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ABSTRACT 

 

MECHANICAL PROPERTIES OF REPAIRED CARBON FIBER 
REINFORCED POLYMER COMPOSITES 

 
 
 
 

Sonat, E.Evren 
Doctor of Philosophy, Mechanical Engineering 

Supervisor: Assoc.Prof. Dr. Sezer Özerinç 
 
 

 December 2021, 150 pages  

 

 

Carbon fiber reinforced polymer (CFRP) composites are increasingly used in the 

aerospace industry due to their high specific strength compared to conventional 

metallic materials. However, a significant shortcoming of these composites is their 

increased susceptibility to damage. Structural repair is a common method to restore 

the load-carrying capacity of a damaged part when the damage size exceeds the pre-

defined tolerances. Scarf and stepped bonded repair methods are the primary choice 

for cases that require high strength recovery and aerodynamic smoothness. So, there 

is an increasing need to understand the mechanical performance of the repaired zone. 

This thesis study investigated the mechanical performance of flush repairs, 

emphasizing industrial practices and applications. The experimental part of the study 

quantified the effect of scarf angle on the strength of 2D joints and also determined 

the strength recovery rates for prepreg and wet lay-up repairs. In addition, the 

temperature and moisture effect on the repairs have been investigated through the 

testing of conditioned specimens. 
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The results show that a small scarf angle has a strong positive influence on the 

strength of the repaired zone. When the scarf angle is 1.9, the recovery rate reaches 

88.6 % of the intact specimens. In addition, temperature and moisture can adversely 

affect the strength of the repair, especially in the case of a wet lay-up. An evaluation 

of the porosity content in the repair area through microscopy and ultrasonic 

inspection has been performed. 

Numerical modeling of the 2D scarf joints and 3D repairs through finite element 

modeling complemented the experimental results and provided further insight into 

the failure modes. The model employed the built-in Cohesive Zone Method (CZM) 

of ABAQUS, and the Hashin failure theorem was implemented through a specially 

developed script. Fracture toughness tests performed on the adhesives provided 

accurate modeling of the adhesive response under loading. The simulation results 

closely predict the experimental behavior both in terms of failure strength and failure 

modes. Then the verified model was used to predict the effect of porosity on the joint 

strength of 2D scarf joints as well as the impact of strength and toughness of the 

adhesive on the repair strength. 

The thesis developed a systematic approach to the experimental and numerical 

analysis of composite repairs. The results provided a deeper understanding of repair 

zones’ mechanical behavior and offered a framework for future study of different 

CFRP composites and their structure-property relationships. 

 

 

Keywords: Carbon fiber reinforced polymers, Composites, Bonded joints, 

Composite repair, Mechanical testing 
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ÖZ 

 

TAMİR EDİLMİŞ KARBON FİBER TAKVİYELİ POLİMER 
KOMPOZİTLERİN MEKANİK ÖZELLİKLERİ 

 
 
 

Sonat, E.Evren 
Doktora, Makina Mühendisliği 

Tez Yöneticisi: Assoc.Prof. Dr. Sezer Özerinç 
 

 

Aralık 2021, 150 sayfa 

 

Karbon fiber takviyeli polimer (CFRP) kompozitler, geleneksel metalik malzemelere 

kıyasla yüksek özgül mukavemetleri nedeniyle havacılık endüstrisinde giderek daha 

fazla kullanım alanına sahip olmaktadır.  Bir çok avantajının yanı sıra, kompozit 

malzemelerin en büyük eksikliklerinden biri de hasara karşı dayanımlarının düşük 

olmasıdır. Kullanım sırasında hasar oluşumu kaçınılmazdır ve hasar boyutu, önceden 

tanımlanmış hasar limitlerini aştığı takdirde parçanın yük taşıma kapasitesini eski 

haline getirmek için yapısal onarımlara ihtiyaç duyulur. Bu nedenle, uçak kompozit 

bileşenlerinin ömrünü uzatmak için etkili tamir teknikleri geliştirmek kaçınılmazdır. 

Açılı ve kademeli yapıştırma tamir yöntemleri, yüksek mukavemet geri kazanımı ve 

aerodinamik gereksinimlerin kaçınılmaz olduğu yerlerde,birincil tercih olarak 

kullanılırlar.  Tamir edilen bölgenin mekanik performansının iyi anlaşılmasına 

ihtiyaç vardır. 

Bu tez kapsamında, endüstride uygulanan malzemeler ve yöntemlerle yapılan açılı 

ve basamaklı yapıştırma tamir metotları incelenmiştir. Bu kapsamda; tamir açısının 

etkisi 2-D bağlantılarda incelenmiş ve küçük açıların tamir mukavemetine pozitif bir 

etkisi olduğu saptanmıştır. Açının 1.9 seçildiği durumda, tamir mukavemeti sağlam 
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numunenin  mukavemetinin % 88.6’sına ulaştığı görüşmüştür. Prepreg veya oda 

sıcaklığında kürlenen ıslak serim malzeme kullanımının yarattığı yapısal dayanım 

farkı deneysel olarak incelenmiştir. Ayrıca, bu tamirlerin ısıya ve neme karşı 

dayanıklıkları da incelenmiştir.  Sonuç olarak, her 2 tamir yöntemi ile de yüksek 

dayanım elde edilebileceği fakat oda sıcaklığı tamirlerinin sıcaklık ve nem karşısında 

dayanımını kaybettiği saptanmıştır.  Son olarak, tamir bölgesindeki gözenek 

oluşumu ultrasonik muayene ve mikroskobik kesit incelemesi yöntemleriyle 

incelenmiş ve bu yöntemler arasında bir korelasyon çalışması yapılmıştır.   

Deneysel çalışmaların yanı sıra, 2 boyutlu açılı birleştirmeler ve 3 boyutlu tamirler 

hem kompozit parça için hem de yapıştırma bölgesi için sürekli hasar analizi 

yapılarak numerik olarak modellenmiştir. Kompozit hasar analizi için, Hashin 

teoremi, yazılan kod yardımıyla ABAQUS programına entegre edilmiştir. 

Yapıştırma analizi için ise program içeriğinde bulunan kohesiv elemanlar metodu 

kullanılmıştır. Kohesiv metodu için, gerekli olan yapıştırıcı parametreleri için ayrıca 

kırılım testleri yapılmış olup modellemelerde de bu veriler kullanılmıştır.  

Yapılan çalışma sonucunda, kompozit tamirlerin deneysel ve sayısal analizine 

sistematik bir yaklaşım geliştirilmiştir. Sonuçlar hem onarım bölgelerinin mekanik 

davranışının daha derinden anlaşılmasını sağlamış hem de farklı CFRP 

kompozitlerinin ve bunların yapı-özellik ilişkilerinin gelecekteki analizi için bir 

altyapı sunmuştur. 

Anahtar Kelimeler: Karbon fiber takviyeli polimer, Kompozit, Yapıştırma 

bağlantılar, Kompozit tamir, Mekanik test 
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CHAPTER 1  

1 INTRODUCTION 

1.1 Overview 

Composites are a class of materials obtained by combining two or more materials 

through a specific morphological arrangement. The idea behind the design of 

composite materials and structures is to combine the desirable properties of the 

constituents in a way that is not achievable by traditional materials. These enhanced 

material properties and the tunability of the structural parameters make composites 

a great alternative to conventional engineering materials.  

There are numerous different types of composites ranging from biocomposites to 

nanocomposites. This thesis focuses on composites used in the aviation industry, 

mainly reinforcing fibers embedded in a polymer matrix material. Among these, 

Carbon Fiber Reinforced Polymer (CFRP) is the most popular composite type due 

to its high specific strength and specific modulus. Therefore, the term composite will 

refer to carbon fiber reinforced polymer composites for the remainder of the text. 

For structural applications in the aviation industry, the main advantage of composite 

material is its higher specific strength and specific stiffness that enable lighter parts. 

Composites also offer excellent resistance to corrosion and better fatigue properties 

than metals. These advantages generated significant demand for the effective 

utilization of composites in aerospace components. Over the last couple of decades, 

the analysis, design, and manufacturing of the composites have witnessed significant 

advances, and the usage of the composites evolved from secondary structures to 

load-carrying primary structures in airplanes. Boeing was the first company to use 

composites extensively as primary parts in their 787, corresponding to about 50% of 
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the aircraft’s total weight. Airbus followed A350 XWB, which has a similar fraction 

with all-composite fuselage and wings [1,2]. 

There are also some disadvantages of composites, such as high investment costs, 

susceptibility to moisture, and low damage tolerance. The low damage tolerance of 

the composite parts makes them prone to manufacturing or in-service defects such 

as dents, cracks, debonds, delaminations, punctures, and similar.  

When the damage results in a reduction in the load-carrying capacity of the part, 

repair or replacement become necessary. In most cases, the repair is more 

economical than a replacement. However, to repair a damaged part, first, the extent 

of the damage should be clarified with an appropriate non-destructive inspection 

(NDI) method. If the damage is considered negligible from a structural point of view, 

a cosmetic repair with a proper epoxy is usually sufficient to seal the area and protect 

it from environmental conditions. On the other extreme, if the damage is 

considerable and the strength of the part cannot be recovered with any repair method, 

the part should be removed and replaced. In between these two cases, the recovery 

of the part with a suitable repair method becomes feasible. 

With the more extensive use of composites, the development of time- and cost-

effective repair techniques are becoming increasingly important. In addition to the 

time and cost of the repair, recovery of the original material strength is a crucial issue 

for the reliable operation of the repaired components in service.  

There are numerous methods for repairing the laminated composites, mainly 

categorized into two main approaches: bolted repairs and bonded repairs. The bolted 

repairs are based on adding composite or metallic doublers to the damaged area 

utilizing fasteners. This approach does not require surface preparation, and it is easier 

in terms of inspection and disassembly processes. On the other hand, the fastener 

holes create stress concentration points leading to lower strength, and the surface 

protrusions of the doublers are often not acceptable for aerodynamic surfaces. 

Because of these disadvantages, recent improvements in adhesive technology have 

mostly replaced the classical bolted joints with bonded joints. Bonded joints have 
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desirable features, including smooth surface finish, uniform stress distribution, and 

higher fatigue strength, making them advantageous for repairing load-bearing 

components and aerodynamic surfaces. 

The efficiency of the repairs depends on many parameters such as repair materials, 

repair geometry, and processing conditions. All of these parameters should be 

optimized for each repair task considering the capabilities of the repair facilities. In 

an ideal repair, the aim is to match the strength, stiffness, strain, and thermal 

properties of the repair patch with those of the original structure. On the other hand, 

as most repairs are carried out in-situ, using the original materials and processes is 

not always possible. In such scenarios, repair patches need to be cured and bonded 

to the structure without the help of an autoclave but instead vacuum bagging under 

atmospheric pressure. Further complications can include the inevitable use of low-

temperature curing resins and dry fabrics instead of original elevated temperature 

cure prepregs. High porosity levels in such repairs are very common due to the lack 

of sufficient pressure and temperature.  

Although there have been more than 50 years since the initial use of composites in 

the aerospace industry, the composite repair is still a challenging task due to various 

parameters affecting the repair strength and the above-mentioned challenges. 

The motivation of the thesis is to establish a reliable repair process and a numerical 

analysis of the related process for a laminated composite for the on-site repairs. For 

this purpose, different repair materials and methods are studied. In this manner, the 

effect of temperature and moisture is also investigated. The main difference from the 

previous studies is; research has been performed not only on the simplified bonded 

joints but also on the repaired panels following the exact repair procedures of the 

aerospace industry. This approach enabled the investigation of the processing and 

stress distribution in detail. 
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1.2 Bonded Repair of CFRP laminates 

The use of bonded repairs in the aerospace industry is becoming increasingly popular 

due to the advantages discussed in the previous section. There are numerous bonded 

repair configurations for the laminated composite parts, such as single lap, double 

lap, step, and scarf repairs, as shown in Figure 1.1.  

Among these, lap repairs have no extra ply removal; and therefore, they are the 

easiest to apply. In the single lap method, only the damaged area is removed, and the 

repair layers are laid down on the accessible surface of the part. Although it is a 

relatively simple repair, the unsymmetrical geometry makes the stress field very 

complex, and the inevitable bending negatively affects the strength of the joint. 

Double lap joints exhibiting a symmetric geometry overcome this bending problem; 

however, this approach requires that both sides of the surfaces are accessible, which 

often is not the case in aerospace components. For the single lap and double lap 

repairs, the cavity resulting from the removal of the damaged area can be filled with 

a proper epoxy mixed with chopped fibers or the plies matching with the dimensions 

of the emptied area. 

The stepped/scarf repairs are the most effective repair techniques, where high 

strength recovery and aerodynamically smooth surfaces are needed. Since the 

protrusion from the surface is minimal, the peel stresses acting on the edges of the 

adhesive are much smaller on these structures, and they do not cause any bending of 

the adherends. Although they are known as flush repairs, generally, one or two extra 

plies are laid on the repair section to protect the repair layers from environmental 

effects and to reinforce the repair. Stepped and scarf techniques differ by the removal 

geometry of the damaged area, with equal steps or a uniform taper angle, 

respectively. A composite patch matching the dimensions and the layup of the 

removed part is then prepared and bonded to the repair zone with an adhesive. 

