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 Abstract.  

The extensive deployment of reinforced thermoplastic pipes in offshore and onshore energy 

transportation necessitates a rigorous understanding of their structural integrity under complex 

operational conditions. This paper investigates the fatigue reliability of these composite tubular 

structures when subjected to simultaneous axial tension and cyclic internal pressure. As energy 

sectors transition toward deeper waters and alternative fuels such as hydrogen, the mechanical 

demands placed on flexible piping systems have increased substantially. Current design 

methodologies frequently evaluate axial and hoop stresses independently, potentially 

underestimating the synergistic damage accumulation that occurs within the complex multilayered 

architecture of these pipes. Through a comprehensive analytical framework combined with detailed 

descriptive models of damage mechanics, this study evaluates how the interaction between internal 

pressure fluctuations and constant or variable axial loads accelerates structural degradation. The 

research delineates the distinct failure modes of the inner thermoplastic liner, the intermediate 

reinforcing layers, and the outer protective jacket. Furthermore, a probabilistic reliability 

assessment framework is presented to account for the inherent uncertainties in material properties, 

manufacturing tolerances, and load histories. The findings indicate that combined loading 

significantly alters the fatigue life trajectory, shifting the dominant failure mechanism from simple 

layer rupture to complex inter-layer delamination and matrix cracking.  

Keywords: Thermoplastic pipes, fatigue reliability, combined loading, structural integrity, damage 

accumulation. 

1. Introduction 

1.1 The Evolution Of Flexible Pipeline Infrastructure 

The Global Energy Landscape Relies Heavily On The Continuous And Safe Transport Of Fluids, 

Traditionally Dominated By Rigid Carbon Steel Pipelines. However, The Inherent Limitations Of 

Rigid Pipelines, Including Their Susceptibility To Corrosion, High Weight, And Complex 

Installation Processes, Have Driven The Industry Toward Flexible Alternatives. Reinforced 
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Thermoplastic Pipes Have Emerged As A Critical Technology In This Domain, Offering A Unique 

Combination Of Flexibility, Corrosion Resistance, And High Strength-To-Weight Ratios. These 

Composite Structures Are Fundamentally Designed To Transport Hydrocarbons, Water, And 

More Recently, Hydrogen, Across Varied And Challenging Terrains [1]. The Foundational 

Architecture Of These Pipes Typically Consists Of Three Distinct Layers. The Innermost Layer Is 

An Extruded Thermoplastic Liner, Which Serves As A Fluid Permeation Barrier And Provides 

Chemical Resistance. Surrounding The Liner Is The Reinforcement Layer, Which Is The Primary 

Load-Bearing Component. This Layer Is Usually Composed Of High-Strength Materials Such As 

Steel Wires, Aramid Fibers, Or Carbon Fiber Tapes, Helically Wound At Specific Angles To 

Optimize Strength Against Internal Pressure And Axial Tension. Finally, An Outer Thermoplastic 

Jacket Is Extruded Over The Reinforcement To Protect The Structural Layers From External 

Environmental Damage, Moisture Ingress, And Mechanical Abrasion [2]. The Widespread 

Adoption Of These Multilayered Pipes In Both Onshore Gathering Lines And Offshore Subsea 

Flowlines Underscores Their Operational Versatility. However, As The Application Envelopes 

Expand Into Deeper Waters And Higher Pressure Regimes, The Structural Demands Placed On 

These Pipes Have Increased Exponentially, Necessitating A Deeper Understanding Of Their Long-

Term Mechanical Behavior [3].  

