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Abstract 

 

Lopes, Bruno Jordão; d’Almeida, José Roberto Moraes (Advisor); Cardoso, 
Daniel Carlos Taissum (Co-advisor). Comparing Ultrasound and 
Shearography inspections as methods to monitor and predict long-term 
damage propagation of composite pipeline repairs. Rio de Janeiro, 2023. 
128p. Tese de Doutorado – Departamento de Engenharia Química e de 
Materiais, Pontifícia Universidade Católica do Rio de Janeiro. 

 

Pipeline integrity is one of the key aspects for safe and efficient operation of 

offshore structures. Pipeline failures can result in significant economic and 

environmental consequences, making pipeline integrity management a top priority for 

the industry. One of the most effective tools for managing in-service pipelines is non-

destructive testing (NDT). In this study, ultrasound and shearography inspections were 

performed on composite pipeline repairs over the course of approximately two years 

and their results were compared. The test samples evaluated were steel pipes with 

composite repairs and were submitted to just over 13,500 hours of salt-spray 

accelerated ageing, under three different temperatures. Test samples were removed 

from the salt-spray chambers at regular intervals and inspected by using field inspection 

apparatus. The results showed that both techniques provided consistent results between 

each inspection, although not always being consistent with each other. Maps comparing 

detections and accuracy of each technique were provided. The feasibility of each 

technique as a field tool for monitoring pipeline integrity was also evaluated with 

positive results. Furthermore, a modified Arrhenius methodology was proposed as a 

first step towards predicting long-term damage propagation. 

 

Keywords 

 Pipeline repairs; Shearography; Ultrasound; Composite Materials; Accelerated 

Ageing 
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Resumo 

 

Lopes, Bruno Jordão; d’Almeida, José Roberto Moraes; Cardoso, Daniel Carlos 
Taissum. Comparando Ultrassom e Shearografia como ferramentas para 
monitorar e prever a propagação a longo prazo de danos em reparos 
compósitos em tubos. Rio de Janeiro, 2023. 128p. Tese de Doutorado – 
Departamento de Engenharia Química e de Materiais, Pontifícia Universidade 
Católica do Rio de Janeiro. 

 

A integridade de tubulações é um dos aspectos-chave para a operação segura e 

eficiente das estruturas offshore. Falhas em tubulações podem resultar em 

consequências econômicas e ambientais significativas, tornando a gestão da 

integridade de tubulações uma prioridade importante para a indústria. Uma das 

ferramentas mais eficazes para gerenciar tubulações em serviço é através de testes não 

destrutivos (NDT, na sigla em inglês). Neste estudo, inspeções de ultrassom e 

shearografia foram realizadas em tubulações metálicas com reparos compósitos ao 

longo de aproximadamente dois anos e seus resultados foram comparados. As amostras 

de tubos de aço com reparos compósitos foram submetidas a pouco mais de 13.500 

horas de envelhecimento acelerado por névoa salina, em três diferentes temperaturas. 

As amostras foram removidas das câmaras de névoa salina em intervalos regulares e 

inspecionadas usando aparelhos de inspeção em campo. Os resultados mostraram que 

ambas as técnicas forneceram resultados consistentes entre cada inspeção, embora nem 

sempre fossem consistentes entre si. Mapas comparando as detecções e a precisão de 

cada técnica foram fornecidos. A viabilidade de cada técnica como ferramenta de 

campo para monitorar a integridade das tubulações também foi avaliada com resultados 

positivos. Além disso, uma metodologia de Arrhenius modificada foi proposta como 

um primeiro passo para prever a propagação de danos a longo prazo. 

 

Palavras-chave 

 Reparos em tubos; Shearografia; Ultrassom; Materiais Compósitos; 

Envelhecimento Acelerado 
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And all that is now 

And all that is gone 

And all that's to come 

 

And everything under the sun is in tune 

But the sun is eclipsed by the moon 

 

Pink Floyd, Eclipse 
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1. Introduction 
 

Pipelines are critical to most operations in the oil and gas industry, transporting 

liquid hydrocarbons, gases and liquids from production sites to refineries and other 

facilities. Pipeline repair failures can result in significant economic and environmental 

consequences, making pipeline integrity management a top priority for the industry [1].  

Traditional pipeline repair methods, such as welding, have been widely used for 

decades, but have limitations. Welding requires skilled labor, is time-consuming, can 

be expensive, and dangerous especially for offshore pipelines [2]. The development of 

new repair technologies, has therefore become crucial for the industry to increase 

pipeline safety, reduce downtime, and minimize repair costs. 

Composite materials have emerged as a promising technology for pipeline repairs 

due to their high strength-to-weight ratio, corrosion resistance, and durability [3–6]. 

Composite materials are made of two or more constituent materials with different 

physical or chemical properties, combined to create a material with improved 

properties than either material alone [7]. Composite materials have been extensively 

used in other industries due to their high strength, low weight, and excellent fatigue 

resistance [8]. The unique properties of polymeric matrix composite materials make 

them ideal for pipeline repairs, as seen in Figure 1, offering a faster, less expensive, 

and less disruptive alternative to traditional repair methods [2]. 

During operation, pipelines repaired with composites can be subjected to harsh 

conditions, especially in a marine/offshore environment. Thus, salt spray accelerated 

ageing tests can be used to simulate the effects that such conditions cause in materials 

and components. This method involves exposing the test samples to a salt spray fog, 

which accelerates the corrosion process and simulates the long-term effects of exposure 

to harsh environmental conditions such as saltwater, and high humidity in a short time 

period [9]. For pipeline repairs, salt spray tests can be especially useful because they 

can affect both the steel substrate and the composite repair at the same time, causing 

metal corrosion and moisture absorption in the composite and at the interface between 

the pipe and the repair, if the repair is not adequately applied.  
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Figure 1: Technician applying a composite repair to a pipeline in an offshore vessel. The 

composite material is wrapped around the defective section of pipe, after the surface has been 

cleaned and prepared. The technician applies layers of the repair material until the desired 

thickness is reached. Source: [10] 

The degradation suffered by the repairs during operation needs to be identified 

and, if possible, monitored over time. Non-destructive testing (NDT) techniques are 

essential for pipeline repair integrity management, as they allow assessing the 

condition of the pipelines without causing any damage to the pipeline itself and without 

interrupting operation. NDTs can detect defects both at the surface and along the 

thickness of the material, including cracks, corrosion (Figure 2), and material 

degradation, which can compromise the integrity of pipelines [11,12]. 
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Figure 2: Corrosion beneath the repaired area after removal of the composite wrap. The green 

area is where the composite repair was applied and the red arrows show the corrosion 

propagation that lead to the repair being reproved upon NDT inspection. Source: BAWSF, used 

with permission. 

 

The use of NDTs in pipeline repairs can also ensure that pipelines are repaired 

correctly and indicate the level of degradation that could occur during operation, 

reducing the risk of future failures and increasing pipeline safety and reliability. Two 

NDT techniques that show potential for pipeline repair inspections are ultrasound (UT) 

and shearography (SH). Ultrasound and shearography are non-intrusive methods that 

can detect and locate flaws in composite materials and can be well suited to applications 

in composite repairs in the field. Shearography has been successfully used for this 

purpose [13–15], while ultrasound has shown great potential for composite inspection 

[16–18], but applications in composite repairs over steel pipes are not yet common 

practice. 

Ultrasound (Figure 3) is a widely used NDT technique that uses high-frequency 

sound waves to detect internal and external defects in pipelines. Ultrasound can detect 

defects such as cracks, corrosion, and wall thickness variations, as well as being able 

to determine the size and depth of defects. The technique works by emitting ultrasonic 

waves from a transducer, which travel through the material and are reflected by the 
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opposite surface or by a flaw. The reflected waves are then detected by the same or 

another transducer, and the data is processed to determine the location and severity of 

the flaw [19]. 

Shearography is an NDT technique that measures surface strains induced by 

mechanical or thermal loading to detect defects in repairs applied to pipelines. 

Shearography uses a laser and an interferometer to measure the surface strain of a 

material, and it is capable of detecting surface and subsurface defects. The technique 

works by directing a laser beam onto the surface of the material and recording the 

deformation of the surface caused by the loading. By comparing the strain patterns of 

a defect-free area with an area with a defect, the location and size of the defect can be 

determined [20]. 

 

 
Figure 3: Ultrasound inspection in a composite part, using a field deployable equipment. The 

technique has been used with composite materials with success, showing potential to work as a 

tool to monitor composite repairs as well. Source: [21] 

 

With proper NDT monitoring, repair life could be extended with a strong basis 

for safe operation, both from the mechanical properties and defect propagation 

standpoints. Consequently, operation and repair costs can be lowered with fewer 

pipeline replacements or repairs.  
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Creating a model based on property retention of composite pipeline repairs is 

crucial to integrity management and can help engineers in the design phase. Models 

based on the Arrhenius equation have been proposed over the years to predict the long-

term performance of composite materials [22–25]. These models can be used or 

modified to provide a better understanding of the long-term performance and durability 

of composite repairs, enabling engineers to design and select appropriate materials and 

repair techniques. Although composite repairs represent a viable solution for pipeline 

repairs, the long-term performance of composite materials can be affected by many 

factors such as ageing, and environmental conditions. Therefore, it is essential to 

evaluate the property retention of composite repairs over time to ensure their 

effectiveness and reliability. 

A model can also be used to revalidate in-service repairs. Pipeline operators can 

periodically assess the condition of composite repairs using NDT techniques, and the 

data obtained can be used to update the model. By updating the model, pipeline 

operators can evaluate the effectiveness of the repairs and determine if any further 

repairs or maintenance are required.  

In addition to helping with integrity management, the model can also assist 

engineers in the design phase by providing a better understanding of the long-term 

performance of composite repairs. The model can help engineers to design composite 

repairs that will meet the required performance standards and maintain their properties 

throughout the service life of the pipeline, already considering the degradation over the 

expected period. 

This study is part of a much larger technical cooperation between PUC-Rio and 

Petrobras, where several aspects of composite repairs in steel pipelines are evaluated.  

The project includes samples of the repair material and composite-steel double-lap 

shear joints being subjected to destructive, thermo-mechanical, gravimetric and non-

destructive testing, as well as analysis of materials from different repair manufacturers, 

in a broad research and development approach. This work focuses on the field 

deployable aspect of the technical cooperation, analyzing repaired pipe samples with 

test methods that are being and/or could be developed to be used in the field. 
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1.1. Objectives 
 

The objectives of this work are: 

I) Perform accelerated ageing tests by salt-spray on steel pipes with composite 

repairs under three different temperatures; 

II) Evaluate the effectiveness of ultrasound and shearography inspections in 

detecting changes in the component’s behavior over time; 

III) Compare the results of the two inspection techniques and assess their viability 

as field tools to monitor pipeline integrity; 

IV) Understand and correlate the mechanisms of degradation and damage 

propagation in the repairs; 

V) Propose a modified Arrhenius methodology to predict long-term damage 

propagation based on the results of the study. 
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2. Literature Review 
 

2.1. Composite Materials 
 

 Callister [7] defines composite materials as “multiphase materials that exhibit 

a significant proportion of the properties of both constituent phases such that a better 

combination of properties is realized”. Composite materials can be further 

differentiated from other multiphase materials by the fact that, in the present context, 

the combination of properties must not be naturally occurring, such as in the case of 

some ceramic materials and metallic alloys, for example.  

 Composite materials are usually constituted of two distinct phases, with an 

interface between them. These phases are often called matrix phase and dispersed or 

reinforcement phase. Both play very distinct roles in the final properties of the material: 

the matrix is a continuous phase that gives the material its structure, surrounding and, 

to an extent, protecting and holding the disperse phase in place. The disperse phase or 

reinforcement will affect the properties of the final material as a function of its 

geometry, quantity – more often referred to as volumetric or volume fraction, 

orientation, distribution and so forth [7]. Typical configurations of the dispersed phase 

can be seen in Figure 4. The interface between the two phases is also a very important 

aspect of composite materials because it determines how much load can be transferred 

among phases. 

