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Abstract 

The increasing global demand for sustainable and efficient transportation has driven interest in 

replacing traditional steel railway components with advanced composite materials like Basalt 

Fiber-Reinforced Polymer (BFRP) due to their high strength-to-weight ratio, corrosion 

resistance, and cost-effectiveness. However, a comprehensive understanding of BFRP behavior 

under complex multiaxial stress conditions, typical of operational railway environments, remains 

limited, hindering confident application in critical components such as bogie frames. This 

research aimed to analyze the structural and fatigue behavior of a Y25 railway bogie frame made 

from BFRP, specifically focusing on developing a multiscale material model using DIGIMAT 

and ABAQUS, analyzing stress distribution under operational multiaxial load cases, predicting 

and comparing fatigue life with S355 steel, assessing failure behavior using the Hashin Failure 

Criterion, and evaluating strength-to-weight performance. The study employed a simulation-

based approach, selecting a 60% fiber volume fraction plain weave BFRP laminate, generating 

its homogenized properties, applying manual geometry modifications to an original steel bogie 

frame, and performing structural simulations in ABAQUS under EN 13749-defined multiaxial 

loading conditions, with fatigue life predicted using FE-SAFE and damage onset assessed via 

Hashin-based failure analysis. Results demonstrated a significant 75% weight reduction from 892 

kg to 223 kg for the BFRP frame. Under multiaxial loading, the BFRP bogie maintained sufficient 

stiffness with stresses remaining within allowable limits, while fatigue life prediction showed a 

remarkable improvement: for example, in Case 2 the steel bogie frame failed at 594,292 cycles, 

whereas the BFRP frame exceeded 50 million cycles. Similarly, across all load cases, steel fatigue 

life ranged between 0.59–9.97 million cycles, while the BFRP consistently survived beyond 50 

million cycles, confirming its superior durability. Hashin failure analysis also showed delayed 

damage onset in BFRP compared to steel, highlighting the material’s ability to withstand 

operational stresses without premature failure. 

Key words: Multiaxial stress, Composite bogie frames, Basalt Fiber Reinforced Polymer 

(BFRP), Finite Element Analysis (FEA), Fatigue life, Hashin Failure Criterion, Weight 

reduction, Railway engineering. 
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CHAPTER ONE 

1. Introduction  

The calls for sustainable and efficient transport are ever present across the world and in many 

parts, the railway has often been promoted as part of the solution (particularly where rate of 

development has exceeded road capacity). Meeting these demands has seen the industry 

continually seek ways to reduce both energy use and emissions whilst simultaneously enhancing 

performance. One approach has been the move away from traditional metals to composites in 

structural components [1] . Basalt fiber reinforced polymer (BFRP) in particular has garnered 

attention due to its relatively high strength to weight ratio and corrosion resistance. In comparison 

to carbon fibers, BFRP is also relatively cheap and offers an attractive opportunity for heavy but 

repetitive duty parts such as bogie frames [2]. 

Bogie frames do not see simple loads however. They are regularly subjected to vertical, lateral 

and longitudinal forces. Steel has remained the status quo largely due to its proven performance, 

but its weight and tendency to corrode has always been a compromise. The potential for mass 

reduction is therefore evident when using BFRP, but the way in which it behaves under general, 

multiaxial loading is not well documented [3]. Some results are encouraging: Krauklis et al. [4]  

have reported almost 50% reductions in weight with little loss of strength. Johnson and Lee [2] 

highlight that composites fail differently to metals and have reported tensile strengths in the 700 

- 900 MPa range, but they also emphasize the lack of predictive models. Patel and Kumar [5] 

have demonstrated that through intelligent laminate design impact resistance can be increased by 

as much as a little over a quarter and fatigue life by 40%. Encouraging perhaps, but the results 

from these studies also highlight the variation in composite behaviour depending on fibre angle, 

matrix properties and the complexity of the loading. 

There is still a gap however. Detailed studies of BFRP bogie frames fabricated and tested to 

realistic, combined loading conditions are still relatively rare. Many models collapse failure to 

such an extent that subtle damage mechanisms are lost. And so the designer is left in a quandary: 

BFRP appears capable of replacing steel, but without a better understanding of how it will behave 

under the specific railway-related multiaxial loading, it cannot be used with confidence [6]. 

The aim of the present work is to address this gap. The work aims to investigate how a BFRP 

bogie frame behaves under multiaxial loading through finite element simulation. The study will 

focus on the distribution of stresses, overall deformation behaviour and potential locations of 

damage initiation with the broader aim of elucidating limits of performance. By doing so, it is 

hoped that a way forward towards improved fatigue resistance, safety and long-term durability 
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Figure 1:Evolution of bogie frames: (a) steel, (b) CFRP prototype, (c) topology-optimized, (d) CFRP in key regions. 

in service can be identified - taking composites one step closer to being used with confidence in 

railway systems that require to be lighter, harder and more sustainable. 

1.1. Background of the Study 

Railways have always been one of those silent heavyweights on land – moving tons of people or 

freight with way less pollution than trucks or planes. But now that everyone is talking about 

reaching carbon neutrality and building more sustainable infrastructure, the folks in the rail world 

are getting hot under the collar to do their part. And here’s the thing: if you can trim the weight 

of the vehicles themselves, you can really make railway burn less fuel, cut costs, and ease up on 

the planet. It goes beyond theory and can be expressed with clarity [7]. 

Try the bogie frame, for instance – that sturdy undercarriage that holds everything together on a 

rail car. Traditionally, it’s all forged from steel, as you can see in those old-school designs figure 

1 (a, b). Solid, sure, but heavy as all get-out. Lately, though, researchers have been tinkering with 

things like CFRP (c, d), or using some steel with fiber-reinforced bits (d). The idea is that you 

can shave off serious weight while preventing the thing from buckling under load. Does it work? 

Well, the early results look pretty good, even if some long-term kinks, like how these hybrids 

will hold up in brutal weather or high-mileage runs. It’s a shift that could nudge the industry 

toward greater efficiency without discarding what already exists. 

 

 

 

 

 

 

 

 

 

The bogie frame is the workhorse of a railway vehicle, carrying the weight of the railcar, guiding 

the wheelsets, and absorbing the jolts from braking, acceleration, or rough tracks. If you’ve ever 

seen a 3D model of one, like in Figure 2, it’s kind of interesting how all the parts come together: 
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Figure 2:Labeled 3D view of a railway bogie, highlighting key structural components and their load-bearing functions 

the side bearer, transom, longitudinal beam, axle box, and suspension components all help keep 

loads balanced and the ride smooth. For decades, these frames have been made from carbon steel, 

which makes sense—it’s strong and you can get it just about anywhere [8]. But steels got its 

downsides: it’s heavy, which drags on fuel efficiency, and it’s prone to rust, which means constant 

upkeep for rail crews. 

That’s where composite materials come into the picture. They’re lighter, shrug off corrosion 

better, and could shave off some serious fuel costs down the road. Sounds great, right? Well, it’s 

not quite that simple. Composites can cost a pretty penny, and there’s still some doubt about how 

they’ll handle decades of pounding from heavy freight or freezing winters in the Midwest. Steel’s 

been the go-to for so long because it’s a known quantity, flaws and all. Composites may well be 

the future, but it will take serious field testing to prove they can perform and convince rail 

operators to make the switch. 

 

 

 

 

 

 

  

 

  

 

 

Imagine a sandwich, if you will: you take reinforcing fibers-glass, carbon, maybe even basalt-

and you stack them into a polymer. The result is much stronger and lighter than its components. 

And for railways that’s a game-changer. They’re light, they don’t rust, and they look like they 

can take the wear and tear of constant use. Research into Basalt Fiber-Reinforced Polymer 

(BFRP) suggests it is an intriguing area of study. Being composed of volcanic rock, it can 

withstand heat and appears to be cheaper than some more exotic alternatives [9]. If you sneak a 

peak at Figure 3, you’ll see a stress-strain diagram pitting Steel against Glass fiber-reinforced 

polymer (GFRP), Carbon fiber reinforced polymer (CFRP), and Aramid fiber reinforced polymer 
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Figure 3:Comparative stress–strain diagram of Steel, GFRP, CFRP, and AFRP, showing CFRP and AFRP’s superior 

strength-to-weight performance. 

Figure 4:Free-body diagram of a bogie frame showing vertical (Fₓ), lateral (Fᵧ), and longitudinal (Fₗ) loads acting during operation 

(AFRP). It’s pretty easy to see that CFRP and AFRP are substantially stronger than Steel and 

GFRP per unit weight. 

But here’s the rub-it’s not all sunshine and roses. CFRP is extremely expensive and while BFRP 

appears to be a cheaper alternative, it’s unclear how well it would stand up to the harsh realities 

of, say, a freight train carrying coal through the Canadian winter year after year. Steel is unwieldy 

and prone to rust, but it is the horse that is known and a reliable workhorse all the same. 

Composites could make trains leaner and greener, but more real-world tests, perhaps on a busy 

rail line, are likely needed to show they can withstand the punishment and justify the change. 

  

 

 

 

 

  

  

The bogie frame undergoes multiaxial stresses during the operation of a train. Vertical loads arise 

from the weight of the car body and cargo (1). Lateral loads arise from cornering and the tracks’ 

lack of full flatness (2). Longitudinal loads arise from traction and braking forces, which act along 

the longitudinal direction of the train’s motion (3). Figure 4 shows this situation in a free-body 

diagram of a bogie frame [10]. The vertical load (Fₓ) from the wheelsets under the car body 

weight, the lateral load (Fᵧ) from cornering and the tracks’ lack of flatness, and the longitudinal 

load (Fₗ) from traction and braking. 

This schematic show how multiaxial forces act on and are supported by the bogie frame. 
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Figure 5:Schematic of composite failure modes: (a) delamination, (b) matrix cracking, and (c) fiber breakage under multiaxial 

loading 

Where metals act fairly uniformly in all directions, composites are anisotropic: strong and stiff in 

some directions, weak and soft in others. That quirk makes them a headache when forces come 

from all sides, like in a train barreling down the tracks. Add multiaxial loading to the mix: 

delamination, matrix cracking of the resin, fiber breakage— the mess is yours. Figure 5 sketches 

this out. (a) shows delamination between plies, (b) the matrix cracking of the resin, and (c) fiber 

breakage in the reinforcement. Trying to forecast these with simple linear models? Forget it. The 

reality’s way more complicated [11]. 

Remember Basalt Fiber Reinforced Polymer (BFRP) bogie frames, so cool, potentially 50% of 

the weight of steel and better fuel efficiency? But they’re not popping up on every rail line yet. It 

is still being evaluated how they handle the pounding from high-speed runs or the weight of down 

freight cars, especially in segments with constant vibration and twists [12]. Lab setups, sure. But 

what about a long-haul route snaking through the Appalachians, facing wet snow and temperature 

changes? That’s where the gaps are. 

Engineers are using Finite Element Analysis (FEA) to bridge that. It lets you place those loads 

and see the wild multi-directional riding they’d cause and locate the weak points. Throw in a 

criterion like the Hashin or Puck models, and you start to predict when and how failures will 

occur under actual operating strains [13]. Looks good on paper, though it’s still a bet. Without 

more data from the track, it’s probably wise to keep some steel in the mix in case things go south. 
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This work is motivated by the belief that Basalt fiber reinforced polymer composite, when fully 

understood and properly designed, can improve the safety, weight, and sustainability of modern 

railway systems significantly. Understanding this, comes through simulation and structural 

analysis, is the next step towards the wide spread use of composites in rail vehicle structures. 

1.2. Motivation 

The railway community has been tweaking designs for decades to achieve better designs, safer 

rides, and less wasted energy. With climate change on the news every day, rails are on the hook 

to meet some big targets, like cutting emissions 55% by 2030 and going net-zero by 2050 [14]. 

So, of course, they’ll tweak operations, but also how we make things and what we make them of. 

I can’t help but feel I need to pitch in somehow, somewhere. Even if it’s just my little bit tweaking 

some lighter, greener structural parts on a train. 

This whole thesis is based on why I got into mechanical engineering. Sustainable transport? This 

is where the future of how we will travel on this planet is at and I want to be right in the middle 

of it. 

Testing how Basalt Fiber Reinforced Polymer Composites Perform in Bogie Frames Under 

Various Types of Twisting Stresses, I hope to contribute some valuable results that will help 

trains run smoother and emit less pollutants. 

1.3. Problem statement  

Bogie frames make up the backbone of the railway running gear and transfer all the vertical, 

lateral, longitudinal and torsional forces as defined in EN 13749  respectively [15]. conventional 

steel bogie frames represent almost 20 – 25% of the total running gear mass [16], which means a 

lot of the train’s mass is made up by steel bogie frames. This additional mass causes an increase 

in energy consumption by 10 – 15 % [17], an increase in the wear of the track, and an increase in 

fatigue stresses during service [18]. It has been shown that the extra mass amplifies dynamic load 

by 15 – 20%  [19]. which results in an accelerated wear of the components on a high-speed 

regime. According to research work on the analysis of vibration of rails, the extra mass of the 

bogie leads to an increase in low-frequency vibrations by 10 – 12%, and may induce micro-cracks 

in adjacent elements over time. In addition to all this, steel frames are susceptible to corrosion 

which will increase maintenance costs and reduce the service life of the component [20]. 

Alternative lightweight materials such as Basalt Fiber Reinforced Polymer (BFRP) composites 

have the potential to offer promising solutions. It has been demonstrated that by replacing steel 

by BFRP the bogie frame weight can be reduced by 30-40%, which results in clear savings in 

energy and maintenance while also improving the corrosion resistance and sustainability of the 

product. Still, the knowledge of the structural behaviour of composite bogie frames under 
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multiaxial loading scenarios is lacking. Existing standards such as EN 13749 prescribe simplified 

load cases predominantly. Field measurements show that the resulting service stresses can 

sometimes exceed those by up to 20-25% and thus an unvalidated gap can be observed for 

composite applications. This research has identified this gap and aims to fill it by performing an 

extensive finite element analysis (FEA) of a BFRP bogie frame (Y25), including multiaxial load 

cases as outlined in EN 13749. Unlike conventional finite element studies, which are limited to 

the analysis of only pure steel or uniaxial loading scenarios, this work proposes a novel approach 

by applying state-of-the-art composite modelling, failure analysis and multiaxial stress evaluation 

to validate the behaviour of BFRP bogie frames. This approach closes the gap between the 

simulated standardised load cases and the real stress conditions in the field and provides a means 

to achieve safer, lighter and more energy efficient railway designs. 

1.4. Research Question 

1. How will Basalt Fiber Reinforced Polymer (BFRP) bogie frames behave when confronted 

with the multiaxial loading spelled out in EN 13749 compared to old-school steel bogie 

frames with regards to how the stresses spread out and how much they deform? 

2. What is the fatigue life of BFRP bogie frames when hit with a mix of vertical, lateral, 

longitudinal and torsional loads compared to old-school steel bogie frames and how does that 

compare?  

3. Which layup angles or other design tweaks for Basalt Fiber Reinforced Polymer composite 

seem to provide the best balance of keeping things strong, light and lasting long enough for 

railway bogie use? 

1.5. Objective  

1.5.1. General objective  

To evaluate the structural integrity and performance of a Basalt Fiber Reinforced Polymer 

(BFRP) railway bogie frame under multiaxial loading conditions. 

1.5.2. Specific objectives  

➢ To develop a multiscale material model of the BFRP composite. 

➢ Investigation of the stress distribution of BFRP composite bogie frames under 

representative operational multiaxial load cases. 

➢ To predict and compare the fatigue life of BFRP and S355 steel bogie frames under various 

cyclic loading conditions using suitable fatigue analysis methods. 

➢ Investigation of the failure behaviour of BFRP bogie frame using the Hashin Failure 

Criterion to identify the critical failure modes and their respective risk level. 

➢ To compare and assess the strength-to-weight performance of BFRP bogie frame with steel 

frame to quantify the advantage of composite material substitution. 
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1.6. Scope of the study  

This work is confined to numerical analysis of a railway bogie frame made up of BFRP composite 

material. The objective of this work is to analyze the performance of the bogie frame under 

multiaxial loading as outlined in EN 13749 standard i.e. vertical, lateral and longitudinal forces 

correspond to curving, braking and straight track operation. BFRP composite is modelled in 

DIGIMAT to represent its multiscale material behaviour and their respective properties are 

imported into Abaqus for finite element analysis. The analysis includes static stress analysis, 

prediction of fatigue life and failure mode of the bogie frame using HASHIN Failure Criterion. 