1.2 The Challenge Of Combined Loading In Operational Environments 

During Standard Operations, Reinforced Thermoplastic Pipes Are Rarely Subjected To A Single 

Mode Of Loading. Instead, They Experience A Complex Multiaxial Stress State Driven By A 

Combination Of Internal Fluid Pressure, External Hydrostatic Pressure, Axial Tension, And 

Bending Moments. Internal Pressure Is Inherently Cyclic, Fluctuating With Pump Operations, 

Fluid Temperature Variations, And Operational Starts And Stops. Axial Tension, Conversely, Can 

Be Either Static, Arising From The Suspended Weight Of The Pipe In Offshore Applications, Or 

Dynamic, Induced By Ocean Currents, Vessel Motion, And Ground Movements In Onshore 

Applications [4]. The Simultaneous Application Of Cyclic Internal Pressure And Axial Tension 

Creates A Highly Complex Stress Field Within The Reinforcing Layers. When A Pipe Is 

Pressurized, It Tends To Expand Radially And Contract Axially Due To The Poisson Effect, 

Provided The Ends Are Free. However, In Field Applications, Pipes Are Typically Constrained, 

Leading To Substantial Axial Stresses. The Interaction Between The Hoop Stresses Generated By 

Internal Pressure And The Longitudinal Stresses Generated By Axial Tension Directly Influences 

The Load Distribution Among The Reinforcing Fibers Or Wires [5]. If The Winding Angle Of 

The Reinforcement Is Not Perfectly Optimized For The Specific Combined Loading Ratio, Certain 

Layers May Experience Severe Overloading While Others Remain Underutilized. This 

Disproportionate Load Sharing Accelerates Microstructural Damage, Leading To Premature 

Fatigue Failure. Understanding This Synergistic Effect Is Critical, As Independent Assessments 

Of Axial And Pressure Capacities Often Fail To Predict The Complex Failure Modes Observed In 

The Field. 

1.3 The Need For Probabilistic Fatigue Reliability Assessments 

Traditional Engineering Design For Composite Pipes Relies Heavily On Deterministic 

Approaches, Utilizing Generous Safety Factors To Account For Unknown Variables And Potential 

Operational Anomalies. While This Approach Has Historically Provided Safe Designs, It Often 

Results In Over-Engineered Structures That Are Excessively Costly And Heavy. Furthermore, 

Deterministic Models Cannot Adequately Capture The Stochastic Nature Of Fatigue Degradation 

[6]. Fatigue Life Is Inherently Highly Variable, Influenced By Minute Manufacturing Defects, 
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Microscopic Material Inconsistencies, And Unpredictable Fluctuations In Operational Loads. 

Therefore, Evaluating The Structural Integrity Of Reinforced Thermoplastic Pipes Requires A 

Transition From Deterministic Safety Factors To Probabilistic Reliability Assessments. Reliability 

Engineering Provides A Mathematical Framework To Quantify The Probability Of Failure Over 

A Specified Design Life, Explicitly Accounting For The Statistical Distributions Of Material 

Properties, Geometric Dimensions, And Applied Loads [7]. By Establishing Limit State Functions 

That Define The Boundary Between Safe Operation And Failure, Engineers Can Utilize Advanced 

Statistical Techniques, Such As Monte Carlo Simulations Or First-Order Reliability Methods, To 

Calculate The Reliability Index Of The Pipeline System. This Probabilistic Approach Not Only 

Provides A More Accurate Representation Of The Pipeline Survivability But Also Enables Risk-

Based Inspection And Maintenance Planning, Optimizing The Lifecycle Management Of Critical 

Energy Infrastructure. 

2. Background And Literature Review 

2.1 Material Degradation Mechanisms In Thermoplastics 

The Long-Term Performance Of The Inner Liner And Outer Jacket Relies On The Durability Of 

The Constituent Thermoplastic Materials, Most Commonly High-Density Polyethylene, 

Polyamide, Or Polyvinylidene Fluoride. These Polymers Exhibit Complex Viscoelastic And 

Viscoplastic Behaviors, Meaning Their Mechanical Response Is Highly Dependent On 

Temperature, Loading Rate, And Time [8]. Under Cyclic Loading Conditions, Thermoplastics Are 

Susceptible To Fatigue Failure, Which Generally Manifests In Two Distinct Modes: Thermal 

Fatigue And Mechanical Fatigue. Thermal Fatigue Occurs When The Frequency Of The Cyclic 

Load Is Sufficiently High To Generate Internal Heat Due To Hysteretic Energy Dissipation. 

Because Thermoplastics Have Low Thermal Conductivity, This Heat Accumulates, Leading To A 

Significant Increase In Local Temperature, Thermal Softening, And Eventual Ductile Failure [9]. 