Sanding the repair area with predefined step sizes or a smooth angle without 

damaging the underlying layer is challenging and needs skilled operators. 
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Figure 1.1. Typical repair methods. (a) Single lap repair, (b) Double lap repair, (c) 

Stepped repair, (d) Scarf repair. Red lines represent the film adhesive for the prepreg 

repairs. 
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The basic steps of the structural scarf / stepped repair of a laminated composite are 

as follows:  

1. Inspection: Damage assessment is the first step of a repair process. The type of 

the damage, its position, and dimensions should be determined with an acceptable 

NDI method to decide the repair method and processing.  

2. Removal of Damage and Surface Preparation: After assessing the damage, 

the next step is to remove the paint and external coatings around the damaged area 

with a proper method. To avoid chemical deterioration of the composite, mechanical 

methods such as sanding or blasting are preferred instead of chemical strippers for 

the paint removal. After removing the surface finish and cleaning, the damaged area 

defined by the NDI method is machined out with a hand grinder, preferably with a 

circular or oval shape. Then the bonding surface is prepared by sanding with the 

predefined angle for the scarf method or the step length for the stepped repair. The 

optimum scarf angle/step length depends on the thickness and the material of the 

structure, and the type of loading. It is usually defined by the taper ratio (thickness 

to length ratio of the scarfed region) that ranges between 1:20 to 1:50 in most of the 

Structural Repair Manuals (SRM) [3,4]. After sanding and verifying the dimensions, 

the repair area is cleaned using a confirmed solvent and dried before bonding the 

repair patch. Drying of the part is crucial to avoid debonding due to moisture, 

especially for the in-service parts.  

3. Selection of Repair Materials and Lay-up of Repair Plies: The repair 

materials' selection directly affects the repair processing. Depending on the type of 

the repair plies, adhesives, and the related cure cycles, repairs may be categorized 

into two main methods as “prepreg repairs” and “wet lay-up repairs”. The repairs 

that utilize pre-impregnated fibers are called “prepreg repairs”. The curing 

temperature for these types of repairs is generally between 120C to 180C 

depending on the properties of the prepreg resin. The repairs where two-part 

adhesives with cure temperatures below 100C are used to wet and bond dry fabrics 

to the repair area are called “wet lay-up repairs”. In wet lay-up repairs, the adhesives 
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serve as the resin of the composite system. So, adhesive and resin can be used as 

synonyms for this type of repair. In the wet lay-up repairs, mixing the adhesive 

system properly is very important to obtain satisfactory results. In addition, the fiber 

to resin ratio of the repair patch, which directly affects the repair strength, should be 

adjusted according to the defined repair procedure 

The repair patch for both types of repairs can be either pre-cured and secondarily 

bonded to the repair area or co-bonded. The advantage of the pre-cured patch is that 

it can be formed in the same manner as the parent laminate in an autoclave. On the 

other hand, the co-bonded repairs are generally more robust due to both chemical 

and physical bonds between the surfaces [5].  

The repair plies are laid-up on the scarfed area for the co-bonded repairs, matching 

the removed layers' orientation and dimension. For the prepreg repairs, before the 

lay-up of the repair plies, generally, one or two layers of film adhesive are used 

between the repair patch and the parent laminate to enhance bonding. The 

compatibility of this film adhesive and the prepreg used in the repair patch should be 

verified, and the cure cycle should be adjusted accordingly to avoid excessive 

porosity formation. For prepreg and wet lay-up repairs, one or two extra layers 

overlapping the repair patch are used to recover any deficiency caused by the 

processing  and to protect the repair plies from moisture. During the lay-up of the 

repair plies, the repair area should be vacuumed at every three or four plies to 

improve the resin flow and avoid entrapment of the volatiles.  

4. Final Bagging and Cure Process: After completing the lay-up, final bagging is 

done, and a full vacuum is applied to the bag. Supplementary materials such as peel 

ply, bleeder, breather, and solid or perforated release films are used to complete the 

vacuum bagging process. Several vacuum ports are also attached to the bag to 

monitor the vacuum value during the curing process. The proper application of the 

vacuum during the cure cycle is crucial for a satisfactory bond. It helps to consolidate 

plies, extract moisture, solvents, and volatiles, and enhance resin flow. 
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Depending on the repair materials and facilities, the heating can employ an 

autoclave, furnace, heat blanket, or heat lamps. The temperature during the cure 

cycle is monitored with thermocouples. Proper placement of the thermocouples on 

the repair area is essential since the temperature can vary across the repair area. The 

temperature on each part of the repair should be within the desired limits. Also, 

optimum ramp-up (heating) and ramp-down (cooling) rates eliminate excessive void 

formation, weak bonds, and distortion of the parts.  

5. Inspection and Restoration of the Surface Finish: The part is debagged and 

cleaned from the adhesive residues after curing. Then the repair is verified with a 

proper NDI method. If any defect is detected on the repair, the repair should be 

removed and must be repeated. Otherwise, the last step is to restore the removed 

paint and coating. Then the part is ready for service.  

To guarantee the efficiency of the repair, it is vital to follow the predefined process 

instructions. So, the relationships between bond parameters and the strength of the 

repaired part should be clearly understood for the material and process optimization. 

In this context, many theoretical and experimental studies have been carried out in 

the literature. In the following sections, information about these studies and 

theoretical infrastructure will be given in detail. 

1.3 Bonded Repair Analysis of CFRP Laminates 

This section will give a broad information and literature review about the analysis of 

a bonded repair of a composite laminate in detail. 

A composite bonded repair generally consists of three structural elements; parent 

laminate, repair patch, and bonding adhesive. Thus, the analysis of a bonded repair 

requires verifying all three components by using the appropriate failure criteria. In 

the following sections, the failure criteria for the composite adherend and the 

adhesive are explained. 
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1.3.1 Failure Analysis for the Composite Adherends 

The failure theories for composite materials differ from conventional engineering 

materials due to their anisotropic and non-homogeneous nature. Furthermore, a 

universal failure criterion is difficult to establish due to the diversity in the design 

and the material properties of composites. Therefore, this section will provide an 

overview of a range of approaches for modeling the failure behavior of composite 

structures. 

Failure analysis of the composite structures can be divided into two main parts; first, 

a damage initiation criterion for the lamina, known as first ply failure, and second, 

evaluating the total laminate strength through a progressive failure analysis 

approach. These models result in complicated expressions; their implementation to 

a specific geometry usually requires finite element modeling.  

1.3.1.1 Lamina Failure Analysis 

Over the last three decades, there have been many efforts to develop accurate 

predictive tools for the failure of composites. In 1991, an expert meeting, World 

Wide Failure Exercise (WWFE),  was held in St Albans (UK) to set the status of the 

available polymer composite failure theorems [6,7]. In this meeting, leading 

researchers in the field all over the world compared the failure predictions of their 

models and theories for the same set of geometry, loading, and material properties 

[8]. The contributors provided a discussion on the strengths and the weakness of the 

failure theories. Also, guidelines and suggestions to composite structural designers 

were presented in these studies [6,7,9,10]. This exercise showed that there are no 

universal criteria that can fully capture the experimentally observed failure behavior. 

On the other hand, the meeting results showed that Tsai-Wu criteria [11]  along with 

Cuntze-Freund [12] and Puck-Schurman [13] provided the best results at the lamina 

level, and Bogetti’s theory [14] captured the initial failure load in multidirectional 

laminates accurately. 
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After the WWFE meetings, NASA Langley Research Center revised the existing 

theories to introduce some enhancements. As a result, they introduced LARC03, 

LARC04, and LARC05 failure theories by extending the approach to three-

dimensional stress state [15–18].  

To sum up, the most famous failure theorems, which are available in a form that can 

be readily utilized primarily in the aerospace industry, are Maximum Stress [19], 

Maximum Strain [19], Tsai-Hill [20], Tsai-Wu [11], Hashin [21] and Yamada-Sun 

[22], Puck [13] and LARC theorems [15–18]. 

The main failure modes in the above failure theorems are fiber tension, fiber 

compression, matrix tension, and matrix compression, all intralaminar-type failures. 

On the other hand, delamination is an interlaminar failure mode, and it refers to the 

formation of an interfacial crack or a debond between adjacent lamina. Based on the 

stress interactions, the failure theories for composite materials can be classified into 

three groups:  

 Non-interactive failure criteria 

 Interactive failure criteria 

 Separate mode failure criteria 

 

Non-Interactive Failure Criteria 

These criteria, also called the limit criteria, compare the lamina stresses or strains 

with the corresponding allowable values separately. In other words, no interaction is 

assumed between the stresses (or strains) in different directions. As an example, the 

Maximum Stress or Maximum Strain criteria fall under this category. Maximum 

Stress failure envelope defines a rectangle in 2D space. The failure envelope of 

Maximum Strain is close to that of Maximum Stress but slightly skewed due to the 

effect of Poisson’s ratio. These criteria can be expressed as follows: 
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Maximum Stress: 

|𝜎 |

|𝑋|
= 1;  

|𝜎 |

|𝑌|
= 1; 

|𝜏 |

|𝑆|
= 1 

(1.1) 

 

Maximum Strain: 

|𝜀 |

|𝑋 |
= 1;  

|𝜀 |

|𝑌 |
= 1; 

|𝛾 |

|𝑆 |
= 1 

(1.2) 

 

Where 𝜎 , 𝜎 , and 𝜏  (𝜀  , 𝜀 , and 𝛾 ) are the stresses (strains) in the fiber 

direction, matrix direction, and shear direction in a lamina, respectively. X, Y, and S 

are the corresponding allowable longitudinal, transverse, and shear values. These 

allowable are tension allowable if the stresses or strains are greater than zero and 

otherwise compression allowable. Using these criteria, one can separately identify 

the onset of individual failure in terms of fiber failure, transverse matrix failure, or 

shear matrix cracking. 

Under transverse tensile loading, these criteria do not account for the constraining 

effect of adjacent orthogonal plies on delaying the initiation and arresting the 

propagation of matrix cracks. As a result, the transverse failure is dominated by the 

matrix properties for unidirectional laminas, leading to the laminate strength's 

underprediction. 

Interactive Failure Criteria 

These criteria predict the failure load using a quadratic or higher-order polynomial 

equation involving stress or strain components, obtained by curve fitting to 

experimental data. Tsai-Hill and Tsai-Wu are the most popular interactive criteria 

used [6]. However, compared to the Maximum Stress or Maximum Strain criteria, 

their primary disadvantage is that the interactive type criteria cannot identify the 

failure mode. 
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Tsai-Hill criterion is based on Hill’s proposed yield criterion [23] for anisotropic 

materials, describing a smooth elliptical failure envelope. It is expressed as follows: 

Tsai-Hill: 

𝜎

𝑋
+

𝜎

𝑌
−

𝜎

𝑋

𝜎

𝑋
+

𝜏

𝑆
= 1 (1.3) 

Even though stress interaction is considered in Tsai-Hill, there is no way to 

distinguish between tension and compression, which is not the case for the majority 

of the FRP composites. 

Unlike Tsai-Hill, Tsai-Wu accounts for tensile and compressive stress through linear 

terms, which can be expressed as follows: 

Tsai-Wu: 

𝐹 𝜎 + 𝐹 𝜎 + 𝐹 𝜎 + 𝐹 𝜎 + 2𝐹 𝜎 𝜎

+ 𝐹 𝜏 = 1 

             (1.4) 

𝐹 =
1

𝑋
−

1

𝑋
 𝐹 =

1

𝑋 𝑋
 (1.5a) 

𝐹 =
1

𝑌
−

1

𝑌
 𝐹 =

1

𝑌 𝑌
 (1.5b) 

𝐹 = −
1

2 𝐹 𝐹
 𝐹 =

1

𝑆
 (1.5c) 

Subscripts T and C denote tension and compression, respectively. The interactive 

stress constant 𝐹  should ideally be determined experimentally by a biaxial test. Due 

to the difficulties in the experimental evaluation of 𝐹 , Eqn. (1.5c) can be used as 

an approximation as proposed by Tsai and Hahn [24]. 

Separate Mode Failure Criteria 

These criteria distinguish the fiber failure criterion from the matrix failure criterion. 

Stress interaction between different directions depends on the specifics of the 
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criterion within this group. Yamada-Sun, Hashin, Puck, and LARC failure theorems 

are some examples of separate mode failure theorems. 

Yamada and Sun failure criteria is a fiber failure criterion based on the assumption 

that laminate failure occurs when the following condition is satisfied in any of the 

plies. 

Yamada and Sun: 

𝜎

𝑋
+

𝜏

𝑆İ

= 1 (1.6) 

Where 𝑆İ  is the in-situ strength of the ply. 

Unlike Yamada and Sun, in 1980, Hashin proposed two distinct failure mechanisms, 

one associated with the fiber and one associated with the matrix in tension and 

compression. The two distinct failure modes occur in two different fracture planes, 

and only relevant stress components on the associated fracture plane of each mode 

will contribute to the failure criteria for that failure mode. Consequently, the failure 

envelope described by Hashin failure criteria is only piecewise smooth, with each 

branch modeling a distinct failure mode. Hashin criteria can be expressed as follows: 

Hashin: 

Fiber Tension (𝜎 ≥ 0): 

𝜎

𝑋
+

𝜏

𝑆
= 1 (1.7) 

Fiber Compression (𝜎 ≤ 0): 

𝜎

𝑋
= 1 (1.8) 

Matrix Tension (𝜎 ≥ 0): 

𝜎

𝑌
+

𝜏

𝑆
= 1 (1.9) 
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Matrix Compression (𝜎 ≤ 0): 

𝜎

2𝑆
+

𝑌

2𝑆
− 1

𝜎

𝑌
+

𝜏

𝑆
= 1 (1.10) 

where 𝑆 is the longitudinal or in-plane shear strength as defined previously and 𝑆  is 

the transverse or out-of-plane shear strength which is difficult to find experimentally. 