A wide range of materials can be used for both phases of the composite 

material. For the matrix, polymers, ceramics and metals can be used. Polymers are by 

far the more common mainly due to its ease of processability and low cost [26]. In a 

polymer matrix composite, the matrix phase tends to play a minor role in the load 

bearing capacity of the material but is essential to provide protection from the 

environment and to keep the reinforcements in place.  In thermoplastic matrix 

composites, the polymer provides increased ductility to the overall composite, which 

is important to prevent brittle failures, as reinforcements are usually fragile.  

 

DBD
PUC-Rio - Certificação Digital Nº 1812754/CA



24 
 

 
Figure 4: Classic representation of a composite material. Dispersed and matrix phases are 

represented in different configurations of orientation, distribution and shapes.  The dispersed 

phase arrangement is very important for the final properties of the composite and it is a very 

important aspect to be considered in the design and/or material selection stages. Adapted from 

Callister [7]. 

   

Reinforcements can be found mainly in the form of particles or fibers. Particles 

and fibers differ mainly in their geometry, with particles having roughly the same 

dimensions in every direction and fibers having a more elongated form factor – usually 

with a cylindrical shape where the length is longer than the diameter of the fiber. For 

polymer matrix composites, particles are more often used as fillers to enhance the 

composite’s stiffness using reinforcements with higher moduli than of the matrix itself. 

Fiber reinforcements are far more used in higher demanding applications because of 

the intrinsic characteristics of most high-performance fibers, such as high modulus 

and/or strength allied with low density and design customization. The combination of 

polymeric matrices and high-performance fibrous reinforcements creates very 

desirable properties in what is termed “advanced composites” [8]. Figure 5 shows a 
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comparison between the specific properties of composites against other families of 

materials. 

 
Figure 5: Ashby plot of different families of materials. Composites show comparatively high 

moduli while having density in the same magnitude as polymers or elastomers. Source: Granta 

Design (https://www.grantadesign.com/education/students/charts/) 

 

Although usually more expensive than other structural materials, the 

performance, flexibility of design and lightness of composites often justify their use in 

high performance applications. Much can be customized in the way of fiber orientation, 

distribution, and bias, stacking of layers, selection of polymeric matrix and more. 

Furthermore, different fabrication methods can yield different properties and can be 

more or less suitable to a specific design requirement or project constraint. Industries 

that include aerospace, transportation, oil & gas, renewables, sports (Figure 6) and 

industry 4.0 make great use of the unique properties of these materials [27–32], creating 

an ever-increasing demand for new developments in material characterization, 

manufacturing and modelling.   
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Figure 6: Ferrari SF-23 Formula 1 car. In a modern F1 car, composites are widely used because 

of its lightweight and high performance. Most of the bodywork, aero, suspension and even parts 

of the engine are made out of carbon fiber reinforced composites. Furthermore, brake discs use 

high temperature carbon reinforced ceramic matrix composites that can withstand continuous 

1000 °C+ temperatures. Source: Ferrari.com 

 

2.2. Composite pipeline repair systems 
 

Composite pipeline repairs refer to the use of composite materials to repair 

damaged or corroded sections of pipelines. These repairs involve wrapping the 

damaged area of the pipe with a composite material that has high strength, high 

modulus and durability, providing a cost-effective and reliable solution to extend the 

life of the pipeline. 

The use of composite materials for pipeline repairs has been extensively studied 

and documented in scientific literature. Researchers have investigated the mechanical 

properties, such as tensile strength, compressive strength, and flexural strength, of 

various composite materials for pipeline repairs [5, 6, 33] . They have also evaluated 

the performance of composite repairs under different conditions, including internal 

pressure, bending, cyclic fatigue and high temperatures [33–37]. Other than composite 

materials, common repair techniques include substitution of the damaged segment, 

clamps, welded sleeves and cladding [38]. The selected method of repair will be 
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determined as a function of the risk a defect poses to the pipeline [20]. A chart of the 

decision-making process is shown in Figure 7. 

 

Figure 7: Flowchart of the decision making process involved in repairing a pipeline. After 

initial inspection, in the case of damage detection, a sequence of decisions must be made. 

Adapted from [20]. 

 

Studies have shown that composite repairs can significantly enhance the 

structural integrity of pipelines, especially in areas where traditional repair methods are 

difficult or impossible to use [5, 29]. However, the effectiveness of composite repairs 

depends on several factors, including the design of the repair system, the quality of the 

materials used, and the application process. Therefore, it is crucial to follow industry 

standards and guidelines for composite pipeline repairs to ensure their long-term 

reliability, such as the ISO/TS 24817 [39] and ASME PCC-2 [40].  

The process of applying composite repairs to steel pipes usually present the 

following steps [20]:  

I) Surface preparation of the steel pipe;  

II) Application of compatibilizing agent, such as silane (optional);  

III) Application of a discrete adhesive layer, usually with similar composition 

to the laminate matrix (optional);  

IV) Application of the wrap until desired thickness is reached;  

V) Application of a protective layer against severe weathering and UV radiation 

(optional).  
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  Some of the advantages of composite repairs include ease of application, do not 

require welding, can be applied over any extension of damage and over bends, do not 

require stoppage of operation and its installation costs are relatively low [20].  

 

2.2.1. Fiber Reinforced Polymer (FRP) repairs degradation mechanisms 
 

Fiber reinforced repair systems have gained popularity in the repair and 

rehabilitation of pipelines due to their high strength, corrosion resistance, and 

durability. However, FRP pipeline repair systems are also subject to environmental 

and/or operational conditions that can affect their long-term performance. The 

mechanisms by which degradation affects the life in service of the repair vary as a 

function of what conditions are analyzed. For example, the degradation mechanisms 

that occur due to environmental exposure are not the same as mechanical loads being 

applied to the material, although both can occur at the same time [41, 42].  

In marine and offshore applications, FRP repairs can be exposed to harsh 

environmental conditions such as saline atmospheres, elevated humidity, temperature 

variations, UV radiation, and chemical exposure. Sustained exposure to these 

conditions can cause damage to the FRP composite material, mainly to the interface 

between repair and pipeline, leading to delamination, cracking, and loss of strength, 

which has been widely reported in literature [43–50]. Furthermore, FRP repair systems 

can suffer from operational loads such as high internal pressures and conditions like 

corrosive fluids. In addition, fatigue degradation can also occur, caused by repeated 

loading and unloading cycles, which, although not covered by this work, has been also 

extensively reported in literature [51–53]. 

One of the main degradation mechanisms is caused by external corrosion in the 

steel pipe along the edges of the repaired area. According to Perrut [2], the transition 

area between FRP repair and steel pipeline is critical, even in areas where the composite 

repair has been painted over (polymeric coating). The critical nature of this area is 

mainly due to a stiffness difference between the two materials causing out-of-plane 

stresses and differential thermal expansion, thus making this region prone to defects on 

the medium to long terms. Damage in this area can lead to moisture infiltration along 
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the edges of the repair, which weakens the interface between repair and metallic 

substrate. This weakened interface can suffer from loss of adhesion, making way for 

corrosion to spread underneath the repaired area. It can also cause moisture uptake in 

the interface itself, which could lead to effects like plasticization, hydrolysis and 

crazing. 

Perrut [2] in his work performed a series of tests on double-lap shear specimens 

to simulate the effects of hygrothermal ageing in FRP repaired pipelines, using salt-

spray fog and water immersion. The author found that both static and dynamic 

mechanical properties of the system were significantly affected by the ageing process. 

The work also showed that most of the performance lost by the joints was caused by 

changes in the interface between repair and steel substrate area and an adequate surface 

preparation of the substrate is very important to longevity. These changes caused loss 

of adhesion, changes in adhesive failure mode, delamination and further corrosion of 

the steel.  

Environmental conditions may also affect the composite material itself as 

consequence of hygrothermal exposure. Temperature and humidity can degrade the 

performance of the repair, mainly due to the plasticization of the matrix phase of the 

composite and long-term fiber/matrix interface degradation. Some of the possible 

effects of hygrothermal exposure are showed in Figure 8 [54]. Tual et al. [55] tested 

three types of carbon-reinforced composites, without any substrate, and evaluated the 

effects of hygrothermal ageing. The authors found that in-plane strengths were far more 

affected than moduli, with plasticization, and subsequent deterioration of fiber/matrix 

interface being the main culprits. They also observed that, upon drying, most of the 

effects of initial plasticization and swelling due to moisture uptake were reversible, 

whereas the effects on the fiber/matrix interface were not.  

A recent study by Guo et al. [56] confirmed the observations of Tual et al., 

using pultruded glass, carbon and glass/carbon hybrid reinforced epoxy samples under 

three different temperatures over 135 days. According to the authors, the effects of 

plasticization caused by water ingress were reversible upon drying, but the long-term 

effects of resin relaxation due to hygrothermal exposure may lead to irreversible 

damage, such as interface debonding of fiber or resin and fiber damage. The authors 

DBD
PUC-Rio - Certificação Digital Nº 1812754/CA



30 
 

further expand on the effects on the glass transition temperatures of the matrices, which 

decreased significantly over exposure time, but were also reversible. Other authors 

found similar results [50, 52, 53, 57–68]. 

 

 

Figure 8: Effects of moisture uptake in a fiber-reinforced composite material, such as a FRP 

repair - Adapted from Vieira et al [54]. 

   

In both Tual et al. [55] and Guo et al. [56] studies, damage is caused by moisture 

diffusion through the polymer/resin, either in the adhesive/interface area of repair and 

steel substrate or the matrix phase of the composite. This phenomenon is generally 

described by Fick’s first law (Eq. 1). In this equation, 𝐽 is the flux of diffusion, 𝐷 is the 

coefficient of diffusion and ቀ
డ஼

డ௫
ቁ is the concentration gradient.  

𝐽 = −𝐷 ቀ
డ஼

డ௫
ቁ                                             (Eq. 1) 

 

The coefficient 𝐷 is described by Eq. 2, where 𝐷଴ is the pre-exponential factor, 

𝐸௔ is the activation energy, R is the universal gas constant and T is the temperature in 

kelvin.  

 

𝐷 = 𝐷଴𝑒
ቀ

షಶೌ
ೃ೅

ቁ                                                 (Eq. 2) 
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As seen in Eq. 2, the coefficient of diffusion is directly dependent of 

temperature, following an Arrhenius-like relationship. Thus, if diffusion is the main 

factor causing degradation in FRP repairs, material behavior could be predicted over 

time with increased temperatures using Arrhenius-like plots. Bank et al. [69] used a 

model where the degradation rate was expressed by an Arrhenius relationship, as seen 

in Eq. (3). In this equation, 𝑘 is the degradation rate with unit as 1/time and  𝐴 is a 

constant of the material and degradation process.  

 

𝑘 = 𝐴 exp ቀ
ିாೌ

ோ்
ቁ    Eq. 3 

 

As seen in Wu et al. [22], Eq. 3 can be rearranged to fit a commonly used 

degradation model format (Eq. 4). The resulting equation is Eq. 5, where the logarithm 

of the amount of time for a property to reach a certain threshold is a linear function of 

the inverse of temperature with an angular coefficient of (𝐸௔/𝑅). Many authors [22, 

54, 67, 69–77] have used these relations with varying degrees of success to predict 

properties or to establish acceleration factors for ageing tests.  

 

𝑌 = 𝑎 log(𝑡) + 𝑏    Eq. 4 

     

𝑙𝑛 ቀ
ଵ

௞
ቁ =

ாೌ

ோ

ଵ

்
− ln (A)              Eq. 5 

  

Although useful for many applications, this approach fails in some aspects 

when long-term behavior is investigated. According to Davalos et al. [23], models 

based solely on Arrhenius-like relations assumes that the degradation mechanism will 

not change over time and that temperature exposure would only accelerate the process, 

which does not always agree with the experimental data.   