Conversely, Mechanical Fatigue Dominates At Lower Frequencies And Is Characterized By The 

Initiation And Slow Propagation Of Microcracks, Eventually Leading To Brittle Fracture. The 

Transition Between These Failure Modes Is Influenced By The Mean Stress, Stress Amplitude, 

And Environmental Factors Such As Fluid Absorption. For Instance, The Transport Of Multiphase 

Hydrocarbons Can Lead To The Permeation Of Aggressive Gases Into The Polymer Matrix, 

Causing Plasticization, Swelling, And A Consequent Reduction In The Yield Strength And Fatigue 

Resistance Of The Liner [10]. Extensive Research Has Focused On Characterizing These 

Degradation Mechanisms To Accurately Predict The Time-Dependent Failure Of The Polymeric 

Layers Under Operational Conditions. 

2.2 Mechanics Of Multilayer Reinforcement Systems 

The Structural Integrity Of Reinforced Thermoplastic Pipes Is Predominantly Governed By The 

Intermediate Reinforcement Layer. The Mechanical Behavior Of This Layer Is A Function Of The 

Reinforcing Material Properties, The Tape Or Wire Geometry, And Most Importantly, The 

Winding Angle [11]. The Winding Angle, Typically Defined Relative To The Longitudinal Axis 

Of The Pipe, Dictates How The Internal Pressure And Axial Loads Are Resolved Into Tensile 

Stresses Within The Fibers. A Winding Angle Of Approximately Fifty-Five Degrees Is 

Theoretically Optimal For Resisting Pure Internal Pressure, As It Balances The Hoop And Axial 

Stresses In A Two-To-One Ratio. However, When External Axial Tension Is Introduced, This 

Theoretical Optimum Shifts [12]. Researchers Have Developed Various Analytical Models, Such 

As Netting Theory And Classical Laminate Theory, To Predict The Stress Distribution Within The 

Reinforcement Layers. Netting Theory Simplifies The Analysis By Assuming The Structural Load 
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Is Carried Entirely By The Fibers, Ignoring The Contribution Of The Polymer Matrix. While 

Useful For Preliminary Design, Netting Theory Often Fails To Capture The Complex Inter-Layer 

Shear Stresses And The Effects Of Matrix Stiffness [13]. Classical Laminate Theory Provides A 

More Rigorous Approach, Treating The Pipe Wall As A Composite Laminate And Calculating 

The Stresses And Strains In Each Layer Based On Compatibility And Equilibrium Conditions. 

These Advanced Models Have Demonstrated That Under Combined Loading, The Inner And 

Outer Reinforcement Layers Often Experience Unequal Stress States, Leading To Localized Stress 

Concentrations And Accelerated Damage Initiation [14]. 
Table 1 Representative Material Properties Of Standard Rtp Components 

Component 

Layer 

Material Type Elastic Modulus Tensile 

Strength 

Poisson Ratio 

Inmost Liner High-Density 

Polyethylene 

900 Mpa 25 Mpa 0.42 

Inner 

Reinforcement 

High-Strength 

Carbon Fiber 

230 Gpa 3500 Mpa 0.30 

Outer 

Reinforcement 

High-Strength 

Carbon Fiber 

230 Gpa 3500 Mpa 0.30 

External Jacket Polyamide 11 1200 Mpa 45 Mpa 0.40 

2.3 Fatigue Modeling Of Composite Structures 

Fatigue Models For Composite Structures Generally Fall Into Three Categories: Empirical Life 

Models, Phenomenological Models Describing Residual Stiffness Or Strength, And Progressive 

Damage Models. Empirical Models, Such As The Widely Used Stress-Life Approach, Rely On 

Extensive Experimental Data To Construct Fatigue Curves For Specific Material Configurations 

And Loading Conditions. While Straightforward, These Models Require Massive Amounts Of 

Testing And Are Generally Interpolative, Meaning They Cannot Be Reliably Extrapolated To 

Different Geometries Or Complex Multiaxial Stress States [15]. Phenomenological Models 

Attempt To Capture The Macroscopic Degradation Of The Composite By Tracking The Decline 