The performance of the BFRP bogie frame is compared with a conventional S355 structural steel 

bogie frame to quantify the weight reduction, improvement in durability and fatigue life. The 

work done is limited to simulation-based method i.e. modelling and finite element analysis, it 

does not include experimental work or cost analysis. 

 

1.7. Research Methodology 

This research work is carried out using simulation-based method to analyse the performance of a 

Basalt fibre reinforced polymer (BFRP) railway bogie frame under multiaxial loading as outlined 

in EN 13749 standard. The methodology begins with multiscale material modelling in 

DIGIMAT, fibre volume, fibre orientation, matrix properties and yarn geometry is used to 

generate a homogenized BFRP model. This model is imported into Abaqus where a 3D bogie 

frame Y25 is created, meshed and applied with vertical, lateral and longitudinal loads i.e. curving, 

braking and straight track operation. 

Finite element analysis in ABAQUS is used to analyse the stress distribution in the finite element 

model. The fatigue life is predicted in FE-SAFE which is a cyclic loading behaviour based on the 

FEA results. Failure modes are also examined in the finite element model using the Hashin 

Failure Criterion to find the breakage of fibre and matrix cracking. 

Finally, the performance of the BFRP bogie frame is compared with a conventional S355 

structural steel bogie frame to analyse the fatigue life, strength to weight and overall performance 

of the bogie frame to find the applicability of BFRP as a lightweight material. 
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Figure 6:Simulation workflow for composite bogie frame analysis, showing key steps from material modeling to fatigue 

prediction, with feedback loops for correcting errors. 
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1.8. Organization of thesis  

This thesis is split up in 6 chapters. In which, each chapter represents a part of the puzzle of how 

to use BFRP in a railway bogie frame. 

Chapter 1 starts with some background information; what do I need composites on a train for, 

what do I want to know, why should you want to know it as well? 

In chapter Two an overview of the relevant literature is given. The composite structure itself, the 

multiscale modelling that will be done, and the cyclic behaviour of the material. 

In Chapter Three the actual method used to model the behaviour of the BFRP is described. How 

the behaviour of the material is modelled in DIGIMAT, how the finite element analysis is done 

in Abaqus, and how the fatigue life is predicted using FE-SAFE. 

In Chapter Four attention is paid to the behaviour under static loads. All the possible static 

combinations of loads are examined, such as you would find on a winding railway track. 

In Chapter Five the focus is on fatigue life. Both the BFRP and a conventional steel frame are 

subjected to the daily beating that trains take. 

Finally, in Chapter Six the most important results are summarised and a conclusion is drawn as 

to what can be done with them. I suspect that the application will need a bit more than that to get 

it over the line. 
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CHAPTER TWO 

2. Literature Review 

Bogie frames are critical components of railway systems, playing an essential role in supporting 

the rail vehicle's weight and ensuring stability during operation [21]. The structural integrity of 

bogie frames is paramount for the safety and reliability of railway services, as any failure can 

lead to catastrophic consequences [22]. Common failure modes of bogie frames include fatigue 

cracks and fractures, often resulting from complex and dynamic load conditions encountered 

during service [23]. To ensure the durability and performance of bogie frames, various methods 

such as experimental testing, analytical approaches, and numerical simulations are employed to 

evaluate their structural integrity [24-26]. 

Understanding stress and strain fundamentals is crucial for analyzing the structural integrity of 

engineering components [27]. Multiaxial stress states, which occur when stresses are applied in 

multiple directions, pose significant challenges in structural analysis due to the complexity of 

accurately predicting material behavior under such conditions [27]. Various theories and models, 

including von Mises, Tresca, and Mohr's circle, have been developed to analyze multiaxial stress 

states and are widely used in engineering applications [28]. Applying these models to engineering 

structures helps in assessing their strength and durability under complex loading scenarios [29]. 

Static analysis is a fundamental approach in structural integrity assessment, providing insights 

into the stress distribution and potential failure points within a structure [30]. The finite element 

method (FEM) is a powerful tool for conducting static analysis, allowing for detailed modeling 

and analysis of structural components under various loading conditions [31]. FEM's application 

in structural integrity assessments of bogie frames has been extensively studied, demonstrating 

its effectiveness in identifying critical stress regions and guiding design improvements [32]. 

Validation and verification of FEM models are essential to ensure their accuracy and reliability 

in predicting real-world behavior [33]. 

Bogie frames experience multiaxial stresses due to various factors, such as track irregularities, 

curving, braking, Thermal expansion, Dynamic loading from train speed variations, Vibrational 

forces induced by wheel-rail interactions and Environmental wear from weather conditions which 

can significantly impact their structural integrity [34]. Identifying critical load cases is crucial for  

understanding the stress distribution within bogie frames and assessing their performance under 

operational conditions [10]. Experimental studies provide valuable data on the multiaxial stress 

distribution in bogie frames, helping to validate numerical models and improve design practices 

[35]. Numerical modeling of multiaxial stress states using FEM allows for comprehensive 

analysis bogie frame structures [36]. 
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The relationship between multiaxial stresses is a key area of research in structural integrity [37]. 

Stress concentration, which occurs at points of geometric discontinuity, can significantly affect 

the structural integrity of bogie frames, leading to localized failures [38]. Damage accumulation 

and fatigue under multiaxial loading are critical factors that influence the long-term performance 

and safety of bogie frames [39]. Case studies on the impact of multiaxial stresses on bogie frame 

failures provide insights into the mechanisms of failure and inform strategies for improving the 

design and maintenance of these critical components [32]. 

2.1. Bogie Frame Structural Integrity 

The integrity of these frames is crucial to the safety, reliability, and efficiency of railway systems, 

as any compromise can lead to catastrophic failures, posing significant safety risks and 

operational disruptions [40]. Maintaining the structural soundness of bogie frames is vital for the 

lifespan and performance of railway vehicles  [41]. Common failure modes in bogie frames 

include fatigue cracks, corrosion, and structural deformation, often resulting from repeated cyclic 

loading, environmental factors, and manufacturing defects [12]. Identifying and mitigating these 

failure modes is critical to preventing accidents and extending the service life of bogie frames 

[42]. 

Chen et al. [43]. conducted a comprehensive study to evaluate the strength of bogie frames using 

dynamic stress time history data collected from 28 measuring points. They employed the rain-

flow counting method and statistical inference to analyze the data, comparing measured and 

extended stress spectra. Their results indicated that the maximum stress value inferred was 81.13 

MPa, slightly higher than the measured 77.72 MPa, and the equivalent damage values for all 

frame points were less than 1, suggesting no fatigue failure within the designed mileage of 12 

million kilometers. While their approach was technically sound, many previous studies have 

primarily focused on simplified loading cases, often neglecting the complex interaction of 

multiaxial stresses. In contrast, this review emphasizes the importance of incorporating combined 

stress components—such as longitudinal, lateral, and vertical loads—into the analysis, which is 

essential for accurately assessing the structural integrity of composite bogie frames. 

Smith et al. [44]. utilized analytical methods to assess the structural integrity of bogie frames by 

developing mathematical models that predict stress distribution and potential failure points. Their 

study highlighted the importance of material properties and geometric configurations in 

determining the frame's strength. They achieved a stress prediction accuracy within 5% of 

experimental results. However, their models were limited by assumptions that often overlook the 

combined effect of multiple stress components. This review adds value by highlighting the 

importance of evaluating composite bogie frames under multiaxial stress conditions—such as the 

simultaneous action of longitudinal, lateral, and vertical loads—to better understand their 

structural integrity under service-like conditions. 
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Jones et al. [45]. implemented finite element analysis (FEA) to simulate the stress distribution 

and failure modes in bogie frames under various loading conditions. Their FEA models provided 

detailed insights into stress concentration areas and potential failure points. They reported a stress 

concentration factor of 3.5 at critical points. Despite their comprehensive approach, the accuracy 

of their simulations depended heavily on the precision of the input data and assumptions. This 

review distinguishes itself by emphasizing the development of detailed numerical models that 

incorporate multiaxial stress conditions to improve the reliability and depth of structural integrity 

assessments for composite bogie frames. 

2.2. Force Analysis and Mechanical Performance of the Y25 Bogie Frame 

The force analysis of the Y25 bogie frame is a critical area of research in railway engineering, 

particularly concerning the stability, safety, and performance of freight wagons. Various studies 

have contributed to understanding the dynamics and structural integrity of bogie frames, 

including the Y25 model [46]. 

Dižo et al. [47]. carried out a finite element–based strength analysis of a modified freight wagon 

Y25 bogie frame designed to meet modern railway transport requirements. Using standardized 

load cases defined by rail vehicle approval norms, they evaluated the stress distribution across 

the frame structure. The results showed that the maximum von Mises stress reached 209.8 MPa, 

which remained below the allowable material limit, and the frame exhibited sufficient stiffness 

to satisfy deformation criteria under all examined loading scenarios. These findings confirmed 

that the modified bogie frame met the necessary strength and safety requirements for 

commissioning. 

Fomin et al. [48]. conducted a study on the vertical load of flat wagons with 18–100 and Y25 

bogies, evaluating the dynamic loading on the carrying structure using mathematical modeling in 

MathCad. For an empty wagon passing over a joint irregularity, they found that the application 

of the Y25 bogie with design parameters reduced the dynamic load by 34% compared to the 18–

100 bogie, while using actual parameters reduced it by 40.6%. They also reported that the service 

life of the carrying structure with the Y25 bogie was more than twice as long as that with the 

18–100 bogie. These results demonstrated the significant effect of bogie type on dynamic 

loading and fatigue performance of freight wagon structures, providing useful quantitative data 

for assessing structural integrity under repeated vertical loads.The structural safety of bogie 

frames has been a focal point in several studies. Kim et. al., 2015 [49] assessed the safety of a 

bolster frame in a tilting train context, establishing dynamic load cases that account for tilting 

effects. This approach is pertinent to the Y25 bogie frame, as it must also withstand dynamic 

forces during operation. 

Kassner, [50]. explored fatigue strength analysis methods for welded railway vehicle structures, 

emphasizing the importance of both constant and variable amplitude loading in assessing the 
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endurance of bogie frames. This analysis is crucial for understanding the long-term performance 

and reliability of the Y25 bogie under operational stresses. 

Zhu et. al.,[51]. conducted theoretical and experimental research on quasi-static load spectra 

affecting bogie frame structures. Their findings on load series corresponding to deformation 

modes provide valuable insights into the loading conditions that the Y25 bogie frame may 

encounter, aiding in the design and analysis of its structural integrity. 

Lu et. al.,[19]. investigated the effects of vibration modes on fatigue damage in high-speed train 

bogie frames. Their study, which considered a broad frequency range of excitation, is relevant 

for the Y25 bogie frame, as it highlights the need to account for vibration-induced stresses in 

fatigue assessments. 

(Lack et. al., [52]. specifically analyzed the properties of Y25 freight car bogie models through 

computer simulations. Their findings indicated that newly designed variants of the bogie could 

outperform existing models, suggesting that ongoing simulation studies are essential for 

optimizing the Y25 design. 

Finally, Zhao et. al., [53]. Conducted a comparative study on a subway bogie frame, combining 

finite element simulations with static and fatigue strength tests based on standards EN13749, 

UIC615-4, JIS E 4207, and JIS E 4208. They reported that the maximum stress under 

extraordinary service load reached 250.44 MPa at the transition arc between the frame crossbeam 

and longitudinal connection beam, while under operating load the maximum stress was 142.47 

MPa, and under JIS service load it was 167.85 MPa at the weld joint between the cross member 

and motor hanger. Fatigue assessment using the Goodman diagram showed that all data points 

were within the allowable envelope, and after ten million fatigue cycles with non-destructive 

testing, no cracks were observed. The study also found that the relative error between simulation 

and test results was within 20%, demonstrating the reliability of the simulation approach for 

evaluating bogie frame structural integrity. 

2.3. Composite Bogie Frames 

K.W. Jeon et al. [54] evaluated the fatigue life and strength of a GFRP composite bogie frame 

for urban subway trains. The study involved tension-compression fatigue tests on GEP224 glass 

fiber/epoxy composite material with different stacking sequences, which resulted in S-N curves 

used to assess the bogie frame's fatigue performance under various loads according to JIS E 4207 

standards. Finite element analysis was also conducted, confirming the structural integrity of the 

frame with Tsai-Wu failure indices of 0.35 for vertical load, 0.38 for twisting load, and 0.30 for 

lateral load. The results showed that the GFRP composite met the fatigue strength requirements, 

with maximum stress at 1 × 107cycles being 141 MPa in the warp direction, 21 MPa in the fill 

direction, and 89 MPa in the 0º/90º direction. This study highlighted the potential of GFRP 

composites to replace conventional metal materials in bogie frames, offering significant weight 
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savings and improved fatigue performance, though further discussion on the long-term 

environmental impacts on the material's performance could have enhanced the study. 

Kaushik Iyer, et al. [55] from KTH Royal Institute of Technology, evaluated the environmental 

impact of a lightweight composite railway bogie side-beam using a Predictive Life-Cycle 

Assessment (PLCA) methodology. The study involved comparing the Cumulative Energy 

Demand (CED) of a GFRP composite side-beam with that of a conventional steel side-beam over 

a 30-year lifespan. The analysis revealed that using GFRP in the composite side-beam reduced 

the CED by approximately 25%, with the use-phase accounting for 80-90% of the total 

environmental impact. A break-even analysis showed that the steel structure had lower energy 

consumption when the service life was below 1,794,000 km compared to the GFRP side-beam 

produced by manual processes. This study highlighted the significant potential for energy savings 

through lightweighting in railway bogie frames, though it also emphasized the need to consider 

the increased energy consumption during the material extraction and manufacturing phases of 

composite materials. 

In selecting a suitable composite material for bogie frames, several options present varying 

advantages. Carbon Fiber-Reinforced Polymer (CFRP) offers the highest strength-to-weight 

ratio, making it ideal for lightweight applications, but its high cost and complex manufacturing 

processes can be prohibitive [56]. Glass Fiber-Reinforced Polymer (GFRP), while more 

affordable, provides good strength and impact resistance but falls short in thermal stability and 

chemical resistance compared to other composites [57]. Aramid Fiber-Reinforced Polymer 

(AFRP) excels in toughness and fatigue resistance, making it suitable for high-stress areas, but 

its lower compressive strength and higher cost limit its use [58]. Hybrid composites, combining 

different fibers, offer tailored properties, balancing cost, weight, and performance, yet their 

complexity in design and manufacturing can be challenging [59]. Natural Fiber-Reinforced 

Composites are eco-friendly and lightweight but lack the mechanical properties necessary for 

critical components like bogie frames [60]. Basalt Fiber-Reinforced Polymer (BFRP), on the 

other hand, stands out due to its superior thermal stability, excellent chemical resistance, and 

higher mechanical strength compared to GFRP, making it a more durable and cost-effective 

choice for bogie frames. Additionally, BFRP's better fatigue resistance and vibration damping 

capabilities contribute to a longer service life and enhanced performance under the dynamic loads 

experienced by bogie frames [61]. Thus, BFRP emerges as the preferable material for bogie 

frames, offering a balanced combination of durability, performance, and cost-effectiveness [62]. 

2.4. Basalt Fiber-Reinforced Polymer (BFRP) in railway bogie frame 

Basalt Fiber-Reinforced Polymer (BFRP) has been increasingly used in retrofitting and repairing 

various structures to enhance their seismic behavior. Ma et. al.,  [63] proposed a seismic retrofit 

design method using Fiber-Reinforced Polymer (FRP) for low-rise frame structures based on 

mechanical analysis and failure mode concepts. In a study by Ma et. al., 2015 [64], the seismic 

https://en.wikipedia.org/wiki?curid=1516103
https://en.wikipedia.org/wiki?curid=5560489
https://www.paperdigest.org/paper/?paper_id=doi.org_10.1061_%28asce%29cc.1943-5614.0000413
https://www.paperdigest.org/paper/?paper_id=doi.org_10.1061_(asce)cc.1943-5614.0000572
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behavior of pre-damaged reinforced concrete columns repaired with early-strength cement mortar 

and BFRP was investigated through lateral reversed cyclic tests. The study found that BFRP bars 

in frame beams affected the initial stiffness of the structure due to their low elastic modulus. Yang 

et. al.,  [65] designed concrete beam-column frame sub-assemblages reinforced with BFRP bars 

to investigate collapse resistance after a middle column removal. The study highlighted the 

importance of BFRP bars in resisting structural collapse and the role of adjacent structural 

members in mitigating collapse risk. The study also discussed the dynamic increase factor (DIF) 

of collapse load for prestressed concrete frame structures reinforced with BFRP bars. Basalt fiber-

reinforced polymer composites have been used in various applications, including bridges, 

tunnels, and railway sleepers [61]. The use of Fiber-Reinforced Polymer (FRP) materials in 

railway applications offers lightweight, high strength, high stiffness, and durability [66]. The 

impact of curved tracks on wheel flange thickness was analyzed in relation to rail type and bogie 

frame support [67]. The study of unsupported sleepers on flange climb derailment highlighted 

the significant impact of various damages to railway rails [68]. Overall, the use of Basalt Fiber-

Reinforced Polymer (BFRP) in railway bogie frames shows promise in enhancing structural 

performance and durability in railway applications. 

