpm, 1500 rpm) were set, along with a radial load of 
500 N, an outer-ring spall size of 2 mm, and a sampling frequency of 1.2 kHz. Time-do-
main diagrams of the TEHL-parameterized formulation and enlarged views of the local 
feature-point markers are presented in Figures 9 and 10. 
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(a) Time-domain graph (b) Enlarged view of local feature-point markers 

Figure 9. Time-domain response of a 2 mm outer-ring fault at 500 rpm, obtained from the TEHL-
parameterized formulation with local feature-point markers. 

  
(a) Time-domain graph (b) Enlarged view of local feature-point markers 

Figure 10. Simulated time-domain response plot at 1500 rpm for a 2 mm outer ring, with the local 
feature-point markers zoomed in. 

As shown in Figures 9a and 10a, the simulated impact responses exhibit periodic fea-
tures corresponding to repeated rolling-element passages over the outer-ring spall. This 
periodic behavior is consistent with the expected defect-passing mechanism and supports 
the dynamic consistency of the TEHL-parameterized formulation. 

In Figures 9b and 10b, the local responses are enlarged to facilitate characteristic-
point identification. Points A and C are identified as the entry-impact and exit-impact in-
stants, denoted by (𝑡஺) and (𝑡஼), respectively. Points B and D denote the adjacent local 
response extrema following the entry and exit impacts, respectively. They are used as 
auxiliary markers to illustrate the local oscillatory response around the two impacts, 
whereas only points A and C are used to determine the double-impact interval (𝑡஼ − 𝑡஺) 
for the subsequent spall-size calculation. The green dotted lines mark the identified entry- 
and exit-impact instants, while the red dotted lines indicate the selected fault-passing pe-
riod or localized time window. As the rotational speed increases, the interval (𝑡஼ − 𝑡஺) 
decreases, which is consistent with the shorter time required for the rolling element to 
pass through the spalled region. The outer-ring spall size is then calculated using the dou-
ble-impact time-interval quantification formula derived from the TEHL-parameterized 
formulation: 𝐿spall = 2𝑟଴𝑠𝑖𝑛 ቀఠ೎(௧಴ି௧ಲ)ଶ ቁ  (32)

where 𝐿spall is the outer-ring spall length, 𝑟଴ denotes the radius corresponding to the outer-
raceway spall trajectory, 𝜔௖ is the cage angular velocity, and 𝑡஺ and 𝑡஼ are the entry-impact 
and exit-impact instants identified from the double-impact response, respectively. 
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3.5.2. Comparative Analysis of Spall-Size Estimation Accuracy Using Different  
Dynamic Formulations 

To verify the accuracy of the proposed quantitative rolling-bearing fault diagnosis 
method based on point-contact TEHL, the 5-DOF formulation with TEHL-based stiffness–
damping parameters is compared with conventional 5-DOF, 4-DOF, and 2-DOF dynamic 
models. Quantitative calculations are performed for six spall sizes (0.2, 0.6, 1.2, 2.0, 3.0, 
and 4.2 mm) at a rotational speed of 1000 rpm. The corresponding error comparison re-
sults are presented in Table 4. 

Table 4. Quantitative comparison of spall-size estimates obtained using different dynamic formu-
lations. 

Reference Spall 
Size (mm) 

TEHL-Parameterized 5-DOF For-
mulation (mm) 

Conventional 5-DOF 
Model (mm) 

Conventional 4-DOF 
Model (mm) 

Conventional 2-DOF 
Model (mm) 

0.2 0.212 0.235 0.251 0.188 
0.6 0.632 0.648 0.671 0.495 
1.2 1.242 1.291 1.398 0.925 
2.0 2.041 2.096 2.235 1.734 
3.0 3.040 3.093 3.204 2.758 
4.2 4.225 4.296 4.382 3.951 