In Observable Properties, Such As Axial Stiffness Or Burst Strength, Over The Fatigue Life. These 

Models Provide A Better Understanding Of The Damage Accumulation Process And Can Be 

Integrated Into Finite Element Frameworks For Structural Analysis [16]. However, The Most 

Advanced Approach Is Progressive Damage Modeling, Which Seeks To Simulate The Actual 

Physical Mechanisms Of Failure, Such As Matrix Cracking, Fiber-Matrix Debonding, Inter-Layer 

Delamination, And Eventual Fiber Rupture. Progressive Damage Models Rely On Continuum 

Damage Mechanics And Cohesive Zone Formulations To Predict The Initiation And Evolution Of 

These Microstructural Defects Under Cyclic Loads [17]. By Incorporating Failure Criteria Specific 

To The Different Damage Modes, These Models Can Accurately Predict The Complex Failure 

Sequence Of Reinforced Thermoplastic Pipes Under Combined Axial And Internal Loading, 

Providing A Powerful Tool For Reliability Analysis. 

2.4 Reliability Assessment Methodologies In Pipeline Engineering 

The Application Of Structural Reliability Analysis To Flexible Pipeline Systems Has Gained 

Significant Traction Over The Past Decade. The Fundamental Objective Of Reliability Analysis 

Is To Evaluate The Probability That A Structure Will Exceed A Defined Limit State During Its 

Service Life. In The Context Of Fatigue, The Limit State Function Is Typically Formulated Based 

On Miner's Rule Of Linear Damage Accumulation Or More Complex Nonlinear Damage Models 

[18]. To Evaluate The Limit State Function, Engineers Must Define The Statistical Distributions 

Of All Basic Random Variables, Including Material Strengths, Geometric Tolerances, And The 
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Parameters Characterizing The Cyclic Loading History. First-Order And Second-Order Reliability 

Methods Are Commonly Used To Estimate The Probability Of Failure By Approximating The 

Limit State Surface At The Most Probable Point Of Failure. These Analytical Methods Are 

Computationally Efficient But May Suffer From Accuracy Issues When Dealing With Highly 

Nonlinear Limit State Functions Or Non-Gaussian Variable Distributions [19]. Monte Carlo 

Simulation Provides A Robust Alternative, Involving The Generation Of Millions Of Random 

Samples From The Input Distributions And Calculating The Structural Response For Each Sample. 

While Computationally Expensive, Monte Carlo Simulation Can Handle Complex, Nonlinear 

Systems With Multiple Failure Modes And Provides An Accurate Estimation Of The Failure 

Probability [20]. Recent Advancements In Surrogate Modeling And Machine Learning Have 

Further Enhanced The Efficiency Of Reliability Assessments, Allowing For The Rapid Evaluation 

Of Complex Progressive Damage Models Within A Probabilistic Framework. 

3. Methodology And Analytical Framework 

3.1 Design Of The Experimental Fatigue Framework 

To Thoroughly Investigate The Synergistic Effects Of Combined Axial And Internal Loads On 

The Fatigue Life Of Reinforced Thermoplastic Pipes, A Comprehensive Experimental Framework 

Must Be Established. The Methodology Detailed Herein Relies On A Sophisticated Multiaxial 

Testing Apparatus Designed To Accommodate Full-Scale Pipe Specimens. The Test Facility 

Incorporates A High-Capacity Servo-Hydraulic Linear Actuator Capable Of Applying Static And 

Dynamic Axial Tension, Coupled With A Highly Precise Pressure Intensifier System Designed To 

Generate Cyclic Internal Hydrostatic Pressure [21]. The Specimens Consist Of Commercially 

Representative Pipes, Featuring A Polyethylene Liner, Multiple Layers Of Helically Wound High-

Strength Steel Wire Reinforcement, And A Protective External Jacket. Crucial To The Integrity 

Of The Experimental Setup Is The Design Of The End Fittings, Which Must Securely Grip All 

Layers Of The Pipe To Ensure Proper Load Transfer Without Introducing Artificial Stress 

Concentrations That Could Precipitate Premature Failure At The Boundaries [22]. The End 