Research shows that, for longer periods of hygrothermal exposure, the 

degradation mechanism does indeed change to a non-Fickean response, thus a simple 

Arrhenius-like model is not enough to provide a reliable prediction. Guo et al. [56] 

modelled the water absorption behavior of FRPs as a two-stage diffusion response, 
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which is initially described by Fick’s law (first stage) and a non-Fickean second stage, 

in which the water absorption rate decreased due to changes in the degradation 

mechanism. This second stage is governed by resin relaxation and interface debonding 

of fiber and resin, which affects long-term deterioration and causes permanent damage 

to the material.  

Wang et al. [78] compared three different models to evaluate their effectiveness 

in predicting long-term material behavior (Figure 9). The first one was a simple 

Arrhenius-like model (Figure 9a), in which the authors confirmed shortcomings 

previously mentioned by Wu et al. [22]. The remaining two (Figure 9b and 9c) were 

based on the work of Phani and Bose [24, 25], and proved to correlate much better with 

experimental data.  

The Phani and Bose model represents a superposition of the effects of 

temperature and time on the degradation of the material and is described by Eq. 6: 

 

𝑌 = (𝑌଴ − 𝑌ஶ) exp ቀ
ି௧

ఛ
ቁ + 𝑌ஶ                          Eq. 6 

 

Where 𝑌 is the property retention, 𝑌ஶ is the property retention at infinity, 𝑌଴ is 

the initial value of the property, before ageing, 𝑡 is exposure time and 𝜏 is the fitted 

time parameter. The parameter 𝜏 represents the amout of time necessary for the 

property investigated to reach a certain value, and may be directly correlated to the 

temperature through an Arrhenius relationship (Eq. 7). 

 

 
ଵ

ఛ
=

ଵ

ఛబ
exp ቀ

ିாೌ

ோ்
ቁ              Eq. 7 
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Figure 9: Comparison between three proposed methods by Wang et al. a) Arrhenius-based 

model; b) Phani-Bose model with property retention reaching zero; Phani-Bose model with 

property retention reaching a stable threshold at infinity. Source: Wang et al. [78].  

 

The experimental property retention % as a function of ageing time is fitted to 

a curve using regression and then plotted in an Arrhenius plot. The Arrhenius plot gives 

the logarithm of the time necessary to reach a certain value of property retain as a 

function of 1000/T in kelvin. Hence it is possible to predict the amount of time 

necessary to reach a certain threshold of property retention given a certain temperature 

or vice-versa. This model has been used with good correlation with experimental data 

as reported in the literature [22–25, 56, 76–79]. 

 

2.3. Salt Spray Accelerated Ageing 
 

Salt spray accelerated ageing tests, as defined by the ASTM B117 standard [9], 

are commonly used to evaluate the corrosion resistance of metallic materials. The test 

involves exposing the sample to a salt spray fog in a controlled environment for a 

specified period, and then assessing the degree of corrosion that has occurred. The 

standard also provides guidelines for evaluating the degree of corrosion that has 

occurred on the sample surface after exposure to the salt spray mist. This can be done 
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using a variety of techniques, including visual inspection, mass loss measurement, and 

electrochemical testing.  

The salt spray mist used in the test is typically a solution of sodium chloride in 

water, with a concentration of 5% by weight. The samples are placed in a chamber 

(Figure 10) that is heated to a set temperature (ASTM B-117 specifies 35°C) and 

maintained at a relative humidity of 95%. The salt spray mist is then continuously 

sprayed into the interior of the chamber for a specified number of hours, usually 

ranging from 24 to 1000 hours and beyond [9]. 

Although this test is more often used to evaluate the corrosion resistance of 

metallic materials, it can also be used to evaluate the long-term behavior of non-

metallic materials such as fiber-reinforced polymers (FRPs), which are increasingly 

used in various applications due to their high strength-to-weight ratio, corrosion 

resistance, and durability. A myriad of industries, such as aerospace [80], civil 

engineering [79, 81–84], automotive [85] and Oil & Gas [34, 36, 86], for example, 

often use accelerated ageing tests to investigate the changes in properties of composite 

materials in a compressed timeline. Tests such as this can simulate conditions closely 

related to what the material would find in, for example, a marine environment. Figure 

11 shows an example of the evolution of the degradation suffered by a FRP repair 

subjected to salt-spray ageing, in conditions similar to what would be found in offshore 

applications. 

 

 

 
Figure 10: Typical salt-spray test equipment. Source: Equilam  
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The effects of salt spray on mechanical properties are related to several factors, 

including the type and composition of the composite materials, the duration of the test, 

and the environmental conditions during the test. For instance, a study by Chakraverty 

et al. [87] found that the mechanical properties of fiber-reinforced polymer composites 

were more affected negatively by salt spray exposure and that the rate of moisture 

absorption changed from Fickean to non-Fickean with increased exposure time. 

Furthermore, a study by Sousa et al. [88] found that test temperature was a major factor 

on the properties of adhesively bonded joints, with higher temperatures leading to a 

more pronounced degradation.  

 

 
Figure 11: Steel/composite double-lap shear samples after being through salt-spray testing. 

Source: [2] 

However, it is important to note that the results of salt spray accelerated ageing 

tests should be interpreted with caution. Test conditions may not accurately simulate 

the actual environmental conditions that the material will be exposed to and material 

variables such as curing or post-curing could play an important role when trying to 

predict long-term behavior [89]. As such, it is recommended that these tests be used as 

a screening tool to identify materials likely to perform well in corrosive environments, 

rather than as a definitive measure of corrosion resistance. Furthermore, the effects of 

temperature must only be of accelerating the test and must not cause any thermal 

degradation to the material itself.  
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2.4. Shearography 
 

Shearography is a non-destructive, optical test method that can measure 

displacement field gradients on the surface of materials [90] using principles of speckle 

interferometry [20,91]. During a shearography inspection, the specimen is stressed to 

create very small deformations while being lit up by a LASER source, in order to 

generate a speckle pattern. Images are captured using a special optical device that 

produces laterally dislocated pairs of images, as if a shear force has been applied – 

hence the name shearography – from which a phase map of the displacement 

derivatives of the stressed specimen is generated [92].  

Some of the advantages of this technique include simple setups and lower 

sensibility to vibrations especially when compared to other optical techniques, the 

possibility of direct measurement of the deformation gradient on the surface of the 

sample, lack of coupling media and possibility of measuring large areas at once [20].  

In Figure 12, a typical shearography setup is shown. The setup consists of a 

LASER source, used to illuminate the sample and generate the speckle pattern, a 

modified Michelson interferometer with adjustable mirrors to produce laterally 

dislocated pairs of images, a digital camera to acquire the data and a computer with 

dedicated software to process and analyze the images. In addition, some form of stress 
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producing device must be used to cause the necessary deformations in the test object 

[13].  

 

 
Figure 12: Shearography setup, adapted from [93]. The main components of the setup are the 

laser source, the modified interferometer, the camera, the computer with dedicated software and 

a device to stress the sample.  

Most defects found in composite materials structures are caused by 

discontinuities within the material or with the substrate it is adhered to (Figure 13). 

These can be traced to problems during lamination or throughout the lifetime of the 

material and manifest themselves as voids, porosity, delaminations and loss of 

adhesion. These unadhered areas will deform differently from its surroundings once 

stress is applied, causing discontinuities in the deformation fields, which in turn, will 

cause anomalies in the interference patterns observed by the operator [20].  
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Figure 13: Example of an area of unadhered composite and metallic substrate, a typical use case 

for shearography inspections [13]. 

Usually, during a shearography inspection, the first step is to illuminate the test 

object with a LASER source to generate a speckle pattern. Then, a pair of laterally 

dislocated images is generated using the modified interferometer to control the amount 

of dislocation applied. Before loading, a phase map (usually 4 or 8 pairs of images per 

map) of the material before any stress has been applied is obtained as reference. Upon 

loading, new pairs of images are acquired to generate phase maps of the stressed state 

of the object. The data is then analyzed via a dedicated software, where an algorithm 

will generate interferograms that display the differences in the phase maps acquired. 

Defects will show up as interference fringe patterns on the interferograms, which 

represent the first derivative of the out-of-plane displacements, perpendicular to the 

plane that is being measured [20]. The interferograms appear to the operator as an 

animation, instead of static images, which makes the identification of the fringe 

patterns easier. An example of each stage of the image processing on an inspection of 

a steel pipe with composite repair is shown in Figure 14.  
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a)      

 

b)      
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c)  

Figure 14: a) Pair of laterally dislocated images; b) phase map constructed using 4 pairs of 

laterally dislocated images; c) interferogram showing in red fringe interference patterns that 

indicate a rectangular shaped defect. Source: BAWSF, used with permission. 

 
During the inspection, the object is stressed either via thermal, mechanical or 

vibrational excitation [20].  Most common forms of excitation are thermal and pressure 

application and only light loads or temperature variation are enough to acquire data – 

about 4°C or 1 bar. Over-excitation of the test object and excessive vibration during 

testing can cause problems, since large object movements can make image correlation 

difficult [13]. Figure 15 shows examples of defects found using shearography 

inspection in the field.  
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          a)        b) 

Figure 15: Example of a pipe bend: a) image of the repaired pipe bend; b) shearography image 

showing three kinds of fringe patterns indicating defects. Source: BAWSF Archive – Used with 

permission. 

This technique has been shown to detect some of the most common defects 

found in composite materials, with applications in a great variety of industries [13, 91, 

94–98]. Some examples are tire manufacturers [99], aerospace [18,100,101] (Figure 

16) and, more recently, Oil & Gas in such applications like bonded composite pipelines 

joints [15], composite repairs on metallic pipes [13, 14, 20, 102, 103], pressure vessels 

[102] and ship hulls [104].  

 

 
Figure 16: Shearography fringe patterns overlayed on a test subject. The technique detected 

flaws in a composite elevator flap, from an Airbus A330 aircraft, previously inspected by 

thermography. Drawn markings indicate thermography detections. Source: Author’s own 

archive.  
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Soares et al. [11] evaluated the feasibility of using shearography to inspect steel 

pipelines repaired with composite materials in the field. Tests were performed both at 

laboratory conditions with samples containing artificial flaws and in field conditions. 

Laboratory tests showed positive results, which were later confirmed in the field, both 

on and offshore. Although vibrations and difficulties to reach some of the repaired areas 

due to space constraints caused some challenges, the technique showed good results 

and was recommended to deployment in the field. Růžek et al. [105] compared the 

performance of shearography and ultrasound to assess impact damage in composite 

structures. The authors found that shearography was more suited to the application, due 

to limitations of the UT technique to detect impacted areas where the composite 

material was deformed but not completely broken. 

 

2.5. Ultrasound 
 

Ultrasound (UT) inspection is a non-destructive test method which uses 

mechanical waves to penetrate the material and provide information about its internal 

structure. In an ultrasonic inspection, high frequency sound waves are emitted through 

a transducer at the surface of the material and acoustic impedance differences across 

the thickness of the inspected sample will generate reflections, often called echoes, 

which can be detected. The reflected waves can be analyzed to detect any defects or 

anomalies in the material, such as delaminations, voids, cracks, or general lack of 

homogeneity. UT has been widely used throughout the aerospace [18], renewable 

energies [106], and Oil & Gas industries [12, 107] and industry 4.0 initiatives [108].  

One of the most common methods for UT inspections is the pulse-echo 

technique [17]. In a typical pulse-echo UT setup, the inspection is carried out on only 

one of the surfaces (contrary to the transmission technique) and the main components 

are the emitter/receiver, the transducer and a monitor for viewing the signals (Figure 

17). The emitter/receiver is an electronic device that can produce high voltage electrical 

pulses and works together with the transducer. The transducer often uses the 

piezoelectric principle to convert the electrical pulses into mechanical waves and vice-

versa. If there are any anomalies along the path of the wave, a reflection will occur, 
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which will be detected and converted to an electric signal by the transducer and 

displayed in a monitor. The information on the monitor is used by the operator to 

analyze the different reflections detected by the transducer, whether caused by defects 

in the material (defect echo) or natural reflections caused, for example, by the opposite 

surface of the material (back surface echo).  The time it takes for a wave to travel 

through the material and be reflected back to the transducer is called time-of-flight and 

provides important information about the defect detected, such as location, size and 

orientation, for example [19]. 

