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Article Info  Abstract 

Article History: 
 Distillation columns are critical assets in the petrochemical industry, with nozzle-

shell junctions vulnerable to fatigue damage. After 20 years of service in 
SONATRACH’s Hassi Berkine unit, a 10 mm longitudinal crack was observed in the 
heat-affected zone (HAZ) of a weld. This study integrates metallurgical 
characterization, damage mechanics (Lemaitre model), cohesive zone modeling 
(CZM), and finite element analysis (ANSYS Workbench) to investigate crack 
initiation, propagation, and reinforcement under cyclic wind and sand abrasion 
loading. A local post-processor using strain history from FEM predicts damage 
evolution and residual life. Simulations of 63 FRP patch configurations 
(carbon/glass fibers, epoxy/polyurethane adhesives) reveal that a unidirectional 
carbon/epoxy patch (100 mm × 16 mm) optimally restores structural resistance, 
extending HAZ residual life by 9 service years so ~46%. This lightweight, cost-
effective composite solution is validated for in-situ repair of welded joints in 
petrochemical environments. 
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1. Introduction 

The structural integrity of distillation columns is critically important in the petrochemical industry 
[1]; its crucial severity was deeply clarified in [2–4], where even minor structural failures can lead 
to significant operational disruptions and safety hazards. Among the critical components of 
distillation columns is the network of nozzles, which act as the system's arteries. These nozzles 
facilitate the entry and exit of liquid and vapor streams at various levels while enabling the addition 
of reflux or treatment agents. Strategically positioned along the column, they are essential for 
optimizing the separation process's efficiency. However, these nozzles also represent points of 
structural vulnerability, apt to significant damage [5–6]. Common causes of degradation include 
corrosion, driven by the aggressive nature of processed substances; thermal and pressure 
fluctuations; mechanical stresses; and unforeseen chemical reactions [7–9]. The HAZ, a 
metallurgically vulnerable region adjacent to weld seams, is prone to stress corrosion cracking 
(SCC) and fatigue-driven damage, often leading to catastrophic failure if unmitigated [10,11]. For 
instance, studies by A. Takahashi et al. [12] and H. GHASSEMI-ARMAKI et al. [13] emphasize the 
role of microstructural embrittlement and triaxial stress states in accelerating HAZ failure, 
underscoring the need for robust diagnostic and repair frameworks. 
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To address these challenges, damage mechanics has emerged as a cornerstone for quantifying 
structural degradation and predicting service life. The J. Lemaitre-Chaboche continuum damage 
model [14], validated extensively for ductile materials, enables precise simulation of damage 
initiation and propagation under multiaxial loading [15].  Recent advances by S. H. Mirmohammad 
et al. [16] and A. Bilat et al. [17] integrate damage mechanics with finite element analysis (FEA) to 
map crack evolution in pressure vessels, while B. A. El‑Taly et al. [18] refine life-prediction 
methodologies for intact versus damaged structures. However, gaps persist in modeling repaired 
systems, particularly when composite patches are applied. 

Table 1. (a) Mechanical characteristics of the joint’s materials [19] 

# 
Column BM                

(SA 516 Grade 70) 
Weld Metal  

(SMAW E7018) 
HAZ (Affected SA 

516 Grade 70) 
HAZ damage 

parameters [20] 
Yield stress 

σy [MPa] 
441.3 465 481.5 𝐷𝑐 = 0.22, 𝜀𝑝𝐷 = 0% 

Ultimate strength 
σu [MPa] 

555.12 560 631.17 S = 2.55 

Poisson’s ratio 0.3 0.21 0.3 𝜎𝐷 = 83.5 𝑀𝑃𝑎 

E [GPa] 210 180 183 𝜎𝑦
𝜇

= 200 𝑀𝑃𝑎 
 

Table 1. (b) Chemical characteristics of the joint’s materials. [21,22] 

# C % Cr% Mn% Ni% Mo% V% Cu% Al% Si% S% P% Ti% 

BM .1- .22 .3 1- 1.7 .3 .08 .02 .3 .02 .6 .03 .03 .03 

WM. .15 .2 1.6 .3 .3 0.08 - - .75 .035  - 

 

Composite patching—a rehabilitation strategy widely adopted in aerospace [23,24] but 

underutilized in petrochemical contexts—offers a lightweight, high-strength solution for crack 

arrest. Carbon fiber-reinforced polymers (CFRPs) outperform glass fibers (GFRP) in fatigue-critical 

applications due to superior stiffness (E1 ≈ 230 GPa) and alignment adaptability, while epoxy 

adhesives offer enhanced thermal and mechanical durability over polyurethane [25,26], however, 

the PU (polyurethane) FRP reinforced beams reached a higher ultimate load [27,28]. Epoxy 

adhesives offer high thermal stability (Tg 50–200°C) and excellent chemical resistance, making 

them suitable for high-temperature petrochemical repairs. Polyurethane, with a lower Tg (-20 to 

 

Fig. 1. Behavior law of different materials of the studied junction [19]- to be integrated in Ansys 
engineering data 
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80°C), provide enhanced chemical resistance, flexibility and better vibration absorption [29]. 