As shown in Table 4, the 5-DOF formulation with the TEHL-based stiffness–damping 
representation gives the closest estimates to the reference spall sizes among the compared 
models. For the six spall sizes of 0.2, 0.6, 1.2, 2.0, 3.0, and 4.2 mm, the relative errors are 
6.00%, 5.33%, 3.50%, 2.05%, 1.33%, and 0.60%, respectively. This significant improvement 
in quantitative diagnostic accuracy is fundamentally attributed to the physical nature of 
the TEHL oil film. In conventional dry-contact models, the double-impact time interval is 
determined solely by the rigid defect geometry and solid kinematics. In contrast, the pro-
posed model reveals that the oil film essentially acts as an additional dynamic clearance 
and a damping buffer. As the rolling element enters and exits the spall, the load-depend-
ent variation in oil-film thickness alters the actual spatial trajectory of the rolling element. 
Concurrently, oil-film damping induces a subtle phase delay in the transient impact force 
peaks (e.g., characteristic points A and C). Consequently, incorporating these TEHL char-
acteristics provides a more physically meaningful time-interval mapping for spall-size 
evaluation, thereby reducing the estimation deviation associated with purely elastic con-
tact models. 

4. Experimental Validation 
4.1. Experimental Equipment and Bearing Failure Parts 

To validate the accuracy of the proposed TEHL-based quantitative diagnosis method, 
artificial bearing faults were introduced using the HZXT-DS-003 (DongHua Testing Tech-
nology Co., Ltd., Jingjiang, China) double-span, double-rotor rolling-bearing test rig, as 
shown in Figure 11. The test bench mainly comprises a bearing housing, a radial loader, a 
tachometer-torque meter, and a motor. Its drive system includes a 7.5 kW variable-fre-
quency motor (speed range: 0–3000 r/min) and a 380 V, 10 kW vector-controlled three-
phase inverter. The tested rolling bearing model is 6205-2-RS, and a 1.2 kHz sampling 
frequency was used for the vibration signal. 
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Experimental procedure and local enlarged view

Faulty bearings
Accelerometers

Test benches

Acquisition device
NI Chassis

Installation location  

Figure 11. Experimental flow and local zoom-in diagram. The red circle indicates the localized 
outer-ring spall on the faulty bearing. 

In the comparison between experimental and simulated responses, vibration signals 
from the bearing with a 0.6 mm outer-ring spall were selected and compared with the 
simulated signals generated by the TEHL-parameterized formulation. 

4.2. Comparative Analysis of Experimental and Modeled Fault Characteristic Frequencies for an 
Outer-Ring Defect of 0.6 mm 

A radial load of 500 N, a sampling frequency of 1.2 kHz, a rotational speed series of 
1000, 1250, 1500 and 1750 rpm, and an outer-ring spalling width of 0.6 mm were config-
ured for bearing fault experimental signal analysis. The corresponding results are illus-
trated in Figures 12 and 13, followed by a comparison of the theoretical, simulated, and 
experimental outer-ring fault characteristic frequencies under the four rotational speeds. 

  

Figure 12. Experimental signals and envelope spectra for 1000 rpm and 1250 rpm outer-ring faults 
with a 0.6 mm spall. 

  

Figure 13. Signal envelope spectra for 1500 rpm and 1750 rpm outer-ring fault experiments with a 0.6 
mm spall. 
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Figure 14 presents the envelope spectra of the outer-ring fault with a 0.6 mm spall ob-
tained from the dynamic model at four rotational speeds: 1000, 1250, 1500, and 1750 rpm. 

Based on the above results, the theoretical, simulated, and experimental outer-ring 
fault characteristic frequencies at different rotational speeds are compared in Table 5. 

  
(a) 1000 rpm (b) 1250 rpm 

  

(c) 1500 rpm (d) 1750 rpm 

Figure 14. Envelope spectra of the simulated signals of 0.6 mm defects at 1000 rpm, 1250 rpm, 1500 
rpm, 1750 rpm. 

Table 5. Comparison of theoretical, simulated, and experimental outer-ring fault eigenfrequencies 
at different rotational speeds for 0.6 mm outer-ring faults. 

Outer-Ring Failure Characteristic Frequency and Error 
Rotation Speed (r/min) 

1000 1250 1500 1750 
Theoretical value (Hz) 59.54 74.42 89.30 104.19 
Simulation value (Hz) 60 75 89 104 

Experimental value (Hz) 62 79 94 110 
Simulation and theoretical errors (%) 0.77 0.78 0.34 0.18 

Simulation and experimental errors (%) 3.23 5.06 5.32 5.45 

Through the comparative analysis of the 0.6 mm outer-ring fault eigenfrequency at 
four different rotational speeds of 1000 rpm, 1250 rpm, 1500 rpm and 1750 rpm in Table 5 
for the theoretical, simulated, and experimental values, it can be seen that the simulation 
and theoretical error are within 0.78%, and the maximum error between the simulated 
and experimental values is 5.45%. 