 
Figure 17: The reflected signal strength is displayed versus the time from signal generation to 

when an echo was received. Adapted from [19] 

The information gathered during the UT inspection comprises a wide variety of 

signals from different reflections from within the inspected part. Signal processing is 

an important part of the UT workflow and includes gating procedures (Figure 18), in 

which a specific reflection (or echo) is separated for further signal processing [109]. 

Then, automated detection criteria can be applied using algorithms in dedicated 

software, such as MatLab [110]. 
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Figure 18: A-Scan signal with a gate set at the red marked region. The gate is set, in this case, 

between the front and back echoes, which represent the upper and bottom surfaces of the 

sample, respectively, in order to detect internal damages in the material.  Adapted from [111]. 

Some of the advantages of UT inspection include highly accurate defect 

positioning and measuring it can be performed even if only one side of the inspected 

object is accessible, requires minimal surface preparation, it is easy to automate and 

there is the possibility of characterizing properties in addition to defect detection [19]. 

The limitations of UT include the necessity of a coupling medium between the 

transducer and the surface of the inspected part. The ultrasonic waves need a medium 

in which to propagate, which is usually water or gels, since air causes severe 

attenuation, although in some cases it is possible to perform contactless inspections 

[112, 113]. Also, linear defects parallel to the sound beam can be difficult to detect and 

irregular shaped surfaces can cause problems to the inspection [19]. 

More recently, UT techniques have been developed to be able to inspect 

composite materials such as laminates, pultruded structures, composite pipes, joints 

and repairs [16, 17, 112–120].  Tamborrino et al. [116] were able to successfully detect 

defects in adhesive bonded composite single-lap joints using the pulse-echo method. 

The authors compared the results of UT inspection with thermography analysis and 

found similar results between the two techniques. Tsao and Hocheng [120] used UT 

and computerized tomography to evaluate delaminations caused by drilling in carbon 
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fiber/epoxy composites. The authors found that both techniques were successful in 

their detections and that both performed similarly.  

One of the main challenges for the inspection of composites using UT is the 

anisotropic and heterogeneous nature of the material, which causes absorption of the 

ultrasonic waves by the polymeric matrix, resulting in energy loss due to scattering, 

skewing and absorption [121]. Many authors [122–124] have also used UT to evaluate 

the elastic properties of composite materials, such as Young’s modulus and Poisson’s 

ratio.  

UT has also been successfully used to inspect composite joints as seen in the 

work of de Almeida et al. [125] and de Almeida and Pereira [121]. In the study of de 

Almeida et al. [125], the authors tested different single frequency transducers to detect 

artificial flaws in bonded composite joints, simulating lack of adhesion. The results 

showed that frequencies around 1.0 MHz gave the best results among the tested 

frequencies, with accuracy above 60% in all samples. In de Almeida and Pereira [121], 

the authors successfully employed the phased array technique to inspect glass fiber 

reinforced polymer (GFRP) laminated joints with thicknesses up to 30 mm, being able 

to detect all inserted artificial flaws and also other non-artificial flaws. The results were 

later confirmed by computerized tomography, showing the effectiveness of the 

technique for this kind of inspection.  
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3. Materials and Methods 
 

Samples of steel pipeline with composite repairs were fabricated and analyzed 

using NDTs both in as fabricated and aged conditions. A simplified flowchart is shown 

in Figure 19. Repair application was done by one of the manufacturers with the most 

number of repairs currently in the field, following the specification of those repairs 

already in operation. Shearography was performed by BAWSF, a service provider 

already deployed by Petrobras to inspect repairs in the field, whereas ultrasound was 

performed by LNDC to test their methodology and evaluate the feasibility of use in the 

real-life scenarios. The ageing process was done in salt-spray chambers custom made 

for this project, in three different temperatures. 

 
Figure 19: Simplified flowchart of the experimental program. 

 

3.1. Fabrication of test pipes  
 

Steel pipes with the specifications shown in Table 1 were used to fabricate all 

pipeline repair samples. The steel pipes were received cut-to-length and were painted 

according to the Petrobras standard N-442 [126]. The paint procedure consisted of a 

surface preparation and two stages of paint. Surface preparation was performed 

according to the ST3 (ISO 8501-1) standard to remove any rust or contaminants. The 

painting steps were done in accordance to N-442 condition 1, using N-2680 certified 

paint as a base layer and N-2677 certified paint as a topcoat.  
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Table 1: Steel pipe and repair nominal dimensions. 

 

 

Once painted, the pipes were sent to the repair manufacturer. Both to-be-tested 

and reference repaired pipes were fabricated by the same manufacturer at its facility by 

their field repair technicians. The first steps of the process were paint removal and 

surface preparation according to the specified conditions. Paint was removed from the 

area where the repair was going to be applied, plus 20 mm on each side for tapering of 

the edges of the repair and plus 25 mm further on each side to force corrosion to occur 

on an unprotected area. The surface of each pipe was prepared according to four 

different types of treatments and their rugosity measured, the analysis of which is not 

part of the scope of this work. 

The repair itself was applied using a hand layup process, with nominal 

dimensions listed in Table 1. A polymer matrix composite material was used, 

composed of a bidirectional fiberglass fabric with a 2:1 weave and a weight of 365g/m², 

impregnated with the lamination resin through the manual lamination process. Table 2 

shows the properties of the laminate after curing. 

The glass fiber was wrapped around the pipe with epoxy resin being 

simultaneously applied until the final thickness was achieved. Figure 20 shows some 

of the steps during the lamination of one of the test samples used in this work.  

 

 

 

 

Parameter Values
Steel Grade API 5L Gr. B

Pipe Outer Diameter 114.3 mm
Pipe Wall Thickness 6.02 mm
Pipe Inner Diameter 102.26 mm

Pipe Length 500 mm
Repair Length 300 mm

Repair Thickness 6.0 mm
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Table 2: Composite laminate properties. Data obtained from the Type Approval process carried 

out by the American Bureau of Shipping (ABS) and provided by the manufacturer. 

 

 

        

a)               b) 

     

c)               d) 

 Figure 20: Some of the steps of applying a composite repair to a steel pipe: a) preparing the 

surface: removing paint and corrosion with a plastic pipe insert used as support; b) applying a 

discrete adhesive layer; c) applying the wrap; d) finished pipe with repair. Source: author’s own 

archive. 

Parameter Value
Ply Thickness 0.3 mm

Circumferential Young's Modulus 23.1 GPa
Axial Young's Modulus 12.4 GPa

Poisson's Ratio (ν12) 0.16

Shear Modulus (G12) 3.755 GPa

Circumferential Thermal Expansion Coefficient 11.6 x 10⁻⁶ °C-1

Axial Thermal Expansion Coefficient 11.6 x 10⁻⁶ °C-1

Energy Release Rate (γLCL) 146,44 J/m²

Glass Transition Temperature 116 °C
Curing Time 6 h
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In total, 25 samples were fabricated, of which, 24 were used during the accelerated 

ageing test. Additionally, markings indicating the 0 position and direction of inspection 

were made on all samples.  

A reference pipe with artificial defects was also fabricated and the details can 

be found in the next section. The measurements of each sample are listed in Table 3. 

 

Table 3: Measurements of the repaired pipe samples as fabricated. Measurements made by 

BAWSF before shearography inspection at T0. Listed are the samples which were aged, thus 

excluding pipe 0 (reference, not aged) and pipe 4, which was discarded.  

 

 

3.1.1. Reference pipe fabrication 
 

A reference pipe was fabricated to simulate defects in the interface between 

pipe and composite repair. The defects were made out of Teflon tape, folded to create 

Sample
Steel Pipe 

Perimeter (mm)
Repaired Area 
Perimeter (mm)

Repair Thickness 
(mm)

Repair Length 
(w/o borders) 

(mm)

Repair Length (w/ 
borders) (mm)

1 362 406 7.0 284 344
2 362 404 6.7 288 338
3 362 406 7.0 288 344
5 362 404 6.7 294 349
6 362 404 6.7 288 346
7 362 404 6.7 286 344
8 362 404 6.7 287 346
9 362 404 6.7 290 341
10 362 402 6.4 293 343
11 362 403 6.5 290 344
12 362 405 6.8 290 340
13 362 404 6.7 282 344
14 362 404 6.7 282 342
15 362 402 6.4 288 351
16 362 402 6.4 286 346
17 362 404 6.7 290 344
18 362 406 7.0 294 350
19 362 402 6.4 290 346
20 362 402 6.4 288 346
21 362 402 6.4 290 342
22 362 402 6.4 288 340
23 362 404 6.7 290 344
24 362 401 6.2 288 344
25 362 403 6.5 288 346
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a pocket of air, similar to what would happen in case of localized lack of adhesion. The 

positioning and size of the artificial defects can be seen in Figure 21. 

 

 
Figure 21: Artificial defect map. The Y axis represents the edges of the repaired area, while the 

X axis represents the length of the repair. 

The artificial defects were positioned directly on the surface of the pipe, before 

the adhesive layer was applied, as seen in Figure 22. After all the defects were 

positioned, lamination occurred as all the other pipe samples.  

DBD
PUC-Rio - Certificação Digital Nº 1812754/CA



52 
 

 
Figure 22: Artificial defects positioned on the surface of the steel pipe, according the artificial 

defect map. 

 

3.2. Salt Spray ageing 
 

 The salt-spray accelerated ageing was performed at the Composite Materials 

Laboratory of PUC-Rio from December 2020 to January 2023. Over the course of a 

little over two years, the repaired pipes were exposed to approximately 13,510 h of 

continuous ageing inside the salt-spray chambers. During the test, both extremities of 

the pipes were sealed to prevent water ingress and corrosion on the inner walls of the 

samples. At designated dates, the pipes were removed from the chambers for a period 

of two weeks in which the NDTs were performed. During this period outside the 

chambers, the pipes were protected with plastic film as best as possible from the dry 

environment of the laboratory in order to avoid excessive desorption and with bubble 

wrap to avoid accidental impact damage.  

Three large scale chambers (Figure 23) were used and each one was set a 

different temperature. The objective was to evaluate how degradation occurred in 

different ageing rates and to have enough data to predict life in service of the repair.  

The temperatures selected were of 35 °C, 55 °C and 70 °C. The first one was the 

temperature recommended by ASTM B-117 [127] for salt-spray testing. The other two 

were selected to test different ageing rates, leaving enough difference between 

temperatures to account for fluctuations in actual test temperatures. The higher 

temperature of 70 °C proved to be a challenge due to limitations of the equipment used. 

Thus, many problems and interruptions happened along the duration of the testing done 
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in this chamber. Table 4 shows the average temperature and standard deviation of each 

chamber for the duration of the tests.  

 
Figure 23: 3 large-scale salt-spray chambers, with the respective control panels in the 

foreground. In the background, it is possible to observe the solution tanks next to one of the 

air/water saturators. 

 

Table 4: Set, average temperature and standard deviation for each salt spray chamber. 

 

 

 The ASTM B-117 [127] and ASTM D-1193 [128] standards were used as 

reference for sodium chloride composition, salt water solution and salt spray 

concentrations and pH and water conductivity. These parameters were monitored 

during the preparation and maintenance of the tests. Table 5 shows the target values 

Chamber 1 Chamber 2 Chamber 3 
Set Temperature (°C) 35 55 70

Average Temperature (°C) 35.6 55.6 60.9
Std. Deviation (°C) 0.9 1.6 6.1
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for each parameter according to the aforementioned standards and Table 6 shows the 

maximum allowable amount of impurities in the composition of the sodium chloride 

used for testing. 

 

Table 5: Salt spray preparation parameters reference values. 

 

 

Table 6: Maximum allowable amounts of impurities in the sodium chloride compositions. 