Pioneering work by P. He et al. [30], V. Rodrigues et al. [31], D. Benzerga et al. [32] establishes 

cohesive zone modeling (CZM) as a gold standard for simulating adhesive  debonding, yet few 

studies couple CZM with damage mechanics to holistically evaluate repair efficacy in HAZ scenarios. 

This study bridges these gaps by innovatively merging the J. Lemaitre damage criterion [33] with 
CZM within an Ansys Workbench FEA framework to optimize FRP-adhesive repair systems for 
HAZ-damaged distillation columns. By contrasting (CFRP – GFRP)/ (epoxy- polyurethane), we 
quantify residual life extension while resolving the competition between damage initiation and 
propagation at crack tip.  

The present study fits into this context and relies on a real industrial case observed in the 
SONATRACH unit of Hassi Berkine-Algeria, where a longitudinal crack appeared at the nozzle-
column junction after twenty years of service, under the combined effect of cyclic wind and sandy 
abrasion (90 km/h gusts with sand abrasion, one cycle at this speed value has been simplified to 
be ~2 days) induced fatigue failure in one side of the 2 mm SMAW HAZ of the junction, specifically 
the side exposed to the most severe wind gusts. The 2 mm thickness assumption derives from 
welding literature specific to low-carbon steel plate welding, particularly for vessel wall 
configurations. Metallurgical research on SA-516 Grade 70 steel, as documented in multiple 
sources [34–40], consistently confirms heat-affected zone (HAZ) widths ranging between 1.5 and 
3mm. This study performs a forensic analysis of a crack discovered during a pre-commissioning 
inspection. The investigation focuses on wind-induced fatigue as the primary driver, justified by 
the crack's location and the column's idle state, which precluded operational loads. A 
comprehensive analysis including all operational loads is reserved for future work on in-service 
equipment. By integrating the Lemaitre criterion with the CZM in an ANSYS Workbench 
environment, we analyze the crack initiation, the evolution of damage, and the effectiveness of 
different composite reinforcements. A parametric evaluation of several configurations of FRP 
patches (type of fibers, adhesive system, dimensions) is carried out in order to identify the most 
efficient and economically viable solutions to extend the life of the structures. 

The contribution of this work is twofold: 

• propose a multiphysical framework linking the metallurgical transformations of the HAZ to 
mechanical performance and fatigue resistance; 

• Optimize composite patch configurations capable of effectively limiting crack propagation, 
with validation on a real industrial case. 

 By resolving the competition between crack-tip damage propagation and patch-induced stress 
redistribution, this work provides a validated, practical framework for enhancing the structural 
integrity of critical petrochemical assets, offering a clear contribution to the fields of fatigue damage 
analysis and structural integrity management. 

 2 Materials and Methods  

The figure 2(b) illustrates the damaged zone, in this region it located the fracture nucleated 
primarily at the surface of the thermally affected zone (HAZ), this crucial phenomenon, introduced 
particularly during welding. The HAZ surrounds the molten zone, directly influenced by the high 
temperatures from the fusion bead. This area undergoes significant phase transformations due to 
thermal cycles of heating and cooling. Temperature variations can alter the crystalline structure of 
the metal, leading to internal stresses [41,42]. 

These stresses promote the precipitation of phases, increasing the risk of surface cracks in the 
welded material. Particularly, surface-initiated cracks tend to propagate due to the significant 
damage on the external surface of the HAZ, achieving this extension (10mm) after nearly 20 years 
of service. The workflow, illustrated in figure 2, integrates powerful computational tools within the 
Ansys Workbench platform, supported by the expertise of the research team. The simulation 
process combines mechanical characterization, precise geometric modeling, and advanced 
material behavior law, along with experimental inputs to develop a locally coupled damage post-
processor. The post-processor employs strain history, Figure 3(b), and crack (damage) initiation 
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conditions to predict damage evolution and determine the critical node (M*) residual life [43] from: 
intact, as well as damaged and reinforced states, figure 3 and 3(a). Figure 3 (b) demonstrates the 
strain history derived from a block of constant amplitude, revealing critical points of stress 
accumulation. This strain history directly informs the damage evolution laws applied to the HAZ 
material, accounting for both tensile and compressive stresses induced by bending effects. 

 

(a) 

 

(b) 

 

(c) 

Fig. 2. (a) Damage poste-processor: Locally coupled analysis of crack initiation i.e Ansys 
Workbench and Damage 90, (b) Distillation column at the SONATRACH unit of Hassi Berkine- 

Algeria, and (c) Cracking appearance at the nozzle junction of the distillation column 

The importance of the HAZ metallurgical definition [44–46] is that the strain history of the most 
highly stressed node, derived from the mechanical model in ANSYS Workbench, served as the 
foundation for evaluating the damage progression in the HAZ material, then the residual life of the 
global structure. Given the urgency and complexity of such scenarios, simulation-based methods 
are increasingly favored over purely experimental approaches. While experimental testing 
provides essential insights, it often requires significant infrastructure, time, and resources. By 
contrast, simulation allows engineers to leverage existing experimental datasets to develop highly 
accurate predictive models [31]. The integration of advanced computational tools, such as ANSYS 
Workbench, coupled with expert-developed subroutines, e.g. J. Lemaitre Constitutive Damage 
Criterion postprocessor, ensures rapid and precise decision-making, aligning with both time 
constraints and operational needs [8].  