Hashin criteria provide an improvement for the prediction of intralaminar failures. 

On the other hand, its prediction for the matrix failure under compression is the 

shortcoming of the method. This is due to the quadratic failure criteria, which implies 

that the fracture plane is the maximum transverse shear plane – which cannot be 

accepted as a general rule. To overcome this shortcoming of Hashin, Puck, and 

Schurman [13], and more recently Davila et al. [16] introduced matrix failure 

theorems based on the Mohr-Coulomb failure theory and fracture mechanics. 

In the Puck failure theory, a set of inter-fiber failure (IFF) modes, namely, matrix 

cracking or matrix/fiber debonding, are evaluated besides the fiber failures. Three 

different failure modes named A, B and C represent different orientations of fracture 

planes relative to the reinforcing fibers. The fracture plane is shown in Figure 1.2.  

Puck: 

Mode A failure represents a transverse crack due to tensile transverse stress and shear 

stress.: 

+ 1 − 𝜌 ∥
( )

+ 𝜌 ∥
( )

+ = 1        𝜎 ≥ 0  (1.11) 

Mode B represents a transverse crack due to compressive transverse stress and shear 

stress: 

1

𝑆
(𝜏 ) + 𝜌 ∥

( )
𝜎 + 𝜌 ∥

( )
𝜎 +

𝜎

𝜎
= 1    𝜎 < 0 𝑎𝑛𝑑 0 ≤

𝜎

𝜏
≤

𝑅

|𝜏 |
 (1.12) 

Mode C represents a failure in an angled plane due to a dominant compressive 

transverse stress and shear stress, which causes fibers to become displaced: 
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𝜏

2 1 + 𝜌
( )

𝑆
+

𝜎

𝑌

𝑌

(−𝜎 )
+

𝜎

𝜎
= 1   𝜎 < 0 𝑎𝑛𝑑 0 ≤

𝜏

𝜎
≤

|𝜏 |

𝑅
 (1.13) 

Where 𝜌 ∥
( ) and 𝜌 ∥

( ) are the slopes of (𝜎 , 𝜏 ) the fracture envelope and are related 

with the other parameters through the following equations: 

𝑅 =
𝑌

2(1 + 𝜌
( )

)
=

𝑆

2𝜌 ∥
( )

( 1 + 2𝜌 ∥
( ) 𝑌

𝑆
− 1) (1.14) 

𝜌
( )

= 𝜌 ∥
( )  (1.15) 

𝜏 = 𝑆 1 + 2𝜌
( ) (1.16) 

  

  

 

Figure 1.2. Fracture envelope for Puck’s IFF failure modes. Figure taken from ref. 

[13]. 

Combining Hashin’s failure theory and Puck’s failure plane concept, Davila 

introduced a new failure theorem named LARC03 [16]. This theorem is associated 

with Mohr-Coulomb's theory for matrix failure in compression and Dvorak’s 
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fracture mechanics approach for matrix cracking in tension. LARC03 includes the 

in-situ effect occurring under the presence of both in-plane shear and transverse 

tensile stresses. The in-situ effect can be explained as the higher transverse tensile 

and shear strength of a ply due to the constraining effect of the adjacent plies with 

different orientations. This enhancement of strength also depends on the number of 

plies clustered together and the orientation of adjacent plies. These in-situ strengths 

calculated using fracture mechanics are dependent on fracture toughness values (𝐺  

and 𝐺  ); elastic moduli (𝐸 , 𝐸 ), Poisson’s ratio (𝜗 ) and the geometry of the plies 

or the crack. The fiber failure under tension is a non-interacting maximum strain 

criterion for LARC03. For the fiber compression, a criterion for the fiber kinking is 

also developed by considering the fiber misalignment under load. The matrix failure 

criterion is considered in the coordinate frame of this misalignment.  

LARC04 [17] and LARC05 [18] are extensions of LARC03 plane stress criteria to 

account for general three-dimensional loading and in-plane shear non-linearity. 

LARCO5 differs from LARC03 only for the matrix failure under transverse tensile 

failure formulation, which includes the contribution of stress normal to the fracture 

plane. Details of the formulation for the LARC criteria are not given here; the reader 

can refer to the references for further information [16–18]. 

A comparison of different failure criteria for a set of WWFE test data [25] for 

unidirectional composite E-Glass/LY556 is given in Figure 1.3. The selected failure 

theorems give similar results for the tensile loading conditions except for the 

Maximum Stress criteria, which is less conservative. The failure theorems have more 

distinctive properties under compressive loading. LARC03 and Puck can closely 

predict the failure envelope under compression, whereas Hashin gives conservative 

results.  

Among all the above-mentioned criteria, Hashin’s model is widely used in structural 

applications, especially in the aerospace industry, and laid a basis for, further 

progress throughout later years. Moreover, due to its simplicity and accuracy, it has 

also been incorporated into many FEA commercial codes,  
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Figure 1.3. Comparison of different failure criteria with the WWFE test results. 

Figure taken from ref. [25]  

1.3.1.2 Laminate Failure Analysis 

The previously discussed failure criteria are used to find the onset of damage in a 

lamina which does not necessarily mean the failure of the composite. To predict the 

total failure, the progression of the damage to the whole laminate should also be 

considered, which is a non-trivial task due to the complicated failure mechanisms. 

Since the interlaminar damage (delamination) is out of the scope of this work, the 

focus here will be on the methods for the damage progression for the intralaminar 

damage. 

For highly fiber-dominated laminates, progressive failure analysis is usually not 

necessary. Instead, laminate failure may be taken to coincide with the lamina fiber 

failure in the load direction. Since no stiffness reduction is included in this method, 

applying and predicting the laminate failure is straightforward. Therefore, this 

method is called “First Ply Failure” or “Sudden Failure”. Although this method gives 
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close predictions for the fiber-dominated laminates, it is too conservative for the 

majority of the cases involving matrix failures. 

Progressive failure analysis models the evolution of the failure starting from the 

failure of the first ply until the ultimate failure. Once the failure starts, the model 

implements a material degradation scheme to account for the associated load-bearing 

capacity reduction.  Material degradation models available for laminated composite 

structures can be categorized into two main groups; continuum damage mechanics 

(CDM) using internal state variables and ply discounting approaches [26].  

Continuum damage mechanics models assume a continuous material regardless of 

the damage state. The internal damage is defined through elastic stiffness 

degradation coefficients, which are functions of state variables. Talreja [27–29]  and 

Chang and Chang [30] were the pioneers in implementing the CDM methods to the 

composites. Later on, many other authors also worked on the CDM modeling of 

composites [31–33]. Matzenmiller [34] introduced a new model based on CDM 

coupled with classical thermodynamic theory. Internal variables describe the 

evolution of the damage and the degradation of the material stiffness. This work is 

the basis of the in-built composite damage evolution model in Abaqus Finite Element 

Analysis (FEA) software [35]. The CDM models generally require additional 

material data to model the damage progression state. As a result, implementing these 

models requires more test data and more effort than the direct property degradation 

methods.  

Ply discount methods are based on reducing the elastic material stiffness coefficients 

by a factor in the case of a ply failure. First, the stresses and strains are calculated in 

each ply, and then a lamina failure check is performed with a selected failure 

criterion. If failure is detected in any of the plies, then the elastic stiffness values of 

the lamina are degraded accordingly. Next, the system is reanalyzed with the existing 

stresses and strains. This cycle continues until no additional load can be sustained, 

which is the ultimate failure of the laminate.  
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Many post-failure material property degradation models may be categorized into 

three main categories: instantaneous unloading, gradual unloading, and constant 

stress, as shown in Figure 1.4 [36]. 

 

Figure 1.4. Types of ply discount methods in composite laminates. Figure taken from 

ref. [36]. 

In the “Instantaneous (or Sudden) Degradation” method, the material stiffness 

coefficients associated with the mode of the failure are degraded to zero abruptly. A 

very small degradation factor (e.g., 10-4) is common to avoid convergence problems 

due to ill-conditioned stiffness matrices and singularities. Sleight [36] has performed 

a study to compare different degradation factors such as 10-1, 10-2, and  10-20 for the 

instantaneous unloading case for a rail-shear specimen. The study showed that the 

rate of material degradation had little effect on the failure prediction. Many other 

authors also used sudden degradation progressive failure analysis with very small 

degradation factors [26,30,37–39]. 

Gradual Degradation Method: The material elastic properties associated with the 

relevant mode of failure are recursively reduced until they reach zero. The gradual 

degradation may be linear or exponential, as shown in Figure 1.4. Selecting the 

degradation factor is crucial to model the damage accumulation in gradual 
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degradation modeling correctly. A factor close to zero would resemble the sudden 

degradation model, resulting in ignorance of the damage aggregation. On the other 

hand, a factor close to 1 is not preferred as it considerably increases the 

computational load. Reddy [40] has performed a numerical analysis with different 

SRC (stiffness reduction coefficient) values between 10-6 and 0.6  and found that the 

curves capture the experimental behavior for larger values of SRC. For an SRC factor 

of 0.5, the ultimate load prediction was within ±10%. Chang [30] used a gradual 

degradation scheme according to a Weibull distribution. Petit and Waddoups [41] 

and Sandhu [42] also worked on gradual unloading based on a nonlinear stress-strain 

relationship. 

Constant Stress Method: The method assumes that a lamina will continue to 

support its failure load even after failure but no additional loads. There is not much 

found in the literature for the application of this method, but Tsai’s approach can be 

given as an example of constant stress application [24,43]. 

In summary, basic steps to perform progressive failure analysis for a composite 

laminate are as follows: 

1. Find the stresses and strains in each lamina. 

2. Decide the failure criterion to be used and check the stresses or strains with 

this criterion. 

3. If failure is detected, apply the degradation model (decide the method, 

degradation parameters, interaction between stresses, which elastic 

parameters to be degraded) and find the new constitutive matrices. 

4. Repeat the steps above until the final failure of the laminate. 

The previously mentioned failure methods are for unidirectional tape laminates 

where matrix failure is a concern for the transverse direction on a lamina. On the 

other hand, woven fabrics – structures consisting of continuous warp and weft fibers 

weaved in a pattern are also widely used in practice, especially in impact-prone areas 

of airplanes. The mechanical properties and damage behavior of fabric laminates are 

considerably different from unidirectional tape laminates. Therefore, the previous 
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findings on the unidirectional laminates should be modified accordingly to 

investigate the fiber failure in both directions [44–53]. 

1.3.2 Failure Analysis of the Bonded Joints 

To find the strength of a repaired composite part, the failure phenomenon of the 

adhesive should be clearly understood and evaluated. As mentioned before, the aim 

of a repair is to ensure the failure of the adherend before the failure of the bond. 

ASTM D5573-99 [54] describes the methods of classifying and characterizing the 

failure modes in adhesively bonded FRP joints. The bond failure can be classified 

mainly into two groups: an adhesive failure and cohesive failure. 

Adhesive failure is the interfacial failure between the adhesive and the composite 

adherend due to improper surface preparation on the bonding area. This type of 

failure can be avoided by following standardized directives for the bonding process. 

Cohesive failure is the failure of the adhesive itself, which should be evaluated to 

find the strength of the bonding. Since the pioneering work of Volkersen [55] in 

1938, there have been many studies evaluating the adhesive failure in a bonded joint. 

These studies can be grouped into two main categories as follows: 

 Closed-Form Analysis (Analytical Methods) 

 Numerical Analysis 

1.3.2.1 Analytical Methods 

The earliest analytical method for a single lap joint was the linear shear-lag model 

developed by Volkersen [55], which assumed that the adhesive deforms only in shear 

whilst the adherend deforms in tension. The main drawback of this model is the 

neglection of the eccentricity of the applied load. This simplification causes 

problems in the case of bending moments in the adherends and shear deformations, 

which are especially critical for composite adherends having low shear and 
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transverse moduli and strength. Therefore, the model is more convenient for 

analyzing double lap joints rather than single lap joints.  The representation of the 

Volkersen model with elastic adherends and the distribution of the shear stress over 

the bonded area is shown in Figure 1.5 [56]. 

 

Figure 1.5. (a) Volkersen model with elastic adherends, (b) Distribution of the shear 

stress distribution over the bonded area. Figure taken from ref. [56]. 

In 1944, Goland and Reissner [57] improved the Volkersen model by accounting for 

the adherend bending and adhesive peel stresses. The rotation of the overlap region 

alters the load path and induces significant peel stresses at the end of the adhesive. 

The representation of the model and shear and peel stress distribution over the 

bonded area is shown in Figure 1.6. 

(a) 

(b) 
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Figure 1.6. (a) Goland and Reissner model with elastic adherends. (b) Distribution 

of the shear stress distribution over the bonded area. Figure taken from ref.  [56]. 

These models do not account for the adhesive plasticity, whereas Hart-Smith 

developed several models for various joint configurations considering the 

elastoplastic properties of the adhesive and the mechanical properties of the 

composite adherends [58–60]. These studies include models for the single lap, 

double lap, and scarfed/stepped joints. He also studied the effect of the various 

factors on bond strength, such as thermal mismatch, adherend thickness, adhesive 

thickness, adhesive modulus, and lay-up. 

Tsai et al. [61] assumed that the shear stress is linear through the adherends and 

applied a correction factor to the shear lag model. Many other researchers proposed 

analytical solutions considering linear and non-linear material models for isotropic 

(a) 

(b) 
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and composite adherends. A comprehensive literature review for many of these 

analytical models can be found in work performed by Da Silva et al. [56]. Most of 

these models are two-dimensional assuming plane stress or plane strain conditions. 