Terminations Utilize A Specialized Epoxy Potting Technique Combined With Mechanical 

Crimping To Anchor The Reinforcement Wires Effectively. To Monitor The Real-Time Structural 

Response, The Specimens Are Instrumented With An Array Of Sensors. Longitudinal And 

Circumferential Strain Gauges Are Bonded To The External Jacket To Measure Global 

Deformation, While Acoustic Emission Sensors Are Strategically Placed Along The Length Of 

The Pipe To Detect The High-Frequency Elastic Waves Generated By Microstructural Damage 

Events, Such As Wire Fretting, Matrix Cracking, And Fiber Rupture [23]. 
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Figure 1  Comprehensive Schematic Of Multiaxial Fatigue Testing Apparatus For Reinforced Thermoplastic Pipes 

3.2 Multiaxial Loading Protocols And Environmental Controls 

The Testing Protocol Is Meticulously Structured To Isolate The Independent And Combined 

Effects Of The Loading Variables. The Core Of The Experimental Matrix Involves Subjecting The 

Pipe Specimens To A Constant Internal Baseline Pressure Overlaid With A Cyclic Pressure 

Amplitude, Simulating The Transient Surges Common In Pipeline Operations. Simultaneously, 

Varying Levels Of Axial Tension Are Applied [24]. The Axial Load Is Categorized Into Three 

Distinct Regimes: Zero Axial Tension To Establish A Baseline For Pure Pressure Fatigue, 

Constant Mean Axial Tension To Simulate The Static Hanging Weight In Offshore Risers, And 

Cyclic Axial Tension Synchronized With The Pressure Cycles To Simulate Complex Dynamic 

Environmental Loads. The Phase Angle Between The Cyclic Pressure And Cyclic Axial Tension 

Is Also A Critical Parameter, As In-Phase And Out-Of-Phase Loading Can Produce Vastly 

Different Stress Trajectories Within The Reinforcement Layers [25]. Furthermore, Recognizing 

That Polymer Mechanical Properties Are Highly Temperature-Dependent, The Entire Testing 

Apparatus Is Enclosed Within A Controlled Environmental Chamber. The Fluid Medium Used 

For Internal Pressurization Is Heated And Circulated To Maintain A Constant Internal 

Temperature Representative Of Operational Hydrocarbon Transport, While The External Ambient 

Temperature Is Regulated To Simulate Subsea Or Varying Onshore Conditions. This Precise 

Control Of Thermal Boundaries Ensures That The Viscoelastic Degradation Of The Polymer Liner 

And Jacket Is Accurately Captured During The Extended Fatigue Testing Sequences. 
Table 2 Matrix Of Experimental Loading Parameter Combinations 

Test Sequence Mean Internal 

Pressure 

Cyclic Pressure 

Amplitude 

Mean Axial 

Tension 

Cyclic Axial 

Amplitude 

1 Baseline 10 Mpa 2 Mpa 0 Kn 0 Kn 

2 Static Tension 10 Mpa 2 Mpa 50 Kn 0 Kn 

3 Dynamic In-

Phase 

10 Mpa 2 Mpa 50 Kn 15 Kn 

3.3 Theoretical Modeling Of Progressive Damage 

Parallel To The Physical Experimentation, A Robust Theoretical Framework Is Established To 

Model The Accumulation Of Fatigue Damage. The Analytical Approach Utilizes A Multiscale 
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Modeling Philosophy, Bridging The Macroscopic Structural Response With The Microscopic 

Failure Mechanisms. The Structural Analysis Is Predicated On A Nonlinear Analytical 

Formulation Of Classical Laminate Theory, Updated To Account For The Large Deformations 

And Nonlinear Material Properties Characteristic Of Thermoplastic Pipes Under High Stress [26]. 