Meshing convergence results, presented in Figure 4, approve the accuracy of the simulation for 
both intact and damaged configurations, ensuring reliable stress field predictions. The stress 
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distribution, visualized in figure 5, highlights the bending effect exerted by the cantilevered nozzle 
on the heat-affected zone (HAZ), underlining asymmetric stress patterns and their implications for 
structural integrity. Pronounced tensile stresses dominate the outer surface, contrasting with 
compressive stresses at the inner radius amplifying bending moments at the nozzle-shell interface. 
The tensile-dominated outer region represents a critical zone for Mode I (opening-mode) crack 
initiation, as cyclic operational loads interact with the HAZ’s inherent metallurgical weaknesses 
(e.g., grain coarsening, residual welding stresses). 

 

(a) 

 

(b) 

 

(c) 

 

(d) 

 

(e) 

Fig. 3.  (a) Model boundary conditions and support constraints with the damaged area zoomed 
in (b) Ansys Workbench damaged model – mesh refinement after mesh convergence (c) Strain 
history block of constant amplitude used to define the fatigue damage evolution, derived from 

intact model (d) Damage evolution low of the HAZ material (e) ‘Damage90’ subroutine 
execution with CMD in windows 

Finite element analysis further reveals that strain energy preferentially accumulates on the tension 
side, accelerating surface-originated fatigue damage. The directional influence of wind gusts 
intensifies these effects, making the HAZ a primary site for structural failure in petrochemical 
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infrastructure. These findings were further corroborated by the detailed stress analysis in figure 6, 
which demonstrates the progressive increase in stress as the distance from the neutral axis to the 
outer surface increases. The correlation between stress levels and damage evolution is evident, 
with higher stresses corresponding to reduced residual life (e.g. strain history for 244.96 MPa & 
151.07 MPa are illustrated in figure (3 – b) -fatigue blocks). 

Unlike traditional Von Mises max stress M*(MPa) criteria [15], which are commonly employed in 
similar studies, this research accounted for the dominance of hoop normal stresses, a more 
representative metric for cantilever structures. This adaptation significantly improved the 
correlation between the simulation results and scientific determinations, providing a higher 
fidelity assessment of the structure’s residual life.  

The integration of experimental data with advanced simulation tools demonstrates a paradigm 
shift in industrial maintenance practices. This approach not only reduces reliance on time 
consuming experimental tests but also enhances predictive accuracy, enabling preventive 
interventions.  The study’s findings underscore the critical importance of combining simulation 
software proficiency, experimental datasets, and expert-developed algorithms to deliver robust 
and time-efficient maintenance solutions. 

  

Fig. 4. Meshing convergence for the intact and damaged configurations 

  

Fig. 5. Intact structure configuration: 
magnified view on the bending effect of the 

cantilever nozzle on the HAZ side. Positive & 
negative stresses are representing the 

tension & compression impacts 

Fig. 6. Function of the distance from the 
neutral axis to the upper face, stress is 

increasing progressively while residual life 
decreases 

In this article, we are focusing on an in-depth analysis of damage in the form of cracks that have 
appeared near the junction between the distillation column and the nozzle. We adopt a 
multiphysics approach, combining metallurgy and structural mechanics, to rigorously investigate 
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the emergence of cracks within the heat-affected zone located at the weld between the distillation 
column and the nozzle. Jean Lemaitre’s damage mechanics theory [33] is a fundamental concept in 
the field of continuum damage mechanics. It describes the progressive deterioration of materials 
under external loading, leading to the eventual failure of the material. According to Lemaitre [43],, 
damage is quantified by a scalar damage variable D, which ranges from 0 (no damage) to 1 
(complete failure). This variable represents the reduction in the effective load-bearing area of the 
material due to the presence of micro-defects such as voids and micro-cracks. 

Equations (1) and (2) – Appendix 1, define the general kinetic damage law, with Y being the 
principal variable governing the damage phenomenon. Y, as shown in Equations (2) and (5), is 
derived as a function of effective stress ( 𝜎̃), which represents the primary driver of damage 
accumulation. Other constants, such as 𝑆, 𝐸, 𝐾, 𝐼, 𝑀𝑓 , and 𝜂, reflect the material's mechanical 

properties, geometric parameters, and loading conditions. For simplified one-dimensional cases, 
the triaxiality function 𝑅𝜈 is assumed to equal 1. In three-dimensional scenarios, as described in 
Equation (7), 𝑅𝜈 is a function of stress triaxiality and ductility, where higher triaxiality corresponds 
to brittle material behavior.  

