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Ply bulge failure in Truck and Bus Radial (TBR) tyres, predominantly observed in the shoulder region, is a critical issue impacting tyre performance and safety. This study investigates the root cause of such failures through a comprehensive analysis of 13 field-return tyres of varying patterns and sizes. A multi-step methodology, including visual inspection, X-ray analysis, shearography, microscopy, FTIR, and adhesion testing, was employed to characterize the failure mechanism. Visual inspection was used to identify external factors such as punctures, overloading, or bead damage, while X-ray analysis confirmed the absence of structural defects, such as cord spacing irregularities or belt offset, indicating that intrinsic material interactions were the primary drivers of failure. Shearography pinpointed incipient separation areas, which were further examined microscopically. Microscopic analysis revealed debonding failure mode at the carcass ply-rubber interface as the primary crack initiation mode, followed by propagation along cord surfaces and then transferring to adjacent cords. To distinguish between rubber degradation and adhesive layer aging, forensic analysis combining FTIR and 90◦ peel test (adhesion test) was conducted. FTIR analysis confirmed the rubber compound’s chemical stability, with no evidence of degradation such as carbonyl group formation or reduction in vinyl and alkene groups. However, the adhesion test revealed reduced adhesion strength, correlating with ply bulge initiation. Sections with no ply bulge initiation exhibited a minimum adhesion strength of 13 kgf/inch, whereas sections with initiation showed a maximum strength of 13 kgf/inch, highlighting adhesive aging as the root cause. This study provides an in-depth understanding of ply bulge failure mechanisms in TBR tyres and establishes methodologies for root cause analysis.
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1 INTRODUCTION
Like all mechanical components, tyres have a defined lifespan, typically measured in terms of mileage or the distance they are expected to cover under specific loads and conditions. When manufacturers receive feedback indicating that their tyres are failing to meet the expected lifespan, it becomes essential to identify the root cause of failure. Such issues not only affect a company’s profitability and sales but also lead to customer claims for tyre replacements.
In the domain of truck and bus tyres, the past decade has seen a strong focus on improving the mileage of radial tyres following the shift to radial technology. Initial studies primarily investigated the friction behavior of tyre treads (Wallaschek and Wies, 2013; Wang et al., 2015; Bogdevicˇius et al., 2022). Subsequent research aimed to enhance heat dissipation (Wang et al., 2012; Behnke and Kaliske, 2018; Mangal et al., 2021) and reduce rolling resistance (Rhyne and Cron, 2012; Cohn, 2015; Li and West, 2019). Since 2020, the industry has increasingly integrated tyre pressure monitoring systems (TPMS) and artificial intelligence to enhance tyre performance and optimize manufacturing processes (Chen and Yeh, 2018; Kost et al., 2019; Acosta et al., 2024).
Despite significant advancements in tyre technology, various modes of tyre failure continue to pose a persistent challenge. Common failure modes include tread separation (Kunkyin-Saadaari et al., 2024; Ghosh et al., 2023), belt separation (Hongling et al., 2022), bead area separation (Liang et al., 2021), and sidewall separation (Waluś and Warszczyński, 2022). Among these failure modes, ply bulge failure is particularly critical as it distorts the tyre casing. In this mode, the carcass ply is pulled inward toward the inner liner, allowing airflow and forming a bulge on the outer surface. This bulge eventually bursts, leading to what is known as “ply bulge failure,” as illustrated in Figure 1. This phenomenon is also referred to as ply separation or the detachment of the ply from the sidewall. Moreover, tyre bursts caused by such failures can lead to a loss of vehicle stability and increase the risk of accidents (Yang et al., 2024).
[image: Figure 1]FIGURE 1 | Ply bulge failure in TBR tyre.
Extensive research has been conducted on various tyre failure mechanisms. For instance, belt separation has been studied in detail, with investigations into contributing factors such as belt angle, rubber gauge, and belt width (DeEskinazi and Cembrola, 1984; Lake, 2001; McGinty et al., 2008). Researchers have also examined the direction of crack propagation after initiation and employed optimization techniques to determine the best design parameters (Zhong, 2006; Cho and Lee, 2017). Similarly, studies have been conducted on tread separation (Daws, 2003; Xie et al., 2016) and bead failures (Shilavant et al., 2024; Li et al., 2021). A comprehensive discussion on the causes of various tyre failures is provided in Giapponi’s book (Giapponi, 2008), which extensively covers potential failure mechanisms. However, despite the vast body of literature on tyre failures, research specifically addressing ply bulge failure remains limited. Apart from the work by (Jeong et al., 2019), which employs finite element methods to predict ply bulge failure and optimize design parameters for improved durability, there is a noticeable gap in the literature on this topic.