The analytical modeling of isotropic adherends for all bonding types is a highly 

mature field similar to the case of the single lap and double lap joint configurations 

for composite adherends. There are few analytical works on the scarf/stepped 

composite joints, but none considers ply orientations in the adherends [60,62–65]. 

The analytical modeling of scarf/step joints with composite adherends is more 

complex due to the stiffness variation along the bond-line [66–68]. Furthermore, the 

complex geometries and loading conditions of actual repaired parts make the 

analytical route challenging for the proper design of composite joints and repairs. 

Therefore, there has been a strong demand for numerical tools that can tackle these 

problems accurately. 

1.3.2.2 Numerical Methods 

Finite element analysis (FEA) is the most common approach for the detailed 

investigation of the joint strength by modeling the interfaces by various approaches 

such as continuum mechanics, fracture mechanics, and cohesive zone methods.  

Continuum mechanics approach assumes the material as a continuous medium 

regardless of the damage state. The stress, strain, or strain energy values are 

compared with the allowable values via a failure criterion. The success of the 

selected failure criterion is mainly relevant to the ductility of the adhesive. The 

primary maximum principal stress criterion gives accurate results for a brittle 

adhesive, although the singularity at the corners should be tackled by using finer 

mesh sizes [69]. Also, shear stress-based failure criteria have been widely used in 

the literature, which compares the shear stress in the bond-line to the bulk adhesive 

shear stress [57,70,71]. 
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For ductile adhesives, stress-based limit criteria give conservative results because 

they do not take the load-carrying capacity after adhesive yielding into account. For 

these types of adhesives, when plastic deformation is apparent, strain-based failure 

criteria give more accurate results [60,72,73]. 

There are also criteria for describing the yield behavior of adhesives, such as Von-

Misses and Tresca criteria and Drucker Prager plasticity model [74–76]. While the 

details of these models and criteria are beyond this thesis's scope, there is a 

comprehensive literature survey for the continuum mechanics approaches by 

Campilho et al. [77]. 

Fracture mechanics approach assumes a pre-defined crack and aims to determine 

the stress state in front of the crack. In the bonding process, cracks, debonding, 

porosities, and other imperfections within the adhesive are stress concentration 

points that act as damage initiation sites. In this method, the size of the defect is 

compared with the critical defect size, and if the threshold is exceeded, propagation 

and final failure occur. The fracture mechanics approach can be formulated through 

stress intensity factor definitions or energy-based concepts. 

In the stress intensity factor approach, considering an existing crack, a stress intensity 

factor, K, is calculated as a function of applied stress, crack size, and part geometry. 

Also, failure is assumed to happen when this stress intensity factor exceeds the 

material’s fracture toughness, Kc, value. From this point on, the crack will grow 

rapidly until it fractures. The stress intensity factor also depends on the loading 

direction. Three primary modes define the orientation of a crack relative to the 

loading, as shown in Figure 1.7. Mode I is the opening case, and mode II and mode 

III are the in-plane and out-of-plane shearing modes. There exists a stress intensity 

factor for each mode, and crack will occur when K = Kc for each case. The crack 

may be loaded in one mode only or a combination of the modes. 
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Figure 1.7. Failure modes in adhesive joints. 

In the energy-based approach, a defect will propagate when the energy release rate, 

G, at the crack tip is equal to the critical energy release rate, Gc, for each mode of 

loading. Similar to the stress intensity factors, Gc is also a mechanical property of 

the material. In most bonding applications, the adhesive is loaded not only under 

tension or shear but a combination of both. Therefore, while the crack grows in mode 

I in an adhesive in bulk form, the crack will propagate in a mixed-mode in a joint 

due to the constraints coming from the rigid adherends. 

Numerous studies have been performed to evaluate bonded joints with fracture 

mechanics approaches [78–82], but this continues to be an area of research due to 

the complexities encountered. The shortcomings of the fracture mechanics are 

eliminated mainly by using the Cohesive Zone Model (CZM), which will be 

discussed next in the following section. 

1.3.2.2.1 Cohesive Zone Model 

Among the models for predicting the behavior of adhesive joints with FEA, the 

cohesive zone model (CZM) provides one of the most effective approaches. CZM 

enables the prediction of the failure loads and damage onset locations and the 

progression of damage and failure paths without an initial crack. A relation is set 

between the traction value and the elongation of the cohesive elements. The point 

where the traction value reaches the critical value marks the start of the damage. 

When the maximum fracture toughness value is attained (the area under the traction-

Mode I Mode II Mode III 
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separation curve), the traction is reduced to zero, and new crack surfaces are formed. 

The schematic representation of damage progression is shown in Figure 1.8. 

 

 

Figure 1.8. Damage progression schematic in an adhesively bonded joint. Figure 

taken from ref. [83]. 

 

The earliest studies on the CZM go back to the publications of Dugdale [80] and 

Barenblatt [84], who introduced the concept of crack tip plasticity and equilibrium 

in elastic bodies with cracks. Hillerborg’s model [85] was similar to Barenblatt’s 

model with the introduction of an extra tensile strength concept. Hillerborg’s model 

allowed the initiation of new cracks as well as the propagation of the existing ones. 

Since this pioneering work, numerous studies have been performed to find the 

adhesive joint strength and delamination propagation in composite parts using CZM 

[86–99]. The recent advances in the programming of CZM by conventional FEM 

analysis programs, make this method widely used. 

Depending on the joint configuration and the adhesive type (brittle or ductile), 

different cohesive zone formulations called traction-separation laws can be used. The 
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commonly used traction-separation laws are bilinear, trapezoidal, and exponential. 

Bilinear law is preferred in this study due to its simplicity and good accuracy, 

especially for brittle materials.  

Figure 1.9 shows the built-in bilinear traction-separation model in ABAQUS FEA 

[35], exhibiting linear elastic behavior followed by linear degradation. In the figure, 

t  is the maximum traction,   is the displacement at damage initiation,   is the 

displacement at failure, and K indicates the stiffness. Subscripts n, s, and t describe 

normal, shear, and transverse directions, respectively. The area under the traction-

separation curve gives the fracture toughness (G ). 

For a single-mode loading, damage initiation occurs when the traction is equal to the 

allowable traction in that direction. The traction value is linearly dependent on the 

separation value, and when the area under the triangle is equal to the fracture 

toughness value, damage propagates. 

The loading in adhesively bonded joints is often not a single load. Instead, it is a 

mixture of the loadings in 3 different directions, as shown in Figure 1.7. As a result, 

things are more complex for this type of mixed-mode loading due to the interaction 

between different modes of fracture.  

 

Figure 1.9. Graphical representation of the bilinear traction-separation behavior used 

for the modeling of the adhesive. Figure taken from ref.[35]. 
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The uncoupled elastic behavior up to the maximum traction value is as follows. 

t  

t  

t  

=
K 0 0
0 K 0
0 0 K

δ
δ
δ

    (1.17)

For an adhesive with finite thickness; 

K =    and  K = K =  (1.18)

In these expressions, E and G are elastic modulus and shear modulus, respectively. t 

is the thickness of the adhesive.  

The model describes the cohesive failure in two stages, namely, initiation and 

progression of the damage. Damage initiation is the point where the traction reaches 

its maximum. This point marks the beginning of the degradation of the material 

properties. The damage initiation criterion can be defined through stress or strain 

components. This study implemented a stress-based “Quadratic Nominal Stress 

Criterion,” a built-in tool in ABAQUS. The criterion is as follows:  

〈t  〉

t
+

 t

t
+

t  

t
= 1                                                         (1.19)

where t  terms describe the allowable traction values, and t terms indicate current 

tractions. Subscripts n, s, and t correspond to the normal, shear, and transverse 

directions, respectively. The angle brackets imply that only positive values are 

considered, as normal compressive stress cannot initiate damage.  

Once the damage initiates through the condition described by Eqn. (1.19), the 

damage progression starts. The post-damage response of the system defined 

according to continuum damage mechanics is as follows. 

t =
(1 − d)t      t ≥ 0  

t                  t < 0
 (1.20)
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t = (1 − d)t  

t = (1 − d)t  

where t , t , t  are the damaged stress states, t , t , t  are the undamaged stress states 

in normal and shear directions, and d is the scalar damage variable taking values in 

the range of 0 to 1. d = 0 indicates the undamaged condition, and d = 1 indicates the 

fully damaged condition. To evaluate the damage progression at the presence of 

normal and shear deformations combined (mixed mode loading), Camanho et al. [89] 

defined an equivalent displacement, δ , as follows. 

δ = δ + δ + δ  (1.21) 

The linear softening model defines the damage variable for mixed-mode loading in 

terms of this equivalent displacement as follows. 

d =
δ  (δ − δ )

δ  (δ −  δ )
 (1.22)

In this equation, δ  is the equivalent displacement at a point. δ  and δ  are the 

equivalent displacements at the stage of damage initiation and failure, respectively.  

Eqn. (1.22) requires the calculation of δ  and δ . The equivalent damage initiation 

displacement, δ , can be calculated by using Eqns. (1.19), (1.21) and (1.23), and by 

defining a mode mixity ratio, β: 

δ =

⎩
⎪
⎨

⎪
⎧

δ δ
1 + β

(δ ) + (βδ )  
       δ > 0         

      (δ ) + (δ )           δ ≤ 0   

  (1.23)

where, 
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β =    and     δ = δ + δ  (1.24)

δ , δ , and δ  in Eqn. (1.23) are the single-mode displacements at the damage 

initiation point, which can be written as: 

δ =
t

K
 ,   δ =

t

K
 ,    δ =

t

K
 (1.25)

The equivalent displacement at failure, δ , depends on the softening behavior of the 

material, which is defined by the total area under the mixed-mode loading curve, 

corresponding to the equivalent fracture toughness. Benzeggagh and Kenane (B-K) 

[100] criterion defines the equivalent, mixed-mode fracture toughness as a function 

of the main modes of fracture toughness through a power-law. 

G = G + (G − G )

                                                      (1.26)

In this equation, G  , G , and G  are the mode I, II, and III fracture toughness 

values, respectively. G  is the equivalent fracture toughness that governs the mixed-

mode damage progression.  is the so-called B-K factor, which can be found by 

curve-fitting the mixed-mode bending test (MMB) data. 

G   and G  values for the adhesive can be found by double cantilever beam (DCB) 

tests according to ASTM D5528-13 [101] or  DIN EN 6033 [102] and notched 

flexure tests (ENF) performed according to ASTM D7905/D7905M [103] or DIN 

EN 6034[104] respectively with a selected method for data reduction.  G  can be 

taken same as G , following the general approach in the literature.  

By using Eqns. (1.23), (1.25), and (1.26), and equating the area under the traction-

separation curve to the fracture toughness, the equivalent displacement value at 

failure is determined as follows. 
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δ =

⎩
⎪
⎨

⎪
⎧ 2

Kδ
G + (G − G )

β

1 + β



       δ > 0         

(δ ) + δ                                       δ ≤ 0   

 (1.27)

The above formulations fully define the problem for the simulation of the mixed-

mode behavior of the cohesive zone. The only remaining parameters are the 

allowable traction values 𝑡 , t  and t  which can be calculated by applying inverse 

fitting to the numerical simulations of the DCB and ENF tests. By using the 

experimentally determined G   and G , the traction values can be adjusted such 

that the numerical load-displacement curve exactly matches the respective 

experimental curves.  

1.4 Repair Parameters of Scarfed Repairs 

The strength of a scarf-repaired CFRP laminate is highly dependent on the material 

and process parameters: scarf angle, surface pre-treatment, adherend thickness and 

lay-up, extra layer configuration, adhesive properties, and thickness cure conditions. 

These will be investigated in detail in the following sections. 

1.4.1 Scarf Angle 

One of the significant parameters influencing the strength of a scarf joint is the scarf 

angle. Many experimental and numerical studies have investigated this parameter 

over a range of 1.9° to 45°.  Some of these studies considered 2D coupon joints 

[86,92,105–109], while others focused on 3D repaired parts [110–113]. 

Almost all studies report a common trend of decreasing strength with increasing scarf 

angle. The strength recovery can be as little as 10% for a scarf angle of 45° [92], 

whereas it can reach 84% for a scarf angle of 1.9°[111].  An optimal scarf angle 

satisfies the adherend failure instead of the adhesive failure, which is the desired case 

for all the repairs to attain the undamaged parent material strength. Although this 
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angle depends on the properties of the adhesive and the composite material, it is 

found to be less than 4 [108,112], which is in parallel what most of the SRM 

suggests [3,4].  

Simplified 2-D models assume that all load is transferred through the adhesive bond. 

As a result, bypass loads passing near the repaired area are neglected. The significant 

consequence of this simplification tends to be an underestimation of the repair 

strength [108,114].  

Campilho et al. [92] investigated the peel and shear distribution along the bond-line 

of a scarf joint using CZM methods. They showed that the peak stresses considerably 

diminish for the lower scarf angles, enabling higher strength values. This distribution 

of peel and shear stresses is shown in Figure 1.10. It is also seen that the stress 

concentration is higher in 0 plies which are parallel to the loading direction. 

 As mentioned before, the failure mode of the bonded parts mainly depends on the 

scarf angle. Fiber fractures and pull-out are the primary behavior for small scarf 

angles, whereas cohesive failure occurs within the adhesive for larger angles 

[92,106].  Kumar [106] showed the dependence of the failure mode to the scarf angle, 

as shown in Figure 1.11. 

1.4.2 Surface Treatment 

The preparation of the bonding surfaces plays a significant role in joint efficiency. 