 

 

 Testing was divided into intervals of ten weeks of ageing and two weeks of 

NDT testing. The only exceptions were the two intervals of ageing which were shorter 

to account for the more pronounced absorption experienced by the samples when first 

exposed to the salt spray. Table 7 lists the intervals, named T0 to T9, with their 

respective ageing time. 

In each chamber, 8 pipes were conditioned. The list of where each sample was 

tested is provided in Table 8. Samples were positioned at the bottom of the chambers, 

in the same plane, to homogenize the ageing conditions as much as possible. The ends 

of the pipe were protected and partially sealed to minimize water ingress and internal 

corrosion. Figure 24 shows the samples positioned inside of the chambers.  

 

 

 

 

 

 

Parameter Value Observations
Salt Solution Concentration 4-6%

Salt Solution pH 6.5-7.2 at 23 ± 3°C
Water Conductivity < 5.0 µS/cm ASTM D1193 - Type IV

Impurity Desciption Allowable Amount
Total Impurities ≤ 0.3 %

Halides (Bromide, Fluoride and Iodide) excluding Chloride < 0.1 %
Copper <0.3 ppm

Anti-caking Agents None Added
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Table 7: Intervals between NDT inspections and accumulated ageing time. 

 

 

   

 

 
Figure 24: Pipes positioned inside one of the chambers. The samples marked by the red 

parallelograms are from the same manufacturer and were the ones used for this work. It is also 

possible to see the black end protection on each one. 

Table 8: Samples and their respective chambers. 

Time Interval (h) Accumulated Time (h)
T0 0 0
T1 570 570
T2 1250 1820
T3 1670 3490
T4 1670 5160
T5 1670 6830
T6 1670 8500
T7 1670 10170
T8 1670 11840
T9 1670 13510
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3.3. NDT Calibration procedures 
 

3.3.1. Shearography 
 

The shearography inspection was performed by BAWSF Inspeções e 

Engenharia at PUC-Rio’s composite materials laboratory. The inspection procedure 

was developed by the company’s Level III inspector and the inspections were 

performed by the Level III inspector and a qualified technician with the setup shown 

in Figure 25.  

The parameters used during inspection were provided by BAWSF Inspeções e 

Engenharia in their reports, as presented in Table 9. 

 

Table 9: Software, equipment and loading parameters. 

 

Chamber 1 Chamber 2 Chamber 3
1 3 6
2 5 11
7 9 12
8 10 13

14 16 18
15 17 23
19 21 24
20 22 25

Sample 
Number

Parameters Values
Gain Level 3

Shutter Level 5
Phase Map Acquisition Time 40 s
Phase Map Acquisition Rate 1 phase map/s

Model N4f
F# 6

Lateral Displacement Amplitude 10 mm
Distance to Sample 320 mm

LASER Stabilization Time 15 min
LASER Wavelength 532 nm

LASER Coherence Length 300 m
LASER Power 1 W

Load Type Thermal
Thermal Exposure Time 30 s

Software

Shearography Head

LASER

Load
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Figure 25: Shearography setup with most of the componentes displayed. Only the LASER 

source and the lamp used for thermal loading are not shown in this image. 

 

Figure 26 shows the positioning of the samples in relation to the original (as 

acquired) images. The specimens were kept “upright” during the inspections, but the 

images were obtained “lying down” to optimize the resolution of the interferometer 

camera. In the reports, images were rotated by 90° (clockwise), representing the actual 

positioning of the specimens. The lateral displacements were applied longitudinally, 

from left to right in the image as captured by the interferometer and transversally, from 

bottom to top in the original image. 
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Figure 26: Positioning of the specimen in relation to the originally acquired images and the 

directions of the lateral displacements used. 

 

The following are the steps of the inspection procedure used: 

I) Application of talc powder spray (Metal-Chek™ D70): The repaired surface 

presented slightly different levels of transparency and reflection. Such characteristics 

make it difficult to obtain good quality images using the shearography technique. The 

use of matte white talc powder spray to coat the surface to be inspected solved the 

problem, without the need for post-painting or permanent painting. 

II) Specimen positioning: All inspections were carried out with the same 

positioning of the specimen, lighting module, and vision module. For this, tripods and 

a bench available in the PUC-Rio laboratory were used. All positions were measured 

and referenced, ensuring the repetition of inspection conditions for all specimens. Each 

specimen was inspected in three distinct positions: 0°, 120°, and 240°, starting with 

position 0°. 

III) Inspection selection: Inspection selection is carried out in a proprietary 

software developed by BAWSF, so that all images are saved in the corresponding 

folder of each inspection. Inspection is understood as the set of information: 

identification of the specimen (00 to 25), position of the specimen (0°, 120°, or 240°), 

and lateral displacement (transverse or longitudinal). 

IV) Lateral displacement adjustment: The tilting mirror in the interferometer 

was adjusted to obtain laterally displaced images with an amplitude of 10 mm, both in 

the longitudinal and transverse directions. 

V) Thermal loading: Thermal loading was performed using a 500 W halogen 

lamp. Loading was applied to ensure homogeneous heating throughout the extent of 
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the repair. Thermal loading was applied for 30 seconds with oscillatory movement of 

the lamp (approximately 7 cycles) over the entire extent of the repair. 

VI) Obtaining the Reference Image: A phase image (Reference) was obtained 

for further processing. It is important to note that in this case, the Reference was 

obtained after thermal loading. The practical effect is that the other Phase Maps were 

obtained during the cooling of the specimen, making the temperature variation between 

the Reference and the Phase Maps smaller, reducing the risk of correlation loss during 

inspection. 

VII) Obtaining New Phase Maps: New Phase Maps were acquired for 40 

seconds at a rate of one Phase Map per second, for a total of 40 images. 

VIII) Selection of Phase Maps: A preliminary analysis of the images was 

performed, with the selection of Phase Maps whose difference presents the fringes of 

greatest interest for each inspection. 

IX) Application of Filter: A low-pass filter was applied to the Phase Map 

Difference, improving the image quality and facilitating the interpretation of 

interference fringes. 

X) Fringe Animation and Saving of Phase Map Difference Image: The 

animation of fringes allowed for, in tandem with the experience of the operator, 

differentiation of the fringes coming from defects from those coming from inherent 

interference in the measurement process. In addition, animation allows for the selection 

of the best images to be analyzed. Subsequently, the best image obtained was archived 

in the corresponding inspection folder. 

 

3.3.2. Ultrasound 
 

The ultrasound inspections were performed by the Laboratory of Non-

Destructive Testing, Corrosion and Welding (Laboratório de Ensaios Não Destrutivos, 

Corrosão e Soldagem - LNDC) of COPPE/UFRJ. All inspections were performed by 

the LNDC’s senior researcher and qualified technicians at PUC-Rio’s composite 

materials laboratory using the setup shown in Figure 27.   
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Before the inspection of the pipes, a preliminary study was carried out by 

LNDC to determine the best configurations to be used regarding the choice of 

transducer, the geometry of the water column, water flow, methodology for signal 

analysis, and other parameters under analysis. The parameters chosen for inspection 

were presented by LNDC in their reports, and can be found below: 

 

 Ultrasound equipment: OLYMPUS OMINISCAN MX2; 

 Transducer: Olympus C539-SM Normal Incidence and Longitudinal 

Wave Transducer 

 Frequency: 1 MHz; 

 Compact water pump to maintain the water flow through the water 

column; 

 Encoders for measuring the transducer displacement in the longitudinal 

and circumferential axis and of the pipes; 

 Matlab software version 2018. 
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(a)

 

 (b) 

Figure 27: Ultrasound inspection setup: a) Pipe support with water being used as coupling 

medium being pumped from below; b) Omniscan MX2 data acquisition device. 

 

In order to understand the behavior of the ultrasonic signal in the repaired region, 

points were chosen from the areas of the reference pipe which did not have artificial 

defects and the A-Scan was analyzed. Figure 28 shows a typical A-Scan obtained from 

these areas, where it is possible to observe three distinct regions. The first one is related 

to the echo generated by the interface between the water column and the upper surface 

of the composite. The second region refers to the echo coming from the interface 

between composite and steel pipe and first steel background echo. Finally, the third 

region comprises the second reflection signal from the steel background echo.  

Based on these A-scans, as part of the methodology chosen for the inspection, 3 

gates were positioned for the analysis of the signal amplitude, based on the regions 

previously identified. Gate I (yellow): encompasses the entire signal. Gate A (red): 

covers the range containing the composite/steel pipe interface signal, first background 

echo and the region where defects signal would appear. Gate B (green): corresponds to 

the second steel background echo. 
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Figure 28: A-Scan obtained from defect free areas of the repair. In yellow, red and green are the 

gates selected for analysis. In blue is the region of the signal that represents the water/composite 

interface.  

 

 In each inspection, the pipes were inspected in a raster pattern, with the 

transducer running longitudinally from side to side collecting data. After a complete 

line has been inspected, an automated system rotated the pipe for a certain amount, 

measured by the encoder. The direction of rotation was the same in every sample at 

each inspection.  

 At each data point acquired, the A-Scan was analyzed. The phase inversion 

criterion was applied at Gate A to evaluate whether a defect is present. Although the 

differences in acoustic impedance and signal characteristics between composite and the 

steel pipe do not cause significant changes in the amplitude of the signal reflected from 

the interface, the presence of an air gap can cause such changes. An air gap can be 

caused by a defect at the interface between the composite and the steel pipe and it 

would cause the amplitude to change from a valley, where there are no defects, to a 

peak, where there are defects, according to the preliminary testing carried out by 

LNDC, as can be seen in Figure 29. 
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(a) 
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  (b) 

Figure 29: A-Scan representation of the area indicated in red, in the C-Scan: a) Area in the C-

Scan showing no defects appears as an amplitude valley in the indicated area of the A-Scan; b) 

Area in the C-Scan showing  defects appears as an amplitude peak in the indicated area of the 

A-Scan. 
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4. Results and Discussion 
 

Throughout the periodic inspections, it was possible to observe how severe the 

effects of the salt-spray ageing were. Figure 30 shows samples during the T3 (approx. 

3,400 h) inspection, in comparison with an unaged sample in the far left. It is possible 

to observe that corrosion had already spread throughout the entirety of the exposed 

metal area and was “overflowing” to areas of the edges of the composite and areas of 

painted pipe. Also of note was the changes in color suffered by the polymeric matrix 

of the composite repair. The light green hue of the unaged samples turned ever so more 

yellow as the time of test and harshness of condition (temperature, in this case) 

increased, with chamber 3 samples showing a stronger yellow tint than all of the others. 

This color change can be attributed to chemical reactions linked to thermo-oxidation 

of the epoxy resin [129]. 

 

 
Figure 30: Steel pipes with FRP repairs in different states of degradation after salt-spray ageing: 

left: unaged pipe; middle: pipe conditioned for approx. 3.400h at 55°C; pipe conditioned for the 

same amount of time, but at 70°C showing signs of higher degradation. 
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4.1. NDT Inspections 
 

4.1.1. Reference Pipe 
 

The results for both ultrasound and shearography are shown in Figure 31. 

Shearography was able to detect 10 out of 12 artificial defects, while ultrasound 

detected 6 out of 12. Both techniques showed good accuracy regarding the position of 

each detected defect. Ultrasound was not able to detect any of the 10 x 10 mm defects 

while shearography did manage to detect 2, one of them at the edge of the repair. Of 

the 20 x 20 mm defects, shearography was able to detect all of them, while ultrasound 

detected 3 out of 4, with the undetected one at the edge of the repair. The same results 

occurred for the 30 x 30 mm defects, with the undetected defect by the ultrasound on 

one of the edges of the repair. A summary of the results is shown in Table 10.  

At the extreme edges of the repair, there is a 20 mm taper to smooth the transition 

between the thickness of the repaired area and the steel pipe. The tapered area is epoxy 

coated, with the same epoxy adhesive used between the composite and steel pipe, for 

protection. As the defects were placed just after the transition of the taper region and 

the beginning of the repair length, this may have affected the performance of both 

techniques, but more so in the UT. The single transducer pulse-echo methodology used 

during UT may not be accurate enough to detect very small defects in regions close to 

the edges of the repair, especially close to this thickness transition. 