Tyre failures can result from various factors, including excessive loading (e.g., operating at 200% of the rated load), punctures, or manufacturing defects. This paper, however, focuses on determining whether ply bulge failure is caused by cohesive failure within the rubber or adhesive failure between the rubber and the steel cord. The critical question this paper addresses is: What causes the degradation in bonding? Is it the thickening of the adhesive (CuxS) layer due to aging, which makes the adhesion layer brittle and more susceptible to failure? Or is it the degradation of rubber caused by thermo-oxidative processes due to prolonged exposure to air and elevated temperatures in the shoulder area?
To answer this question, this study investigates the location and mechanism of failure by analyzing crack nucleation and propagation while eliminating external influences such as manufacturing defects or improper usage. A systematic method is introduced to validate the hypothesis, providing a comprehensive understanding of ply bulge failure and establishing a framework for forensic analysis of failures in Truck and Bus Radial (TBR) tyres. In this study, we analyzed 13 failed TBR tyres returned from the field, which varied in type, application, size, and tread pattern. Among these, eight tyres were sourced from the Salem market, while five came from the Bikaner market. Details regarding the tyre types and sizes are provided in Table 1.
TABLE 1 | Tyre details and application.
[image: Table 1]This paper is organized as follows: Section 2 provides the theoretical background necessary to understand composite failures, tension distribution across different parts of the tyre, rubber aging, and the adhesion of rubber to steel cords. Section 3 outlines the methodology employed to investigate ply bulge failure. Section 4 presents the results of the multi-step analysis, and Section 5 concludes with key findings and remarks.
2 THEORETICAL BACKGROUND
Tyre is a complex composite structure consisting of 30 different components. The major components of a typical TBR tyre are tread, belts, carcass ply, sidewall, inner liner, apex and bead wire. Understanding how composites fail is crucial for analyzing tyre failure, as tyres are composite materials. In a TBR tyre, we generally incorporate five steel plies, consisting of four belt plies and one carcass ply (Tang et al., 2022; Yadav et al., 2024). These steel plies are coated with rubber, referred to as the skim compound, which is a thin layer of rubber over the steel cords. This makes our composite a fiber-reinforced rubber (FRR), where the fiber is the steel cord and the matrix is the rubber. Each ply can be referred to as a lamina, and when multiple laminae are stacked together, they form a laminate (Yadav et al., 2024). This section begins by discussing the load transfer between the fiber and the matrix, followed by an exploration of the damage mechanisms in laminates. Next, the causes of rubber degradation are examined, concluding with a discussion on rubber-steel adhesion and its degradation.
2.1 Load transfer and damage mechanisms in cord-rubber systems
In composite materials, the majority of the load is carried by the fibers, while the matrix primarily functions to hold them in place. When a tensile load is applied along the fiber direction, the fiber transfers this load to the matrix through shear stress at the fiber-matrix interface. Initially, the fiber experiences maximum tensile stress, which induces both shear and tensile stresses within the interface. The shear stress is lowest on the fiber side and gradually increases toward the matrix side. Beyond a certain point, the shear stress in the matrix reaches its maximum value, while the tensile stress in the matrix reduces to zero (Hyer and White, 2009). This process is illustrated in Figure 2.
[image: Figure 2]FIGURE 2 | (a) Load transfer process when fiber in tension (Hyer and White, 2009), (b) Tension at carcass ply and belt in radial tyre (Yamagishi et al., 1987).
In tyres, the belt and carcass ply experience tension due to inflation pressure. The tension in the carcass ply depends on the radius of curvature, while the tension in the belt is influenced by the tyre’s outer diameter, width, and angle, as shown in Figure 2. Since these plies collectively form the laminate, multiple local failures must occur for the laminate to fail completely and break into two or more pieces. Here, “local” refers to failures within the individual constituent phases—the fiber and the matrix. This local-level failure is termed “damage”. Therefore, in fibrous composites, damage is a micro-level event. The damage mechanisms in fibrous composites are broadly categorized into three types (Talreja, 1981; Talreja, 1989).