The effective stress (𝜎̃), dependent on the geometric function 𝑓(𝑦) (as indicated in Equation (10)), 
becomes a critical factor. This is particularly important in the context of cantilever configurations, 
where the position (y) of the stressed node relative to the neutral axis (mid-thickness of the HAZ) 
influences (𝜎̃). At the neutral axis (𝑦 = 𝑦0), stress reaches zero, while it achieves 𝜎𝑚𝑎𝑥  at the outer 
surfaces (𝑦 = 𝑦𝑚𝑎𝑥). Equations (11–19) focus on the constitutive relationships necessary to 
evaluate the number of cycles to failure (𝑁𝑅 ) under low-cycle fatigue conditions. The integration 
of D over N cycles provides a linear correlation (Equation 17). The final expression, Equation (19), 
encapsulates the power-law relationship between 𝑁𝑅 and the plastic strain rate 𝛥𝜀𝑝 , commonly 

referred to as the Manson-Coffin law for low-cycle fatigue. This relationship highlights the inverse 
proportionality between 𝑁𝑅 and 𝛥𝜀𝑝 , emphasizing the dependence of fatigue life on plastic strain. 

Physically, this means that nodes experiencing higher stresses are subjected to reduced fatigue life, 
while nodes closer to the neutral axis (𝑦 = 𝑦0) exhibit maximum 𝑁𝑅 due to lower stress levels  [33], 
application results are illustrated in figure 6. 

  

Fig. 7. Relation: Force – Opening & Traction – relative Separation of the Polyurethane & Epoxy 
resins, i.e. CZM, were developed from the RDCB [27] 

Using the damage evolution law specific to the HAZ material, this data was experimentally set to be 
integrated into damage post-processor to calculate the residual life for each configuration. This 
approach enabled a precise assessment of structural durability under various scenarios, providing 
critical insights into the effectiveness of proposed reinforcement strategies and the long-term 
integrity of the distillation column.  

The Figure 7 and Table 2 compares the RDCB (Rigid Double Cantilever Beam) derived CZMs of 
epoxy and polyurethane as adhesives [27], highlighting their distinct mechanical characteristics: 
Where epoxy exhibits higher stiffness and peak traction, indicating superior load-bearing capacity. 
However, its rapid softening phase limits its flexibility, making it suitable for applications 
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demanding high initial strength, while polyurethane demonstrates greater flexibility and an 
extended softening phase, which enhances energy dissipation (Gc) during crack propagation, this 
property makes it ideal for applications requiring adaptability to dynamic loading or deformation. 
By leveraging these experimentally validated CZMs [47], in finite element analysis, this study 
establishes a robust foundation for optimizing composite patch reinforcement bonding systems, 
ensuring enhanced structural performance and reliability for industrial applications [48,49]. 

Table 2. Strength and fracture energy of CZM adhesives [27] 

# Epoxy Polyurethane 

Temperature (°C) 22 22 

Maximum Normal Contact Stress (MPa) 9.7 5.2 

Contact Gap at the Completion of Debonding (mm) 0.025 0.1 

Maximum Equivalent Tangential Contact Stress (MPa) 9.7 5.2 

Tangential Slip at the Completion of Debonding (mm) 0.025 0.1 

Artificial Damping Coefficient (s) 0.001 0.001 

Power Law Exponent for Mixed-Mode Debonding 2 2 
 

The patch dimensions reported in this study represent the optimal functional thickness required 
for load transfer. In a field application, this would necessitate a tapered layup at the edges to 
minimize peel stresses and ensure clearance. Furthermore, the model assumes optimal surface 
preparation (grit blasting, solvent cleaning) and curing as per adhesive manufacturer 

 

(a) 

 

(b) 

 

(c) 

Fig. 8. (a) reinforcement patch modeling: fiber orientation (green arrows) and stacking 
direction (magenta), (b) Joint model (BM HAZ and WM) and (c) meshing of the damaged HAZ 

(with element concentration at the cracked area) 
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specifications, which are critical steps for achieving the predicted performance. A detailed study of 
installation parameters and their optimization is a recommended topic for future workThe patch 
dimensions reported in this study represent the optimal functional thickness required for load 
transfer. In a field application, this would necessitate a tapered layup at the edges to minimize peel 
stresses and ensure clearance. Furthermore, the model assumes optimal surface preparation (grit 
blasting, solvent cleaning) and curing as per adhesive manufacturer specifications, which are 
critical steps for achieving the predicted performance. A detailed study of installation parameters 
and their optimization is a recommended topic for future work. 

3. Modeling and Simulation 

A 10mm crack was observed at the nozzle junction (ϕext = 60.3mm; e = 5.54mm) of the distillation 
column (ϕext = 3500mm; e = 22mm), where the mechanical properties of the welded junction 
(base metal - BM, weld metal - WM, heat-affected zone - HAZ) are presented in Table 1 and           
figure 1. Additionally, at the boundary defined by the weld bead—a circular form with a chamfered 
cross-section at column’s liaison—lies the extremity of the heat-affected zone (HAZ). This zone 
takes the shape of a hollow truncated cone, characterized by a thin wall (approximately 2mm of 
thickness) with a height corresponding to the column wall thickness (22mm), and a predominance 
of the upper base, figure 8. During operation, this side-surface is subjected to a distributed bending 
loads transmitted by the structure, resulting in tensile stresses on the upper portion, which 
promote crack opening in Mode I, while moving downward, the stress gradually decreases until it 
reaches zero at the neutral axis, located approximately at mid-height. 