 

Table 10: Results for each technique segmented by defect size and position. Units in mm. 

 

 

The detection of the artificial flaws using shearography is in agreement with 

Soares et al. [11], who were also able to detect plastic tapes acting as defects in their 

experiment. The authors managed to detect artificial flaws ranging from 10x10 mm to 

25x25 mm under 6 mm thick repair, similar to those tested in this work. The UT 

10x10 20x20 30x30 10x10 20x20 30x30
Shearography 1 2 2 1 2 2 83%

Ultrasound 0 1 1 0 2 2 50%

Borders Middle % 
detected 
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performance was similar to that observed by de Almeida et al. [125] using a very 

similar methodology. Hasiotis et al. [16] experienced difficulties when using UT to 

detect flaws embedded in GFRP composites. Although using not exactly the same 

configuration as the reference samples in this work, the authors concluded that the glass 

fibers present in the composite generated reflections that ended up making the 

determination of the defect location, size and shape less accurate, which may also have 

occurred in the present case. Generally, the anisotropic nature of the GFRP seemed to 

affect UT more than SH.  

 

 
Figure 31: Ultrasound and shearography results overlayed in the artificial defect map. The 

numbers inside the indications represent the area of each defect in mm². 
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4.1.2. Aged Pipes Monitoring 
 

From December 2021 to January 2023, 24 samples were inspected by 

shearography and ultrasound. The time intervals between inspections was of 10 weeks 

or, approximately 1,670 h. The first two inspections were more closely spaced to 

account for Fickean absorption occurring in the composite used in the repairs. 

Composite water uptake was measured according to ASTM D570 and ASTM 

D5229/5229M [130, 131], using 4 samples (Figure 32) in each chamber which were 

exposed to the salt spray at the same time as the pipes.  

 
Figure 32: Samples used for water uptake measurements. 

Figure 33 shows the mass gain experienced by the absorption samples as a 

function of time. All chambers showed a very pronounced initial gain, as predicted by 

the Fickian model. Samples in chamber 1 (35°C) behaved in a very progressive way, 

with mass gain tapering off with time up until T7 (approx. 10,000 h) when it seemed 

to have reached saturation. Samples in chamber 2 (55°C) went into a plateau from T2 

to T4, after the initial mass gain. Afterwards, mass gain steadily increased until it 

peaked around T6 (approx. 8,500 h), after which it suffered mass loss, indicating that 

saturation was already reached and caused permanent damage. The initial mass gain 

was significantly more pronounced in chamber 3 (70°C) and was followed by a steady 

apparent mass loss, probably caused by desorption. After T4, similar to chamber 2, 

mass gain increased until it reached a peak around T6. Again, similar to chamber 2, 

mass loss followed indicating that saturation has been reached.  
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Figure 33: Mass gain % as a function of time. Chambers 2 and 3 reached saturation before 

chamber 1. 

 

The similar behavior of chambers 2 and 3 could be explained by problems with 

the equipment used. As the conditions in chamber 3 were very extreme, there were 

circumstances where testing had to be interrupted momentarily to perform repairs. 

During these periods, the other two chambers had to be paused as well in order to keep 

sync between all of the ageing times without compromising NDT schedule. Those 

periods occurred mainly between T2 and T4, which could explain the unexpected 

behavior of the samples at this interval. It is likely that the desorption experienced by 

samples in chamber 3 happened mainly because of high temperature causing 

evaporation of the moisture when the equipment was paused. Chambers 1 and 2 were 

less susceptible to this effect because of the lower temperatures, although the plateau 

behavior displayed by chamber 2 may indicate that some evaporation did occur during 

this time as well.  
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In general, the behavior of the samples was similar to the work of Tual et al. 

[55], in which higher conditioning temperatures produced higher rates of absorption 

initially and then stabilized over time as saturation approached. 

 

4.1.2.1. Shearography 
 

Shearography defect indications were divided into three categories, as seen in 

Figure 34: defects (red), areas of interest (yellow) and superficial defects (blue). The 

areas marked in red were what the operator confirmed as defects, by analyzing the 

fringe pattern movements. The yellow markings were areas that were considered to be 

potential defects, as the fringe patterns were present but not as well defined as on the 

areas marked in red. These areas would not be considered defects in a field inspection, 

so they were not taken into account when measuring defective areas or counting 

defects. Blue markings were minor surface defects, which do not affect the 

performance of the repair and were also not taken into account. When there are grey 

dashed lines inside a red, yellow or blue area, the marked area grew when compared to 

previous inspections. The grey dashed lines represent the previously detected region, 

while the colored marking indicates the region detected in the last inspection 

performed.  

Table 11, Table 12 and Table 13 lists the shearography detections before the 

accelerated ageing began, with the samples in an as-manufactured condition. As 

expected, the defect indications were very small with a few exceptions, such as pipes 

numbers 6, 12 and 18.  

Throughout the ageing process, the samples were monitored for growth of 

existing defects and onset of new ones (Table 14). Of all the pipes with defects at T0, 

pipes 6, 7, 12 and 16 had defective area growth. Pipes 6, 7 and 12 experienced only 

growth of existing defects, while in pipe 16 new defects appeared.  

Samples 6 and 12 were aged in the chamber 3 (70 °C) under the most severe 

conditions and suffered the most pronounced defect growth, which happened from T1 

to T5, after which it almost completely stopped. The defect peak growth for samples 6 

and 12 occurred at T2 and T3. The defect growth period coincided with the time 
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interval in which mass gain occurred in the absorption samples in chamber 3, which 

lasted until about T6, where saturation seems to have been reached. Most of the defect 

growth occurred until around T3, which would also coincide with the period of highest 

mass gain rate, showing a possible correlation between water uptake and defect 

propagation rate.  

 

 
Figure 34: Example of a sample (#2) with the three different defect indications seen in 

shearography inspection: red markings indicate defective areas; yellow markings indicate 

potential defective areas; blue markings indicate minor surface defects. 
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Table 11: Shearography defect detections pre-ageing in samples to be conditioned in chamber 

1. 

 

 

Table 12: Shearography defect detections pre-ageing in samples to be conditioned in chamber 

2. 

 

 

Table 13: Shearography defect detections pre-ageing in samples to be conditioned in chamber 

3. 

 

 

Pipe 7 was conditioned in chamber 1 (35 °C) and experienced only a slight 

growth of its existing defect from T0 to T1, which remained stable throughout the 

experiment. The only defect growth occurred in the period of peak mass gain 

Pipe Defects At/near edges Towards the middle Observations
1 Yes 1 1 Two small indications, one at a edge.
2 Yes 1 2 Three small indications, one at a edge.
7 Yes 1 0 A small/medium indication at a edge.
8 No - - -
14 No - - -
15 No - - -
19 No - - -
20 No - - -

Pipe Defects At/near edges Towards the middle Observations
3 No - - -
5 No - - -
9 No - - -
10 No - - -

16 Yes 1 0 A small indication close to one of the edges.

17 Yes 0 1
A very small indication towards the middle of 
the repair.

21 No
22 Yes 1 0 A small indication at a edge.

Pipe Defects At/near edges Towards the middle Observations
6 Yes 2 0 Two very large indications at edge.
11 No - - -

12 Yes 2 1
Two large indications close to edges and one 
smaller indication a litle further away.

13 No - - -

18 Yes 2 0
A small/medium indication close to one of the 
edges and a medium indication at the other.

23 No - - -
24 No - - -
25 Yes 2 0 One small indication at each edge.
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experienced by the samples in that chamber. This would also indicate a possible 

correlation between water uptake and defect propagation, since absorption rate is 

maximum when the concentration gradient is the greatest, thus causing a significant 

driving force for defect growth, especially when located in the repair edges. 

Pipe 16 was conditioned in chamber 2 (55 °C) and saw two new small 

indications appearing in T2 and T3, respectively, both in areas near or at edges. All 

defects remained stable throughout the experiment. This sample was the only one that 

showed new defects appearing during ageing. Again, it was possible to correlate the 

appearance of new defects with the initial periods of ageing, which accounted for most 

of the mass gain for all chambers. The early stages of ageing provided the strongest 

driving force for moisture propagation at the steel pipe/composite interface through 

edge defects. Additionally, during this initial period, samples were subjected to 

significant temperature changes, especially in chambers 2 and 3, which could cause 

shear forces at the steel/composite interface due to the differences in thermal expansion 

coefficients between the two materials.  

In general, the defect growth phenomenon seems to have been greatly 

influenced by the differences in moisture concentration between the samples and the 

ageing environment. Growth peaked between T2 and T3 and then declined as samples 

got closer to saturation. Additionally, the presence of defects at T0 was an important 

factor, which can also be linked to water uptake. Samples #6 and #12 showed large 

areas of defects at T0, especially near or at the edges of the repair, which may have 

acted as sites for water ingress and corrosion, which may have spread along the 

interface causing defect growth.  

Figure 35 shows the shearography images for the four pipes that showed 

evolution in detections over time. Each figure is one of three sets of images that 

compose the whole rotation of the pipe. Images were captured at positions 0°, 120° and 

240°, thus, for each sample, that were 6 images, divided in 3 sets of 2 (one with 

longitudinal and one with transversal displacements). The grey dashed lines and arrows 

represent the evolution of detections along the inspection intervals and the red dashed 

line represents the last inspection made on that sample. Blue dashed lines represent 

DBD
PUC-Rio - Certificação Digital Nº 1812754/CA



75 
 

minor surface defects, mainly caused by small resin bubbles gassing out, that were not 

taken into account.)  

 

Table 14: Shearography detections during periodic inspections. 

 

   

 In general, the type of defects and their indications provided by the technique 

are very similar to what other authors have previously found. Soares et al. [11] found 

evidence of similar defects in onshore and offshore pipeline inspections, in repaired 

pipelines very closely related to the ones in this work, both in terms of materials and 

thickness. 

Pipe T0 T1 T2 T3 T4 T5 T6 T7 T8 T9

6 15400
20000 

(+30%)
27000 

(+35%)
57000 

(+111%)
61275 
(+8%)

78450 
(+28%)

78450 78450 78450 78450

7 400
750 

(+88%)
750 750 750 750 750 750 750 750

12 1850
4625 

(+150%)
7475 

(+62%)
25775 

(+245%)
28175 
(+9%)

29075 
(+3%)

29075
30275 
(+4%)

30275 30275

16 100 100
300 

(+200%)
400 

(+33%)
400 400 400 400 400 400

Area detected (mm²)
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 (a) 
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(b) 
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(c)  
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(d) 

Figure 35: Shearography results showing the evolution of detections through time. Grey dashed 

lines represent past detections, while red dashed lines represent the last inspection performed. 

Blue dashed lines are surface defects. (a) Pipe 6, position 240°; (b) Pipe 7, position 0°; (c) Pipe 

12, position 0° - blue arrow at the bottom indicates an area of possible defect detections in the 

future, based on fringe movements; d) Pipe 16, position  240°. 
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4.1.2.2. Ultrasound 
 

 In Figure 36, the data analysis workflow for the ultrasound inspection is 

presented. For each specimen, the original C-Scan (Figure 36 a) obtained directly 

from the Ominiscan equipment without any signal or image processing was 

presented. For a more detailed analysis of the signal corresponding to the repair 

regions, Matlab software version 2018 was used with a proprietary routine 

developed by LNDC. For the analysis routine, it was necessary to insert the 

images from the C-Scan from the equipment (Figure 36 a), and from the initial 

analysis in Matlab, proceed with the selection of the signals of interest, 

binarization (Figure 36 b), and identification of regions with characteristics 

associated with discontinuities, which are delimited by the blue area (Figure 36 

c).  

Table 15, Table 16 and Table 17 show the detections for all the samples before 

ageing began (T0), with the pipes as fabricated. Unexpectedly, In the case of 

ultrasound, all pipes showed defective areas. Most indications happened in areas close 

to or on the edges.  