1. Micro-level damage mechanisms: Damage occurs within a lamina.
2. Macro-level damage mechanisms: Damage occurs in laminates.
3. Coupled micro-macro damage mechanisms: Cracking initiates within the lamina, followed by delamination, causing one lamina to separate from another.
In this study, we identify the damage mechanisms using microscopy analysis.
2.2 Rubber degradation
Over time, the rubber in tyres deteriorates due to environmental and mechanical factors, compromising structural integrity and potentially leading to failure. Rubber degradation primarily occurs through two mechanisms: thermo-oxidative aging and mechanical aging. In thermo-oxidative aging, oxygen molecules react with heat, initiating chain scission that breaks rubber molecules, reducing elasticity and increasing stiffness, ultimately leading to crack formation (Mathew and De, 1983). In mechanical aging, the tyre undergoes continuous deformation as it rolls, generating mechanical stresses that gradually weaken the rubber. This results in crack formation at stress concentration areas and eventually leads to fatigue failure (Lee et al., 2004; Weng et al., 2012). In ply bulge failure, cracks initiate near the carcass ply region, where the rubber layer (skim compound) over the carcass ply is very thin. Due to this thin layer, mechanical testing is impractical for comparing the physical properties of failed and new tyre carcass compounds. Instead, we utilized Fourier Transform Infrared Spectroscopy (FTIR) to assess the aging of field-exposed tyres. FTIR is employed to identify and quantify chemical changes in aged rubber compounds. By analyzing specific absorption bands in the infrared spectrum, we can evaluate the degree of aging and degradation. While both aging processes produce similar chemical groups, FTIR allows us to differentiate their contributions by comparing different samples. Thermo-oxidative aging typically results in a higher concentration of carbonyl groups and a reduction in alkene and vinyl groups, whereas mechanical aging produces a mixture of alcohol and carbonyl groups (Komethi et al., 2012; Weng et al., 2012).
2.3 Rubber to steel adhesion and degradation
In tyres, brass-coated steel wires are used to bond them with rubber. This adhesion is achieved through the formation of a strong interfacial bond facilitated by the Cu/Zn layer. During the curing process, chemical reactions occur between the rubber compound and the brass surface, forming a copper sulfide (CuxS) layer. This layer interlocks with the cross-linked rubber network, enhancing the bond strength. Here, compounding ingredients such as accelerators, sulfur, and cobalt salts play a vital role in promoting metal-sulfur interactions and improving adhesion. The mechanism of rubber-brass adhesion is well described in earlier literature (van Ooij, 1978; Vanooij et al., 2009). The loss of adhesion in the steel cord-to-rubber interfaces is primarily caused by thermal aging, oxygen exposure, and moisture. Thermal aging leads to the thickening of the CuxS layer, as copper inclusions in ZnO react to form crystalline CuxS, making the adhesion interface brittle and prone to cracking under strain. Aging in oxygen oxidizes the CuxS layer to CuSO4, which has poor cohesive strength, reducing adhesion. In the presence of moisture and oxygen, cathodic corrosion occurs, forming Zn+2 ions and Zn(OH)2, further weakening the adhesion layer (Patil and Ooij, 2004). To evaluate the adhesion strength of the carcass ply with rubber, we used a 90°peel test.
3 METHODOLOGY
3.1 Visual inspection
A thorough visual inspection was conducted to assess whether external factors such as punctures, impacts, excessive overloading, or overheating contributed to ply bulge failure. The primary objective was to document any external influences that might have led to failure. Before inspection, all tyres were cleaned, and the non-serial side (NSS) (which does not have a serial number) and the serial side (SS) (which has a serial number) were marked with chalk for reference. The inspection process focused on identifying the failure location, examining surrounding areas, and investigating potential causes such as punctures, inner liner splice failure, bead damage, or flat spots. These factors were considered critical, as they could allow air to seep into the tyre cross-section, ultimately leading to ply bulge failure. All 13 tyres were inspected, and their failure locations were marked for further analysis, as shown in Figure 4.
3.2 X-ray analysis
Following the visual inspection, X-ray analysis was conducted to detect defects or damage in the belt area, sidewall, or bead region (Warczek and Zak, 2024). The primary objective was to identify structural damage within the steel components that could be attributed to manufacturing defects. To accurately locate the failure area during X-ray imaging, a pin was placed on the opposite side of the tyre at the marked failure location.