Basalt Fiber-Reinforced Polymer (BFRP) is gaining widespread attention as a composite material 

due to its superior mechanical, thermal, and corrosion-resistant properties [69]. The composition 

of basalt fiber is rich in oxides of magnesium (Mg), calcium (Ca), sodium (Na), potassium (K), 

and iron (Fe), along with traces of alumina and earth crust components. Geologically, basalt 

consists of approximately 33% of the Earth's crust, making it an abundant and sustainable 

material for industrial applications [70]. The chemical composition of basalt varies depending on 

topographical distribution and consists of minerals such as plagioclase, olivine, pyroxene, and 

clinopyroxene. These variations in composition result in different types of basalt, including 

Boninite (rich in magnesium), Alkali basalt (rich in sodium), and Tholeiitic basalt (rich in 

sodium) [71]. Understanding these chemical variations is crucial for selecting the appropriate 

type of basalt fiber for structural applications such as railway bogie frames. 

One of the critical properties of basalt fibers is their alkali resistance. While BFRP is less affected 

by corrosion compared to other composites, it still faces challenges related to durability, long-

term performance, and maintenance in critical environments [72]. The resistance of basalt fibers 

against corrosion depends on factors such as toughness, resin degradation properties, and crack 

propagation [73]. Research has shown that BFRP exhibits high stability in salt solutions, 

particularly in water, but demonstrates reduced stability in strong acidic environments [74]. The 

tensile strength of BFRP fibers decreases in alkaline solutions due to pitting effects over large 

surface areas, while exposure to acids leads to a reduction in tensile strength due to damage to 

the fiber’s chemical constituents [75]. However, studies indicate that the properties of basalt 

fibers can be modified using different matrix materials and coupling agents to improve their 

https://www.paperdigest.org/paper/?paper_id=doi.org_10.3390_app9204436
https://www.paperdigest.org/paper/?paper_id=doi.org_10.3390_app9204436
https://en.wikipedia.org/wiki?curid=27012681
https://en.wikipedia.org/wiki?curid=482602
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chemical resistance. For instance, when epoxy resin-reinforced basalt fibers and glass fibers were 

tested in seawater solutions, similar degradation behavior was observed in both materials [76]. 

Thermal stability is another key factor influencing the structural integrity of BFRP in high-

temperature applications. Compared to E-glass fibers, which operate within a temperature range 

of -60°C to 450/460°C, basalt fibers have a significantly wider temperature range of -200°C to 

650/800°C [77]. This makes BFRP an excellent material for fire protection and thermal insulation 

applications. The thermal behavior of basalt fibers is primarily governed by their crystallization 

properties, which depend on the heat treatment process and the fiber’s chemical composition. 

Crystallization in basalt fibers occurs in two stages: first, a spinel structure forms due to the 

oxidation of ferrous cations, followed by the diffusion of divalent cations such as Fe²⁺, Mg²⁺, and 

Ca²⁺, which migrate to the surface to form nano-crystalline layers of CaO, (Mg,Fe)₃O₄, and MgO 

[78]. 

In terms of mechanical properties, BFRP exhibits exceptional tensile strength, ranging between 

3000 MPa and 4840 MPa, which is higher than that of glass fibers. It also has superior stiffness 

and strength compared to E-glass fibers, with a specific gravity varying from 2.6 to 2.8 g/cc. 

These properties make BFRP a suitable material for structural applications where high strength-

to-weight ratio and stiffness are required, such as in railway bogie frames subjected to multiaxial 

stress conditions [79]. Additionally, basalt fibers exhibit excellent resistance to corrosion and 

fungal growth. They do not react with air, gases, or water, and their moisture absorption is less 

than 1%, which enhances their long-term durability in railway applications [80]. 

The abrasion resistance of basalt fibers further enhances their suitability for high-performance 

structural applications. Basalt filaments have a hardness ranging from 5 to 9 on the Mohs scale, 

making them highly resistant to wear and tear in demanding operational environments [81]. 

Furthermore, basalt fibers are considered environmentally friendly, as they are derived from 

naturally occurring basalt rock and do not pose any health hazards or waste disposal issues. Their 

non-toxic nature and biodegradability make them a sustainable alternative to traditional 

composite materials [82]. 

Considering the superior properties of BFRP, it holds great potential for railway applications, 

particularly in bogie frames subjected to multiaxial stresses. The combination of high mechanical 

strength, thermal stability, corrosion resistance, and ecological friendliness makes BFRP a 

promising alternative to traditional materials such as steel and glass fiber composites [83]. 

However, further research is required to fully understand its behavior under multiaxial stress 

conditions and fatigue loading in railway bogie frames. By integrating Finite Element Method 

(FEM) simulations with experimental validation, this study aims to evaluate the structural 

integrity of BFRP bogie frames, analyze structural integrity, and enhance their long-term 

performance in dynamic railway environments. 
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Basalt Fiber Reinforced Polymer (BFRP) composites have emerged as promising materials for 

structural applications such as railway bogie frames due to their excellent mechanical, thermal, 

and chemical properties [84]. These composites, which combine basalt fibers—sourced from 

volcanic rock and acting as the main load-bearing element—with a polymer matrix that helps 

distribute stress and shields the fibers from environmental damage, provide a balanced blend of 

strength, toughness, and durability [81]. The polymer component may be thermosetting, such as 

epoxy and vinyl ester, or thermoplastic, like polyethylene and polypropylene, and significantly 

influences the overall behavior of the composite [85]. Studies show that BFRP composites exhibit 

superior flexural strength and modulus compared to conventional glass fiber composites, 

especially when pure basalt stacking and surface modification techniques are employed [86]. 

These enhancements become critical in bogie frames, which are subjected to bending, torsional, 

and impact stresses during operation. In acidic and alkaline environments, BFRP maintains better 

mechanical stability than GFRP, and its performance can be further improved by incorporating 

micro/nano additives like tourmaline [76]. Thermally, basalt fibers display a tensile modulus 

around 60.4 GPa and strength up to 568 MPa, while retaining structural stability at elevated 

temperatures up to 300°C. These fibers also demonstrate resistance to corrosion, low moisture 

absorption, and strong insulation capabilities. Such properties make BFRP particularly suitable 

for railway bogie applications, where long-term durability and structural reliability under 

complex multiaxial stress conditions are essential [61]. 

2.5. Multiaxial Stresses in Bogie Frames 

Identifying key load cases for bogie frames is essential for ensuring their structural integrity under 

various service conditions, as these frames experience multiaxial stresses from sources like track 

irregularities, curving, and braking [87]. These stresses, which include vertical, lateral, and 

longitudinal forces, as well as dynamic stress states, need to be thoroughly understood and 

modeled to prevent failures and optimize design. Track irregularities, curving, and braking each 

introduce complex stress variations that impact the frames in different ways, making accurate 

stress analysis crucial [88]. Experimental studies, such as strain gauge measurements, provide 

valuable insights into real-world stress states, capturing the interactions of forces and moments 

in bogie frames under diverse conditions [87]. These studies are vital for validating and 

improving the accuracy of numerical models. Numerical modeling, particularly using advanced 

techniques like the Finite Element Method (FEM), simulates stress distributions under various 

load conditions, helping to predict potential failure points and optimize the design for enhanced 

structural integrity [89]. 

In proportional loading, equivalent stress approaches are used to simplify a multiaxial stress state 

by reducing it to an equivalent uniaxial stress, which can then be used for fatigue life estimation 

through traditional S-N curves. The most common method for this is the octahedral shear stress 

criterion, also known as the von Mises stress criterion. 
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Zhou et al. [35]. Investigated critical load cases for bogie frames by conducting a series of 

simulations using FEM to identify critical load cases considering track irregularities, curving, 

and braking. They found that the maximum stress occurred during curving combined with 

braking, with stress levels reaching up to 300 MPa.  

Müller et al. [90]. examined the sources of multiaxial stresses in bogie frames by analyzing data 

from field measurements and simulations to identify key sources of multiaxial stresses. They 

found that track irregularities contributed to stress variations of up to 25%, while curving and 

braking added an additional 15% and 10%, respectively.  

Singh et al. [91]. conducted experimental studies on multiaxial stress distribution in bogie frames 

using strain gauge measurements under different operational conditions. They reported that stress 

levels varied significantly, with peak stresses of 220 MPa observed during combined loading 

conditions. While this research contributes valuable insights into stress distributions, it does not 

extend the analysis to explore their implications on the structural integrity and fatigue life of 

composite bogie frames under multiaxial stress conditions—an area this study aims to address 

through numerical simulation. 

Lee et al. [84]. modeled multiaxial stress states in bogie frames using FEM by developing a 

detailed finite element model incorporating realistic load scenarios from track irregularities, 

curving, and braking. They predicted maximum stresses of 270 MPa, closely matching 

experimental results with a deviation of less than 5%. This study is robust due to its detailed 

modeling and close alignment with experimental data.  

2.6. Research Gap 

Railway bogie frames made from conventional steel have been studied extensively, but when it 

comes to advanced composites like Basalt Fiber Reinforced Polymers (BFRPs), the picture is far 

less clear. Most research when it comes to composite seems to focus on simple uniaxial loading 

or small-scale coupon tests, which, frankly, may not capture the real stress states a bogie frame 

experience on a track. Carbon and glass fiber composites get most of the attention, leaving basalt 

fibers, which offer an appealing mix of strength, cost efficiency, and environmental benefits, 

somewhat overlooked. 

Even when standards like EN 13749 provide well-defined static and fatigue load cases, it appears 

that few studies have systematically applied them to composite bogie frames. As a result, we 

don’t really know how a BFRP frame would behave under real-world operating conditions, 

especially under complex multiaxial stresses and fatigue cycles. There are hints in the literature 

that these composites could outperform steel in some ways, but the data is sparse and often 

inconsistent, making it difficult to draw confident conclusions. 
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Figure 7:Literature Map 

In short, while the potential for BFRPs in railway applications is promising, there’s still a 

significant gap in understanding their structural performance under multiaxial loading. Exploring 

this could clarify whether BFRPs are truly a viable alternative—or if their advantages remain 

mostly theoretical. 

2.7. Literature map  

Figure 7 shows five distinct thematic clusters within the reviewed literature. The first cluster, 

Multiaxial Stresses in Bogie Frames (purple), includes studies addressing the influence of 

combined loading conditions on structural performance. The second cluster, Bogie Frame 

Structural Integrity (pink), covers research on design optimization, fatigue life, and safety 

requirements for bogie structures. The third cluster, Composite Bogie Frames (cyan), 

encompasses publications exploring the use of fiber-reinforced composites in railway bogie 

applications. The fourth cluster, Force Analysis and Mechanical Performance of the Y25 Bogie 

Frame (green), focuses on studies examining standardized EN 13749 loading cases and 

mechanical evaluation of the Y25 frame. Finally, the fifth cluster, Basalt Fiber Reinforced 

Polymer (BFRP) Materials (orange), includes research into the mechanical properties, 

advantages, and manufacturing processes of BFRP composites. The clustering pattern indicates 

that, while there is substantial research on composite materials and on multiaxial loading of bogie 

frames separately, there is limited overlap between these domains—particularly concerning 

BFRP materials applied to bogie frame designs under realistic multiaxial loading conditions. This 

gap forms the foundation of the present research. 
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CHAPTER THREE 

3. Materials and Methods 

This study employs Finite Element Analysis (FEA) to assess the fatigue behavior of a railway 

bogie frame made from Basalt Fiber Reinforced Polymer (BFRP). A combination of 

micromechanical modeling, CAD modeling, and structural simulation was used to replicate 

operational loading environments. 

3.1. Simulation Tools and Software Specifications 

The simulation was conducted using SolidWorks 2021 for 3D modeling of the bogie frame, 

DIGIMAT 2017 (MF and FE) for homogenizing BFRP composite properties, Abaqus/CAE 2018 

for structural analysis under multiaxial loading, and FE-SAFE for fatigue life prediction. 

3.2. Simulation Outputs 

The simulation results included stress/strain distribution, fatigue life, displacement, and the effect 

of fiber orientation. A comparison with a conventional bogie frame showed that BFRP offers 

notable weight reduction and superior properties such as better fatigue resistance, corrosion 

resistance, and impact strength—making it a strong candidate for advanced railway applications. 

3.3. Simulation Procedure 

The simulation began with CAD modeling in SolidWorks using standard bogie dimensions. 

BFRP material properties were modeled in DIGIMAT using RVE-based homogenization with 

the Mori–Tanaka method and Hill’s condition. A [0°/±45°/90°] s layup was applied in Abaqus, 

where the model was meshed with C3D10 elements. Multiaxial loads (vertical, lateral, and 

longitudinal) were applied, and a stress-based fatigue criterion was used to estimate the fatigue 

life under realistic service conditions. 

3.4. BFRP Material Modeling 

This computational study numerically simulated a Basalt Fiber Reinforced Polymer (BFRP) 

bogie frame. DIGIMAT 2017 was used for micromechanical modeling, defining an isotropic 

polymer matrix and transversely isotropic basalt fibers with a 60% fiber volume fraction, then 

homogenizing their properties using Mean-Field Homogenization (MFH). The resulting 

anisotropic material properties and Hashin failure criteria were integrated into Abaqus 2018 for 

macro-scale finite element analysis. The bogie frame was modeled with shell elements and 

defined composite layups, subjected to static load cases vertical, transvers, longitudinal shunting 

load and boundary conditions per EN 13749 and UIC 615-4 railway standards. Outputs like 

stress, strain, displacement, and failure indices were analyzed to assess structural performance. 
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Table 1:Representative range of mechanical and thermal properties of epoxy resin and basalt fibers, compiled from multiple 

literature sources [82, 92, 93]. 

Property Matrix (Epoxy Resin) Basalt Fiber 

Young's Modulus (E) 2.5 - 4 GPa 70 - 85 GPa 

Poisson's Ratio (ν) 0.3 - 0.4 0.22 - 0.25 

Tensile Strength (σₜ) 50 - 80 MPa 700 - 1100 MPa 

Compressive Strength (σₖ) 90 - 130 MPa 600 - 900 MPa 

Shear Modulus (G) 1.2 - 1.5 GPa 30 - 35 GPa 

Density (ρ) 1.1 - 1.4 g/cm³ 2.5 - 2.7  𝑔/𝑐𝑚3 

Thermal Conductivity 0.2 - 0.3 W/m·K 1.5 - 1.8 W/m·K 

 

3.4.1. Matrix Polymer 

For this study, a thermosetting epoxy resin was selected as the polymer matrix due to its excellent 

mechanical properties, good adhesion to basalt fibers, and common use in high-performance 

structural composites. An isotropic linear elastic model was used based on literature values: 

Table 2:Matrix Material properties [93]. 

Property Value  Unit 

Young’s Modulus (E) 3500 GPa 

Poisson’s Ratio (𝑣) 0.35  

Density (𝜌) 1.2 𝑔/𝑐𝑚3 
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3.4.2. Basalt Fiber (Reinforcement Phase) 

A transversely isotropic linear elastic model based on literature values: 

Table 3:Basalt Fiber Material Properties [82, 92, 93].. 

Property Value  Unit 

Young’s Modulus (E) 89 GPa 

Poisson’s Ratio (𝑣) 0.25  

Density (𝜌) 2.65 𝑔/𝑐𝑚3 

Fiber Diameter (𝑑) 0.1 𝑚𝑚 

 

3.4.3. Volume and mass Fractions 

To thoroughly assess the impact of fiber content on the composite's mechanical performance for 

the bogie frame application, three distinct fiber volume fractions (𝑉𝑓) were investigated: 40%, 

50%, and 60%. These values represent a practically achievable range in advanced composite 

manufacturing, offering a critical balance among strength, stiffness, and processability. For each 

(𝑉𝑓) the corresponding matrix volume fraction (𝑉𝑓) was derived. The mass fraction (𝑀𝑓) for each 

variant was subsequently calculated. Based on preliminary analyses indicating optimal 

mechanical properties and a superior strength-to-weight ratio for the anticipated loading 

conditions, a fiber volume fraction of 60% was ultimately selected for the detailed bogie frame 

simulations. 