4.3. Quantitative Comparative Analysis of Experimental and Modeled Double Impacts with 
Outer-Ring Defect of 0.6 mm 

In the quantitative comparative analysis of the experimental and model signals for 
the outer-ring spalling defect of 0.6 mm, the 1000 rpm experimental signal is selected for 
the double-shock quantitative analysis study. Figure 15 depicts the time-domain 
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waveform of the experimental signal for the outer ring with a 0.6 mm fault under 1000 
rpm operating condition, along with its localized time-domain magnification. 

  
(a) Time-domain graph (b) Localized zoom in time domain 

Figure 15. Time-domain plot of the experimental signal with time-domain local magnification for 
the 1000 rpm outer ring 0.6 mm fault. 

The time-domain waveform in Figure 15a shows periodic impact responses for the 
bearing with a 0.6 mm outer-ring spall. The red dotted lines delimit five successive impact 
periods, which are labeled as 1–5. After the signal is divided into five periods, the fifth 
period is selected for local enlargement and characteristic-point identification, as shown 
in Figure 15b. In Figure 15b, points A and C are identified as the entry-impact and exit-
impact instants, respectively, while points B and D denote adjacent local extrema used as 
auxiliary markers for double-impact identification. The double-impact time-interval 
quantification method based on the TEHL-parameterized formulation is then applied to 
estimate the outer-ring spall size. The estimated value is compared with the reference spall 
size of 0.6 mm, and the results are summarized in Table 6. 

Table 6. Comparison between the reference 0.6 mm outer-ring spall size and the estimated spall 
size. 

Parameter Name Numerical Values and Units 
Reference outer-ring spall size  

Estimated spall size by the TEHL-based method 
0.6 mm 

0.665 mm 
Absolute error 0.065 mm 
Relative error 10.83% 

As shown in Table 6, the spall size estimated by the TEHL-based quantitative diag-
nosis method is 0.665 mm, whereas the reference outer-ring spall size is 0.6 mm. The ab-
solute error is 0.065 mm, corresponding to a relative error of 10.83%. This result shows 
that the estimated spall size is in reasonable agreement with the reference defect size un-
der the tested conditions, supporting the applicability of the proposed TEHL-based quan-
titative diagnosis method for outer-ring spall-size estimation. 

5. Conclusions 
This paper proposes a quantitative diagnosis method for rolling bearings with outer-

ring spalls. By establishing a physical transfer path from the local lubricated interface to 
the macroscopic double-impact response, this study bridges the gap between tribodynam-
ics and spall-size estimation. The main conclusions are as follows: 

1. A novel equivalent stiffness–damping representation is formulated to characterize 
the point-contact TEHL interface. Unlike conventional idealized Hertzian assump-
tions, this approach explicitly parameterizes the temperature-dependent oil-film 
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pressure, film thickness, and inner–outer raceway thermal asymmetry, providing a 
rigorous tribological boundary for localized-defect modeling. 

2. The physical mechanism of the lubricated double-impact response is elucidated by 
integrating the TEHL-derived representation into a classical 5-DOF framework. The 
model reveals that the oil film essentially acts as an additional dynamic clearance and 
damping buffer. This mechanism alters the spatial trajectory of rolling elements trav-
ersing the spall and induces phase delays in impact force peaks, thereby affecting the 
double-impact time interval. 

3. The proposed method significantly improves the accuracy of spall-size quantification 
under thermally coupled conditions. Comparative analyses and experimental vali-
dation demonstrate that the TEHL-parameterized formulation restricts the frequency 
estimation error to within 5.45% and achieves a spall-size prediction error of 10.83% 
in experiments. Furthermore, it explicitly outperforms conventional 5-DOF, 4-DOF, 
and 2-DOF dry-contact models across all defect sizes (with theoretical errors reduced 
to below 6.00%), validating its reliability for high-precision fault diagnosis. 
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