Since this study focuses on ply bulge failure, special attention was given to the upper sidewall region. In this area, the spacing between the carcass cords, known as cord spacing, was examined. Cord spacing refers to the distance between adjacent carcass cords. Excessively large or uneven cord spacing, whether resulting from tyre manufacturing or operational use, can cause the rubber material to deform outward under inflation pressure, leading to gaps between the cords. This deformation reduces the gauge thickness, increasing the likelihood of tears in the rubber, which can ultimately lead to ply bulge failure. Significant or irregular cord spacing near the failure area would be considered a potential manufacturing defect, likely originating from the tyre building machine (TBM).
3.3 Shearography analysis
Shearography, a laser-based technology, was employed to detect anomalies such as air bubbles and separations within the tyres. This method also enables performance testing under varying conditions, including different pressures and temperatures. Following the X-ray analysis, shearography was conducted to identify incipient and hidden separations within the tyres, with the primary objective of locating the initiation points of failure. As illustrated in Figure 6, the shearography images consist of three scans covering eight sectors. Scan 1 corresponds to the bottom side of the tyre, Scan 2 covers the crown region, and Scan 3 focuses on the top side. The tyre’s 360° circumference is divided into eight sectors, each spanning 45°.
3.4 Microscopic analysis
After the shearography analysis, the locations of incipient separations were marked. The tyres were then cut into thin sections at these marked locations using a tyre-cutting machine for further examination. The tyre-cutting machine utilizes a diamond-coated wire, in which a thin steel wire is coated with diamond particles. This process ensures precise cuts and smooth surfaces, preventing distortion of the incipient failure location. The tyre cut-sections with incipient separations were then analyzed using a digital microscope, the DinoLite Premier AM7013MZT4. An awl tool was also used to enlarge the incipient areas, where crack initiation occurred within the sample. The primary objective of this analysis was to identify the precise location of crack initiation. Once the crack initiation site was identified, microscopic images of various cut sections were examined to study the direction and pattern of crack propagation.
3.5 FTIR analysis
To investigate whether crack initiation is caused by rubber degradation, an FTIR study was conducted in ATR mode. Rubber samples were collected from the skim rubber layer over the carcass ply cord, specifically from both the crack initiation and non-initiation areas, as shown in Figure 7. To strengthen our findings, we also analyzed two new tyres. From one tyre, a fresh sample was obtained, while the other tyre was subjected to artificial aging in a climatic chamber. The aging process involved exposing the tyre to a controlled environment of 50% nitrogen and 50% oxygen at 100°C for 30 days.
This experimental setup enabled a comprehensive comparison of FTIR spectra.
1. Between new tyres, field-returned tyres with varying wear percentages, and artificially aged tyres in-house testing facility.
2. Between the crack initiation and non-initiation areas of the field-returned tyres.
This methodology provides detailed insights into the chemical changes associated with degradation and crack initiation, enabling a deeper understanding of the failure mechanisms.
3.6 Adhesion test
To investigate whether crack initiation is caused by a degradation in adhesion strength, a 90°peel test was conducted using a universal testing machine (UTM). This standard test method evaluates rubber-to-metal bonding. Typically, for tyre cut sections, the 90°peel test is carried out in specific areas of the tyre.
• In the crown region, between the ply and the first belt or between the first and second belts.
• In the sidewall region, between the ply and the sidewall rubber compound.
However, since ply bulge failures occur in the shoulder region, performing adhesion tests in this area presented two significant challenges.
1. Difficulty in removing the belt.
2. The thin rubber layer in the shoulder region, which intersects two different rubber compounds, making it impossible to securely hold the sample in the UTM claws.
Given these limitations, an alternative approach was adopted to identify adhesive or cohesive failure. The investigation focused on the ply-to-belt area in the crown region. For this purpose, two sets of tyre cut sections were prepared.
1. Set A: Cut sections from field-return tyres with ply bulges but no visible signs of crack initiation in the shoulder region.
2. Set B: Cut sections from the same field-return tyres with ply bulges and visible crack initiation in the shoulder region.
Both sets underwent the 90°peel test to compare their adhesion characteristics. The sample preparation process for the adhesion test is depicted in Figure 3.
[image: Figure 3]FIGURE 3 | Adhesion test for tyre cut sections.