Table 3.  Finite Element Model Specifications 

Semi-automatic 
mesh refinement 

Number of 
elements 

Element type Solver version Convergence criteria 

0.1 for intact 46000 
SOLID187 (89%) 
CONTA174 (10%) 

SURF154 (1%) 

Ansys 
Workbench 

2024 R1 

normal (hoop) stress 
stabilization function 

of the element size 
(number) 

0.14 in the 
damaged & 

repaired model 

43100 

75000 

 

Before opening the simulation in ANSYS Mechanical, numerous studies have demonstrated the 
reliability and robustness of Ansys modules for simulation and validation purposes as [15,50,51]. 
Under the specified boundary (fixations) and loading conditions (i.e. wind load calculated using 
equation 20), the structure must first be meshed with respect to the meshing convergence 
restrictions, figure 4, for the intact structure, Table 3, a minimum tetrahedrons element size of 0.1 
mm was used, resulting in approximately 46,000 elements. For damaged & reinforced 
configurations, a coarser mesh with a minimum element size of 1.4 mm was applied at the crack 
tip, leading to 43,100 for damaged structure, and 75,000 tetrahedrons elements after the 
application of the reinforcement, figure 3 (a). Unidirectional (UD) fibers were selected for 
reinforcement due to their superior performance compared to woven fibers or oriented at different 
angles to the direction normal to the reinforcement's circumference (indicated as 90° orientations, 
figure 8 (I)). 

𝑇 =  
1

2
 . 𝐶𝑥. 𝑉2. 𝑆. 𝜌        𝑆𝑜:    𝑇𝑚𝑎𝑥 ≈ 2. 𝑘𝑁        (20) 

Where; 𝐶𝑥 = 1, 𝑆𝑡𝑜𝑡 = 5.543 𝑚2, 𝑉𝑚𝑎𝑥 = 25 𝑚/𝑠, 𝜌 =  1.15 𝑘𝑔/𝑚3   

The wind velocity must be converted to a standardized aerodynamic loading calculation. Using the 
wind load equation (20), we account for air density, wind velocity, drag coefficients, and projected 
surface area. The stochastic nature of wind loading requires converting the variable wind 
conditions into a simplified constant amplitude block loading representation.  

• Cycle Definition: The stress ratio is set to R = -0.01 (𝜎𝑚𝑖𝑛  =  −1% 𝜎𝑚𝑎𝑥) to represent the full 
reversal from maximum wind load to near-zero conditions. 
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• Life Conversion: The number of cycles to failure (𝑁𝑓  ) is converted to years assuming one 

dominant load cycle every 2 days, as derived from site data: Service Life (years) = 𝑁𝑓 × (2 

days/cycle) / 365 days/year. 

The simplified loading model (illustrated in Figure (3 – b)) represents the maximum stressed 
condition by developing a 6-component strain vector that captures the multidirectional loading 
effects. This approach allows for a conservative damage assessment by using the peak wind 
scenario as the primary loading condition. The strain vector feeds directly into the damage criterion 
calculation, utilizing the parameters outlined in Table 2. 

4. Results and Discussion    

The numerical analysis made it possible to evaluate the local constraints, the evolution of damage 
in the HAZ, as well as the effectiveness of composite patches. The results are presented in three 
steps: validation of the model, behavior of the damaged structure, then influence of the composite 
reinforcements. 

4.1 Validation of The Numerical Model 

The convergence of the mesh (Figure 4) confirmed the reliability of the calculations, both for the 
intact configuration and for the cracked configuration. The stress distribution (Figure 5) 
highlighted the effect of bending induced by the cantilever nozzle on the column wall: 

• External surface of the HAZ: strong tensile stresses → critical area of initiation in mode I 
(opening). 

• Internal surface: compression constraints → slowing down the propagation. 

Figure 9 illustrates the progressive growth of stresses as a function of distance from the neutral 
axis: the further away the fiber, the higher the constraint, and the longer the residual life decreases. 
This trend confirms that the crack initiates on the surface before spreading inwards, which is 
consistent with experimental observations. 

4.2 Baseline Structural Performance and Damage Validation 

Numerical analysis of the baseline configurations revealed critical stress concentrations 
confirming the observed field failure. The intact structure exhibited a maximum stress of 244.96 
MPa in the HAZ region (Fig. 9). Introduction of the 10 mm longitudinal crack resulted in a severe 
stress concentration at the crack tip, with values reaching 612. MPa - representing a 159% increase 
from the intact state. This stress elevation corresponds to the observed reduction in residual life to 
approximately 4.9 service year (where in flawless structure = 20 years’ service life). 

  

Fig. 9. Max stress results comparison: intact configuration (at the HAZ ≈ 245MPa), damaged 
configuration (at the crack tip ≈ 612.MPa) 
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The damage evolution pattern predicted by the Lemaitre model (via the Damage90 post-processor) 
showed excellent correlation with actual field observations, with critical damage accumulation 
localized precisely in the wind-exposed region of the HAZ where the crack was documented. 