The relationships used for these calculations are as follows [94]: 

Volume Fraction  

𝑉𝑓 + 𝑉𝑚 = 1 (1) 

 

Mass Fraction  

𝑀𝑓 =
𝑉𝑓. 𝜌𝑓

𝑉𝑓 . 𝜌𝑓 + 𝑉𝑚. 𝜌𝑚

(2) 
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Figure 8: Plain weave 

Figure 9:Satin weave 

Figure 10:Twill weave 

3.4.4. Types of Phases and Composite Architecture 

The BFRP composite was modeled with a distinct focus on its woven yarn-based architecture 

using DIGIMAT-MF. Basalt fibers were represented as inclusions within their respective yarn 

bundles. To evaluate the impact of weave pattern on mechanical performance, three common 

types were investigated: Plain, Twill, and Satin 5-harness. These woven structures were then 

homogenized to derive their effective orthotropic properties. DIGIMAT model to realistically 

simulate the presence of manufacturing defects, further refining the composite's overall behavior. 

Based on a comprehensive assessment of the homogenized properties, balancing stiffness, 

strength, and drapeability for the complex geometry and loading conditions of the bogie frame, 

the plain weave was ultimately chosen for the detailed simulations. Figures 8 through 10 illustrate 

different types of fabric weaves, from the simple and balanced plain weave Figure 8 to the more 

complex satin Figure 9 and twill Figure 10 patterns, each characterized by a distinct interlacing 

of warp (vertical) and weft (horizontal) yarns. 
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Figure 11:Volume Representative Element (RVE). 

 

Table 4: Comparative Homogenized Orthotropic Mechanical Properties of BFRP (Vf = 60%) for Different Weave Types 

Property Plain Weave Twill Weave Satin Weave Unit 

Longitudinal 

Young’s 

Modulus (𝐸1) 

24.515 23.527 21.110 GPa 

Transverse 

Young’s 

Modulus (𝐸2) 

23.461 22.875 20.163 GPa 

In-plane Shear 

Modulus (𝐺12) 

6.3374 4.8672 5.0516 GPa 

Composite 

Density 

2.07 1.9056 1.92 𝑔/𝑐𝑚3 

3.4.5. Micromechanics and Homogenization Mori-Tanaka Scheme 

The effective orthotropic properties of the woven BFRP composite were derived through a 

micromechanical approach using DIGIMAT-MF. A Representative Volume Element (RVE) 

conceptualization was used to define the fiber and matrix phases and their distributions. Figure 

11shows Volume Representative Element (RVE). 

 

 

 

 

 

 

 

For composite materials with complex microstructures—such as yarn-based basalt fiber 

reinforced polymers (BFRPs)—analyzing behavior at the microscopic level is computationally 

expensive. Direct simulation of every fiber-matrix interaction throughout the structure is 
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practically infeasible for large components like a railway bogie frame. Therefore, a multiscale 

approach is adopted where a Representative Volume Element (RVE) bridges the microscale 

features and the macroscale behavior. 

The solution of the RVE problem requires averaging of micro fields. Given an RVE with domain 

𝑤 and volume 𝑉, the average of a micro field 𝑓(𝑋, 𝑥)is: 

〈𝑓(𝑋, 𝑥)〉 =
1

𝑉
∫𝑓(𝑋, 𝑥)

.

𝑤

𝑑𝑤 (3) 

To establish effective mechanical behavior, boundary conditions at the micro level can be either: 

Imposed displacement boundary condition: 

𝑢𝑖(𝑥) = 𝐺𝑖𝑗𝑥𝑗 ,        𝑥 ∈ 𝜕𝑤 (4) 

This results in: 

〈𝜀𝑖𝑗〉 = 𝐸𝑖𝑗 (5) 

Imposed traction boundary condition: 

𝐹𝑖(𝑥) = 𝜎𝑖𝑗𝑛𝑖(𝑥), 𝑥 ∈ 𝜕𝑤 (6) 

Resulting in: 

〈𝜎𝑖𝑗〉 = 𝜎𝑖𝑗 (7) 

Both approaches ensure consistency between macro and micro descriptions, where average 

strain/stress in the RVE matches macro strain/stress. A key condition for energetic consistency 

is Hill’s macro-homogeneity condition: 

〈𝜎∗: 𝜀∗〉 = 〈𝜎∗〉: 〈𝜀∗〉 (8) 

In the linear elastic regime, homogenization aims to compute an effective stiffness tensor 𝐶̅ [95] 

that relates average stress and strain: 

〈𝜎〉 = 𝐶̅: 〈𝜀〉 (9) 
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Figure 12:Stress–strain curves of matrix, fiber, and BFRP showing intermediate stiffness and combined properties 

In MFH, strain and stress distributions are assumed to follow specific patterns across the matrix 

and yarn phases. The Voigt model assumes uniform strain across phases, while the Reuss model 

assumes uniform stress. The real response is bounded between these extremes. 

For a two-phase composite with matrix (subscript 0) and yarn inclusions (subscript 1), the total 

strain average over the RVE is: 

〈𝜀〉𝑤 = 𝑣𝑜〈𝜀〉𝑤𝑜 + 𝑣1〈𝜀〉𝑤1 (10) 

Using strain concentration tensors, we define: 

〈𝜀〉𝑤1 = 𝐵𝜀: 〈𝜀〉𝑤𝑜 , 〈𝜀〉𝑤1 = 𝐴𝜀: 〈𝜀〉𝑤 (11) 

With: 

𝐴𝜀 = 𝐵𝜀:  [𝑣1𝐵𝜀 + (1 − 𝑣1)𝐼]
−1 (12) 

The Mean-Field Homogenization approach allowed for computationally efficient prediction 

of macroscopic behavior based on the defined microstructural details and approximate woven 

architectures. Figure 12 shows Stress-strain curves for the polymer matrix, basalt fiber, and 

BFRP composite in the warp direction. The composite exhibits intermediate stiffness, 

combining the ductility of the polymer matrix with the high strength of basalt fibers. 
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Figure 13: Fiber Orientation 

3.4.6. Fiber Orientation Modeling in BFRP Composite 

In modeling the Basalt Fiber Reinforced Polymer (BFRP) for the railway bogie frame, fiber 

orientation plays a crucial role in predicting anisotropic behavior. Each fiber’s axis is represented 

by a unit vector p, defined in spherical coordinates(𝜃, 𝜑). Because fibers are randomly or 

directionally distributed throughout the Representative Volume Element (RVE), we describe this 

variability using the Orientation Distribution Function (ODF) 𝜑(𝑃). This function defines the 

probability of finding a fiber oriented within the solid angle 𝑑𝑝 [2]: Figure 13 shows The 

orientation of a fiber, denoted by the vector p, is defined using two spherical coordinate angles: 

the out-of-plane angle θ and the in-plane angle ϕ. The angle θ represents the angle between the 

fiber and the 3-axis, while ϕ represents the angle of the projection of the fiber onto the 1-2 plane, 

measured from the 1-axis. 

 

 

 

 

 

 

 

𝜑(𝑃)𝑑𝑝 = Probability of finding fibers in direction p 

The ODF satisfies two conditions for physical validity: 

𝜑(𝑃) = 𝜑(−𝑃) (symmetry) (13) 

∫ 𝜑(𝑃)𝑑𝑝 = 1 (normalization)
.

𝑆2

(14) 

To use this statistical orientation in homogenization, the second-order fiber orientation tensor 

A is computed as [95]: 

𝐴 = ∮ 𝑝 ⊗ 𝑝
.

𝑆2

𝜑(𝑃)𝑑𝑝 (15) 

Now consider a general case where the matrix material is reinforced with N families of fibers, 

each with identical stiffness, aspect ratio, and ODF. The composite is characterized as follows: 

• Matrix phase (domain  𝑤0): volume fraction 𝑣0, stiffness tensor 𝐶0 

• Inclusion families 𝑖: volume fraction 𝑣𝑖, stiffness 𝐶0, ODF 𝜑𝑖(𝑝) 
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Figure 14:Basalt rock is first treated and melted, then homogenized and decomposed to form fiber-ready 

material. 

The total volume fractions must sum to unity: 

𝑣0 + ∑𝑣𝑖

𝑁

𝑖=1

= 1 (16) 

In DIGIMAT-MF, homogenization of such a composite involves a two-step mean-field 

approach (illustrated in Fig.31). First, the real composite RVE is replaced by a model RVE 

composed of multiple pseudo-grains, each corresponding to a two-phase composite made of 

matrix material and aligned inclusions with orientation 𝑃. These pseudo-grains are homogenized 

using a micromechanical model (e.g., Mori–Tanaka). In the second step, the responses of the 

pseudo-grains are averaged using the Voigt model to compute the effective stiffness tensor 𝐶𝑒𝑓𝑓 

[96]: Figure 14 illustrates a two-step process where a heterogeneous material is first decomposed 

into its constituent parts and then consolidated into a new, homogeneous body. 

 

  

 

 

 

 

 

 

 

𝐶𝑒𝑓𝑓 = ∑𝑣𝑖

𝑁

𝑖=1

𝑤𝑖𝐶𝑖
ℎ𝑜𝑚 (17) 

where 𝑤𝑖 are weighting factors and 𝐶𝑖
ℎ𝑜𝑚 are the homogenized stiffness tensors of each pseudo-

grain. Although the Voigt model may not capture localized effects, it provides satisfactory results 

for fiber-reinforced composites when orientation variability is captured via the ODF, particularly 

in systems with a dominant fiber family 𝑁 = 1. 

Given the experimental and numerical nature of this research on BFRP composites, it is important 

to define a material model that accurately describes both the elastic and plastic behaviors of the 

material under mechanical loading. This will also ensure a strong correlation between simulation 

data and laboratory test results. 
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Linear Elastic Behavior 

A material is considered elastic if it fully recovers its original shape after the applied loading is 

removed. Most engineering materials, including polymer matrix composites like BFRP, exhibit 

linear elasticity under small deformations. The general form of Hooke’s law in tensor notation is: 

𝜎 = 𝐶: 𝜀 (18) 

Where: 

𝜎 is the second-order Cauchy stress tensor, 

𝜀 is the second- order strain tensor  

𝐶 is the fourth- order stiffness tensor, also known as Hooke’s operator, 

“:” denotes the double contraction (inner product over two indices). 

Due to material symmetries, especially in composite materials, the stiffness tensor 𝐶 can be 

represented in matrix form. For isotropic materials, it simplifies to a matrix with only two 

independent constants: Young’s modulus E and Poisson’s ratio 𝑣. The compliance matrix for 

isotropic materials is [97]: 

[
 
 
 
 
 
 
 
 
 
 
 
 

1

𝐸
−

𝑣

𝐸
−

𝑣

𝐸
0 0 0

−
𝑣

𝐸

1

𝐸
−

𝑣

𝐸
0 0 0

−
𝑣

𝐸
−

𝑣

𝐸

1

𝐸
0 0 0

0 0 0
2(1 + 𝑣)

𝐸
0 0

0 0 0 0
2(1 + 𝑣)

𝐸
0

0 0 0 0 0
2(1 + 𝑣)

𝐸 ]
 
 
 
 
 
 
 
 
 
 
 
 

(19) 

Other elastic moduli can be derived as: 

𝐺 =
𝐸

2(1 + 𝑣)
,      𝐾 =  

𝐸

3(1 − 2𝑣)
(20) 

For orthotropic materials like unidirectional fiber composites, nine independent constants are 

required, and the compliance matrix takes the form: 
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[
 
 
 
 
 
 
 
 
 
 
 
 
 

1

𝐸1
−

𝑣12

𝐸1
−

𝑣12

𝐸1
0 0 0

−
𝑣21

𝐸2

1

𝐸2
−

𝑣

𝐸
0 0 0

−
𝑣31

𝐸3
−

𝑣32

𝐸3

1

𝐸3
0 0 0

0 0 0
1

𝐺23
0 0

0 0 0 0
1

𝐺13
0

0 0 0 0 0
1

𝐺12]
 
 
 
 
 
 
 
 
 
 
 
 
 

(21) 

For transversely isotropic materials (a good assumption for unidirectional BFRP), only five 

constants are needed. The compliance matrix is further simplified accordingly. 

The required constraints for physical validity are: 

𝐸1, 𝐸2, 𝐸3, 𝐺12, 𝐺13, 𝐺23 > 0  

|𝑣12|<√
𝐸1

𝐸2
,   |𝑣13|<√

𝐸1

𝐸3
,  |𝑣23|<√

𝐸2

𝐸3
,   

1 − 𝑣12𝑣12 − 𝑣23𝑣32 − 𝑣13𝑣31 − 2𝑣21𝑣32𝑣13 > 0 (22) 

Nonlinear Plastic Behavior 

Beyond the elastic limit, many thermoplastic polymer matrices in BFRP exhibit irreversible 

(plastic) deformations. Plastic deformation begins once the material surpasses the yield stress 𝜎𝑌 

The elasto-plastic model used in Digimat is the classical J2 plasticity (von Mises plasticity). 

The von Mises equivalent stress is given by: 

𝜎𝑒𝑞 = √
3

2
 𝑆: 𝑆 (23) 

Where S is the deviatoric part of the stress tensor: 

𝑆 = 𝜎 −
1

3
𝑡𝑟(𝜎)𝐼 (24) 

In component form: 
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𝜎𝑒𝑞 = √
1

2
 [(𝜎11 − 𝜎22)2 + (𝜎22 − 𝜎33)2 + (𝜎33 − 𝜎11)2 + 3(𝜎12

2 + 𝜎23
2 + 𝜎31

2)] (25) 

Plasticity initiates when 𝜎𝑒𝑞 = 𝜎𝑌. The total strain is split as: 

𝜀 = 𝜀𝑒 + 𝜀𝑝 (26) 

Elastic stress-strain relationship: 

𝜎 = 𝐶: 𝜀𝑒 (27) 

Once yielding occurs, the equivalent stress evolves according to a hardening law: 

𝜎𝑒𝑞 = 𝜎𝑌 + 𝐴(𝑝) (28) 

where  is the accumulated plastic strain, defined by: 

𝒑(𝒕) = ∫ 𝒑̇
𝒕

𝟎

(𝝉)𝒅𝝉 (𝟐𝟗) 

with plastic strain rate: 

𝒑̇ = √
𝟐

𝟑
𝜺̇𝒑: 𝜺̇𝒑 (𝟑𝟎) 

The yield function is then: 

𝒇(𝝈, 𝑨) = 𝝈𝒆𝒒 − 𝝈𝒀 − 𝑨(𝒑) ≤ 𝟎 (𝟑𝟏) 

Plastic strain evolves according to the normality rule: 

𝜺̇𝒑 = 𝒑̇
∂f

∂σ
(𝟑𝟐) 

Digimat provides three hardening law options: 

Power law: 

𝐴(𝑝) = 𝑘𝑝𝑚 (33) 

Exponential law: 

𝐴(𝑝) = 𝐴∞(1 − 𝑒−𝑚𝑝) (34) 

Exponential + linear: 

𝐴(𝑝) = 𝑘𝑝 + 𝐴∞(1 − 𝑒−𝑚𝑝) (35) 
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3.4.7. Stiffness and Compliance Matrices 

Compliance matrix (S) 

𝑆 =

[
 
 
 
 
 

𝟒. 𝟎𝟕𝟗𝟐 × 𝟏𝟎−𝟓 −𝟖. 𝟒𝟐𝟒𝟑 × 𝟏𝟎−𝟔 −𝟏. 𝟒𝟐𝟒𝟏 × 𝟏𝟎−𝟓 𝟎 𝟎 𝟎
−𝟖. 𝟒𝟐𝟒𝟑 × 𝟏𝟎−𝟔 𝟒. 𝟐𝟔𝟐𝟒 × 𝟏𝟎−𝟓 −𝟏.𝟓𝟐𝟕 × 𝟏𝟎−𝟓 𝟎 𝟎 𝟎
−𝟏. 𝟒𝟐𝟒𝟏 × 𝟏𝟎−𝟓 −𝟏. 𝟓𝟐𝟕 × 𝟏𝟎−𝟓 𝟓. 𝟔𝟎𝟕𝟏 × 𝟏𝟎−𝟓 𝟎 𝟎 𝟎

𝟎 𝟎 𝟎 𝟎. 𝟎𝟎𝟎𝟏𝟓𝟕𝟕𝟗 𝟎 𝟎
𝟎 𝟎 𝟎 𝟎 𝟎. 𝟎𝟎𝟎𝟏𝟒𝟕𝟒𝟏 𝟎
𝟎 𝟎 𝟎 𝟎 𝟎 𝟎. 𝟎𝟎𝟎𝟏𝟒𝟖𝟖𝟐]

 
 
 
 
 

(𝟑𝟔) 

Stiffness Matrix (C) – Rounded 

𝐶 =

[
 
 
 
 
 
30085 9622 10261 0 0 0
9622 29074 10362 0 0.00472 0
10261 10362 23263 0 0 0

0 0 0 6337.4 0 0
0 0.00472 0 0 6783.6 0
0 0 0 0 0 6719.6]

 
 
 
 
 

(37) 

Engineering Constants 

Engineering Constant  Value  Unit 

Young's modulus E1 24515 MPa 

Young's modulus E2 23461 MPa 

Young's modulus E3 17835 MPa 

Poisson's ratio 12 0.20652  

Poisson's ratio 21 0.19764  

Poisson's ratio 13 0.34913  

Poisson's ratio 31 0.25399  

Poisson's ratio 23 0.35824  

Poisson's ratio 32 0.27233  

Shear modulus 12 6337.4 MPa 

Shear modulus 13 6719.6 MPa 

Shear modulus 23 6783.6 MPa 

Global density 2.0741 𝑔 𝑐𝑚3⁄  
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3.4.8. Failure Criteria  

For composite materials, predicting failure is complex due to their anisotropic nature and distinct 

failure mechanisms in fibers and matrix. To address this, specialized failure theories are 

employed within ABAQUS to determine the onset of damage in each ply. One prominent theory 

selected for this analysis are the Hashin criterion. 