4 RESULTS AND DISCUSSION
4.1 Visual, X-ray, and shearography analysis
Upon visually inspecting all the tyres, it was observed that ply bulge failures predominantly occurred in the upper sidewall section. These failures were not restricted to any specific side, whether NSS or SS, and could occur at any circumferential location around the tyre, as shown in Figure 4a. In all tyres, cord shadows were visible from the inside, and bare cords were observed from the outside, as illustrated in Figure 4B. Three tyres had punctures, but only two of these punctures were near the failure locations. Additionally, flat spots were observed near the failure regions in several tyres, which were attributed to harsh braking. One tyre showed evidence of impact damage, where the failure occurred at the point of impact due to a clear loss of casing integrity. The wear percentage was measured for each tyre. Excluding tyre number 3 (X1613648xxx), the average wear was found to be 48.53%. Market analysis showed that the average tyre wear in Salem was 56.97%, while in Bikaner it was 36.73%. The lower wear percentage observed in the Bikaner region was attributed to overloading conditions, which are commonly practiced by truck drivers in that region. This resulted in earlier failures and lower wear percentages at the time of ply bulge failure. Overall, the visual inspection suggests that external factors such as impact, punctures, flat spots, and overloading significantly contribute to ply bulge failures. Punctures and impacts create entry points for air seepage and moisture infiltration, accelerating rubber aging and reducing its mechanical properties. On the other hand, flat spots and overloading increase stress on the carcass ply, leading to premature failure.
[image: Figure 4]FIGURE 4 | Visual analysis: (a) Failure location at different circumferential positions of the tyre, (b) Bare cord and cord shadow at the failure location, (c) Failure due to impact, (d) Failure due to flat spot.
X-ray analysis of the tyres revealed no significant manufacturing defects. The identification of different components in the X-ray images and analysis of the regions near the failure were conducted as shown in Figure 5. The cord spacing near the failure regions was within acceptable limits in all tyres, indicating that no manufacturing issues contributed to the ply bulge failure.
[image: Figure 5]FIGURE 5 | (a) Identifying different components from the X-ray image, (b) X-ray image of failed tyre.
In the shearography images, various fringes were observed, indicating different levels of separation. As shown in Figure 6, areas encircled in red represent major separations, while those encircled in yellow indicate minor separations. The shearography analysis revealed separations in several key regions of some tyres, including the turn-up region, belt edge, and ply separation at the shoulder. An example is illustrated in Figure 6, where: ‘1’ indicates a major separation in the turn-up region, ‘2’ denotes a minor separation in the turn-up region, ‘3’ indicates incipient belt edge separation, ‘4’ shows intense ply separation at the shoulder, and ‘5’ represents incipient ply separation at the shoulder. Upon reviewing the shearography images, it was determined that six tyres—numbers 1, 2, 7, 10, 11, and 12 — exhibited incipient ply separations. Since these are incipient areas, unaffected by external environmental factors, they provide a clearer understanding of the separation locations. The cut sections of these tyres were made at the identified incipient locations.
[image: Figure 6]FIGURE 6 | Shearography image of Tyre 1.
4.2 Cut section and microscopy analysis
A detailed analysis of all tyre cut sections was conducted, focusing on identifying any offsets in the geometrical arrangement, such as belt offset, turn-up offset, and rubber gauge offset. No deviations outside the acceptable range were observed in these parameters.
Subsequently, microscopic image analysis was performed on six incipient cut sections. Initially, the cut sections were examined to identify the initiation areas, as shown in Figure 7A. From Figure 7A, it is evident that crack initiation occurs directly below the mid-region of the shoulder cushion within the carcass ply.
[image: Figure 7]FIGURE 7 | Microscopic analysis of tyre: (A) On the cut section, (B) Within the cut section.
A separation between the cord and skim compound is clearly visible, with the cords exhibiting a lack of rubber coverage due to chafing and degradation under rolling conditions at the time of crack initiation. Additionally, the presence of brass coating on the carcass cord was observed.
In the second stage of analysis, a perpendicular cut was made at the shoulder section of the tyre cut section using a cutting tool, focusing on the carcass ply region, as illustrated in Figure 7B. The resulting images revealed that crack initiation occurs at the interface where the cords are bonded to the rubber, indicating that the initiation does not occur in the rubber matrix phase. Instead, the initiation is observed as a de-bonding failure mode at the cord-rubber interface along one of the cords, which subsequently propagates to nearby adjacent cords.
4.3 Mechanism of crack initiation and propagation
From a composite perspective, treating all plies as individual laminae, the failure mechanism does not occur between the laminae; rather, it originates within a single lamina (the carcass ply). The failure initiates as transverse fiber debonding along the steel cords, as shown in images 1 and 2 of Figure 8. This debonding occurs due to the combined effects of stress concentration and degradation at the cord-rubber interface.