The Stress State In Each Distinct Layer Is Calculated Iteratively At Each Time Step Of The 

Loading Cycle. For The Metallic Or Composite Reinforcement Layers, A Multiaxial Fatigue 

Criterion Based On The Critical Plane Approach Is Implemented. This Approach Posits That 

Fatigue Cracks Initiate And Propagate On Specific Material Planes That Experience The 

Maximum Combination Of Normal And Shear Stresses [27]. By Evaluating The Stress History 

On All Potential Planes, The Model Identifies The Critical Plane And Calculates A Damage 

Parameter Proportional To The Fatigue Life. For The Polymeric Liner And Jacket, A Continuum 

Damage Mechanics Approach Is Utilized, Where A Scalar Damage Variable Is Introduced To 

Represent The Volumetric Degradation Of The Material Due To Micro-Voiding And Crazing [28]. 

The Evolution Of This Damage Variable Is Governed By A Kinetic Equation Dependent On The 

Cyclic Strain Energy Density. The Total Damage At Any Point In The Pipe Structure Is 

Determined Using A Nonlinear Damage Accumulation Rule, Overcoming The Limitations Of The 

Traditional Linear Miner's Rule, Which Fails To Account For Load Sequence Effects And The 

Acceleration Of Damage Near The End Of Life. 

3.4 Formulation Of The Probabilistic Reliability Framework 

The Deterministic Damage Models Are Subsequently Integrated Into A Comprehensive 

Probabilistic Reliability Framework. The Primary Objective Is To Evaluate The Time-Dependent 

Probability Of Failure Under The Stochastic Operational Environment. The Limit State Function 

Is Defined Mathematically Such That A Negative Value Indicates Structural Failure, Specifically 

When The Accumulated Fatigue Damage In Any Critical Layer Reaches A Predefined Critical 

Threshold, Typically Unity [29]. To Execute The Reliability Analysis, The Inherent Uncertainties 

In The System Must Be Quantified. Statistical Distributions Are Assigned To The Basic Random 

Variables Based On Historical Manufacturing Data And Environmental Load Monitoring. The 

Tensile Strength Of The Reinforcement Fibers, The Yield Strength Of The Polymer Liner, And 

The Physical Dimensions Such As Wall Thickness And Winding Angle Are Characterized Using 

Normal Or Weibull Distributions [30]. Similarly, The Parameters Defining The Operational 

Loads, Such As The Maximum Internal Pressure Surges And Peak Axial Tensions, Are Modeled 

Using Extreme Value Distributions Like The Gumbel Or Lognormal Distributions. With The 

Probabilistic Model Fully Defined, A Highly Optimized Monte Carlo Simulation Algorithm Is 

Employed To Evaluate The Probability Of Failure. Due To The Computational Intensity Of 

Evaluating The Nonlinear Progressive Damage Model For Millions Of Random Samples, A 

Sophisticated Surrogate Model, Based On Artificial Neural Networks, Is Trained On A Subset Of 

The Analytical Results. This Surrogate Model Acts As A Highly Efficient Computational Proxy, 

Enabling The Rapid Execution Of The Monte Carlo Simulations And The Generation Of Accurate 

Time-Dependent Reliability Curves For The Reinforced Thermoplastic Pipe System Under 

Various Operational Scenarios. 

4. Results And Discussion 

4.1 Characterization Of Fatigue Life And Dominant Failure Modes 

The Synthesis Of Experimental Observations And Analytical Modeling Reveals Profound Insights 

Into The Fatigue Behavior Of Reinforced Thermoplastic Pipes Subjected To Combined Loading. 

Under Pure Cyclic Internal Pressure, The Primary Failure Mode Is Consistently Localized Burst, 
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Preceded By The Gradual Accumulation Of Hoop Strain And Eventual Tensile Rupture Of The 

Reinforcement Layers At A Specific Weak Point [31]. However, The Introduction Of A Constant 

Or Cyclic Axial Load Fundamentally Alters This Degradation Trajectory. The Results 

Demonstrate That As The Magnitude Of Axial Tension Increases, The Total Fatigue Life Of The 

Pipe Decreases Nonlinearly. Moderate Axial Tension Exacerbates The Stress State In The 

Reinforcing Fibers, Accelerating The Initiation Of Microscopic Damage. Visual And Microscopic 

Inspection Of The Failed Specimens Indicates A Shift In The Failure Mechanism. With The 

Addition Of Significant Axial Loads, The Structural Failure Is Characterized By Severe Inter-

Layer Delamination And Generalized Structural Instability Rather Than A Localized Burst [32]. 