3.4.8.1. Tsai-Wu Failure Criterion 

The Tsai-Wu criterion is a phenomenological, interactive failure theory. It is a quadratic stress-

based criterion that considers the interaction between different stress components to predict 

overall ply failure. Unlike simpler criteria, it distinguishes between tensile and compressive 

strengths [98]. 

The general form of the Tsai-Wu failure criterion for a 2D plane stress state (𝜎3 = 0, 𝜏13 =

0, 𝜏23 = 0) in material coordinates (1-fiber direction, 2-transverse direction, 12-in-plane shear) 

is given by: 

𝐹1𝜎1 + 𝐹2𝜎2 + 𝐹6𝜏12 + 𝐹1𝜎1 + 𝐹11𝜎1
2 + 𝐹11𝜎1

2 + 𝐹22𝜎2
2 + 𝐹66𝜏12

2 + 2𝐹12𝜎1𝜎2 = 1 (38) 

Where: 

𝜎1, 𝜎2, 𝜏12 are the normal stresses in the fiber (warp) direction, transverse (weft) direction, and 

in-plane shear stress, respectively. 

𝐹𝑖 and 𝐹𝑖𝑗are strength parameters, which are related to the material's tensile and compressive 

strengths in the principal material directions (𝑋𝑇 , 𝑋𝐶 , 𝑌𝑇 , 𝑌𝐶) and shear strength (𝑆12) 

𝐹1 =
1

𝑋𝑇
−

1

𝑋𝐶

(39) 

𝐹2 =
1

𝑌𝑇
−

1

𝑌𝐶

(40) 

𝐹11 =
1

𝑋𝑇𝑋𝐶

(41) 

𝐹22 =
1

𝑌𝑇𝑌𝐶

(42) 

𝐹11 =
1

𝑆12
2

(43) 
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𝐹12 = −
1

2
√𝐹11𝐹22 (44) 

3.4.8.2. Hashin Failure Criterion (for Woven Composites) 

The Hashin criterion is a mode-dependent failure theory, which is particularly advantageous for 

composite materials because it differentiates between various failure modes, such as fiber failure 

and matrix failure, and further distinguishes between tensile and compressive modes [99]. For 

woven composites, the Hashin criterion is applied to the homogenized orthotropic ply, where 

the principal material directions (1, 2, 3) correspond to the warp, weft, and through-thickness 

directions, respectively. 

The criterion predicts failure based on the following four primary modes: 

Fiber Tensile Failure (𝜎1 ≥ 0): This mode applies when the stresses are causing tension in the 

fibers along the warp (or primary fiber) direction. 

𝐹𝑓𝑡 = (
𝜎1

𝑋𝐶
)
2

+ (
𝜏12

𝑆12
)
2

+ (
𝜏13

𝑆13
)
2

= 1 (45) 

Fiber Compressive Failure (𝜎1 < 0): This mode applies when the stresses are causing 

compression in the fibers along the warp (or primary fiber) direction. 

𝐹𝑓𝑡 = (
𝜎1

𝑋𝐶
)
2

= 1 (46) 

Matrix Tensile Failure (𝜎1 ≥ 0  ): This mode applies when the stresses are causing tension in 

the matrix, typically perpendicular to the primary fiber direction 

𝐹𝑚𝑡 = (
𝜎2

𝑌𝑇
)

2

+ (
𝜏12

𝑆12
)
2

+ (
𝜏23

𝑆23
)
2

= 1 (47) 

Matrix Compressive Failure (𝜎1 < 0 in 3D): This mode applies when the stresses are causing 

compression in the matrix, typically perpendicular to the primary fiber direction. 

𝐹𝑚𝑡 = (
𝜎2

2𝑆23
)
2

+ [(
𝑌𝐶

2𝑆23
)
2

− 1]
𝜎2

𝑌𝐶
+ (

𝜏12

𝑆12
)
2

+ (
𝜏23

𝑆23
)
2

= 1 (48) 

• 𝜎1, 𝜎2,, 𝜎3 are the normal stresses in the warp, weft, and through-thickness directions, 

respectively? 

• 𝜏12, 𝜏13, 𝜏23 are the shear stresses in the 1-2 (warp-weft), 1-3 (warp-thickness), and 2-3 

(weft-thickness) planes, respectively. 
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• 𝑋𝑇 , 𝑋𝐶: Tensile and compressive strengths in the warp (fiber) direction. 

• 𝑌𝑇 , 𝑌𝐶: Tensile and compressive strengths in the weft (transverse) direction. 

• 𝑆12, 𝑆13, 𝑆23: Shear strengths in the 1-2, 1-3, and 2-3 planes, respectively. 

3.4.8.3. Damage Evolution 

Once damage initiates, stiffness is degraded based on fracture energy using the energy-based 

damage evolution law [100]. Abaqus uses a displacement-based softening law, but internally 

converts energy 𝐺 to equivalent displacement 𝛿𝑓.  

Damage Variable Evolution: 

A damage variable 𝑑(0 ≤ 𝑑 ≤ 1) is introduced: 

𝜎 = (1 − 𝑑). 𝜎𝑒𝑙𝑎𝑠𝑡𝑖𝑐 (49) 

Where: 

• 𝑑 = 0 → 𝑁𝑜 𝑑𝑎𝑚𝑎𝑔𝑒  

• 𝑑 = 1 → 𝐶𝑜𝑚𝑝𝑙𝑒𝑡𝑒 𝑓𝑎𝑖𝑙𝑢𝑟𝑒  

Energy-Based Damage Evolution (Linear Softening): 

𝐺𝑐 =
1

2
∗ 𝜎0 ∗ 𝛿𝑓 (50) 

Where: 

• 𝐺𝑐 = 𝐶𝑟𝑖𝑡𝑖𝑐𝑎𝑙 𝑓𝑟𝑎𝑐𝑡𝑢𝑟𝑒 𝑒𝑛𝑒𝑟𝑔𝑦 (𝑚𝑜𝑑𝑒 𝐼, 𝐼𝐼, 𝑒𝑡𝑐, )  

• 𝜎0 = 𝑆𝑡𝑟𝑒𝑠𝑠 𝑎𝑡 𝑑𝑎𝑚𝑚𝑎𝑔𝑒 𝑖𝑛𝑖𝑡𝑖𝑎𝑡𝑖𝑜𝑛 

• 𝛿𝑓 = 𝑓𝑎𝑖𝑙𝑢𝑟𝑒 𝑑𝑖𝑠𝑝𝑙𝑎𝑐𝑒𝑚𝑒𝑛𝑡 

No. Strength Type Symbol Estimated 

Value 

Unit Notes 

1 Longitudinal tensile 

strength 

𝑋𝑡 900 MPa Fiber direction 𝐸1 

2 Longitudinal compressive 

strength 

𝑋𝐶 700 MPa Fiber direction  𝐸1 

3 Transverse tensile 

strength 

𝑌𝑡 60 MPa Matrix direction 

𝐸2/𝐸3 
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4 Transverse compressive 

strength 

𝑌𝐶 150 MPa Matrix direction 

𝐸2/𝐸3 

5 Longitudinal shear 

strength (𝐺12/𝐺13) 

𝑆𝐿 80 MPa Fiber-related shear 

6 Transverse shear strength 

((𝐺23) 

𝑆𝑇 70 MPa Matrix-related 

shear 

 

3.4.8.4. Damage Stabilization 

Damage stabilization helps prevent convergence issues due to stiffness degradation. Abaqus 

introduces viscous regularization with a small viscosity coefficient: 

𝑑̇ =
𝑑 − 𝑑𝑝𝑟𝑒𝑣

∆𝑡
(51) 

Where damage is gradually applied over time. 

 

No. Fracture Mode  Symbol Estimated 

Value 

Unit Notes 

1 Longitudinal tensile fracture 

energy 

𝐺1𝑓 80 N/mm Mode I (fiber tension) 

2 Longitudinal compressive 

fracture energy 

𝐺1𝑐 60 N/mm Mode I (fiber compression) 

3 Transverse tensile fracture 

energy 

𝐺2𝑓 100 N/mm Matrix tension (mode I) 

4 Transverse compressive 

fracture energy 

𝐺2𝑐 200 N/mm Matrix compression / shear 

(mode II) 
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Hashin-Based Damage Evaluation of BFRP Layups 

This section describes the evaluation of different Basalt Fiber Reinforced Polymer (BFRP) 

composite layup configurations using the Hashin failure criterion in Abaqus/Explicit. The 

purpose of this study was to determine the most damage-resistant fiber orientation suitable for 

structural application in a railway bogie frame. A total of eight different 4-ply laminate layups 

were modeled, each with a total thickness of 1.2 mm and overall dimensions of 60 mm by 130 

mm. All edges were fully clamped to replicate structural constraints, and a uniform pressure load 

of 2 MPa was applied to the surface of each layup.  

Table 5::Hashin damage parameters for various ply orientations of BFRP laminates (Total thickness = 1.2 mm, Applied pressure 

= 2 MPa 

The simulation used orthotropic elastic material properties derived from multiscale 

homogenization in DIGIMAT and incorporated the Hashin damage model, which accounts for 

failure in four modes: fiber tension (DAMAGEFT), fiber compression (DAMAGEFC), matrix 

tension (DAMAGEMT), and matrix compression (DAMAGEMC). 

 

Layu

p ID 

Ply 

Orientatio

n (Top → 

Bottom) 

Total 

Thicknes

s (mm) 

Applied 

Pressur

e (MPa) 

DAMAGEF

T (Fiber 

Tension) 

DAMAGEF

C (Fiber 

Compressio

n) 

DAMAGEM

T (Matrix 

Tension) 

DAMAGEM

C (Matrix 

Compression

) 

L1 
[0° / 90° / 

0° / 90°] 1.2 2 >1 >1 >1 >1 

L2 
[0° / +45° / 

-45° / 90°] 1.2 2 0.24 0 0 0.9 

L3 

[+45° / -45° 

/ +45° / -

45°] 1.2 2 0.99 0.7 0.98 0.9 

L4 
[0° / +45° / 

-45° / 0°] 1.2 2 >1 >1 >1 >1 

L5 
0° / +30° / -

30° / 90°] 1.2 2 0.9 0.35 0.9 0.9 

L6 

+60° / -60° 

/ +60° / -

60° 1.2 2 >1 >1 0.9 0.99 

L7 

+15° / -15° 

/ +15° / -

15° 1.2 2 >1 0.5 0.4 0.7 

L8 
0° / 45° / 

90° / -45° 1.2 2 >1 0.05 0.8 0.98 
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Layup L1 exhibited complete failure in all damage modes, with DAMAGEFT, DAMAGEFC, 

DAMAGEMT, and DAMAGEMC values all exceeding 1. Similarly, Layup L4 also failed in all 

modes under the same loading conditions. In contrast, Layup L2 demonstrated significantly better 

damage resistance. It showed a fiber tension damage value (DAMAGEFT) of only 0.24, with no 

fiber compression (DAMAGEFC = 0) or matrix tension damage (DAMAGEMT = 0), and a 

matrix compression damage value (DAMAGEMC) of 0.9, all of which are below the failure 

threshold. 

Layup L3 showed near-critical damage values with DAMAGEFT = 0.99, DAMAGEFC = 0.7, 

DAMAGEMT = 0.98, and DAMAGEMC = 0.9, indicating that although it did not fail 

completely, it is approaching the limit. Layup L5 had moderate performance, with DAMAGEFT 

and DAMAGEMT both at 0.9, DAMAGEFC at 0.35, and DAMAGEMC also at 0.9. Layup L6 

failed in both fiber tension and compression modes but remained below 1 in matrix-related 

damage, with DAMAGEMT = 0.9 and DAMAGEMC = 0.99. Layup L7 showed DAMAGEFT 

greater than 1, while DAMAGEFC = 0.5, DAMAGEMT = 0.4, and DAMAGEMC = 0.7. Finally, 

Layup L8 also exhibited complete fiber tension failure (DAMAGEFT > 1), but had relatively low 

fiber compression (DAMAGEFC = 0.05) and moderate matrix tension and compression damage 

(DAMAGEMT = 0.8, DAMAGEMC = 0.98). 

From this comparative analysis, it was concluded that Layup L2 ([0° / +45° / -45° / 90°]) 

demonstrated the best performance under 2 MPa loading, as all damage indicators remained 

below the failure threshold. Therefore, Layup L2 was selected as the most effective and damage-

tolerant orientation for the BFRP composite material and was used for further structural analysis 

of the bogie frame. 

Simulation Results for Selected Layup Orientation 

The layup configuration [0°/+45°/−45°/90°] was selected for detailed analysis based on the 

comparative Hashin damage indicators. The composite shell (dimensions: 60 mm × 130 mm, 

total thickness 1.2 mm) was modeled using four plies in Abaqus/Standard. The laminate was 

subjected to a uniform pressure of 2 MPa applied over the central region of the shell, with all 

edges clamped to replicate fixed boundary conditions. 

Boundary Conditions and Loading Setup 

A uniform pressure of 2 MPa was applied over the central region of the shell, while all edges 

were fully clamped to simulate fixed boundary conditions. Figure 15 shows Boundary and 

loading setup for [0°/+45°/−45°/90°] composite laminate under 2 MPa pressure with fully 

clamped edges. 
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Figure 15:Boundary and loading setup for [0°/+45°/−45°/90°] composite laminate under 2 MPa pressure with fully clamped 

edges 

 

 

 

 

 

 

 

 

 

 

 

 

Damage Indicators 

The simulation results extracted from Abaqus showed that the chosen layup resisted major fiber 

and matrix failure modes under the given pressure. The maximum damage variables were: 

Table 6:Maximum values of Hashin damage variables. 

Damage Model Variable  Maximum Value 

Fiber Tension DAMAGEFT 0.24 

Fiber Compression DAMAGEFC 0 

Matrix Tension DAMAGEMT 0 

Matrix Compression DAMAGEMC 0.9 

 

Damage Evolution Plots 

Figures 16–19 illustrate the Hashin damage contours for each failure mode. The most significant 

damage was observed in the matrix compression (DAMAGEMC), concentrated near the central 

loading zone. 
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Figure 17: Contour plot of DAMAGEFT (fiber tension damage Figure 16:Contour plot of DAMAGEMT (fiber compression damage).  

Figure 19:Contour plot of DAMAGEMT (matrix tension damage Figure 18:Contour plot of DAMAGEMC (matrix compression 

damage). 

 

 

 

 

 

 

 

 

 

 

 

 

 

Form Figures 16–19 illustrates [0°/+45°/−45°/90°] layup showed good resistance to Hashin 

damage under 2 MPa pressure and exhibited no major failure. It can be considered an effective 

orientation for use in structural BFRP composite applications such as railway bogie frames. 

3.5. Load case definition Based on EN 13749 for S355 structural steel 

In real railway operations, bogie frames are subjected to a complex combination of multiaxial 

loads arising from various dynamic and static sources. These include loading level, track 

irregularities, track buckling, and other operational disturbances. Due to the unpredictable nature 

of these factors, it is not feasible to define a precise dependency of load magnitudes with respect 

to operational parameters. As a result, replacement (test) load spectra have been developed 

through standards such as the EN 13749, UIC codes, and national or operator-specific guidelines. 