[image: Figure 8]FIGURE 8 | Crack nucleation and propagation.
As the crack grows to a sufficient length along the cord, it transfers into the rubber matrix, leading to localized crack propagation towards adjacent cords, as depicted in images 3 and 4 of Figure 8. This progression highlights a coupled damage mechanism where the micro-level debonding failure transitions into macro-level delamination.
When the crack becomes sufficiently large, spanning multiple cords (typically 2–4 cords), a macro-level delamination occurs. This delamination causes the separation of the carcass ply from the surrounding structure, as illustrated in images 5 and 6 of Figure 8. The delamination leads to tearing and squeezing of the ply layers, compromising the integrity of the inner liner. This results in air leakage, bulging of the upper sidewall region, and, ultimately, catastrophic failure through bursting.
Overall, the damage mechanism involves a combination of micro- and macro-scale phenomena. At the micro-scale, transverse fiber debonding originates along the steel cords due to shear stress and interfacial degradation. At the macro-scale, delamination progresses due to the interaction of multiple local cracks, culminating in the structural failure of the tyre.
In summary, we can conclude that cracks initially form in one of the carcass cords at the shoulder area. The microscopic images suggest a debonding failure mechanism. Additionally, in some tyres, a reddish-brown discoloration, particularly in the warp region of the cord, was observed. This discoloration is likely due to the oxidation of the steel cord.
4.4 FTIR study
The objective of this study is to determine whether the rubber is undergoing degradation. To achieve this, we focus on specific regions of the FTIR spectrum, particularly the carbonyl, alkene, and vinyl regions. Thermo-oxidative degradation results in the formation of aldehydes and ketones, leading to an increase in carbonyl, hydroxyl, and ether groups. These changes are identifiable in the following spectral regions.
• 3,400 cm−1 to 3,300 cm−1 (hydroxyl groups),
• 1,800 cm−1 to 1,700 cm−1 (carbonyl groups), and
• 1,200 cm−1 to 1,000 cm−1 (ether groups).
Conversely, oxidation results in a decrease in intensity within the following regions.
• 840 cm−1 to 820 cm−1 (out-of-plane bending of = C-H in alkenes),
• 1,660 cm−1 to 1,640 cm−1 (C=C stretching in alkenes), and
• 910 cm−1 to 890 cm−1 (out-of-plane bending of = C-H in vinyl groups).
The region from 1,600 cm−1–1,500 cm−1 poses a challenge for analysis due to the overlap of signals from various functional groups, including alkenes, amines, secondary amides, and benzene. To investigate the role of rubber aging in ply bulge failure, we compared the FTIR spectra of selected field-return tyres with those of fresh tyres and a tyre subjected to controlled aging in a climatic chamber, which also exhibited ply bulge failure. This comparison allows us to assess the extent to which material aging contributes to failure. The FTIR spectra, as shown in Figure 9, use different colors to represent tyres at various stages of wear and aging.
• Black represents the Fresh Tyre with 0% wear.
• Dark Blue represents Tyre 3 with 19.3% wear.
• Orange represents Tyre 12 with 33.91% wear.
• Light Blue represents Tyre 1 with 41.78% wear.
• Green represents Tyre 10 with 58.16% wear.
• Pink represents the Climatic Chamber Tyre.
[image: Figure 9]FIGURE 9 | FTIR spectra of tyre cut sections: (A) from 4,000 cm−1–1,900 cm−1 and (B) from 1,900 cm−1–600 cm−1.
The wear rate cannot be directly correlated with oxidation, as the FTIR analysis reveals varying chemical changes that are not uniformly dependent on wear levels. For tyres with less wear, a significant increase in OH groups is observed, whereas tyres with higher wear show a notable increase in CH2 groups. The increase in CH2 and CH3 groups in field-return tyres suggests the occurrence of saturation, driven by mechanical strain and thermal aging, particularly in the shoulder region. These processes cause the breaking of C-C and C-S bonds, leading to the formation of alkane groups.
Interestingly, no formation of carbonyl groups is detected in the field-return tyres, indicating that oxidation is not a predominant process. This absence is explained by the action of antioxidants, which consume carbonyl groups and convert them into by-products such as secondary amides, imines, and nitrous compounds. Furthermore, no significant decrease in vinyl and alkene groups is observed in the field-return tyres when compared to fresh tyres. In contrast, the climatic chamber tyre exhibits distinct chemical changes. The vinyl group is nearly absent, and a decrease in alkene groups is observed. This behavior confirms that degradation is more pronounced in tyres subjected to accelerated aging conditions in the climatic chamber.