  
Fig. 10. The influence polyurethane CZM on glass fiber (E and S): Diminishing returns in GFRP 

patch effectiveness with polyurethane adhesive 

  

Fig. 11. Comparative stress reduction of epoxy resin for GFRP (E and S) 

4.3 Parametric Analysis of Reinforcement Configurations 

The comprehensive evaluation of 63 reinforcement configurations revealed systematic trends in 
stress reduction performance: 

Figures 10-13 demonstrate the complex interplay between composite patch thickness, adhesive 
type, and reinforcement performance across different fiber types. For E-glass and S-glass UD 90° 
laminates, increasing patch thickness systematically reduced maximum stress concentration by 
160-200 MPa while enhancing reinforcement efficiency by 25-32%. In carbon fiber laminates, a 
nonlinear relationship emerged, with epoxy adhesives outperforming polyurethane by 1.0-6.5%, 
attributed to the synergistic interaction between carbon's ultrahigh stiffness (230 GPa) and epoxy's 
rigid bonding mechanism.  All patch configurations reduced stress concentrations at the crack tip, 
with effectiveness varying by: 

• Patch material: CFRP > S-glass > E-glass (for equivalent geometries) 
• Adhesive type: Epoxy > Polyurethane (across all material types) 
• Geometric parameters: Longer and thicker patches performed best but with diminishing 

returns. 
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The optimal configuration - carbon/epoxy patch (100 mm × 16 mm) - reduced maximum stress 
from 612. MPa to 391.4 MPa (64% reduction), effectively restoring stress levels to close intact 
conditions (244.96 MPa). To address the inherent uncertainties in input parameters and quantify 
their impact on the predicted life extension, a sensitivity analysis was conducted. This analysis 
focused on the two most influential variables: wind velocity Table 4, and adhesive fracture energy 
(Gc) -Epoxy resin against polyurethane. The carbon fiber/epoxy patch (100 mm × 16 mm) was used 
as the baseline repair configuration for this assessment. The analysis reveals that the model is 
moderately sensitive to changes in wind velocity, as expected for a fatigue-driven process. A 20% 
increase in wind speed reduces the life extension by approximately 21%, underscoring the 
importance of using conservative, site-specific wind data for design. 

  

Fig. 12. Carbon fiber 230 GPa (UD 90°) reinforcement: mass-efficient restoration of structural 
integrity 

 

Table 4. Sensitivity analysis: ±20% of the maximum wind speed qualifying the robustness of the 
repairing system (CFRP 100-16): D (Damaged structure) R (Repaired)  

# 𝜎𝑧 (𝑀𝑃𝑎) Stress 
reduction 
efficiency 

N° of cycles to 
Dc 

years to Dc Life 
extension 
efficiency 

wind speed 
(m/s) 

T (kN) D R D R D R 

20 1.274 476.63 237.32 50% 1630 724 8.93 39.69 198% 
25 2.1 612.03 391.41 64% 893.50 1833 4.90 9.1 46% 
30 2.867 828.62 535.04 65% 398 882 2.18 4.83 24% 
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4.4 Residual Life Enhancement 

Damage evolution analysis (Fig. 13) demonstrated significant life extension across all reinforced 
configurations: 

• Glass fiber patches: 10-30% life improvement 
• Carbon fiber patches: Up to 64% life improvement 
• The carbon/epoxy configuration extended residual life to approximately 2000 cycles 

(compared to 1030 cycles for damaged state) 

4.5 Optimal Configuration Selection 

Multi-criteria evaluation considering mechanical performance, mass, and cost identified the carbon 
fiber/epoxy patch (100 mm length × 16 mm thickness) as the optimal solution. This configuration 
provided: 

• Stress reduction: 64% (612. MPa → 391.4 MPa) 
• Life extension: 46% improvement 
• Mass: 0.81 kg (compared to 1.19 kg for thicker alternatives) 
• Cost-effectiveness: Best performance-to-cost ratio among all configurations 

Table 5. Summary of Key Numerical Results: Comparison of the chosen configurations’ residual 
life and additive weight  

 
Min N° of cycles to 

irreversible damage 
Residual life (years) Masse [kg] 

Intact structure 4031 ~20 - 
Damaged structure 1030 4.9 - 

Carbon-EP (100, 16) 1833 9.10 0.70 
Carbon- EP (100, 23.5) 1397 7.00 1.03 

Carbon-EP (120, 16) 1729 8.60 1.56 
Carbon- EP (120, 23.5) 2025 10.05 2.30 

S-glass- EP (100, 16) 1320 6.60 1.53 
S-glass- EP (100, 23.5) 1096 5.44 2.25 

 

5. Discussion of Mechanisms and Implications: 

5.1 Mechanistic Interpretation 

The superior performance of carbon fiber patches stems from their high modulus (E₁ ≈ 230 GPa), 
enabling efficient load transfer and crack bridging. The epoxy adhesive's higher stiffness and 
strength proved more effective than polyurethane's higher fracture energy in this low-cycle fatigue 
application, as it ensured superior stress transfer from substrate to patch. The damage evolution 
curves (Fig. 13) provide particular insight: the reduced slope (dD/dN) for reinforced configurations 
indicates fundamentally altered damage accumulation kinetics. The optimal patch configuration 
effectively restored the damage progression rate to nearly intact structure behavior. 