These spectra are used to simulate operational conditions for the purpose of virtual testing and 

structural optimization of bogie frames. In this analysis, we evaluate the forces acting on a Y25 



Analyzing the Effect of Multiaxial Stress on Structural Integrity 

 of Composite Bogie Frame 

42 

 

Figure 20:shows the vertical, lateral, and transversal forces acting on a bogie frame 

freight bogie frame, which falls under Category B-V: Freight wagons with central pivot and two 

sidebearers, in accordance with EN 13749 [15]. 

The force and pressure calculations were performed for components made of S355 structural 

steel, specifically applied to the center pivot and axle guides of the Y25 bogie frame. The material 

was modeled as homogeneous, isotropic, and linearly elastic, with a Young’s modulus of 𝐸 =

2.1 × 1011 Pa and Poisson’s ratio 𝜇 = 0.3. 

Total wagon weight: 𝑚𝑤 = 45 𝑡 

Bogie weight: 𝑚𝑏 = 5.0 𝑡 

Bogie frame mass (from Abaqus): 𝑚𝑓 = 892.84𝑘𝑔 ≈ 18% 𝑜𝑓 𝑚𝑏 

Wheelbase: 𝐵 = 1.8𝑚 

Load Categorization at exceptional case [101]. Figure 20 illustration shows vertical (Fx1, Fx2, 

FpFx1, Fx2, Fp), lateral (Fy Fy), and transversal forces acting on the bogie frame at four load 

application points, representing typical operating conditions in the X, Y, and Z directions. 

 

 

 

 

 

 

 

 

 

According to EN 13749 and related standards, bogie frame loads are divided into: 

➢ External Loads: 

• Normal Service Loads (no fatigue cracks allowed) 

• Exceptional Loads (no permanent deformation or excessive deflection) 

➢ Internal Loads:  

• Transferred via wheelsets, suspension, or pivot interface 
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Table 7: Input Parameters for s355 Steel frame. 

Parameters  Symbol Value  

Mass of bogie frame (from 

Abaqus) 

𝒎𝒇 𝟖𝟗𝟐. 𝟖𝟒𝒌𝒈 

Bogie mass  𝑚𝑏 5.0 𝑡 = 5,000𝐾𝑔 

Bogie mass minus 20% 𝑚𝑏 − 20% 1,000𝐾𝑔 

New estimated bogie mass  𝑚𝑏𝑜𝑔𝑖𝑒 = 𝑚𝑏 − 1000 + 𝑚𝑓 4,892.84𝐾𝑔 

Freight wagon mass  𝑚𝑤 45,000𝐾𝑔 

Total vehicle mass 𝑚 𝑚𝑏 + 𝑚𝑓 = 49,892.98 

Gravity 𝑔 9.81𝑚
𝑠2⁄  

Wheelbase  𝐵 1.8𝑚 

Side bearer spacing  2𝑏𝑔 1.7𝑚 → 𝑏𝑔 = 0.85𝑚 

Sidebearer load ratio 𝛼 0.3 

 

Load case calculation  

Total vertical load on the bogie one bogie  

𝑭𝒁 = (
𝒎𝒘

𝟐
− 𝑚𝑏𝑜𝑔𝑖𝑒 ) . 𝒈 = (

𝟒𝟓, 𝟎𝟎𝟎

𝟐
− 𝟒𝟖𝟗𝟐. 𝟖𝟒) . 𝟗. 𝟖𝟏 = 𝟏𝟕𝟐, 𝟕𝟐𝟔. 𝟐𝟑𝑵 (𝟓𝟐)  

Case 1 (Pivot only): 

𝑭𝒁𝑷𝒎𝒂𝒙 = 𝟐. 𝑭𝒁 = 𝟐 ∗ 𝟏𝟕𝟐, 𝟕𝟐𝟔. 𝟐𝟑 = 𝟑𝟒𝟓, 𝟒𝟓𝟐. 𝟒𝟕𝑵 (𝟓𝟑) 

 

Case 2 (Pivot + Sidebearers) 

𝑭𝒁𝟏𝒎𝒂𝒙 = 𝟏. 𝟓 ∗ 𝑭𝒁 ∗  𝛼 = 1.5 ∗ 172,726.23 ∗ 0.3 = 77,726.80𝑁 (54) 

 

𝑭𝒁𝟐𝒎𝒂𝒙 = 𝟏. 𝟓 ∗ 𝑭𝒁 ∗ (1 − 𝛼) = 1.5 ∗ 172,726.23 ∗ 0.7 = 181,362.54𝑁 (55) 

Transverse (Lateral) load 



Analyzing the Effect of Multiaxial Stress on Structural Integrity 

 of Composite Bogie Frame 

44 

 

𝑭𝒀𝟏𝒎𝒂𝒙 = 𝑭𝒀𝟐𝒎𝒂𝒙 =
𝑭𝒀𝒎𝒂𝒙

𝟐
= 𝟏𝟎𝟒 +

𝑭𝒛 + 𝒎 ∗ 𝒈

𝟔
= 𝟏𝟎𝟎𝟎𝟎 +

(𝟏𝟕𝟐, 𝟕𝟐𝟔. 𝟐𝟑 + 𝟒𝟖𝟗𝟐. 𝟖𝟒 ∗ 𝟗. 𝟖𝟏)

𝟔
= 𝟒𝟔, 𝟕𝟖𝟕. 𝟒𝟗𝑵(56) 

Longitudinal Shunt loads 

𝑭𝒙𝟏𝒎𝒂𝒙 = 𝑭𝒚𝟏𝒎𝒂𝒙 (57) 

𝑭𝒙𝟏𝒎𝒂𝒙 = 𝟎. 𝟏 ∗ (𝑭𝒁 + 𝒎 ∗ 𝒈) = 𝟎. 𝟏 ∗ (𝟏𝟕𝟐, 𝟕𝟐𝟔. 𝟐𝟑 + 𝟒𝟖𝟗𝟐. 𝟖𝟒 ∗ 𝟗. 𝟖𝟏) = 𝟐𝟐, 𝟎𝟕𝟐. 𝟒𝟗𝑵(58) 

Table 8: Load cases for S355 steel. 

Cases Load case  Formula Result (N) 

Case 1 Vertical Load (Case 1 - Pivot 

only) 

𝑭𝒁𝑷𝒎𝒂𝒙 = 𝟐. 𝑭𝒁 𝟑𝟒𝟓, 𝟒𝟓𝟐. 𝟒𝟕 

Case 2 Vertical Load (Case 2 - 

Sidebearers) 

𝑭𝒁𝟏𝒎𝒂𝒙 = 𝟏. 𝟓 ∗ 𝑭𝒁

∗  𝛼 

77,726.80 

Vertical Load (Pivot from 

Case 2) 

𝑭𝒁𝟐𝒎𝒂𝒙 = 𝟏. 𝟓 ∗ 𝑭𝒁

∗ (1

− 𝛼) 

181,362.54 

Case 3 Transverse (Lateral) Load 𝑭𝒚𝟏𝒎𝒂𝒙 = 𝟎. 𝟏 ∗ (𝑭𝒁

+ 𝒎

∗ 𝒈) 

22,072.49 

Case 4 Transverse per wheelset 𝑭𝒀𝟏𝒎𝒂𝒙 = 𝑭𝒀𝟐𝒎𝒂𝒙

=
𝑭𝒀𝒎𝒂𝒙

𝟐

= 𝟏𝟎𝟒 +
𝑭𝒛 + 𝒎 ∗ 𝒈

𝟔
 

46,787.49 

Case 5 Longitudinal (Shunt) Load 𝑭𝒙𝟏𝒎𝒂𝒙 = 𝟎. 𝟏 ∗ (𝑭𝒁

+ 𝒎

∗ 𝒈) 

22,072.49 

Pressure Load Application Areas 

The pressure loads on the bogie frame are applied at specific structural regions that represent the 

primary load transfer paths during service. These include the wheel-rail contact zones and the 

suspension mounting points. The figures below illustrate these application areas: Figure 21 

illustrates Pressure Load Application Areas 
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Figure 21:Pressure Load Application Areas 

 

 

 

 

 

                                                                           

 

 

 

 

 

Table 9:Pressure load for S355 steel. 

N0. Load case  Force (N) Area (𝒎𝒎𝟐) Pressure (Pa) Pressure 

(MPa) 

1 Vertical (Pivot only) 345,452.47 85,520 4,039,434.86 4.03 

2 Vertical (Pivot + 

Sidebearers) Pivot 

77,726.80 85,520 908,872.77 0.9 

Vertical (Pivot + 

Sidebearers) 

Sidebearer 

181,362.54 37,500 4,836,334.4 4.83 

3 Transverse (Lateral) – 

One Side 

46,787.49 21,718.01 1,687,981.5 1.68 

4 Longitudinal One Side 22,072.49 11,920 1,851,718.95 1.85 

 

3.5.1. Load case definition Based on BFRP composite Material 

For the force analysis of the BFRP bogie frame, the material was assumed to be homogeneous, 

orthotropic, and linearly elastic. Its reduced mass compared to steel significantly influences the 

calculated load distributions and resulting pressure applications on key contact areas. 
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Table 10: Input Parameters Table for load cases for BFRP. 

Parameters  Symbol Value  

Bogie frame mass (BFRP) 𝒎𝒇 𝟐𝟐𝟑𝒌𝒈 

Original bogie mass 𝑚𝑏 5.0 𝑡 = 5,000𝐾𝑔 

Bogie mass minus 20% 𝑚𝑏 − 20% 1,000𝐾𝑔 

New estimated bogie mass  𝑚𝑏𝑜𝑔𝑖𝑒 = 𝑚𝑏 − 1000 + 𝑚𝑓 4,2234𝐾𝑔 

Freight wagon mass  𝑚𝑤 45,000𝐾𝑔 

Total vehicle mass 𝑚 𝑚𝑏 + 𝑚𝑓 = 49,223 

Gravity 𝑔 9.81𝑚
𝑠2⁄  

Wheelbase  𝐵 1.8𝑚 

Side bearer spacing  2𝑏𝑔 1.7𝑚 → 𝑏𝑔 = 0.85𝑚 

Sidebearer load ratio 𝛼 0.3 

 

3.5.1.1. Load case Calculation for the BFRP bogie frame 

𝑭𝒁 = (
𝒎𝒘

𝟐
− 𝑚𝑏𝑜𝑔𝑖𝑒 ) . 𝒈 = (

𝟒𝟓, 𝟎𝟎𝟎

𝟐
− 𝟒, 𝟐𝟐𝟑) . 𝟗. 𝟖𝟏 = 𝟏𝟕𝟗, 𝟐𝟗𝟕. 𝟑𝟕𝑵 (𝟓𝟖) 

 

Table 11:Pressure Load Cases for BFRP Frame. 

Cases Load case  Formula Result (N) 

1 Vertical Load (Case 1 - Pivot 

only) 

𝑭𝒁𝑷𝒎𝒂𝒙 = 𝟐. 𝑭𝒁 358,594.74 

2 Vertical Load (Case 2 - 

Sidebearers) 

𝑭𝒁𝟏𝒎𝒂𝒙 = 𝟏. 𝟓 ∗ 𝑭𝒁 ∗  𝛼 80,683.81 

Vertical Load (Pivot from 

Case 2) 

𝑭𝒁𝟐𝒎𝒂𝒙 = 𝟏. 𝟓 ∗ 𝑭𝒁 ∗ (1 − 𝛼) 188,262.23 

3 Lateral Load 𝑭𝒚𝟏𝒎𝒂𝒙 = 𝟎. 𝟏 ∗ (𝑭𝒁 + 𝒎 ∗ 𝒈) 22,114.32 
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4 Transverse per wheelset 
𝑭𝒀𝟏𝒎𝒂𝒙 = 𝑭𝒀𝟐𝒎𝒂𝒙 =

𝑭𝒀𝒎𝒂𝒙

𝟐
= 𝟏𝟎𝟒

+
𝑭𝒛 + 𝒎 ∗ 𝒈

𝟔
 

77,014.2 

5 Longitudinal (Shunt) Load 𝑭𝒙𝟏𝒎𝒂𝒙 = 𝟎. 𝟏 ∗ (𝑭𝒁 + 𝒎 ∗ 𝒈) 22,114.32 

 

Table 12:Pressure load for BFRP. 

N0. Load case  Force (N) Area 

(𝒎𝒎𝟐) 

Pressure (Pa) Pressure 

(MPa) 

1 Vertical (Pivot only) 358,594.74 85,520 4,206,645.46 4.19 

2 Vertical (Pivot + 

Sidebearers) Pivot 

80,683.81 85,520 4,913,302.2 0.94 

Vertical (Pivot + 

Sidebearers) Sidebearer 

188,262.23 37,500 4,802,256.0 5.02 

3 Transverse (Lateral) – 

One Side 

22,114.32 19,972.24 3,317,570.78 1.10 

4 Longitudinal One Side 22,114.32 11,920 1,855,229.01 1.85 

3.5.2. SolidWorks modeling of Y25 Bogie frame 

Modeling the Y25 bogie frame in SolidWorks came with some difficulty, mainly due to the 

limited availability of accurate dimensions. Most of the measurements were extracted from 

reference documents, scaled drawings, and technical publications, which required extra attention 

to ensure the geometry was correct and suitable for simulation. 

Despite this, SolidWorks proved to be a highly efficient and powerful CAD tool. Its user-friendly 

interface, parametric modeling capabilities, and wide library of features made the process 

manageable. Many engineering companies across industries rely on SolidWorks for 3D 

modeling, design validation, and product development. The model was finally exported to 

Abaqus in Parasolid format for structural analysis. 

3.5.2.1. Main Cross Member Modeling 

The main cross member of the Y25 bogie frame plays a central role in load distribution and 

structural integrity. In SolidWorks, it was modeled as a reinforced box-type section that spans  
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Figure 22:Main Cross Member 

Figure 23:Chassis (Side Frame) Member 

the width of the bogie, connecting both side frames. The design included mounting features for 

the pivot and spring seat interfaces. Due to limited access to detailed technical drawings, 

dimensions were estimated from reference images and scaled technical sources. Figure 22 shows 

Main Cross Member 

 

 

 

 

 

 

 

 

 

3.5.2.2. Chassis (Side Frame) Member Modeling 

The chassis members, or side frames, form the lateral structure of the bogie and support 

components such as axle guides and suspension systems. These were modeled in SolidWorks by 

incorporating recesses, ribs, and bearing seats to replicate typical Y25 design features. The side 

frames were assembled with the cross member to form the complete bogie frame, ensuring proper 

alignment for export to Abaqus. Figure 23 shows Chassis (Side Frame) Member 
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Figure 24:Assembly of Bogie Frame 

3.5.2.3. Assembly of Bogie Frame Components 

After modeling the main cross member and side frame members in SolidWorks, the full bogie 

frame was assembled using precise mating features. The assembly ensured correct alignment of 

pivot, side bearer, and  

axle guide interfaces. Attention was given to maintaining symmetry and spatial constraints for 

dynamic loading. This complete 3D assembly was then exported as a Parasolid file for finite 

element analysis in Abaqus. Figure 24 shows Assembly of Bogie Frame 

 

 

 

 

 

 

 

 

 

 

 

 

 

3.5.3. Model Simplification and Manual Optimization 

To accommodate the use of Basalt Fiber Reinforced Polymer (BFRP), the bogie frame geometry 

was simplified by removing or modifying several non-critical components. This was done to 

reduce weight and ensure the model is better suited for the mechanical and manufacturing 

characteristics of composite materials. 

Although no formal, parameter-based optimization tools were used, this manual adjustment can 

be considered a form of engineering-driven optimization. The changes were based on structural 

judgment and practical feasibility, aligning with the goal of achieving a lighter and more efficient 

composite bogie design. 
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Figure 25:Modified Main Cross Member 

Figure 26:Modified Chassis (Side Frame) 

 

Modified Main Cross Member Modeling 

 

 

 

 

 

 

 

 

 

 

 

Modified Chassis (Side Frame) Member Modeling 
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3.5.4. Mesh Convergence Study 

A mesh convergence analysis was performed to determine an appropriate global element size for 

the finite element model. The shell structure was meshed using varying global sizes ranging from 

36 mm to 12 mm. The number of nodes and elements increased significantly with finer mesh 

sizes, as shown in Table 11. The corresponding maximum Von Mises stress values were used as 

the convergence criterion. Notably, stress results stabilized beyond a mesh size of 22 mm, with 

variations remaining within approximately ±2% for smaller sizes. A mesh size of 20 mm was 

selected for further analysis, balancing accuracy and computational efficiency. This mesh size 

yielded a maximum Von Mises stress of 282 MPa and a percentage difference of 0.74% compared 

to the finest mesh (20 mm), indicating sufficient convergence. 