Overall, the findings suggest minimal rubber degradation in the tyre carcass ply compound of field-return tyres. The compound remains structurally sound, with limited degradation that does not significantly affect its physical properties. Therefore, failure is unlikely to result from compound property degradation.
4.5 Adhesion test
The adhesion level in tyre cut section is different at different regions due the requirement. Since sidewall continuously go under bending we need higher adhesion strength thus in rubber the additives are added accordingly. According the manufacturer, the specification set for the new tyre to pass adhesion strength in crown region is 23 kgf/inch and in for sidewall is 100 kgf/inch. Since we are doing adhesion test of field return tyre so the value we will get will be less. Thus here we have done a relative comparison between set A (section with no initiation) and set B (section with initiation). The result of adhesion test is given in Table 2.
TABLE 2 | Adhesion test result.
[image: Table 2]From Table 2 we can clearly see that the section having initiation have low adhesion strength and rubber coverage between ply to belt 1 and ply to sidewall, compared to the section with no initiation. After the test we also compared the rubber coverage of the crown portion in Set A with those in Set B as shown in Figure 10. It can be been seen clearly from the image that in Set A, only pure cohesive failure occurred, i. e., rubber coverage is greater than 3. On the other hand Set B exhibited adhesive/cohesive failure after conducting a 90◦ peel test. Overall, conclusion regarding the adhesion strength values of the crown region between the carcass ply and the first belt is as follows.
• Set A: Minimum adhesion strength is approximately 13 kgf/inch.
• Set B: Maximum adhesion strength is also approximately 13 kgf/inch.
[image: Figure 10]FIGURE 10 | Surface of ply to first belt after adhesion test.
5 CONCLUSION
This study provides a comprehensive investigation into the causes and mechanisms of ply bulge failures in truck and bus radial (TBR) tyres, addressing a critical gap in the existing literature. The failure mechanism is initiated by the breakage of a weak interphase, as confirmed through microscopic analysis. Once a crack forms at the cord-rubber interface, it propagates along the cord surface, causing carcass cords in the shoulder region to debond from the surrounding rubber. This debonding creates a stress concentration site that intensifies as the tyre rolls under load. The increasing stress leads to crack propagation across adjacent cords, resulting in the detachment of multiple cords and the progressive separation of the carcass ply, which ultimately manifests as a ply bulge in the shoulder region.
As the separation progresses, the carcass ply ability to support load diminishes. Detached cords are pulled inward due to inflation pressure, forming cord shadows and tearing the inner liner. This damage facilitates air leakage, ultimately leading to a bulge in the upper sidewall region and catastrophic tyre failure. Key findings from the failure analysis are as follows.
1. External factor: Visual analysis confirmed that external factors such as impact, punctures, flat spots, and overloading can contribute to ply bulge failures by accelerating local stress accumulation.
2. Manufacturing factor: X-ray and cut-section analyses revealed no deviations in geometry, such as cord spacing, rubber gauge, or belt offset, confirming that manufacturing issues were not the cause of the failure.
3. Rubber aging: FTIR analysis demonstrated that the carcass ply rubber remained in good condition, with antioxidants effectively preventing degradation. Rubber aging was not a contributing factor.
4. Adhesive layer degradation: The primary cause of failure was the aging and degradation of the adhesive layer at the cord-rubber interface. Microscopic analysis and 90° peel-off tests confirmed reduced adhesion strength in tyres exhibiting crack initiation.
Thus, this research suggests that to delay ply bulge failure in TBR tyres, the tyre industry should focus on two key areas. The first is enhancing cord-rubber adhesion. This can be achieved by developing new carcass ply rubber compounds with improved adhesion through optimized rubber formulations. Additionally, collaboration with steel cord manufacturers to enhance brass coating on steel cords can further strengthen the bond between the rubber and reinforcement. The second area is optimizing tyre design. Modifying the carcass ply radius can help distribute tension more evenly and reduce localized stress, while adjustments to the belt structure can increase circumferential rigidity, improving overall tyre durability. By addressing these factors, the industry can enhance tyre performance and longevity, ultimately reducing the risk of ply bulge failures in commercial TBR tyres.
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