While this study provides a high-fidelity, mechanics-based assessment for an out-of-service 
structure, its findings are highly relevant to standards like ISO 24817 and ASME PCC-2. These 
standards govern the in-service repair of pressurized equipment. Our methodology offers a 
complementary, advanced analytical pathway that could inform future revisions of such standards, 
particularly for complex geometries like nozzle junctions where simplified design-by-rule methods 
may be overly conservative. The transition of this specific repair into active service would be 
managed under the framework of these standards, a process we are planning for the operational 
phase of this column. 

5.2 Comparative Context 

These findings align with aerospace composite repair studies [23,24] but advance the field through: 

• Quantitative coupling of CDM and CZM methodologies 
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• Industrial-scale validation on petrochemical equipment 
• Direct comparison of multiple material systems in identical loading conditions 

The 46% life extension demonstrated has substantial practical implications, potentially adding 
years of safe operation and enabling planned maintenance interventions. 

5.3 Limitations and Research Implications 

The study's simplified constant amplitude loading represents a conservative approach but doesn't 
capture variable amplitude effects. Future work should address: 

• Environmental degradation effects on the adhesive 
• Experimental validation at full scale 
• Long-term durability under operational conditions 

Despite these limitations, the coupled CDM-CZM approach provides a robust framework for 
composite repair design that balances mechanical performance with practical implementation 
constraints.  This comprehensive analysis demonstrates that composite patching, particularly 
using carbon fiber/epoxy systems, offers a technically sound and economically viable solution for 
extending the service life of critical petrochemical infrastructure. 

 

Fig.14. Damage initiation and final fracture function of patch configuration 

6. Conclusions 

This study focused on the analysis and strengthening of the heat affected zone (HAZ) of the nozzle–
column junctions in SA 516 Grade-70 steel distillation columns, subjected to severe cyclic stresses. 
From a real case observed in the SONATRACH unit of Hassi Berkine (10 mm crack after 20 years of 
service), a multiphysics approach was developed, combining: 

• Damage mechanics (Lemaitre model), 
• Cohesive area modeling (CZM) for patch-substrate adhesion, 
• Numerical analysis using finite element method. 

The important points emerging from this study are: 

• The stress analysis confirmed the critical role of hoop tensile stresses on the external face of 
the HAZ as the main factor for crack initiation. 

• In the cracked state, the maximum stress at the crack front reaches 612. MPa, reducing the 
residual life of the structure of about 4.9 service units. 

• The reinforcement by composite patch allows a significant improvement in mechanical 
strength. Among 63 configurations studied, the UD carbon-epoxy patch (100 mm 16 mm, 
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90°) showed the best performance, increasing residual life by 46% while limiting added 
weight (0.7 kg). 

• The use of composite patches constitutes an efficient, lightweight and economical solution 
compared to conventional metal repairs, offering an interesting alternative for remote 
industrial sites. 

In summary, this work proposes a robust and reproducible methodology to predict damage and 
design optimal composite repairs in petrochemical facilities. The developed approach constitutes 
a decision support tool for predictive and corrective maintenance of distillation columns. 

Future research will complement this initiation-based approach by incorporating a fracture 
mechanics framework to model long-crack propagation, thereby enabling a full damage tolerance 
assessment from initial micro-damage to final failure. Further developments of this work concern: 

• CZM optimization: test different cohesive laws to better represent delamination and long-
term adhesion. 

• Hybrid materials: explore the use of hybrid composites (carbon/glass, natural/synthetic 
fibers) to improve the cost-performance trade-off. 

• Experimental validation: perform fatigue tests on reinforced welded samples by patch in 
order to confirm the digital predictions. 

• Multi-scale approaches: integrate the micro structuration of the material (grains, phases) in 
the modeling of damage. 

• Environmental assessment: study the influence of actual conditions (temperature, humidity, 
corrosion) on the durability of composite patches. 

Nomenclature 

Variable Definition 

𝐷 Damage variable 

𝐷𝑐  Critical damage at crack initiation 

𝑆𝐷, 𝑆 Damaged sectional area (m²), Sectional area (m²) 

𝑌 Strain energy density release rate 

𝑆 Damage strength material parameter 

𝑝̇ Accumulated plastic strain rate 

𝑝𝐷 Damage threshold plastic strain 

𝑅𝜈 Triaxiality function 

𝑁𝑅 Number of cycles to rupture 

𝐾 Cyclic plasticity material parameter 

𝑀 Strain hardening material exponent 

𝐸 Young' s modulus of elasticity (GPa) 

𝛮 Poisson’s ratio 

𝜎̃ Effective stress (MPa) 

𝜎𝑒𝑞 , 𝜎∗ Von Mises equivalent stress (MPa) & Damage equivalent stress (MPa) 

𝜎𝑖𝑗
𝐷 , 𝜎𝐻 Deviatoric stress tensor (MPa) & Hydrostatic stress component (MPa) 

𝜎𝑠 Plastic threshold stress (MPa) 

𝜀𝑝𝐷 Damage plastic strain threshold in pure tension 

𝜌 wind density (kg⁄m3) 

𝐶𝑋 Wind penetration coefficient  

𝑆 Exposed surface (m²) 

𝑉 Wind velocity (m⁄s) 

Appendix 1 

By defining D as effective surface density of microdefects [14]: 

𝐷 =  
𝛿𝑆𝑑

𝛿𝑆
       (1) 
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One could start with general kinetic damage law: 