The Acoustic Emission Data Corroborates These Physical Findings, Showing Early High-Energy 

Acoustic Events Indicative Of Widespread Fiber-Matrix Debonding And Frictional Sliding 

Between The Structural Layers Long Before The Ultimate Catastrophic Failure. This Sliding 

Leads To Localized Fretting Fatigue Of The Reinforcement, A Phenomenon Largely Absent 

Under Pure Internal Pressure Scenarios. The Polymeric Liner Also Exhibits Different Failure 

Characteristics Under Combined Loads, Showing Signs Of Severe Multiaxial Crazing And 

Localized Thinning Due To The Complex Interaction Between Radial Expansion And Axial 

Elongation. 

4.2 The Synergistic Impact On Reinforcement Stress Distributions 

The Analytical Stress Modeling Provides The Fundamental Mechanical Explanation For The 

Observed Shift In Failure Modes. In A Helically Wound Reinforcement Architecture, The 

Winding Angle Is The Most Critical Parameter Governing Load Distribution. The Results 

Highlight That The Standard Winding Angle, Optimized Primarily For Internal Pressure 

Containment, Becomes Highly Suboptimal When External Axial Tension Is Applied 

Simultaneously. Under Combined Loading, The Stress Tensor Within The Individual Layers 

Becomes Highly Skewed. The Outer Reinforcement Layers, Depending On Their Specific 

Orientation Relative To The Axial Load, Often Experience A Disproportionate Increase In Tensile 

Stress Compared To The Inner Layers [33]. This Uneven Load Sharing Creates A Severe Stress 

Gradient Across The Thickness Of The Pipe Wall. Furthermore, The Cyclic Nature Of The Loads 

Induces Dynamic Variations In The Winding Angle Itself, A Phenomenon Known As Structural 

Scissoring. As The Pipe Expands And Contracts, The Fibers Attempt To Reorient Themselves 

Along The Principal Stress Directions. This Continuous Microscopic Movement Generates Intense 

Inter-Layer Shear Stresses, Breaking Down The Bonding Matrix And Accelerating The 

Delamination Process Observed In The Physical Tests. The Analytical Framework Clearly 

Demonstrates That Evaluating The Internal Pressure Capacity And Axial Load Capacity 

Independently Severely Underestimates The Maximum Localized Stresses Generated By Their 

Synergistic Interaction, Confirming The Necessity Of Multiaxial Fatigue Assessment 

Methodologies For These Critical Infrastructure Components. 
Table 3 Summary Of Accumulated Fatigue Life Under Various Load Ratios 

Loading 

Configuration 

Cycles To Failure 

(Mean) 

Standard Deviation Dominant Failure 

Mode 

Pure Internal Pressure 2,450,000 125,000 Localized Rupture 

Low Axial Tension + 

Pressure 

1,820,000 180,000 Matrix Cracking / 

Rupture 

High Axial Tension + 

Pressure 

850,000 210,000 Severe Delamination / 

Yield 
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4.3 Sensitivity Analysis Of Reliability Indices 

The Probabilistic Evaluation Yields A Time-Dependent Reliability Index That Serves As A 

Quantitative Measure Of Structural Safety Throughout The Operational Lifespan Of The Pipeline. 

The Reliability Curves Demonstrate A Gradual Decline During The Initial Phases Of Operation, 

Corresponding To The Steady Accumulation Of Microscopic Damage, Followed By A Sharp 

Precipitous Drop As Macroscopic Cracks Develop And The Load-Carrying Capacity Of The 

Structural Layers Degrades Rapidly. To Identify The Most Critical Parameters Influencing The 

Structural Reliability, A Comprehensive Sensitivity Analysis Was Conducted [34]. The Analysis 

Evaluates The Partial Derivatives Of The Limit State Function With Respect To Each Basic 

Random Variable. The Results Unequivocally Show That The Variability In Operational Loading 

Conditions, Specifically The Amplitude Of The Internal Pressure Surges And The Magnitude Of 

Dynamic Axial Tension, Have The Most Profound Impact On The Overall Probability Of Failure. 