Adhesive failure of the adhesive, which means the separation of the adhesive from 

the adherend surface, is a non-desired failure mode leading to low strength values. 

So, the bonding surfaces should be adequately pretreated to improve the performance 

of the bonded CFRP joints. Different pretreatment methods exist that can be 

classified as mechanical [115–117], chemical, plasma-based [118–120], and laser-

based [121–123].  
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Figure 1.10. (a) Peel stress distribution in the adhesive (b) Shear stress distribution 

in the adhesive. Figure taken from ref. [92]. 

In conventional repair and bonding processes in the aeronautical industry, the 

primary method of surface preparation is solvent cleaning and sanding, followed by 

peel-ply removal. These processes aim to clean the contaminants from the bonding 

surface and increase the surface roughness to enhance the bonding area and 

mechanical interlocking of the adhesive with the substrate. The proper application 

of this pretreatment process is crucial for a strong and durable joint. In many cases, 

these processes are manual which should be performed by trained and experienced 

personnel. 

(a) 

(b) 
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Figure 1.11. (a) Fiber fracture and fiber pull-out in the composite adherends bonded 

with 0.5 scarf angle (b) Cohesive failure of the adhesive for a scarf angle of 2.9. 

Figure taken from ref. [106]. 

 

Yang et al. [117] investigated the effect of sanding with different grit sizes ranging 

between 60 to 200 on the tensile strength of the scarf and single lap joints. They 

concluded that sanding direction significantly affects joint strength. The randomly 

sanded specimen has approximately 10% higher shear strength than the 

unidirectional grinding in both directions, as shown in Figure 1.12.  

They also concluded that there is no direct relationship between the surface 

roughness and the tensile strength, and an optimum value should be selected for the 

best performance. Kim et al. [124] also investigated the dependence of the joint 

strength on the surface roughness. The result shows that the mean strength of the 

joint increases with the increase in grit size despite the considerable variation in the 

test results for the smaller grit sizes. 

Besides conventional mechanical and chemical treatments, many studies about 

surface preparation with plasma or laser techniques also exist. Infrared laser surface 

treatment has become of particular interest recently due to the high speed and 

automation of the process. Harder et al. [121] investigated the effect of laser surface 

treatment on the surface morphology and the overall tensile strength of the scarf 

(a) 

(b) 
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bonded specimens. The results showed a 5% increase in the bonding strength on the 

laser-treated specimen concerning the solvent-cleaned specimen, as shown in Figure 

1.13.  

 

Figure 1.12. Shear strength distribution of the single lap joints with respect to the 

sanding direction. Figure taken from ref.  [117]. 

1.4.3 Adherend Thickness and Lay-up 

For the scarf joints between homogeneous and isotropic materials, the stress 

distribution along the bond-line can be assumed as uniform [125]. However, for 

composite adherends, the stiffness difference between the layers causes a 

nonuniform stress distribution and generates stress concentration sites on the plies in 

the load direction [66–68]. Stress concentration is especially critical for brittle 

adhesives, as the maximum adhesive stress rather than the average stress governs the 

joint strength.  For most of the repairs, the aim is to match the lay-ups of the parent 

laminate and the repair patch to minimize the stress concentrations due to stiffness 

mismatch of the plies. Breitzman et al. [126] optimized the repair patch orientations 

to minimize von Misses stresses in the adhesive and achieved significant stress 

reductions and high strength recovery rates. The joint efficiency seems to be steady 

for scarf-bonded joints with different thicknesses, provided that they have the same 

lay-up sequence and curing conditions [107,127]. 
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Figure 1.13.  Failure stress distribution for a scarf joint with respect to different laser 

treatments, SC representing solvent cleaned specimen as the reference, each LP 

representing different infrared laser treatment parameters. Figure taken from ref. 

[121]. 

1.4.4 Effect of Extra Layer 

Most of the SRMs suggest using one or more extra layers on top of the repair patch. 

Such practice enhances the repair, protects the patch's tips, and acts as a moisture 

barrier to the repair. Ahn and Springer [128] showed the influence of an extra ply on 

the repair strength, especially for the moisturized specimen, as shown in Figure 1.14. 

Feng et al. [127] investigated the effect of overlap length and the stacking sequence 

of the extra plies for thin structures.  

As shown in Figure 1.15, the reinforcement effect of the over-plies is more evident 

for the thin laminates and increases as the overlap dimension increases up to a 

specific limit. Patches bigger than that limit have no further benefit on the repair 

strength. The same study also showed that the stacking sequence of the extra layers 

has a significant effect on the repair strength, especially for the thin laminates. [90°/ 

90°] over-plies have little effect on the failure strength, whereas [0°/ 0°] over-plies 

enhance the strength up to 30% for the thick joints. 
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Figure 1.14. The effect of the number of extra plies on the repair strength. Figure 

taken from ref. [128]. 

 

 

Figure 1.15. Influence of overlap dimension of the extra ply for adherend thicknesses 

of 3.5 mm and 7 mm. Figure taken from ref. [127]. 

1.4.5 Adhesive Properties  

There exist various types of adhesives used in the repair of composite parts in the 

aerospace industry. The type and the strength of the adhesive directly affect the 
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strength of the repairs. Therefore, these parameters should be appropriately selected 

according to the repair method. The adhesives used in repairing CFRP laminates can 

be classified as two-part room temperature cure adhesives used in the wet lay-up 

repairs and film adhesives used in the elevated prepreg repairs. For a co-bonding 

repair process, the cure cycle of the adhesive should be compatible with the cure 

cycle of the repair plies to ensure flawless repairs. In addition, the ductility of the 

adhesive affects the failure behavior and the failure surfaces of the repairs [86]. 

In addition to the adhesive's strength and toughness, the other primary parameter 

affecting the strength of the repair is the adhesive thickness. Various studies 

investigated the effect of adhesive thickness on joint efficiency. Almost all these 

studies show that an optimum adhesive thickness value exists for the highest joint 

strength [105,110,129–136]. The optimum thickness of the adhesive can be selected 

between 0.1 and 0.5 mm for the conventional aerospace repair adhesives. However, 

for more ductile adhesives, the thickness might be slightly higher. For the scarf 

joints, as the adhesive thickness increases, the peak peel and shear stress on the bond-

line also increase, leading to the premature failure of the joint, as shown in Figure 

1.16 [105]. 

 

Figure 1.16. Normalized peak peel and shear stress in the adhesive bond-line (ta: 

adhesive thickness ranging from 0.13 mm to 0.39 mm; tp: ply thickness 0.13 mm). 

Figure taken from ref. [105]. 
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1.4.6 Cure Processes  

In an ideal repair, the aim is to match the repair patch's strength, stiffness, strain, and 

thermal properties with the original structure. However, since most of the repairs are 

carried out in-situ, it might not be possible to use the original materials and processes. 

In such cases, repair patches must be cured and bonded to the structure out of 

autoclave, with a vacuum bag under atmospheric pressure. For these repairs, the lack 

of pressure and moisture ingress due to the uncontrolled environment leads to higher 

porosity levels reaching 10% on the repair patch and the adhesive [137–143]. These 

increased porosity levels cause lower strength, especially for the interlaminar shear 

and compressive loadings.  

Tang et al. performed mechanical tests and found that the interlaminar shear strength 

is affected above void contents of 4% [140]. Préau and Hubert found that every 1% 

increase in the bond-line porosity causes a decrease of 4.5% in tensile strength 

recovery [141]. 

1.5 Nondestructive Inspection of Repairs 

Improper application of the repair processes for a CFRP laminate can lead to defects 

such as delamination between repair plies, de-bond on the adhesive laminate 

interface, porosity, excessive resin accumulation, lack of resin, and similar. So, the 

integrity of the repairs should be verified by proven Non-destructive Inspection 

(NDI) methods. The standard methods for the inspection of the repaired laminates 

are: 

 Visual Inspection 

 Tap Inspection 

 Ultrasonic Inspection 

 Thermography 
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Visual Inspection: The first step of the NDI inspection of a repair is a visual 

inspection all over the work area. With a careful visual inspection, one can detect 

surface defects such as surface cracks, surface porosities, extra bleed out of the 

adhesive, resin starvation on the outermost plies, wrinkling, incorrect number of 

plies, incorrect overlap or orientation of the extra ply, and similar. Next, further 

inspection methods should be selected for the internal defects. 

Tap Inspection: This method can be used to detect relatively larger de-bonds or 

delaminations near the surface. A hammer is tapped to the surface manually or 

automatically. A proper bond will sound clear, whereas a defective area will sound 

dull. Although it is a relatively easy and cheap method, it can only detect large 

defects within the first few layers next to the surface, and it is highly subjective. 

Also, it is impractical to inspect large areas. 

Ultrasonic Inspection: Ultrasonic inspection is the most common method to inspect 

repaired laminates. With this method, an ultrasonic signal is sent to the repaired part, 

and by using the refraction /reflection and attenuation properties of the sound, defects 

are detected. The main two techniques of ultrasonic inspection are pulse echo with a 

single transducer or through transmission with dual transducers. Automatic through 

transmission is the preferred method for inspecting the repaired parts at production 

facilities. The through transmission can inspect a wide area and map the existing 

defects within a short period; however, further characterization and depth sensing of 

the defects requires pulse-echo techniques. Pulse echo is the primary method to 

inspect the repaired parts on-site as there is no need to remove the part from the 

aircraft. The most distinct advantage of the ultrasonic inspection method is the 

capability and ability to detect porosities and sub-surface defects. The disadvantage 

of the ultrasonic method is that it needs high investment costs for the equipment, 

inspection reference panels, calibration blocks, and experienced inspectors. 

Thermography: In this method, the surface temperature of the part is monitored 

with an infrared camera, and defects can be detected with anomalies in the 

temperature or phase distribution. There are different techniques of thermography 
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like pulse or lock-in thermography. With this method, large areas can be inspected 

in a short period, and numerous types of defects, including moisture ingress, can be 

detected. However, the shortcoming of this method is the high equipment costs, the 

need for skilled operators, and the method’s dependence on climatic conditions. 

As NDI is not the main focus of the thesis, each technique is explained very briefly. 

For further information, the reader can refer to the references [144–147]. 

All these conventional NDI methods require direct access to the structures implying 

grounding the aircraft. A new approach in the field is to permanently install the NDT 

systems to the parts, which enables online monitoring, named Structural Health 

Monitoring (SHM). SHM methods include different approaches discussed in detail 

in the literature [148–151]. 

1.6 Certification of Repairs 

Effectivity of the bonded repairs is highly dependent on the design, processing, and 

workmanship. Poor repair designs or processing errors such as undesirable 

environmental conditions, inadequate surface preparation, improper cure conditions, 

degraded material properties due to bad storing conditions can lead to bond-line 

defects. If these defects are larger than the detectability size and can be detected with 

NDI methods, the repair can be rejected and reworked. However, a problem arises if 

the bond-line strength is reduced due to undetectable defects. These defects are more 

common in in-service repairs due to the less controlled environmental conditions, 

which cause high material property variations.  

Currently, the limitations of non-destructive inspection techniques in detecting these 

weak bonds or the so-called kissing bonds limit composite repairs. These undetected 

flaws can result in inadequate bond-line strengths and unpredictable strength 

degradation due to environmental conditions during service. Therefore, the possible 

degradation of bonding strength due to weak bonds and environmental aging should 

also be considered in the substantiation of the repairs.  
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Due to mentioned shortcomings of the bonded repairs, the size of a repaired area is 

limited by the aviation authorities. Therefore, EASA (European Aviation Safety 

Agency) and FAA (Federal Aviation Administration) recommends the Fail-Safe 

Approach for the bonded repairs. This approach is “bonded repairs may be 

acceptable if sized to maintain limit load in case of repair fail” [152–154]. 

1.7 Objectives and Layout of the Thesis 

The thesis study aims to investigate the effect of repairs on mechanical performance 

considering different repair materials and processes, including special on-site 

applications. Experimental and numerical methods followed the exact repair 

procedures of the aerospace industry. This approach has enabled a realistic 

investigation of the effect of processing and repair parameters on mechanical 

performance. The analysis included two types of CFRP repair processing routes: 

prepreg and wet lay-up, and investigated their long-term moisture and temperature 

durability. In addition, the study identified the correlations between the porosity 

levels and the repair strength.  

Numerical analysis of the problem aimed to establish a reliable model that can 

predict the experimental behavior, which can be used for correlations for future 

repair scenarios with limited experimental work. 

The main objectives of the thesis can be summarized as follows: 

 To evaluate the effect of scarf angle on the mechanical properties of the 

bonded joints, 

 To investigate and compare the mechanical properties and failure modes of 

prepreg and wet lay-up repaired CFRP laminates, 

 To investigate the long-term durability of prepreg and wet lay-up repaired 

CFRP laminates, 

 To investigate the porosity levels of the repairs with ultrasonic inspection and 

microscopic evaluation, 
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 To develop a numerical analysis methodology for predicting the mechanical 

performance of repairs, which then can be used to establish “knock-down” 

factors for design activities. 

The thesis consists of 5 chapters as follows: 

Chapter 1 provides a comprehensive literature review and basic information about 

bonded repair of composite laminates. 

Chapter 2 investigates the failure behavior of scarf-bonded woven fabric composite 

laminates for different scarf angles. The effect of the scarf angle on the tensile 

strength and failure morphology is evaluated both experimentally and numerically. 

Also, a numerical study is performed to see the effect of porosity on the bond 

strength. 