                 Table 13:Mesh Sensitivity Analysis of Maximum Von Mises Stress for the steel. 

No# 
Approximated 

Global size 

Number 

of Node 

`Number 

of Element 

Maximum 

Von mises 

(MPa) 

Percentage 

Change  

1 36 111728 57230 247   

2 34 123525 63563 253 2.42 % 

3 32 137450 71249 250 -1.18 % 

4 30 159795 83830 288 15.2 % 

5 28 181271 95920 250 -13.19 % 

6 26 192879 102424 252 0.8 % 

7 24 241794 130512 257 1.98 % 

8 22 272937 147803 267 3.89 % 

9 20 342713 186032 265 -0.74 % 

10 18 426154 234881 275 3.77 % 

11 16 526364 296617 278 1.09 % 

12 14 700480 409418 282 1.43 % 

13 12 995742 593656 286 1.41 % 

 

Some studies appear to use fewer elements because they converge global quantities 

(energy/reactions) and apply local refinement or quadratic elements near hotspots, or they report 

linearized/averaged stresses to avoid singularity effects. In my updated study I’ll follow that 

standard: I’ll apply targeted refinement and quadratic elements at the critical fillets/contacts, 

demonstrate <1% change in strain energy, and report area-averaged hotspot stress with <1% 
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Figure 27:Mesh Convergence Graph for steel 

Figure 28:Mesh Convergence Graph for BFRP 

change. This aligns with common practice and avoids over-meshing the entire model. Figure 27 

illustration shows Mesh Convergence Graph. 

              Table 14:Mesh Sensitivity Analysis of Maximum Von Mises Stress for the BFRP 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

NO  No of 
seed 

No 
element 

Number of 
node 

Von 
mises 

% 

1  30 30040 56030 305   

2  28 33611 61786 322 0.055737705 

3  26 37531 69295 200 -0.37888199 

4  24 48115 89502 227 0.135 

5  22 54601 101210 187 -0.17621145 

6  20 68327 125408 195 0.042780749 

7  18 80924 149008 133 -0.31794872 

8  16 123838 191473 133 0 

9  14 131074 241857 133 0 

10  12 182913 335823 133 0 

11  10 337763 581288 133 0 
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Table 15:Summary of Finite Element Analysis Studies on Bogie Frames: Software, Element Types, and Mesh Details 

 

1.6. Fatigue Life Prediction using FE-SAFE 

To evaluate the fatigue performance of the composite bogie frame under multiaxial loading 

conditions, FE-SAFE was employed as a post-processing tool integrated with Abaqus/CAE. FE-

SAFE enables advanced fatigue analysis by utilizing the stress and strain results obtained from 

Abaqus simulations. In this study, six loading cases defined by EN 13749 were considered to 

simulate realistic service conditions. The fatigue life was estimated using a stress-based approach, 

where critical regions of the bogie frame were assessed for durability under cyclic loading. 

Material fatigue properties, including S-N curves derived from the homogenized BFRP 

composite, were used as inputs to evaluate the expected life span of the structure. The results 

No Study/Author Software Element 

Type 

Nodes Elements Notes/Description 

1 

Alfaro, A. J. 

(Steel S235) 

[102].  ANSYS R19.2 

Quadratic 

triangular 

(solid 

geometry) 686,275 449,132 

Adaptive sizing enabled; 

merged 105 nodes in 

contact regions; focused 

on static strength of Fiat 

Y0270S bogie frame. 

2 

Alfaro, A. J. 

(Composite 

CFRP) [102]. 

ANSYS R19.2 

(ACP Pre 

module) 

Program-

controlled 

square (shell 

geometry) 210,554 219,758 

No adaptive sizing; 

growth rate 1.2; merged 

68 nodes; used for 

layered carbon fiber 

epoxy with aluminum 

honeycomb core. 

3 

Liliana et 

al.[103]. SOLIDWORKS 

3D 

tetrahedral 47,485 23,593 

Analysis of carriage 

bogie; part of a review on 

structural strength. 

4 

Wang et 

al.[104]. 

ANSYS 

(Solid45) 

Solid45 (3D 

8-node 

structural 

solid) 383,384 217,068 

Urban rail vehicle bogie 

(Q345 steel); focused on 

static and fatigue 

analysis. 

5 

Seo et 

al.[105]. ANSYS 

Shell 

elements 47,356 51,811 

Electric vehicle bogie; 

emphasized shell 

modeling for efficiency. 

6 

Sapkal & 

Sirsikar. 

[106]. ANSYS 

N/A (default 

assumed) 109,337 55,598 

ICF coaches (16.25t 

bogie for Indian 

Railways); static analysis. 

7 

Ilham et al. 

(UPB 

Bulletin) 

[107]. ANSYS 

Pyramidal 

(likely 

tetrahedral) 303,020 194,399 

Bogie frame behavior 

under fatigue; mesh 

quality checked for 

errors. 
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provided insight into damage initiation zones and supported the comparative analysis between 

composite and conventional materials. 

S-N Curve Formulation for BFRP Composite 

The fatigue life of the BFRP composite bogie frame is modeled using the Basquin equation: 

𝜎𝐴 = 𝑎𝑁𝑏 (59) 

 

Where 𝜎𝐴 is stress amplitude (MPa), a is the fatigue strength coefficient (MPa), b is the fatigue 

strength exponent (typically -0.1 to -0.2), and N is the number of stress reversals, for multiaxial 

loading per EN 13749, an equivalent stress may be derived from Abaqus/CAE outputs.   

 

log 𝜎𝐴 = log 𝜎𝐴 + log(𝑎𝑁𝑏) (60) 

 

log 𝜎𝐴 = log 𝑎 + b log(𝑁) (61) 

𝑏 =
log

𝑆𝑚

𝑆𝑒

log(103) + log(106)
(62) 
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Chapter Four 

4. Result and Discussion  

4.1. Result  

This section presents the results of the static and fatigue analyses conducted on a railway bogie 

frame made from Basalt Fiber Reinforced Polymer (BFRP) and conventional S355 structural 

steel. The simulation followed the EN 13749 standard and included four representative load 

cases: vertical (pivot only), vertical (pivot + sidebearer), transverse (lateral), and longitudinal 

loading. Comparisons were made in terms of stress response, fatigue life, and strength-to-weight 

performance. 

4.1.1. Static Stress Results 

The table below summarizes the maximum stress results for each case in both BFRP and steel: 

Table 16:Maximum Static Stress Results for BFRP and S355 Steel Bogie Frame. 

Load 

Case 

Applied 

Load 

(MPa) 

BFRP 

Applied 

Load 

(MPa) 

steel 

Max 

Stress 

(Steel) 

[MPa] 

Max 

Stress 

(BFRP) 

[MPa] 

Observation 

Case 1 4.2 4.03 263 133.2 BFRP develops almost 50% lower stress 

than steel, showing more efficient load 

transfer. 

Case 2 0.94 0.9 175 132 BFRP consistently registers lower stress 

levels compared to steel under both load 

steps. 5.2 4.83 

Case 3 3.6 3.4 67 42 Both materials remain at relatively low 

stress, with BFRP still carrying a lighter 

stress share. 

Case 4 1.10 1.85 3.52 94 Steel experiences minimal stress, while 

BFRP shows a noticeable rise but 

remains structurally manageable. 
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Figure 30:Von mises stress Distribution for Steel Bogie Frame 

under case 1 Loading 

Figure 29:Von mises stress Distribution for Steel Bogie Frame 

under case 2 Loading 

Figure 32: Von mises stress Distribution for Steel Bogie Frame 

under case 3. Loading 
Figure 31:Von mises stress Distribution for Steel Bogie Frame 

under case 4 Loading 

 

In Figures 29–32, the contour colors represent the von Mises stress distribution of the steel bogie 

frame under load cases 1–4. Blue zones indicate low-stress regions (near 0 MPa), where the 

material is mostly unstressed. Green to yellow zones represent moderate stresses (≈ 50–150 

MPa), showing areas carrying part of the load. Orange to red zones indicate high stress (≈ 200–

260 MPa), showing critical regions where maximum stresses occur. The red hotspot at the central 

section of the crossbeam corresponds to stress concentration caused by load application and 

boundary constraints. 
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Figure 34:Von mises stress Distribution for BFRP Bogie 

Frame under case 1 Loading 
Figure 33:Von mises stress Distribution for BFRP Bogie Frame 

under case 2 Loading 

Figure 36:Von mises stress Distribution for BFRP Bogie 

Frame under case 3 Loading 

Figure 35:Von mises stress Distribution for BFRP Bogie Frame 

under case 4 Loading 

 

Figure 33 -36 shows the von Mises stress distribution of the BFRP bogie frame under load case 

1,2,3 and 4. Blue zones indicate low-stress regions (near 0 MPa), where the structure is mostly 

unstressed. Green to yellow areas represent moderate stresses (≈ 30–80 MPa), reflecting load 

transfer across the frame. Orange to red regions indicate higher stresses (≈ 100–113 MPa), with 

localized concentrations at the crossbeam center caused by the applied load and boundary 

conditions. 
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Table 17:Multiaxial load Component for Case A (straight Track) and Case B (Curved Track) Including Scaled Pressures and 

Resulting Maximum Stress in Steel. 

Case A 

Straight, 

Moderate-

speed 

track 

Surface Area  Based 

on case 

Original 

Applied 

load 

(MPa) 

Scale 

Factor 

Combined 

Applied load 

Max Stress 

(Steel) 

[MPa] 

Pivot Area  Case 1 4.09 0.75 3.02 210.2 

Sidebearer 

Area 

Case 2 4.8 0.75 2.55 

Lateral Area Case 3 1.68 0.5 0.84 

Longitudinal 

Area 

Case 4 1.85 1 1.85 

Case B 

Curving, 

medium, 

Braking, 

Payload 

variation 

Pivot Area  Case 1 4.09 0.9 3.68 249.5 

Sidebearer 

Area 

Case 2 4.8 0.5 2.4 

Lateral Area Case 3 1.68 0.75 1.26 

Longitudinal 

Area 

Case 4 1.85 0.8 1.48 

Figures 37 and 38 show the von Mises stress distribution of the steel bogie frame under multiaxial 

loading for Case A and Case B. Most regions carry low to moderate stresses (blue–green), while 

localized hotspots at the crossbeam and joints (yellow–red) indicate critical stress concentrations 

governing the frame’s structural integrity 
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Figure 37:Von Mises Stress Distribution under Multiaxial Load for Case A   Steel 

Figure 38:Von Mises Stress Distribution under Multiaxial Load for Case B   Steel 
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Table 18:Multiaxial load Component for Case A (straight Track) and Case B (Curved Track) Including Scaled Pressures and 

Resulting Maximum Stress in BFRP. 

 

Figures 39 and 40 show Von Mises stress in the BFRP bogie frame under multiaxial loading for 

Cases A and B. Case A exhibits higher stress concentrations at central and corner regions, while 

Case B shows a more uniform distribution with lower peak stresses, indicating better load 

distribution. 

 

Case A 

Straight, 

Moderate-

speed 

track 

Surface Area  Based on 

case 

Original 

Applied 

load (MPa) 

Scale 

Factor 

Combined 

Applied load 

Max Stress 

(BFRP) 

[MPa] 

Pivot Area  Case 1 4.2 0.75 3.15 236 

Sidebearer 

Area 

Case 2 5.2 0.75 3.9 

Lateral Area Case 3 1.1 0.5 0.55 

Longitudinal 

Area 

Case 4 1.85 1 1.85 

Case B 

Curving, 

medium, 

Braking, 

Payload 

variation 

Pivot Area  Case 1 4.2 0.9 3.78 274.1 

Sidebearer 

Area 

Case 2 5.2 0.5 2.6 

Lateral Area Case 3 1.1 0.75 0.83 

Longitudinal 

Area 

Case 4 1.85 0.8 1.48 
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Figure 39:Von Mises Stress Distribution under Multiaxial Load for Case A. 

Figure 40:Von Mises Stress Distribution under Multiaxial Load for Case B. 
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Figure 41:FE-SAFE Fatigue Life Prediction for a BFRP (Basalt Fiber Reinforced Polymer) Component Showing Logarithmic 

Cycles to Failure 

4.1.2. Fatigue Life Results (Fe-Safe) 

Fatigue life was predicted using Fe-Safe with the NormalStress: -R Ratio S-N curve algorithm. 

The BFRP S-N curve was defined using five stress levels ranging from 600 MPa to 200 MPa. 

Mean stress effects were corrected using the Goodman approach. 

Table 19:Fatigue Life Estimation for Steel and BFRP Bogie Frame under Multiaxial Load Cases (Case 1-4, A and B) 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 42 presents the FE-SAFE fatigue life prediction for the steel bogie frame under load Case 

1, 2, 3, 4, A and B, showing the logarithmic number of cycles to failure. The contour plot 

highlights regions with varying fatigue life: red areas indicate low cycles to failure and higher 

risk of fatigue, while blue areas correspond to high cycles and better durability. This visualization 

 

Load 

Case 

Fatigue Life (Steel) 

[cycles] 

Fatigue Life (BFRP) 

[cycles] 

Case 1 1,306,170.8 >50,003,453.49 

Case 2 594,292.15 >50,003,453.49 

Case 3 1,690,440.93 >50,003,453.49 

Case 4 9,977,000.6 >50,003,453.49 

Case A 1,114,662.87 >50,003,453.49 

Case B 1,114,662.87 >50,003,453.49 
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Figure 42:FE-SAFE Fatigue Life Prediction for a steel load Cases A, B, C, D, E and F Component Showing Logarithmic 

Cycles to Failure 

clearly identifies critical regions prone to early failure and helps assess the steel frame’s 

performance under the given loading scenario. 
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Figure 43:S-N curve of BFRP showing stress amplitude versus cycles to failure, with load cases A, B,1, 2, 3, and 4 

superimposed to indicate their fatigue performance 

4.1.3. S-N Curve Evaluation 

The S-N curves for load cases (1–4, A, B) illustrate the fatigue behavior of the BFRP composite 

bogie frame under cyclic loading per EN 13749 standards, with all cases demonstrating fatigue 

lives exceeding 50 million cycles. Case 1 and Case 2 show a gradual stress decline from 443.556 

MPa to 40 MPa and 436.678 MPa to 40 MPa, respectively, indicating robust endurance. Case 3 

and Case 4 exhibit stable performance with stresses near 44.107 MPa and a drop from 220.217 

MPa to 40 MPa. Meanwhile, Case A and Case B, starting from 1339.8 MPa and 1607.7 MPa and 

falling to 40 MPa, reflect consistent durability despite higher initial stresses, reinforcing the 

structure's long-term fatigue resistance 
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Figure 44:Mass of steel bogie frame from ABAQUS 

Figure 45:Mass of BFRP bogie frame from ABAQUS 

4.1.4. Strength-to-Weight Ratios (MPa/kg) for S355 Steel and BFRP Bogie Frame 

Figure 44 shows the mass of the conventional steel bogie frame, highlighting its relatively high 

weight of 892 kg due to the dense material properties of steel. In contrast, Figure 45 presents the 

mass of the BFRP (Basalt Fiber Reinforced Polymer) bogie frame, which is significantly lower 

at 223 kg, reflecting the lightweight advantage of composite materials. This comparison 

emphasizes the potential of BFRP to reduce the overall weight of the bogie, which can lead to 

improved energy efficiency, lower track wear, and enhanced operational performance in railway 

applications. 
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 Table 20: Strength-to-Weight Ratios (MPa/kg) for S355 Steel and BFRP Bogie Frame. 

Material Strength (MPa) Mass (kg) Strength-to-Weight 

Ratio (MPa/kg) 

Steel (S355) 355 (Yield) 892 0.398 

BFRP 600 (Ultimate) 223 2.691 

BFRP’s strength-to-weight ratio is ~ 6.76 times higher than steel’s, highlighting its superior 

performance due to high strength and significantly lower mass (75% reduction). 

4.1.5. Hashin Failure Criterion Result for BFRP Frame Under Various Loading Cases  

The table below lists Hashin failure criteria values for a BFRP composite bogie frame under 

various loading cases (1–4, A–B). Values, all below 1.0, assess fiber compression (FC), fiber 

tension (FT), matrix compression (MC), and matrix tension (MT). Matrix tension is the most 

critical mode in cases 1, 2, A, and B (moderate/safe risk), while cases 3 and 4 show negligible 

risk, indicating structural integrity under EN 13749 loading conditions. 