𝐷̇ =  
𝑌

𝑆
. 𝑝̇. 𝐻(𝑝 −  𝑝𝐷)           (2) 

With: Heaviside function:   

𝐻(𝑥) =  0    𝑖𝑓 𝑥 < 0   ,    𝐻(𝑥) = 1        𝑖𝑓 𝑥 > 0 (3) 

Effective stress: 

𝜎̃   =  
𝜎

(1 − 𝐷)
     (4) 

By the simplifications of the one-dimension condition: 𝑅𝜈  = 1 

𝑝̇    =  |𝜀𝑝̇|      (5) 

𝑌  =  
𝜎𝑒𝑞

2 . 𝑅𝜈

2𝐸(1 − 𝐷)2
=  

(𝜎̃∗)2

2𝐸
         𝑤ℎ𝑒𝑟𝑒:    𝜎̃∗ =  

𝜎𝑒𝑞 . 𝑅𝜈
1/2

(1 − 𝐷)
 (6) 

And: (in general three-dimensional case) 

𝜎𝑒𝑞 =  √ 
2

3
 . 𝜎𝑖𝑗

𝐷 . 𝜎𝑖𝑗
𝐷              (7) 

𝑅𝜈  =  
2

3
 . (1 + 𝜈) + 3. (1 − 2𝜈). (

𝜎𝐻

𝜎𝑒𝑞
)

2

   
(8) 

𝜎𝑖𝑗
𝐷  =  𝜎𝑖𝑗 −  𝜎𝐻 . 𝛿𝑖𝑗      𝑂𝑟:      𝜎𝐻 =  

1

3
𝜎𝑘𝑘 (9) 

𝑆𝑜:   𝐷̇  =  
𝜎∗2

2𝐸𝑆(1 − 𝐷)2
 . |𝜀𝑝̇|        𝑖𝑓:  𝜀𝑝  >  𝑝𝐷          (10) 

From Ramberg Osgood hardening low coupled with damage: 

𝜀𝑝 = (
𝜎̃𝑒𝑞

 𝐾
)

𝜂

;             Or:             𝜎̃𝑒𝑞 = 𝐾. (𝜀𝑝)
𝑀

              𝑎𝑛𝑑:             𝜂 =  
1

𝑀
 (11) 

For one-dimensional case: 

𝜀𝑝̇ =
𝜂

𝐾
 (

𝜎̃

𝐾
)

𝜂−1

. 𝜎̇̃            (12) 

Bending stress for cantilever condition: 

𝜀𝑝̇ =
𝜂

𝐾
 (

𝑀𝑓

𝐼
. 𝑓(𝑦)

𝐾
)

𝜂−1

. 𝜎̇̃                    (13) 

The accumulated plastic strain after one cycle: 

𝛿𝑝

𝛿𝑁
=  ∫ |𝜀𝑝̇|

1 𝑐𝑦𝑐𝑙𝑒

 𝑑𝑡 = 2𝛥𝜀𝑝       (14) 

And for N cycle: 

𝑝(𝑁) = 2𝑁𝛥. 𝜀𝑝        (15) 

After mathematical model simplification, damage is evaluated for one cycle as: 



Sotehi et al. / Research on Engineering Structures & Materials x(x) (xxxx) xx-xx 
 

17 

𝛿𝐷

𝛿𝑁
=  ∫ 𝐷̇

1 𝑐𝑦𝑐𝑙𝑒

 𝑑𝑡 =
𝜎𝑠

2

4𝐸𝑆(1 − 𝐷)2
. 𝛥𝜀𝑝              (16) 

𝛿𝐷

𝛿𝑁
=

(𝛥𝜎̃)²

4𝐸𝑆
. 𝛥𝜀𝑝     (17) 

 

 

So:  

𝛿𝐷

𝛿𝑁
=

(𝐾(𝛥𝜀𝑝)
𝜂

)
2

4𝐸𝑆
. 𝛥𝜀𝑝 

(18) 

𝛿𝐷

𝛿𝑁
=

𝐾2

4𝐸𝑆
. (𝛥𝜀𝑝)

1+2𝜂
         (19) 

For N cycles, counting on 𝛥𝜀𝑝 being constant with the linear relation between N and D: 

𝐷 =  ∫
𝛿𝐷

𝛿𝑁1 𝑐𝑦𝑐𝑙𝑒

 𝛿𝑁 =
𝐾2

4𝐸𝑆
. (𝛥𝜀𝑝)

1+2𝜂
(𝑁 − 𝑁0)        (20) 

Where: 

𝑁0 =
𝑝𝐷

2Δ𝜀𝑝
 (21) 

The number of cycles to failure is reached when 𝐷 = 𝐷𝑐: 

𝐷𝑐 =
𝐾2

4𝐸𝑆
. (𝛥𝜀𝑝)

1+2𝜂
(𝑁𝑅 −

𝑝𝐷

2𝛥𝜀𝑝
)                 (22) 

Finally: 

𝑁𝑅 =  
𝑝𝐷

2𝛥𝜀𝑝
+

4𝐸𝑆𝐷𝑐

𝐾²
. (𝛥𝜀𝑝)

−(1+2𝜂)
                      (23) 
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