Chapter 3 investigates the failure behavior of stepped repaired woven fabric 

composite laminates for prepreg and wet lay-up repairs. Both repair methods' 

strength recovery and failure morphology are evaluated both experimentally and 

numerically. In addition, an experimental porosity evaluation is presented for 

selected specimens. 

Chapter 4 presents the durability analysis of the prepreg and wet lay-up repairs for 

scarf repaired woven fabric composite laminates. The strength recovery and the 

failure morphology for both repair methods for the as-received and conditioned cases 

are evaluated experimentally. In addition, ultrasonic inspections and microscopic 

evaluations have provided a detailed porosity evaluation of each case. 

Lastly, Chapter 5 summarizes the results and outlines future research directions. 

The Appendices include the detailed experimental procedure for the fracture 

toughness tests, the subroutine used in the ABAQUS analysis, selective mechanical 

testing data, and a detailed description of the repair procedures.  
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CHAPTER 2  

2 FAILURE BEHAVIOR OF SCARF-BONDED WOVEN FABRIC CFRP 

LAMINATES 

This chapter is based on the following publication of the author: E. Sonat, S. Özerinç, 

Failure behavior of scarf-bonded woven fabric CFRP laminates, Composite 

Structures 258, 113205, 2021. 

2.1 Introduction 

One of the most critical parameters affecting the repair strength is the scarf angle. 

Most studies in the literature focusing on the scarf angle mentioned in Chapter 1 have 

considered unidirectional tape laminate joints. On the other hand, woven fabric 

structures consisting of continuous warp and weft fibers weaved in a pattern are also 

widely used in practice, especially in impact-prone areas of airplanes. The 

mechanical properties and damage behavior of fabric laminates are considerably 

different from unidirectional tape laminates. Therefore, the previous findings on the 

unidirectional laminates cannot be directly generalized to the case of fabrics, and 

there is a need to investigate the mechanical response of scarf-repaired woven-fabric 

laminates. Many researchers have reported on the micro-, meso-, and macro-scale 

modeling of woven-fabric materials [46,53,155,156]; however, only a few studies 

exist on the repair of the fabric laminates [111,157,158]. 

Another critical aspect of the problem is the effect of bond-line defects on the 

strength of the joint. Previous studies investigated this problem, emphasizing 2D 

defects such as delamination and debond [159–162]. However, 3D defects such as 

voids also considerably impact joint strength, which has remained unexplored so far.  
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In this part of the study, the strength of scarf-bonded woven fabric laminates under 

uniaxial tension is investigated, emphasizing filling the above-mentioned gaps in the 

literature. The effect of scarf angle on mechanical behavior is the main focus. Unlike 

most previous lab-scale studies, the composite manufacturing and repairs took place 

in an actual industrial facility and followed the aerospace industry standards in this 

study. This approach provided a more realistic investigation of the problem. The 

detailed mechanical and post-failure analyses provided insight into the relationship 

between the deformation modes and the scarf angle. Finite element analyses clarified 

the role of shear and peel stress variations over the bond area and probed the effect 

of bond-line defects on the strength of repaired parts. 

2.2 Experimental Details 

The fabrication process of the composite and its repair followed the standardized 

procedures for the manufacturing and repair of real aircraft panels. 

M21/AS4C/40RC/T2/285/6K 2×2 twill carbon/epoxy fabric prepregs with a cured 

ply thickness of 0.285 mm (HEXCEL PRIMETEX, Connecticut, USA) [163]were 

used to manufacture the composite panel with dimensions of 750 mm × 600 mm × 

2.4 mm. M21 is a new generation, high-performance, very tough epoxy matrix, and 

its combination with the continuous, high strength, high strain AS4C carbon fabric 

provides excellent performance in primary aerospace structures. 

The hand lay-up process employed [45/0/-45/90] s, resulting in a quasi-isotropic 

symmetric structure. After the lay-up process, the panels were cured in an autoclave 

at 180°C & 7.1 bar for 9 hours (including heating and cooling periods) according to 

the manufacturer’s requirements. After completing the cure cycle, MATEC 

ultrasonic tester (MA, USA) inspected the panels to verify their integrity using the 

Automatic Ultrasonics Through Transmission Method (AUTT). Table 2.1 gives the 

material properties of the composite provided by the manufacturer [163]. 
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Table 2.1. Mechanical properties of the M21/AS4C composite provided by the 

manufacturer [163].  

Property Symbol Value 

Elastic Modulus (GPa) 

E  61.0 

E  61.0 

E  8.9 

Shear Modulus (GPa) 
G  4.2 

G , G  3.8 

Tensile Strength (MPa) 
X  930 

Y  940 

Compressive Strength (MPa) 
X  818 

Y  799 

Shear Strength (MPa) 
S  96 

S , S  64 

Poisson’s ratio 
ν  0.05 

ν , ν  0.3 

 

A sawing machine cut the panels into specimens of 245 mm length and 22 mm width. 

Subsequent perpendicular cuts by the machine followed by manual abrasion 

generated the scarf joint surfaces. Figure 2.1 shows the overall geometry and 

dimensions of the test specimens. ASTM Standard for Tensile Testing of Polymer 

Matrix Composites (D3039/3039M) defined the specimen geometry [164]. 

Three different scarf angles (scarf ratios) are considered, namely, 1.9° (1/30), 2.8° 

(1/20), and 5.7° (1/10). 1.9° and 2.8° are the most common repair scarf angles in the 

aerospace industry.  
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Figure 2.1. A schematic of the test specimens. Thickness and scarf angle are 

exaggerated for clarity. Dimensions are in mm. 

 

The bonding steps also followed the standardized procedures for the repair of real 

aircraft components. First, a 120-grit diamond sander sanded the repair surfaces, 

followed by a water break test [165] to verify the uniformity of the sanding process. 

Then the parts were dried for 1 hour at 80C in an oven to remove the water. Finally, 

the surfaces were wiped with acetone just before bonding. 

FM-300K (Solvay, Belgium) [166], a high-strength film adhesive widely used in the 

aerospace industry, bonded the scarf joints. Table 2.2 shows the properties of the 

adhesive film provided by the manufacturer. The cohesive material parameters of the 

adhesive are discussed in further detail in Section 2.4 and Appendix A. A single layer 

of adhesive having the exact lateral dimensions as the bonding surface was applied 

at a thickness of 0.2 mm. An autoclave at 180°C and 3.1 bar cured the specimens 

according to the manufacturer’s cure cycle requirements for 2 hours, including the 

heating and cooling periods. Upon curing, AUTT examined the bonding surface for 

the verification of the bond defects. 

An Instron 8803 Extended Grip Servo Hydraulic Mechanical Testing Machine (MA, 

USA) performed the mechanical characterization of the specimens according to the 

ASTM Standard for Tensile Testing of Polymer Matrix Composites (D3039/3039M) 

[164]. The measurements employed displacement control at a rate of 1 mm/min. A 

mechanical extensometer provided more accurate measurements of the strain and the 

elastic modulus. 
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Table 2.2. Mechanical properties of the FM-300K adhesive [166] 

 

 

 

 

 

 

 

 

 

2.3 Experimental Results and Discussion 

Figure 2.2 shows typical load-displacement curves for intact and scarf-bonded 

specimens with different scarf angles. The inset shows the data for all 2.8° 

specimens, demonstrating the repeatability of the measurements. The load-

displacement curves exhibit nearly linear elastic behavior up to the point of fracture, 

and then the load suddenly drops, a typical feature of brittle failure. In addition, there 

was a cracking sound just before the fracture, indicative of the fiber failure in all 

tests.  

Table 2.3 summarizes the average tensile strength, coefficient of variation (CoV) 

which is the ratio of the standard deviation to the average value, and recovery rate 

values for each specimen type.  The tensile strength values correspond to the 

maximum load divided by the initial cross-sectional area of each specimen. The 

recovery rate is defined as follows. 

 

Property Symbol Value 

Tensile Modulus (GPa) E 3.12 

Shear Modulus (GPa) G 0.9 

Tensile Strength (MPa) t  72 

Shear Strength (MPa) t  , t  42 

Tensile Stiffness (N/mm3) K  15600 

Shear Stiffness (N/mm3) K , K  4500 

Toughness in Tension (N/mm) G  1.1 

Toughness in Shear (N/mm) G , G  3.8 

Recovery rate =  
tensile strength of the repaired specimen

tensile strength of the intact specimen
× 100%    (2.1) 
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Figure 2.2.  Load-displacement curves of the intact and scarf-bonded specimens. 

Inset shows the data for all 2.8° specimens, demonstrating the good repeatability of 

the tests. The inset has the same axes and units as the main plot. 

 

Table 2.3. Tensile testing results of the intact and scarf-bonded specimens. 

Scarf Angle Tensile Strength  

(MPa) 

CoV 

(%) 

Recovery Rate 

(%) 

Intact 662 2.4 - 

1.9° 587 4.3 88.6 

2.8° 530 3.3 80.0 

5.7° 340 5.3 51.3 

 

Low CoV values demonstrate the high repeatability of the results. Tensile strength 

monotonically increases with decreasing scarf angle. 5.7 specimens recover only 

about 51.3% of their intact strength, whereas 2.9 and 1.9 specimens exhibit 80.0% 

and 88.6% strength recovery, respectively. 

Figure 2.3 shows photographs and SEM views of fractured specimens, 

demonstrating the typical failure types of the repaired specimens for each scarf angle. 
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As the scarf angle decreases, the failure type switches from joint failure to laminate 

failure. Three distinct failure types are present, as follows. 

Type A failure: 5.7° specimens exhibit this type, where the failure is cohesive; that 

is, the fracture takes place within the adhesive. As the adhesive layer mediates the 

fracture, the failure takes place at the joint. The SEM image of the joint area in Figure 

2.3 (a) shows no fiber failure, further confirming the type of failure. 

Type B failure: 2.8° specimens exhibit this type, where the failure is a combination 

of laminate failure and cohesive failure. The laminate failure took place at the joint 

area. The SEM image in Figure 2.3 (b) shows the failure of the 0° and 45° fibers in 

detail. 

Type C failure: 1.9° specimens exhibit this type, where failure has the appearance 

of a pull-out fracture, a typical failure type for intact laminates. The failure occurred 

near the end of the joint, with the fracture surface mainly being perpendicular to the 

loading axis. No adhesive failure is present on the failure surface. 

Commercial aircraft manufacturers recommend a maximum scarf angle of 2.8 for 

composite laminate repair[3,4]. The experimental findings provide insight into this 

recommendation; for larger angles, the strength of the repaired composite 

dramatically decreases. The average shear stress over the bonding area can be written 

as follows [125]: 

where σ  is the far-field tensile stress, and α is the scarf angle. One can substitute 

the experimentally measured tensile strength values of Table 2.3 in Eqn. (2.2) and 

determine the shear stress over the bond area at the point of failure. This calculation 

provides stress values of 33.6 MPa, 25.8 MPa, and 19.5 MPa for scarf angles of 5.7°, 

2.8°, and 1.9°, respectively.   

τ , = σ sin 2α                                                        (2.2)
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Figure 2.3. Photographs and SEM views of the fracture surfaces of representative 

test specimens. (a) Cohesive failure of a 5.7° specimen. (b) Cohesive failure + intra-

laminar failure of a 2.8° specimen with detail showing the fiber breakages in 0° and 

45° fibers (c) pull out fracture of a 1.9° specimen with detail showing the fiber 

breakages in 0° and 45° fibers. Specimen pieces on the right-hand side are flipped to 

reveal the failure surfaces more clearly. 

 

5.7 specimens exhibit cohesive failure, and as a result, the corresponding τ ,  

(33.6 MPa) is closer to the manufacturer-specified shear strength of the adhesive (τy 

= 42 MPa). The shear stresses in the 2.8 and 1.9 specimens at the point of failure, 

on the other hand, are considerably lower than the shear strength of the adhesive, in 

agreement with the involvement of composite failure observed for these angles. 

The ideal tensile strength of the repaired specimen may be defined as the strength 

limited by the cohesive failure of the adhesive. Then the ideal strength is a function 

(a) 

(b) 

(c) 
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of the adhesive yield strength, τ  and by assuming uniform stress distribution over 

the joint: 

σ , =
2τ

sin 2α
 (2.3) 

The uniform stress distribution assumption is valid for scarf joints between 

homogeneous and isotropic materials [5,108,125]. However, for composite 

adherends, the stiffness difference between the layers causes a nonuniform stress 

distribution and generates stress concentration sites[66–68]. Stress concentration is 

especially critical for brittle adhesives, as the maximum adhesive stress governs the 

joint strength, not the average stress. Therefore, Eqn. (2.3)  may be revised to take 

the effect of stress concentration into account: 

σ , =
2τ

K , sin 2α
 (2.4)

where K ,  is the maximum shear stress concentration factor over the bonding 

area. 

For a scarf angle of 5.7 Eqn. (2.4) indicates a maximum stress concentration factor 

of 1.25 based on experimentally measured σf and τy. Stress concentration factors are 

usually reported in the literature for unidirectional (UD) laminates and can reach 

values as high as 2.8 due to the strong anisotropy in these composites [108,167].   

The stress concentration factor depends on the material, stacking sequence, and 

laminate thickness [67]. Baker [150] suggests the following first-order 

approximation for predicting the stress concentration factor, neglecting the shear-lag 

effect of the adhesive and the stacking sequence & thickness. 