 

   

 

(a) 
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(b) 

 

 

(c)  

Figure 36: Ultrasound image processing workflow: a) C-Scan straight out of the equipment; b) 

binarized image; c) binarized image with defect indications. 
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Table 15: Ultrasound defect detections in pipes pre-ageing, for pipes to be conditioned in 

chamber 1. 

 

 

Table 16: Ultrasound defect detections in pipes pre-ageing, for pipes to be conditioned in 

chamber 2. 

 

 

 

 

 

 

 

Pipe Defects At/near borders Towards the middle Observations
1 Yes 4 2 Multiple indications, mostly medium to large sizes.

2 Yes 3 0
One very big indication at a border, 2 small/medium sized 
near borders.

7 Yes 2 4
A cluster of small/medium defects that spans from the 
middle of the repair towards one of the borders. One 
detached medium detection towards the middle.

8 Yes 5 1

A cluster of medium to large defects located at one of the 
borders, with one detached small/medium indication at the 
other border. A detached indication at the middle of the 
repair. 

14 Yes 1 1 Two small/medium detections.

15 Yes 1 2
A single cluster of medium and large defects going from 
the middle of the repair towards one of the borders. 

19 Yes 1 -
One large indication at one of the borders, going towards 
the middle of the repair.

20 Yes 3 -
One very large and two large indications at and/or near one 
of the borders, going towards the middle.

Pipe Defects At/near borders Towards the middle Observations
3 Yes 4 1 Multiple small to medium sized indications.

5 Yes 2 1
A large and a small indication very close together at a 
border, one medium sized indication towards the middle.

9 Yes 1 2
Two medium sized indications towards the middle of the 
repair. One medium indication near the border region.

10 Yes - 2
One large and one medium indication in the middle of the 
repair. 

16 Yes 3 0
A single cluster of small/medium indications in one of the 
borders.

17 Yes 2 0
A very large indication going from the middle of the repair 
to near of the borders and a medium one at the opposite 
border.

21 Yes 1 -
One very large indication going from one border to near the 
opposite border.

22 Yes 2 2
Three medium/large sized and a very large indication 
towards the middle of the repair, but some of them reach 
areas close to the borders or borders.
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Table 17: Ultrasound defect detections in pipes pre-ageing, for pipes to be conditioned in 

chamber 3. 

 

 

Continuous monitoring showed that most of the increase in detections happened 

from the beginning of testing up to T2, as seen in Table 18, Table 19 and Table 20. As 

observed in shearography, the sharp increase in detections at the beginning of ageing 

coincided with the period of highest water/moisture absorption rate in the absorption 

samples, highlighting a relationship between moisture and defect propagation.  

After this interval, detections remained constant with few exceptions, such as 

pipes 6 and 8, which were conditioned in chambers 3 (70 °C) and 1 (35 °C) 

respectively, that showed a significant, albeit punctual, increase in detections in T4. 

Again, like shearography, most of the defect growth occurred before saturation was 

reached, further confirming the moisture/defect propagation relationship hypothesis.  

During the last round of inspections, significant increases were also observed 

in pipes 12 and 14, which were conditioned in chambers 3 (70 °C) and 1 (35 °C) 

respectively. This may have been an indication of significant damage to the steel 

pipe/composite interface by water absorption, causing loss of adhesion and/or 

propagation effects of edge corrosion propagation, which at this ageing point was very 

Pipe Defects At/near borders Towards the middle Observations

6 Yes 3 1
Three medium sized indications close together at one 
border. A medium/large sized indication detached towards 
the middle.

11 Yes 4 1
A cluster of medium and large indications going from the 
middle of the repair towards one of the borders. A smaller 
cluster of medium indications near the opposite border.

12 Yes 3 1
One large indication in the middle and three medium sized 
indications near or at the borders. 

13 Yes 2 -
Two very large indications at one of the borders. One goes 
parallel to the border while the other is perpendicular, going 
from the border towards the middle of the repair. 

18 Yes 2 1
A very large indication going from one border towards the 
middle. Two medium sized indications, one near a border 
and one towards the middle

23 Yes 2 2
One small and one medium sized indications at opposing 
borders. Two small/medium indications in the middle.

24 Yes 3 1
One cluster of small/medium indications at one border and 
a cluster of medium/large defects at the opposite border, 
but a litte more towards the middle of the repair.

25 Yes 2 0 One small indication at each border.
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severe. Taking into account the results for UT in the reference pipe, where detection at 

the edges was more uncertain, this hypothesis needs to be further validated. 

From the beginning of the tests until around T2/T3 (between 2,000 h and 3,000 

h) the mass gain rate was very high, as observed in the absorption samples. This created 

a scenario where damage, especially at the edges of the repairs, could have happened 

more easily through water ingress or interface absorption, and, as such, 16 out of the 

24 pipes had new defects appearing from T0 to T1. After T1, only samples 8 and 12 

developed new defects at T4 and T9, respectively. After T2, only pipes 6, 8, 12 (new 

defect) and 14 had detected area growth greater than 10%, since the samples showed a 

less intense moisture absorption rate, as they were approaching saturation. During this 

period, the growth was mainly caused by small clusters of defects that coalesced. 

 

Table 18: Ultrasound detection during periodic inspections in chamber 1. 

 

 

 

 

 

 

Pipes T0 T1 T2 T3 T4 T5 T6 T7 T8 T9

1 15470
20964 

(+36%)
24235 

(+16%)
25569 
(+6%)

25622 25622 25622 25622 25622 25622

2 14260
31030 

(+118%)
38450 

(+24%)
38450 38450 38450 38450 38450 38450 38450

7 6371
14833 

(+133%)
15932 
(+7%)

15932 15932 15932
17374 
(+9%)

17374 17374 17374

8 16363
16533 
(+1%)

16789 
(+2%)

16789
26145 

(+56%)
26145 26145 26145 26145 26145

14 1705
2415 

(+42%)
2485 

(+3%)
2485 2485 2485 2485 2485 2485

2905 
(+17%)

15 13845
18482 

(+33%)
21814 

(+18%)
21814 21814

22684 
(+4%)

22684 22684 22684 22684

19 8160
13211 

(+62%)
(+2%) 13480 13480 13480 13480 13480 13480

13647 
(+1%)

20 21977
28270 

(+29%)
31398 

(+11%)
31398 31398 31398 31398 31398 31398 31398

Area Detected (mm²)
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Table 19: Ultrasound detection during periodic inspections in chamber 2. 

 

 

Table 20: Ultrasound detection during periodic inspections in chamber 3. 

 

 

 

 

Pipes T0 T1 T2 T3 T4 T5 T6 T7 T8 T9

3 4280
24850 

(+481%)
27198 
(+9%)

27367 
(+1%)

27367 27367 27367 27367 27367 27367

5 9429
9486 

(+1%)
10109 
(+7%)

10109 10109 10109 10109 10109 10109 10109

9 4306
12840 

(+198%)
19932 

(+55%)
19932 19932 19932 19932 19932 19932 19932

10 4996
18472 

(+270%)
20448 

(+11%)
20448 20448 20448 20448 20448 20448 20448

16 1066
1477 

(+39%)
2320 

(+57%)
2494 

(+8%)
2494 2494 2494 2494 2494 2494

17 15694
18744 

(+19%)
21604 

(+15%)
21604 21604

21931 
(+2%)

21931 21931 21931 21931

21 13230
28422 

(+115%)
30370 
(+7%)

30370 30370 30370 30370 30370 30370 30370

22 22347
26233 

(+17%)
32876 

(+25%)
33349 
(+1%)

33349 33349 33349 33349 33349 33349

Area Detected (mm²)

Pipes T0 T1 T2 T3 T4 T5 T6 T7 T8 T9

6 5535
12436 

(+125%)
15178 

(+22%)
15178

37430 
(+147%)

37430 37430 37430 37430
38159 
(+2%)

11 12551
23724 

(+89%)
23751 

(+0,1%)
23856 

(+0,4%)
23856 23856 23856 23856 23856 23856

12 5807
6465 

(+11%)
9787 

(+51%)
9787 9787 9787 9787 9787 9787

11698 
(+20%)

13 28656
30380 
(+6%)

30934 
(+2%)

30934 30934 30934 30934 30934 30934
30294 
(-2%)

18 14716
17724 

(+20%)
18696 
(+5%)

18948 
(+1%)

19008 19008 19008 19008 19008 19008

23 5043
8161 

(+62%)
8891 

(+9%)
8948 

(+1%)
8948 8948 8948 8948 8948 8948

24 7466
7782 

(+4%)
8960 

(+15%)
9001 9001 9001 9001 9001 9001 9001

25 1521
6305 

(+315%)
6581 

(+4%)
6581 6581 6581 6581 6581 6581 6581

Area Detected (mm²)
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4.1.3. Comparison 
 

When compared, shearography and ultrasound differed significantly in relation 

to the detected damaged area. For as-manufactured samples, shearography detected far 

fewer flaws than ultrasound. Shearography found 10 pipes with indications, only 1 of 

which had indications larger than 10% of defective area. Ultrasound found that all 24 

pipes had some type of indication, with 11 having more than 10% defective area 

detected. On average, for UT, the defective areas represented 9.83 % of the surface 

area of the samples, with pipe 13 showing more than 25 % of damaged area. This is a 

stark contrast when compared to shearography, where average defective area was 0.76 

% and the pipe with the largest defective area detected was #6 with 14.26% at T0. The 

sample with the largest area detected for UT, #13, did not show indications during SH 

inspection and the sample with the largest area detected for SH, pipe #6, had 5% of its 

area initially considered defective by UT.  

 After ageing, the average damaged area increased to 18.97% for UT and 4.31% 

for SH, while pipes #2 and #6, from chambers 1 (35 °C) and 3 (70 °C), respectively, 

had the largest area detected with about 35% each for UT and pipe #6 remained the 

most defective sample for SH, with 72.64% of damaged area. A comparison of 

detections for both T0 and T9 is shown in Figure 37. Compared to SH, UT appeared to 

overestimate the area, and the number of defects present in the samples both before and 

during ageing.  
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(a) 

 

(b) 

Figure 37: Comparison between UT and SH detections at a) T0; b) T9. 

 

Figure 38 shows the detections for both techniques in sample #6. Larger images 

are also available at the Appendix A for better visualization. On this pipe, especially, 

both techniques detected similar defective areas as inspections were performed over 

time. In both cases, the initial detections were concentrated on the edges of the repair 
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at T0 and T1. At T2 shearography had already detected the defects from both edges 

coalescing, while UT would only observe this phenomenon at T4. Around T5 both 

techniques had already reached a point where the detections became stable, as 

previously discussed, once samples got closer to saturation. UT and SH detections were 

concentrated in the same two thirds of the pipe area, with the region around 0° 

practically free of detections. In the areas where the techniques found defects, SH 

indicated a much larger area as being defective.  

One hypothesis that might explain this difference is that the criterion used by UT 

is focused only on the interface region between the steel pipe and the composite repair. 

Because of the gate applied for analysis, only defects in this region would have been 

detected, while defects that might have been present throughout the thickness of the 

composite repair would not have been detected. This is not the case with SH, where 

any defects that could be somewhere just below the surface of the repair and the steel 

pipe would overlap and appear to the operator as one single defective area. In the case 

of pipe #6, as it appeared to be a very defective sample, defects could be in the entire 

thickness of the material and not restricted to the interface, so SH presented a much 

larger indication.  
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Figure 38: Evolution of detections for pipe number 6 as seen by Shearography, in orange, and 

Ultrasound, in blue. Numbers inside indications represent the defective area in mm². 

 

In general, SH seemed to be more reliable than UT, although definitive results 

are only possible after a destructive test of the samples (“dissection”). SH performed 

significantly better than UT in the reference pipe qualification, especially in the edges 

of the repair, where most defect indications were concentrated and which had the 

smallest sizes. Also, in some instances, UT detections shrank or vanished and, although 

this did not significantly affect overall results of the technique, it is an indication that 

performance is not as repeatable as SH.  