Among The Structural Parameters, The Manufacturing Tolerance Associated With The 

Reinforcement Winding Angle And The Statistical Variance In The Tensile Strength Of The Fiber 

Materials Are The Most Sensitive Variables. Conversely, The Exact Dimensions Of The Inner 

Thermoplastic Liner And Its Initial Yield Strength Exhibit A Relatively Minor Influence On The 

Ultimate Structural Fatigue Reliability. These Sensitivity Findings Provide Actionable Intelligence 

For Pipeline Engineers, Highlighting That Quality Control Efforts During Manufacturing Must 

Rigorously Focus On Maintaining Exact Winding Angles, And Operational Management Must 

Prioritize The Mitigation Of Transient Pressure Surges To Significantly Extend The Safe 

Operational Life Of The System. 

 
Figure 2 Time 

5. Conclusion 

5.1 Summary Of Findings And Structural Implications 

The Comprehensive Investigation Into The Fatigue Reliability Of Reinforced Thermoplastic Pipes 

Under Combined Axial And Internal Loads Has Illuminated The Intricate Mechanical Behaviors 

And Complex Degradation Mechanisms Inherent In These Multilayered Composite Structures. 

The Traditional Engineering Paradigm, Which Often Evaluates Pressure Containment And Axial 

Load-Bearing Capacities As Independent Phenomena, Is Demonstrably Inadequate For Predicting 

The True Service Life In Demanding Operational Environments. The Research Confirms That The 
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Simultaneous Application Of Cyclic Internal Pressure And Axial Tension Creates A Highly 

Detrimental Synergistic Effect, Significantly Altering The Internal Stress Distribution And 

Shifting The Dominant Failure Mechanism From Simple Localized Burst To Widespread Inter-

Layer Delamination, Severe Matrix Cracking, And Subsequent Structural Instability. The 

Phenomenon Of Structural Scissoring, Driven By The Continuous Dynamic Reorientation Of The 

Reinforcement Fibers Under Combined Loads, Was Identified As A Primary Catalyst For Inter-

Layer Shear Failure. Furthermore, The Implementation Of A Rigorous Probabilistic Reliability 

Framework Demonstrated That Deterministic Safety Factors Fail To Capture The High Degree Of 

Variance In Fatigue Life Caused By Minor Manufacturing Deviations And Stochastic Operational 

Loads. The Sensitivity Analysis Underscored The Extreme Criticality Of Strictly Controlling Both 

The Reinforcement Winding Angle During Production And The Amplitude Of Transient Pressure 

Surges During Operation To Ensure Long-Term Structural Integrity.  

5.2 Future Directions For Pipeline Engineering 

The Findings Presented In This Study Provide A Critical Foundation For Advancing The Design, 

Manufacturing, And Lifecycle Management Of Flexible Pipeline Infrastructure. As The Global 

Energy Industry Pushes Toward Deeper Subsea Developments And The Transportation Of Novel 

Energetic Fluids Such As Pressurized Hydrogen Gas, The Structural Demands On Reinforced 

Thermoplastic Pipes Will Only Intensify. Future Engineering Efforts Must Focus On Developing 

Advanced, Functionally Graded Reinforcement Architectures Capable Of Dynamically Adapting 

To Complex Multiaxial Stress States Without Experiencing Severe Internal Stress Concentrations. 

Furthermore, The Integration Of Advanced Smart Sensing Technologies Directly Into The 

Composite Pipe Wall, Such As Distributed Fiber Optic Strain Sensors, Will Enable Real-Time 

Structural Health Monitoring. By Coupling Continuous Operational Data With The Probabilistic 

Reliability Models Developed Herein, Operators Can Transition From Schedule-Based 

Maintenance To Dynamic, Predictive Lifecycle Management, Maximizing The Utility Of The 

Infrastructure While Strictly Minimizing The Risk Of Catastrophic Environmental Failure. 

Ultimately, The Continuous Refinement Of Multiaxial Damage Models And Probabilistic 

Assessment Tools Remains Paramount To Ensuring The Sustainable And Safe Expansion Of 

Global Flexible Pipeline Networks. 
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