K =
n

n + n∓
E∓

E
+ n

E
E

 (2.5) 

Where n is the number of plies, and E is the elastic modulus. The subscripts refer to 

the property of the laminate in the associated direction. For the used quasi-isotropic 
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woven laminate, Eqn. (2.5) predicts a stress concentration factor of 1.6. The 

discrepancy between this prediction and the experimental prediction of 1.25 above 

is probably because Baker’s approach does not consider any plasticity, which 

overestimates the severity of stress concentration. In the numerical section, stress 

concentration factors will be investigated further in detail through finite element 

modeling. 

The results show that a sufficiently small scarf angle can ensure that the bonding 

region is stronger than the composite under pure tension. However, such small scarf 

angles require a large amount of material removal from the undamaged regions of 

the part. The associated bonding area also becomes large, leading to undesirable 

weakening of the structure, especially under complicated loading scenarios. In 

addition, for very small scarf angles, the tip regions of the adherends tend to break 

off, which limits the overall strength of the repair. Therefore, the scarf angle should 

be small enough to minimize the peel & shear stresses acting on the bonding area 

and should be large enough to avoid the problems mentioned above. The geometrical 

restrictions in actual repair processes might add further limitations to the minimum 

scarf angle. For example, 1.9° repairs have approximately 50% larger bonding area 

than the 2.8° case. The corresponding strength recovery is only 9% higher, which 

indicates the need for careful optimization of the scarf angle. 

The investigation of the fracture types can guide the optimization of the problem. 

For large scarf angles, the adhesive carries a significant portion of the tensile load, 

leading to premature failure through the joint, regardless of the strength of the parent 

material. On the other hand, for small angles, the failure is governed by the strength 

of the parent material, and further reductions in the angle have only a minor influence 

on the overall strength of the repaired part. By rearranging Eqns. (2.3) and (2.4) the 

optimum scarf angle  can be written as: 

∝ =
1

2
sin

2τ

K σ
 

(2.6) 

where ( σ ) is the tensile strength of the intact specimen. 
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Using the experimentally determined K  and σ  values, ∝  = 2.9° is found for the 

composite and the adhesive under investigation. This angle represents the optimum 

scarf angle at which the adherend and the adhesive load-carrying capacity are the 

same for the tensile testing conditions. Fracture types demonstrated in Figure 2.3 

support the validity of this simple calculation. 2.8 specimens exhibit simultaneous 

cohesive failure and fiber breakage whereas 1.9 specimens exhibit pull-out fracture. 

The latter indicates that the adequate strength of the repair surface exceeds that of 

the intact laminate. Finally, adhesive thickness is also critical for achieving the 

desired joint strength, as mentioned in Chapter 1. Figure 2.4 shows a polished side-

view of a 5.7 specimen. The thickness of the adhesive varies between 0.15 – 0.20 

mm in this joint, which is within recommended limits. 

 

Figure 2.4. Optical microscope side view of a 5.7° specimen. 

2.4  Modeling Methodology 

The tensile testing of the scarf-bonded specimens is modeled by finite element 

method using ABAQUS 6.14 Standard. Figure 2.5(a) shows a schematic side view 

of the model and its boundary conditions. A fixed boundary condition at one end and 

a linear displacement boundary condition at the other end provided the tensile test 

conditions. The model's size was the same as that of the actual specimens; the only 

difference was the omission of the grip regions of the actual specimens to reduce the 

computational load. It is verified that modeling with and without these grip regions 

yields virtually identical results. The material properties used for the composite 

adherend and the adhesive are summarized in Table 2.1 and Table 2.2. The two parts 

of the composite have an offset in the z-direction, corresponding to the thickness of 
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the adhesive. This geometry enables the representation of an offset present in the 

actual specimens occurring due to the nature of the repair process (see Figure 2.4). 

Figure 2.5 (b) shows the details of the mesh structure. 3D solid elements discretized 

the composite adherends. These were 8-node hexahedral C3D8R elements, except 

6-node triangular prism (C3D6) elements used for the scarf tips. The [45/0/-45/90] s 

lay-up was implemented in the model by identifying each layer's material, thickness, 

and orientation. Eight-node 3D cohesive elements (COH3D8) discretized the 

adhesive layer. After performing a mesh sensitivity study for the composite 

adherend, it is verified that 0.6 mm is a sufficiently small element size to avoid snap-

back in the damage modeling. The resulting optimized mesh starts with a size of 1.5 

mm far away from the joint and gradually becomes 0.6 mm near the joint region to 

capture the damage progression behavior. Therefore, next to the joint, the elements 

of the adherends are selected as 0.6 mm x 0.6 mm x 0.3 mm. For the cohesive 

elements, element sizes in the range of 0.2 – 0.8 mm are considered, and selected the 

optimum cohesive element size as 0.3 mm × 0.3 mm × 0.2 mm.  Tie constraints 

connected the mismatching nodes at the adherend-adhesive interface, assuming 

perfect bonding. 

2.4.1 Failure and Damage Progression of the Laminate 

Under tension, inter-laminar failure is less likely as there is no out-of-plane loading 

on the layer interfaces, so only intra-laminar damage is evaluated in this thesis. A 

progressive failure model that simulates the ply-by-ply gradual failure of the 

composite is implemented with the ABAQUS user subroutine, USDFLD, given in 

Appendix B. The damage initiation and progression models will be explained in 

detail here. 
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Figure 2.5. (a) Schematic description of the finite element model. (b) Close-up view 

of the mesh structure around the scarf. 

Damage initiation: Damage initiation models are explained in detail in Chapter 1. 

Hashin Failure theorem is used to model the damage initiation. Since woven fabric 

where the fibers support the load in two orthogonal directions (0° and 90°) is used in 

this study, the formulation differs from Eqn. (1.7) to (1.10). Matrix damage is not a 

primary failure mode in woven fabric composites, and therefore, the user-defined 

code only considers fiber failure in warp and weft directions. Due to the symmetrical 

nature of the fabric, the criteria for the warp and weft directions are identical. This 

modified form of the 3D Hashin model is as follows. 

Fiber Tension Failure Mode in Warp Direction (11  0): 

σ

X
+

τ

S
+

τ

S
≥ 1 (2.7)
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Fiber Compression Failure Mode in Warp Direction (11  0):  

σ

X
≥ 1 (2.8) 

 

Fiber Tension Failure Mode in Weft Direction (22  0): 

σ

Y
+

τ

S
+

τ

S
≥ 1 (2.9)

 

Fiber Compression Failure Mode in Weft Direction (22  0):  

σ

Y
≥ 1  (2.10)

In these equations, 1 is the warp direction, 2 is the weft direction, and 3 is the out-

of-plane direction. Therefore, σ11 and σ22 are the stress components along the warp 

and the weft directions, respectively, and τ12, τ23, and τ13 are the corresponding shear 

stresses. X and Y denote the composite material allowable strength in the warp and 

weft directions, respectively. The subscripts in these terms, t and c, represent the 

tension and compression, respectively. Finally, S12, S23, and S13 denote the allowable 

shear strengths in the three planes.  

Damage progression: In this study, the instantaneous degradation model is used for 

damage progression. The selection of a non-zero degradation factor ( = 10-4) 

prevented numerical convergence problems caused by the instantaneous local 

changes in the stiffness. Table 2.4 summarizes the details of the degradation scheme 

for each failure mode, where subscript d shows the resultant material property after 

degradation takes place. 
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Table 2.4.Degradation parameters for the progressive failure of the composite 

structure. 

2.4.2 Failure and Damage Progression of the Adhesive 

A bilinear traction-separation mixed-mode cohesive law, which the details are given 

in Chapter 1, modeled the mechanical behavior of the bond. The model used 

cohesive elements instead of surface interaction. This choice has two main 

advantages: 

1. Provides direct control on the mesh size and adhesive properties.  

2. Enables a detailed and realistic model of the adhesive by taking its finite 

thickness into account.  

The selection of the appropriate element size for the CZM is critical for capturing 

the damage progression correctly and ensuring the convergence of the numerical 

solution. The key parameter here is the minimum number of elements along the 

length of the cohesive zone, N , required to capture the continuum field of the crack. 

N =   (2.11) 

Where l  is the length of the cohesive zone, defined as the distance from the crack 

tip to the point of maximum traction, and le is the element size.  l  can be estimated 

as follows [168]. 

Degraded 
Parameter 

E11d E22d G12d G13d G23d 12d 13d 23d 

Fiber Failure  

in Warp 
Direction 

 E11 E22 G12 G13 G23 12 13 23 

Fiber Failure  

in Weft 
Direction 

E11 E22 G12 G13 G23 12 13 23 
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l = ME
( )

   (2.12)

where E is the modulus, and G  is the fracture toughness of the adhesive in the 

relevant mode. t  is the traction for each mode, and M is a parameter that depends 

on the model. M is taken as one by following the approach of Turon [168] and 

Hillerborg [85] and take Ne as 3, as suggested by Davila and Camanho [90]. 

Substituting for the remaining parameters of the adhesive, the minimum cohesive 

zone length (l ) is found as of 1.2 mm considering each mode. Then the maximum 

mesh size, l  is 0.4. In the model, a cohesive element length of 0.3 mm is used to 

capture the damage progression and facilitate the convergence. 

The fracture toughness values G  and G Data obtained from DCB and ENF tests 

(details in Appendix A) are taken from Table 2.2. G  is taken the same as G , 

following the general approach in the literature.  

Using bulk adhesive properties gives approximate results for the traction (strength) 

values used in CZM modeling. This is due to the difference in the adhesive's crack 

formation and propagation behavior, whether it is thin and constrained between 

stiffer adherends or the bulk form. In this study, an inverse fitting technique is used 

to find the traction values of the adhesives. The experimentally found G  and G  

values are used to iteratively find the traction values in a numerical model of these 

fracture tests. The traction values are adjusted such that the numerical and 

experimental load-displacement curves match. As a starting point, the lap shear 

strength data in the material datasheet of FM-300K is taken as the allowable traction 

value. Benzeggagh and Kenane (B-K) factor η, given in Eqn. 1.26 is taken as 2.3, 

the value used for FM-300M, a similar type of adhesive[169,170]. 

2.5 Modeling Results and Discussion 

Figure 2.6 shows a comparison of the experimental and numerical load-displacement 

curves for each scarf angle. The results show that the finite element model can 

closely predict the actual load-displacement behavior. The simulation also captures 
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the sudden failure behavior well. Figure 2.7 compares the simulation predictions 

with the experimental results in terms of the failure load. The differences between 

the experimental and the modeling results are within 10%. Simulations slightly 

overpredict the failure load, and the overprediction is higher for smaller scarf angles. 

The trend in the overprediction suggests that the differences are due to the increasing 

likelihood of defects and surface irregularities in the manufacturing of small-angle 

scarfs. As the number of defects and surface irregularities increase, the 

experimentally measured strength decreases.  

 

Figure 2.6. Experimental and numerical load-displacement curves for the specimens 

with three different scarf angles. The experimental displacement measurements 

correspond to the extensometer data. 
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Figure 2.7. Failure load values for intact and scarf specimens, as determined by 

experiments and as predicted by simulations. 

One can obtain further insight into the problem by investigating the stress variations 

in the joint region. Figure 2.8 shows the normalized shear & peel stresses and 

associated local stress concentration factors, Ks and Kn, over the bonding area for 

different scarf angles. The far-field tensile stress ( ) is 270 MPa in each case, 

corresponding to an undamaged condition of the specimen. The stress distributions 

do not vary significantly over the specimen width except for variations at the edges. 

Therefore, the plateau values around the center of the specimen are used for plotting 

purposes. 

Figure 2.8 (b) and (c) shows the variation of shear stress and peel stress, both 

normalized by  . The normalized stresses considerably increase with scarf angle. 

In addition, the stress distributions exhibit significant variations through the 

thickness of each layer. The normalized peel stress rises sharply towards the edges. 

This rise is due to the additional bending of the adherend induced by the load 

eccentricity in the scarf geometry described at the beginning of Section 2.4. Although 

normalized stress becomes quite large towards the edges, the absolute peel stress 

remains below the strength of the adhesive due to the small scarf angles employed. 
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Figure 2.8 (d) shows the variation of the shear stress concentration factor, Ks, over 

the length of the scarf. The behavior is virtually independent of the scarf angle and 

exhibits symmetry around the 0 – 0 interface due to the symmetric nature of the 

lay-up. The maximum stress concentration factor is 1.5, which occurs within the 0-

plies. This result is in relatively good agreement with the experimentally determined 

values around 1.3 (see Section 2.3), considering all the approximations and 

uncertainties in the experiments and the modeling. 

Figure 2.8 (e) shows the peel stress concentration factor, Kn, over the length of the 

scarf. While this factor is of secondary importance compared to Ks in affecting the 

fracture behavior, it still provides insight into the problem. Similar to Ks, the 

variation of Kn exhibits symmetry, and it is mostly independent of the scarf angle. 

Due to the previously discussed bending effects, Kn rises towards the edges, reaching 

almost 7. 

The high-stress concentration within the 0-plies is a manifestation of the anisotropic 

nature of the composite. The laminate's stiffness depends on the lay-up and varies 

along the scarf length, whereas the adhesive stiffness is uniform. Consequently, 0 

plies are the ones experiencing the highest adherent-adhesive stiffness mismatch, 

which is the primary source of stress concentration. 

Figure 2.9 presents the damage condition of the bonding area in terms of adhesive 

and fiber damage for each scarf angle, which highlights the dominant modes of 

failure. The damage parameters presented are adhesive damage (SDEG), fiber 

damage in the warp direction (FV1), and fiber damage in the weft direction (FV2). 