From a deployment perspective, SH showed immediate application with a much 

consolidated methodology and field equipment. The technique also is more versatile, 

allowing for inspection of carbon-fiber reinforced repairs as well, which were not tested 

in this work but is important as there are many repairs of this type in the field. 

Ultrasound showed similar productivity and has a much larger support network than 

Shearography, as it is a more widespread NDT. The main limitations for field 

applications showed by UT were the methodology for the specific case of GFRP 

inspection and the necessity of a coupling media, which can limit certain field 

inspections. Also, surface preparation is not a limiting factor for either technique.  
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Table 21: NDT quantitative analysis. 

 

 

4.2. Life in service prediction  
 

A methodology was proposed to predict the growth of the damaged area, based 

on the experimental data provided by the NDT inspections. The Phani-Bose model was 

used to establish long-term property retention, which, in this case, was the undamaged 

area, as a function of operating temperature and time.  

The first step was to subtract the defective areas detected by each technique and 

then average the values obtained for all samples in a given chamber. Then, the 

maximum retention of 100% was set as the average of the undamaged areas in all 

samples from each chamber at T0, according to Table 22 and Table 23, for UT and SH 

respectively.  
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Table 22: Average remaining area and property retention over time for UT inspected samples. 

 

 

Table 23: Average remaining area and property retention over time for SH inspected samples. 

 

 

 

The Phani-Bose equation (Eq. 6) was used to fit the curves to the retention 

values as a function of time for both techniques (Figure 39) and the values for S∞ and 

τ, as well as the R² for the fitted curves are given in Table 24. 

The parameters S∞ and τ represent the average undamaged area at infinity and 

the time required for this retention to be reached at a given temperature, respectively. 

The fit was very good, with R² > 0.9 for all datasets indicating that the Phani-Bose 

model accurately describes the behavior exhibited during testing.  

UT

Time (h)
Average 

Remaining 
Area (mm²)

Std. Dev 
(mm²)

Retention (%)
Average 

Remaining 
Area (mm²)

Std. Dev 
(mm²)

Retention (%)
Average 

Remaining 
Area (mm²)

Std. Dev 
(mm²)

Retention (%)

0 88.64 5.58 100.00 91.28 6.24 100.00 90.59 7.44 100.00
570 83.13 7.76 93.79 83.74 7.98 94.47 86.92 7.80 98.06
1820 80.95 9.63 91.33 80.92 8.88 91.29 85.79 7.43 96.78
3490 80.80 9.69 91.15 80.82 8.92 91.18 85.74 7.45 96.72
5160 79.71 9.71 89.92 80.82 8.92 91.18 83.15 10.04 93.81
6830 79.61 9.71 89.81 80.79 8.93 91.14 83.15 10.04 93.81
8500 79.44 9.62 89.62 80.79 8.93 91.14 83.15 10.04 93.81

10170 79.44 9.62 89.62 80.79 8.93 91.14 83.15 10.04 93.81

11840 79.44 9.62 89.62 80.79 8.93 91.14 83.15 10.04 93.81
13500 79.37 9.51 89.54 80.79 8.93 91.14 82.92 9.95 93.55

Chamber 1 Chamber 2 Chamber 3

SH

Time (h)
Average 

Remaining 
Area (mm²)

Std. Dev 
(mm²)

Retention (%)
Average 

Remaining 
Area (mm²)

Std. Dev 
(mm²)

Retention (%)
Average 

Remaining 
Area (mm²)

Std. Dev 
(mm²)

Retention (%)

0 99.90 0.14 100.00 99.97 0.05 100.00 97.85 4.61 100.00
570 99.86 31.38 99.96 99.97 31.41 100.00 96.99 34.20 99.13
1820 99.86 0.23 99.96 99.95 0.10 99.98 95.85 8.19 97.96
3490 99.86 0.23 99.96 99.93 0.12 99.97 90.26 18.02 92.25
5160 99.86 0.23 99.96 99.93 0.12 99.97 89.49 19.42 91.46
6830 99.86 0.23 99.96 99.93 0.12 99.97 87.40 24.32 89.32
8500 99.86 0.23 99.96 99.93 0.12 99.97 87.40 24.32 89.32

10170 99.86 0.23 99.96 99.93 0.12 99.97 87.26 24.40 89.18

11840 99.86 0.23 99.96 99.93 0.12 99.97 87.26 24.40 89.18
13500 99.86 0.23 99.96 99.93 0.12 99.97 87.26 24.40 89.18

Chamber 1 Chamber 2 Chamber 3
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(a) 

 

 (b) 

Figure 39: Experimental data and fitted curves for property retentions as a function of time in: 

a) UT inspection; b) SH inspection. The points for chambers 1 and 2 are almost completely 

overlapped, due to the similarity of the undamaged area retention values for both. 
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Table 24: Phani-Bose model parameters for Shearography and Ultrasound inspected samples. 

 

  

After that, both S∞ and τ were plotted as a function of temperature, Figure 40. 

A Python script was used to apply a linear regression method for each dataset. The 

parameters were listed in Table 25. With the parameters determined, the equations of 

the fitted curves for S∞ and τ describe how each of the variable behaves with changes 

in temperature, thus allowing the estimation of the effective long-term repaired area 

given a certain period of time and operating temperature. 

 

 

(a) 

Parameters Chamber 1 Chamber 2 Chamber 3 Chamber 1 Chamber 2 Chamber 3

S∞ (%) 99.96 99.97 88.11 89.95 91.13 93.51

τ (h) 41.8 1922.77 4162.49 666.1 571.26 2866.35
R² 1 0.94 0.957 0.974 0.999 0.937

Shearography Ultrasound
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 (b) 

Figure 40: S∞ and τ plots based on data from:  a) UT inspection; b) SH inspection 

 

Table 25: Linear regression parameters and R² for S∞ and τ in each NDT. 

 

 

Although the fit was good for some of the parameters, the information provided 

by the S∞ and τ plots did not reflect the expected behavior in real life. The variable S∞ 

is expected to decrease as temperature increases, because high operating temperatures 

tend to accelerate degradation mechanisms and lower the property retention over time. 

This unexpected behavior was mainly caused due to insufficient data for each ageing 

condition, as only 8 pipes were analyzed from each chamber and, of these, few showed 

significant damage growth during the testing period. Additionally, in the case of UT, 

chambers 1 and 2, despite having less severe conditions than chamber 3, had a greater 

average damaged area at T0, which greatly affects damage propagation and may have 

distorted the results.  

y=ax+b S∞ τ S∞ τ

a -0.34 144.61 0.12 61.51
b 112.93 -5187.89 85.60 -1707.57
R² 0.428 0.859 0.748 0.392

Shearography Ultrasound
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In a parallel research within the author’s research group (not yet published), the 

same methodology was used to estimate the retention of properties in other types of 

samples with success. Double-Lap Shear (DLS) and composite samples were aged 

under the same conditions, but with a much larger sample pool. With the results, a tool 

was developed (Figure 41) to help predict long-term retention of properties as a 

function of either temperature and time or temperature and target retention, in which 

case the time necessary to reach the target is calculated. 

 

 
Figure 41: Property retention tool for DLS samples calculating both retention as a function of 

temperature and time and time to reach a certain retention as a function of temperature. 

  

The same approach was tested with NDT results on pipe samples with some 

degree of success, but more data needs to be input into the model for the results to be 

reliable enough for use in the field. A screenshot of the tool can be seen in Figure 42. 
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Figure 42: Initial attempts at developing a property retention tool for effective repair length, 

based on the Phani-Bose methodology. 

  

Although it shows great potential, there are noteworthy limitations to this 

method. Firstly, it assumes that the undamaged area of the pipes will stabilize and stay 

at a retention plateau indefinitely. Since corrosion propagation throughout the edges of 

the repair does not necessarily stop, it would be incorrect to expect undamaged area to 

always stop decreasing indefinitely. With that said, during this experiment, the 

behavior displayed by the samples did show signs of stabilization in the timeframe 

analyzed. Also, the model does not take into account every degradation mechanism 

independently, such as interface degradation, water absorption by the composite, 

hydrolysis of the polymeric matrix and corrosion propagation.  
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5. Conclusions 
 

In this work, shearography and ultrasound inspections were used to identify and 

monitor defects in samples of repaired pipeline. The repaired pipes were aged and the 

techniques were employed to periodically identify growth and initiation of defects. 

Also, the results of each technique were correlated with moisture absorption data 

provided by samples that were aged in parallel with the pipe samples. Additionally, the 

first step towards developing a methodology for life-in-service predictions for effective 

repair areas was presented. Below are the main conclusions: 

 Both techniques were able to detect artificial Teflon defects with some capacity. 

Shearography was able to detect a greater percentage of the total, including 

smaller ones at the edges of the repaired area that ultrasound was not able to; 

 Both techniques were able to identify possible defects present in the samples as 

fabricated. Shearography identified far fewer samples with indications than 

ultrasound, which found indications of defects in all as fabricated samples. This 

result indicates that ultrasound might have overestimated defect detection;  

 Both techniques were able to monitor growth and initiation of defects 

periodically during ageing. Shearography indications were more repeatable, 

showing consistent defect positioning and size, whereas ultrasound showed, in 

some instances, defect indications diminishing or vanishing, but that did not 

affect the overall analysis; 

 In general, shearography has proven to be a more ready-to-use technique. 

Ultrasound showed good results with the methodology used, but there is room 

for development in order to explore the full potential of the technique; 

 The main factor for damage propagation seemed to be the presence of defects 

before ageing. Indications of new defects occurred less than expected during 

ageing, with most of the increase of damaged area being the growth of 

indications present at the first inspection, mainly in the case of Shearography. 

Ultrasound did show more new defect indications than shearography but still 

less than expected; 
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 Defect growth and initiation occurred preferentially in regions close to or on 

the edges of the repaired area, which could be caused by more accentuated 

moisture absorption in that area; 

 Defect growth showed a possible correlation with moisture absorption, with the 

most detections happening at periods of increased absorption by the composite 

and possibly across the steel pipe/composite interface; 

 The methodology used for life-in-service prediction showed good potential to 

provide valuable information for integrity management of pipeline repairs, but 

needs to be further developed, especially through the evaluation of more 

samples.  
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6. Proposals for Future Developments 
 

The methodology used for ultrasound inspections can still be developed to 

maximize the potential of the technique. The investigation of different gating 

procedures, focusing on different reflections from the repaired pipe sample could yield 

interesting results. Different criteria besides phase inversion could also be explored, as 

well as the application of the phase inversion criterion could be further developed for 

a better performance in this specific type of sample, which is not usual for UT. 

Additionally, the use of phased arrays could also greatly benefit the inspection, 

providing more accurate data in this difficult scenario for the technique. 

For service life predictions, more samples should be inspected and their data 

input into the model to make it more accurate. This tool, when fully developed, can 

significantly assist the integrity management strategies of operators of repaired pipeline 

for safer operation and possibility of revalidation of repairs already in service. The 

model also can be used in conjunction with the ISO 24817 at the design stage as a way 

to take into consideration the expected degradation of the repair over the expected 

lifetime of operation. Both repair length and thickness can be optimized using the 

proposed methodology. 

The data collected during NDT inspections during this work could also be used 

to establish an adjust parameter for a more accurate service life prediction based on 

DLS and composite samples, as mentioned previously. Results from accelerated ageing 

in DLS type samples represent a very conservative scenario due to the characteristics 

of the samples, while the plateau behavior found in composite property retention plots 

does not accurately reflect the degradation process that the repair undergoes in the field. 

By combining these information with the damage growth data provided by the NDTs, 

one could compare growth rates and achieve a result that is at the same time less 

conservative and closer to reality in a unified model, providing a basis for extending 

the service life of a repair in the field.  

An evaluation of the samples by computerized tomography and/or destructive 

sectioning of the repairs to verify the defect detections by NDTs would also be very 

important to establish the accuracy of the techniques. The information provided by this 
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test can help to more accurately assess the limitations and strengths of each technique 

and also help develop more efficient methodologies regarding damage propagation and 

steel pipe/composite adhesion. 
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