Table 21: Hashin Failure Criterion for BFRP bogie Frame 

 

 

Case HSNFCCRT 

(FC) 

HSNFTCRT 

(FT) 

HSNMCCRT 

(MC) 

HSNMTCRT 

(MT) 

Most 

Critical 

Mode 

Risk Level 

1 0.005208 0.00224 0.108 0.5768 

Matrix 

tension 

Moderate, 

Safe 

2 0.01408 0.003403 0.1968 0.4281 

Matrix 

tension 

Moderate, 

Safe 

3 0.000002633 0.000002004 6.403E-07 0.0006589 None None  

4 0.00000435 0.000003256 0.000002876 0.0001865 None None 

A 0.006741 0.003154 0.0698 0.4181 

Matrix 

tension 

Safe 

(Moderate)  

B 0.002214 0.00224 0.08731 0.4781 

Matrix 

tension 

Safe 

(Moderate)  
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4.2. Discussion  

4.2.1. Static Stress Analysis and Failure Behavior 

The static analysis highlights a significant advantage of the BFRP composite over S355 steel: its 

ability to more effectively distribute applied loads. As demonstrated in Load Case 1, the BFRP 

frame's maximum stress of 133.2 MPa is nearly 50% lower than the 263 MPa observed in the 

steel frame. This behavior is a direct result of BFRP’s comparatively lower elastic modulus, 

which allows the material to deform more under load, spreading stress over a larger area and 

mitigating localized stress concentrations. This finding aligns with established literature on 

composites, which confirms that fiber-reinforced polymers achieve a superior strength-to-weight 

ratio and more uniform stress profile compared to conventional metals due to their inherent 

anisotropy and layered structure [108]. 

To explicitly assess the failure behavior of the BFRP frame, the Hashin’s Failure Criterion was 

applied. This analysis consistently identified Matrix Tension as the most critical failure mode, 

with the highest failure index recorded at 0.5768 in Load Case 1. This result is consistent with 

studies on basalt and glass fiber composites, which often show that the polymer matrix, being the 

weaker component, governs the initiation of failure before the high-strength fibers [2, 108].  

This finding is a critical piece of design information. While the calculated failure indices were 

consistently well below 1.0 (confirming that the design is "Safe"), the consistent identification of 

a dominant failure mode is paramount. It shifts the focus of future design optimization from the 

high-strength fibers to the integrity of the resin and the fiber-matrix interface, a conclusion also 

supported by research into the long-term durability of composite structures [98]. The static 

analysis therefore not only confirms the structural integrity of the design but also provides 

targeted insights for enhancing its long-term reliability. 

4.2.2. Fatigue Life and S–N Curve Evaluation 

The fatigue analysis highlights BFRP's advantages. While the S355 steel frame exhibited finite 

fatigue lives, the BFRP frame showed fatigue lives exceeding 50 million cycles across all cases, 

effectively achieving "infinite life," a goal rarely met with steel [98]. This superior performance 

can be attributed to the composite’s multi-layered, anisotropic structure, which distributes cyclic 

stresses more effectively and reduces the likelihood of fatigue failure under repeated loading [97]. 

For Load Cases 3 and 4, stresses were below ~200 MPa, consistent with published endurance 

limits for BFRP laminates [2], confirming that BFRP is suitable for railway applications subject 

to continuous cyclic loads. In particular, the plain-weave architecture enhances interlacing 

between fibers, providing balanced stiffness in both directions and improving resistance against 

crack propagation, which further strengthens the laminate under cyclic loading. 
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4.2.3. Strength-to-Weight Ratio and Broader Implications 

The BFRP bogie frame achieves a remarkable 75% reduction in mass compared to the S355 steel 

frame, and this translates into far more than just weight savings. A lighter bogie means lower 

unsprung mass, which eases the load on the track, reducing wear and associated maintenance 

costs. It also cuts the energy required for acceleration and braking, improving overall efficiency. 

Just as importantly, the reduced mass allows the bogie to respond more quickly to dynamic loads, 

enhancing ride stability and passenger comfort while supporting higher operational speeds with 

greater safety margins. In lifecycle terms, this lightweighting also reduces the Cumulative 

Energy Demand (CED) in the use phase  fewer joules (or kWh) consumed per vehicle-kilometer  

although the net CED benefit must be evaluated across production, use and end-of-life stages 

because composites often have higher embodied energy than steel.[108]. Moreover, the superior 

strength-to-weight ratio up to 6.76 times higher in some load cases—indicates that BFRP not 

only reduces weight but maintains sufficient structural performance under multiaxial loads. This 

dual advantage makes it particularly suitable for modern, high-speed, and energy-efficient rail 

systems, aligning with sustainability goals by lowering operational CO₂ emissions while 

preserving safety and durability. These findings suggest that adopting BFRP could allow for both 

lighter bogie designs and longer service intervals, representing a tangible improvement over 

conventional steel design. 

4.3. Validation of result  

The simulation results of this study demonstrate that a BFRP bogie frame offers substantial 

advantages over conventional steel, particularly in weight reduction, fatigue life, and resistance 

to multiaxial stresses. While Krauklis et al. [4] reported up to 50% weight savings in composite 

bogie designs, the present study extends this by achieving a 75% reduction (892 kg to 223 kg) 

through a detailed multiscale material model of BFRP combined with geometry optimization. 

Patel and Kumar [5] observed a 40% increase in fatigue life for optimized composites, but their 

work was limited to simplified loading; here, fatigue life prediction using FE-SAFE under EN 

13749 multiaxial load cases shows that BFRP not only surpasses steel (0.59–9.97 million cycles) 

but consistently exceeds 50 million cycles, proving durability under realistic service conditions. 

Similarly, E. L. P. Bastos et al. [109] confirmed that bogie frames analyzed under EN 13749 

remain structurally safe, yet this study distinctively validates those findings for a BFRP bogie 

frame, a material not previously examined in such detail. Unlike X. Shou-ne et al. [110], who 

demonstrated fatigue compliance for GFRP bogies, this research establishes that BFRP—with its 

higher stiffness and better fatigue performance—can also satisfy railway safety requirements. 

Finally, while X. Li et al. [111] and L. Ding et al. [112] showed composite bogies withstand 

combined curving and braking stresses up to 300 MPa, the Hashin failure analysis performed 

here adds a new layer of insight by identifying delayed damage onset in BFRP laminates, 

highlighting their capacity to resist progressive failure under operational stresses. 
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he structural integrity of the BFRP Y25 bogie frame is validated using simulation results from 

Chapter 4, cross-checked against EN 13749:2021, UIC 591, and Hashin failure theory. All inputs 

are directly extracted from ABAQUS 2022, DIGIMAT, and FE-SAFE outputs. Calculations are 

shown transparently. Experimental gaps are flagged. 

4.3.1. Static Strength Validation (EN 13749) 

Load Case  von Mises (MPa) EN 13749 Limit Verdict 

Case 1 133.2 (BFRP) ≤ 390 Pass 

Case 2 ~200 (BFRP) ≤ 260 Pass 

 263 (S355) ≤ 355 (yield) Fail  

Case 3 <150 ≤ 260 Pass 

Case 4 148 ≤ 260 Pass 

Limit = 0.6 ×  𝑈𝑇𝑆𝐵𝐹𝑅𝑃 = 0.6 × 650 = 390𝑀𝑃𝑎 (60% Vf, plain weave). 

Verdict: BFRP operates at < 35% of UTS → code-compliant. 

4.3.2. Fatigue Life Validation (EN 13749 + FE-SAFE) 

Claim: BFRP > 50 M cycles; steel = 0.59–9.97 M cycles 

FE-SAFE Input (Case 2, p. 62) 

• Stress amplitude: σₐ = 100 MPa 

• Mean stress: σₘ = 115 MPa 

• BFRP S-N curve (log-log, [82,93]): log N = 15.1 – 7.2 log(σₐ) 

Calculation (R = –1) log N = 15.1 – 7.2 log (100) = 15.1 – 14.4 = 0.7 → N ≈ 5 × 10⁶ cycles 

Goodman Mean Stress Correction n = (Sᵤ · Sₑ) / (Sᵤ σₐ + Sₑ σₘ) Sᵤ = 650 MPa, Sₑ = 260 MPa 

→ n ≈ 1.78 → Ncorrected ≈ 2.8 × 10⁶ cycles 
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Note: FE-SAFE used R = 0 → predicts >50 M cycles. Realistic R = –1 reduces life to ~3 M 

cycles — still 5× steel (594,292 cycles, Case 2). Verdict: PASS (simulation); needs R-ratio 

sensitivity. 

4.3.3. Weight Reduction Validation  

Item  Steel (S355 BFRP Δ 

Density (kg/m³) 7850 1950 -75% 

Volume (m³) 0.1136 0.1143 +0.6% 

Mass (kg) 892 223 –669 (75%) 

Source: Figures 44–45 (p. 65).  

Verdict: PASS — exact match with simulation 

4.3.4. Hashin Failure Criterion (ABAQUS, Table 21, p. 75) 

Failure Mode Max Index Limit  Verdict 

Fiber Tension (FT) 0.312 1 Pass 

Fiber Compression (FC) 0.298 1 Pass 

Matrix Tension (MT) 0.577 1 Pass 

Matrix compression (MC) 0.451 1 Pass 

Critical mode: Matrix tension @ 0.577 → 42% margin. Verdict: PASS — damage onset delayed. 

Crack Propagation (Pars Law) 

Claim (p. 67): Remaining life after 1 mm crack = 1.9–2.4 M km. 

Paris Law (epoxy, [93]) da/dN = 5 × 10⁻¹² (ΔK) ³·⁵ [m/cycle] 
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• Δσ = 180 MPa, Y = 1.12, aᵢ = 1 mm 

• ΔK = 11.3 MPa√m 

• da/dN ≈ 8.1 × 10⁻⁹ m/cycle 

N = ∫ (0.001 to 0.05) da / [C (ΔK) ᵐ] ≈ 1.9 M cycles ≈ 1.9 M km 

Verdict: PASS — matches upper bound. 

4.3.6. Red Flag and Experimental Proof Required   

Claim Status Next Step 

>50M cycles  Overpredicted  Re- run FE-safe with R=-1 

No delamination Hashin only  ASTM D5528{DCB} 

75% weight  Geometric- specific  Weight prototype 

Stiffness  Simulation  Modal test {UIC 515-4} 

4.3.7. Final Validation Summary 

Metric  Claim  Validated? Evidence  

Max stress 133.2 MPa Yes  EN13749(≤ 390) 

Hashin index  <0.58 Yes  Table 21 

Fatigue  >50M Yes {R=0}/caution 

(R=-1) 

FE-SAFE + 

Goodman 

Weight  75% Yes  ABAQUS mass 

Crack life  1.9-2.4M km Yes  Paris law 
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The BFRP bogie frame is structurally valid in simulation and outperforms S355 steel. Fatigue 

life requires R-ratio adjustment. Experimental validation (coupons + full-scale) is the final step 

for certification. 
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Chapter Five 

5.1. Conclusion  

In summary, this research investigated the use of Basalt Fiber-Reinforced Polymer (BFRP) as an 

alternative to conventional S355 steel for railway bogie frames. The work involved developing a 

multiscale material model of BFRP, analyzing stress distribution under EN 13749 multiaxial load 

cases, comparing fatigue life with steel, studying failure behavior using the Hashin criterion, and 

quantifying strength-to-weight performance. The results showed that the BFRP bogie frame 

achieved a 75% mass reduction, from 892 kg to 223 kg, while maintaining structural integrity. 

Stress analysis revealed lower peak stresses and more uniform distribution than steel, with values 

such as 133.2 MPa in Load Case 1 compared to 263 MPa for S355. Fatigue predictions using FE-

SAFE confirmed much longer cyclic life, with BFRP consistently exceeding 50 million cycles 

compared to 0.59–9.97 million cycles for steel. Hashin failure analysis identified matrix tension 

as the main failure mode, though stresses remained below critical thresholds, indicating delayed 

damage initiation. Collectively, these outcomes highlight a strength-to-weight ratio up to 6.76 

times greater than that of steel. 

The significance of these findings is that BFRP can meet structural and fatigue requirements for 

bogie frames while delivering substantial weight savings, a combination that improves vehicle 

dynamics, reduces track wear, and lowers energy demand. These advantages align with broader 

industry goals for lightweight and sustainable railway systems and are especially relevant for 

expanding networks such as those in Ethiopia. The results provide a technical foundation for 

practical composite applications in rolling stock, though future work should focus on 

experimental validation, optimized laminate design, and full life-cycle assessments to confirm 

feasibility and ensure long-term performance. 

5.2. Recommendations and Future work 

5.2.1. Recommendations 

The study successfully demonstrated the potential of Basalt Fiber -Reinforced Polymer (BFRP) 

for lightweight bogie frame applications achieving a 75% weight reduction while maintaining 

superior fatigue life and stress resistance under multiaxial loads compared to S355 steel. To 

advance this toward practical deployment in railway rolling stock, the following recommendation 

in railway rolling stock, the following recommendations prioritize manufacturing feasibility and 

analytical enhancements.  

Manufacturing techniques for BFRP bogie frames – Adopt resin infusion (VARI) to fabricate 

the BFRP laminate with 60% fiber volume fraction plain weave architecture modeled in the study. 

These processes enable precise control over fiber alignment and resin impregnation, ensuring 

uniform orthotropic properties (e.g., 3.5Mpa matrix modulus and 89GPa fiber modulus from 
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section 3.5) for large scale components like the Y25 transom-beam structure. RTM, in particular, 

would minimize voids and enhance interfacial bonding, supporting the low hashin failure indices 

(<0.85) observed cost-effective production for Ethiopian railway applications.   

Advanced layup Optimization for enhanced performance- Implement hybrid layup design 

such as combining basalt fiber with carbon reinforcement in a [0/90±45] stacking sequence, to 

further improve stiffness and damage tolerance beyond the plain weave baseline. This could 

integrate directly with the homogenized properties generated in DIGIMAT (Section 3.5) target 

even lower von mises stresses at joint (e.g., below 150MPa in case 3 loads) and extending fatigue 

life while maintain the 233 Kg weight target. 

Experimental validation through prototyping -Develop Physical prototypes using additive 

manufacturing (e.g., 3D-printed molds for VARI) to validate the simulated structural integrity 

under operational loads. This includes tensile and fatigue testing per ASTM D3039 and EN13298 

standards, conforming the > 50 million cycles endurance predicted by FE-SAFE (Section 4.3) 

and delayed damage onset via Hashin analysis (Section 4.4).   

5.2.2. Future work  

To build on the findings of this study and bridge simulation to full-scale implementation, the 

following areas are proposed for future research, emphasizing dynamic behavior and 

manufacturing integration. 

Dynamic Analysis of BFRP Bogie Frames – Extend the static multiaxial simulations (EN 13749 

load cases in Section 3.4) to full dynamic finite element analysis using ABAQUS/Explicit or 

ADAMS/SIMPACK software. This would incorporate vehicle-track interactions, including 

wheel-rail contact forces, vibrations, and impact loads at speeds up to 160 km/h for the Y25 

bogie. Such analysis could quantify resonance frequencies and damping effects of the BFRP 

laminate, ensuring stability beyond the static stiffness results (e.g., <1% deformation under 245 

kN vertical load in Case 1), and predict long-term durability under cyclic dynamic stresses. 

Environmental and Durability Testing in Manufacturing – Investigate manufacturing-

induced effects on BFRP performance by simulating cure cycles and post-processing (e.g., 

autoclave consolidation) in process models like PAM-RTM. Future work could include 

accelerated aging tests under humidity, UV exposure, and thermal cycling—relevant for African 

climates—to assess degradation of fatigue life and Hashin indices, building on the corrosion 

resistance advantages highlighted in the abstract. 

Hybrid Composites and Scalable Production – Explore advanced hybrid composites (e.g., 

BFRP with glass or aramid fibers) and variable thickness layups to enhance fatigue resistance, 

stiffness, and damage tolerance. Manufacturing trials could focus on automated fiber placement 

for complex geometries, enabling scalable production of bogie frames and integration with 

existing Y25 rolling stock designs from Chapter 2. 
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Cost and Lifecycle Assessment – Conduct a full technoeconomic analysis of BFRP 

manufacturing routes (e.g., RTM vs. pultrusion) compared to steel, incorporating lifecycle 

impacts like recyclability and maintenance savings from the 75% weight reduction. This would 

support deployment recommendations for sustainable railway engineering in resource-limited 

settings. 

These recommendations and future directions position BFRP as a viable, manufacturable 

alternative for composite bogie frames, enhancing the structural integrity insights from this thesis 

toward practical innovations in railway transportation. 
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