The color maps show the results corresponding to 99% of the ultimate load for each 

scarf angle. A value of zero corresponds to the undamaged state, and 1 indicates 

complete failure. FV1 and FV2 can only take 0 or 1, whereas SDEG can have 

intermediate values due to the progressive nature of its modeling.  
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Figure 2.8.Schematic describing the definitions of the stress components and the 

coordinate frame. (b) Normalized shear stress distribution. (c) Normalized peel stress 

distribution. (d) Shear stress concentration distribution. (e) Peel stress concentration 

distribution. 
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2.8 specimen exhibits cohesive failure accompanied with some fiber failure in both 

warp and weft directions, in other words, a mixed-mode failure. SDEG color plot 

shows that the cohesive failure begins from the side edges of the 0-plies, similar to 

that of 5.7 specimens. However, unlike the 5.7° case, fiber failure starts before the 

cohesive failure spreads to the whole bond area, as seen in the associated FV1 and 

FV2 plots.  The fiber failure in the warp direction starts within the 0-plies, whereas 

in the weft direction, the fiber failure starts in the neighboring 45 layers. The 

presence of fiber failure before complete failure is consistent with the cracking 

sounds just before the failure during the experimental tests.  

 

Figure 2.9. Color maps of the damage states of the bond area for each scarf angle. 

All maps correspond to 99% of the ultimate loading. 0 is undamaged, and 1 is fully 

damaged. In SDEG plots, white regions within the bonding area correspond to 

complete cohesive failure. The top row shows the geometry before loading, where 

the blue color represents the adhesive. FV1: Fiber failure in the warp direction, FV2: 

Fiber failure in the weft direction, SDEG: Adhesive failure. 
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1.9 specimens show intralaminar fiber failure without any cohesive failure, 

consistent with the experimental findings. Slight degradation of the adhesive is 

present at the edges of the joint area; however, fiber failure takes place outside the 

bonding region before any considerable cohesive damage occurs. All layers except 

45 ones fail in the warp direction, whereas 45 layers show failure in both directions.  

The failure took place next to the bond-line in the experiments. In the simulations, 

failure occurred at the edge of the domain, corresponding to the grip region in the 

experiments. In the experiments, the bond-line defects or minor geometrical 

deviations might be responsible for the observed behavior. On the other hand, in the 

simulations, the stress concentrations at the edges of the domain are likely to promote 

failure. 

2.6 Defect Evaluation 

Two separate batches for the 2.8 scarf angle case have been prepared and tested due 

to unexpectedly high porosity levels in the first batch. These two batches allowed us 

to assess the effect of bonding defects on mechanical strength. Figure 2.10 shows the 

cross-sections of representative specimens from each batch. The specimen from the 

first batch has various bond-line defects with dimensions in the range of 0.1 – 0.5 

mm. A simple calculation based on the image suggests an overall porosity of about 

10% over the bond area. In addition, the average failure load for this batch (24 kN) 

is 13% lower than that of the second batch with no defects (28 kN), which agrees 

with the predicted porosity. 

A numerical analysis is performed to obtain a more systematic understanding of the 

effect of defects on the static strength of the scarf joints. The details of the modeling 

approach are the same as those described in Section 2.4. 5.7 scarf angle is focused 

on, in which the failure of the adhesive dominates the response. The analysis 

investigated two prominent cases, namely, isolated large defects (single-void) and 

distribution of small defects (porous structure).  Figure 2.11 shows a total of 8 

different defect scenarios – four cases of different void sizes and four cases of 
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different porosity levels. In each case, the defects are modeled by merely removing 

the adhesive from the associated regions. 

 

Figure 2.10. Cross-section photographs of 2.8° specimens, showing example bond-

lines with and without defects. 

 

 

Figure 2.11 Modeling geometry for the investigation of bond defects on the 

mechanical response. V refers to single-void samples, where the number indicates 

the size of the void in mm. P refers to the distributed pore scenario with a constant 

pore diameter of 1 mm. The percentage indicates the total percent area loss due to 

the presence of the pores.  
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Figure 2.12. Variation of the normalized load of failure with the fraction of defective 

area in the adhesive. The colored markers indicate simulation results, and the single 

black marker indicates the experimental data. Dashed lines are provided as a guide 

to the eye. 

 

Figure 2.12 summarizes the results in terms of the normalized failure load vs. defect 

area percentage. The data show a monotonic decrease in the load-carrying capacity 

with increasing defect area for both the single-void and porous structure cases. The 

porous structure shows a slightly higher load-carrying capacity for a given amount 

of defective area fraction than the single-void case. Experimental data with an 

estimated defect fraction of 10% agree well with the simulation predictions, where 

the failure load is normalized by the experimentally measured failure load of the 

defect-free specimens. 

In airplanes, a total porosity of 4% is usually the repair limit [4,73]. The simulation 

results show that the associated reduction in the load-carrying capacity is less than 

10%. On the other hand, when the defect fraction is 8%, the associated load drop can 

reach 20%, which starts to present a significant risk on the reliable operation of the 

structural component 
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2.7 Conclusions 

The experimental measurements on scarf-bonded specimens with different scarf 

angles showed that the repair strength increases as the scarf angle decreases, and 

there exist three failure types of mechanical response. For the scarf angle of 5.7°, 

cohesive failure occurs within the adhesive, whereas for 1.9°, the laminate structure 

fails without considerable damage in the bond area. The scarf angle of 2.8° exhibited 

a mixed response – a combination of laminate failure and cohesive failure. The finite 

element analysis provided further insight into the problem and showed that stress 

concentration plays a vital role in the failure behavior of the specimens. The most 

critical region of the bond area corresponds to the 0°-plies, where the adhesive-

adherent stiffness mismatch is highest. Analysis of the bond-line defects showed that 

a defect density of about 10% reduces the tensile strength by almost 20%, 

demonstrating the importance of the repair quality in achieving desirable mechanical 

performance. 

 

. 
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CHAPTER 3  

3 FAILURE BEHAVIOR OF ON-SITE REPAIRED WOVEN FABRIC 

COMPOSITES 

3.1 Introduction 

On-site repair processes can become challenging due to various limitations. First of 

all, an autoclave cannot be used, and as a result, pressurized curing is no longer an 

option. Secondly, in some cases, the curing temperature becomes limited by adjacent 

components that can get damaged at high temperatures. These limitations implement 

satisfactory repairs challenging, and the resulting repaired zones often have lower 

strength than ideal repairs. 

The primary motivation of the study presented in this section was to fill the gap in 

the literature about the effects of on-site repair conditions on mechanical 

performance. Towards this objective, the strength of stepped repaired composite 

laminates was investigated. The study considered two different repair processes, 

namely, wet lay-up and prepreg. For prepreg repairs, the curing was performed out 

of autoclave intentionally to investigate the efficiency of on-site repairs. On the wet 

lay-up repairs, a low-temperature curing paste adhesive was used to bond the repair 

patch, which simulated conditions where high temperatures could not be utilized. 

3.2 Experimental Details 

The parent composite panels were fabricated from M21/AS4C carbon/epoxy fabric 

prepregs, as described in detail in Chapter 2. A sawing machine cut the panels into 

specimens of 350 mm length and 150 mm width. To simulate the damage, 18 mm 

diameter holes were drilled at the center of the panels. Three of these drilled panels 

were tested without any repair to quantify the strength of the damaged laminate.  
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Figure 3.1 shows a schematic of the repair geometry. A three-axis milling machine 

prepared the step geometry with 6.25 mm steps on the parent laminate to minimize 

the experimental scatter that can be a manual operation. Before the bonding process, 

120 grit sandpaper abraded the surfaces. Water break tests on the bonding surfaces, 

followed by drying for 1 hour at 80C, verified the uniformity of the sanding 

according to ASTM F22-13 Standard Test Method for Hydrophobic Surface Films 

[165]. Three of the stepped panels were tested to determine the tensile strength before 

repair. The prepreg and wet lay-up repair applications followed the general 

procedures given in the structural repair manuals, as follows [3,4]. 

Wet lay-up repair: Hexforce G0904 D 1070 TCT plain weave dry carbon fabric 

was wetted with low-temperature cure laminating adhesive HYSOL EA 9396. The 

dry carbon fabric, impregnated with the adhesive with a 1/3 weight ratio, was then 

cut into circular patches matching the dimensions of the repair area. The prepared 

patches were bonded to the laminate one by one by aligning each patch’s lay-up 

direction with the underlying ply. An extra ply having the same orientation with the 

outermost layer covered the whole repair area as shown in Figure 3.1, reinforcing 

the repair as suggested by the Structural Repair Manuals [3,4].  The following steps 

were vacuum bagging the repaired specimens and curing at 66C (+/- 5C) with a 

heat blanket for 1 hour. Vacuum pressure throughout the cure cycle was 650 mmHg.  

Table 3.1 shows the material properties of the adhesive impregnated dry fabric [128]. 

Properties in the out-of-plane direction were estimated from literature for similar 

material systems [111,171]. Table 3.2 lists the mechanical properties of the HYSOL 

EA 9396 adhesive, whose cohesive properties are further discussed in Section 3.4 

and Appendix A. 

Prepreg repair: This approach employed the original M21/AS4C prepreg and 

followed the same procedures given above, except that a single layer of FM-300K 

film adhesive with a cured thickness of 0.2 mm bonded the repair patch to the parent 

laminate. Repaired laminates were vacuum-bagged and cured with a heat blanket 
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according to the manufacturer’s cure cycle requirements; 180C (+/- 5C) for 9 hours 

[166]. 

Appendix D shows the photographs of each repair process. 

 

 

Figure 3.1. (a) Schematic view of the test specimens before repair. Thickness is 

exaggerated for clarity.  (b) Cross-sectional schematic showing the repair geometry. 

Film adhesive and prepregs are used for prepreg repairs, and adhesive impregnated 

dry fabrics are used for the wet lay-up repairs. Dimensions are in mm. 

 

Non-destructive Inspection: The repaired panels were inspected by Automatic 

Ultrasonic Through Transmission (AUTT) methods and Manual Ultrasonic Pulse-

Echo Inspection (MUPE). First, defects were detected and located via AUTT. 

Afterward, found defects were evaluated and characterized by MUPE. The 

evaluation criteria for de-bonds and delamination were intermediate echo with 25 % 

screen height in case the sensitivity calibration was based on back wall echo with 80 

(a) 

(b) 

Cut-out for 
porosity 
evaluation after 
mechanical testing 
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% height of the sound material. Considering this, no delamination or debond was 

detected on the parts. Porosity evaluation was also performed by comparing the 

attenuation levels between the sound part and the repair. The porosity evaluation 

criteria were the 6 dB attenuation difference (dB) between the repaired sections and 

sound material, the general acceptance criteria in monolithic CFRP structures.  In 

addition, an NSI X5000 computed tomography system [172] equipped with a 4096 

x 4096 detector at 16-bit resolution imaged a selected prepreg specimen before 

mechanical testing to obtain information about the repair geometry and its integrity. 

The repaired part was scanned at 120 kV and 350 µA with 1440 projections for 2 

hours. 

 

Table 3.1. Mechanical properties of Hexforce G0904 plain weave dry carbon fabric 

impregnated with HYSOL EA 9396 adhesive, with a 1/3 weight ratio [128]. 

Property Symbol Value 

Elastic Modulus (GPa) 

E  49.6 

E  49.6 

E  8.0 

Shear Modulus (GPa) 
G  3.3 

G , G  2.8 

Tensile Strength (MPa) 
X  517 

Y  517 

Shear Strength (MPa) 
S  60 

S , S  34 

Poisson’s Ratio 
ν  0.045 

ν , ν  0.28 
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Table 3.2. Mechanical properties of the HYSOL EA 9396 [173,174] adhesive. 

 

 

 

 

 

 

 

 

Mechanical Testing: An Instron 5985 Extended Grip Electro-mechanic Testing 

Machine (Massachusetts, USA) performed the mechanical characterization of the 

specimens according to the ASTM Standard for Tensile Testing of Polymer Matrix 

Composites (D3039/3039M) [164]. The measurements employed displacement 

control at a rate of 0.5 mm/min. The loading axis was parallel to the 0 plies. Figure 

3.2 shows photographs of the test setup with strain gauges on various locations, 

facilitating the measurement of local strains. The placement of two gauges at the 

exact location on opposite sides of the specimen (marked as 1 and 2 in Figure 3.2) 

enabled monitoring any undesirable localized bending behavior during testing. In 

addition to large repair panels, six standard test coupons (22 mm × 350 mm) with no 

damage were tested under the same conditions to determine the strength of the intact 

laminate. For these measurements, the full-sized intact specimens are not used as 

they tend to fail at the tabs leading to inconsistent results 

 

Property Symbol Value 

Tensile Modulus (GPa) E 2.7 

Shear Modulus (GPa) G 0.7 

Tensile Strength (MPa) tn
0 55 

Shear Strength (MPa) ts
0 , tt

0 26 

Tensile Stiffness (N/mm3) Kn 106 

Shear Stiffness (N/mm3) Ks, Kt 106 

Toughness in Tension (N/mm) GIC 0.3 

Toughness in Shear (N/mm) GIIC, GIIIC 0.5 
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Figure 3.2. Photographs of the test setup for a representative prepreg repaired 

specimen, (a) front surface, (b) back surface. 

 

Porosity Evaluation: After the mechanical tests, 35 mm X 15 mm slices were cut 

from the repair zone as shown in Figure 3.1, and microscope examinations according 

to ASTM E3-11 [175] evaluated the extent of porosity in the repair zones. The cross-

sections of these slices are microscopically examined for three prepreg and three wet 

lay-up repaired specimens. After a diamond-coated cutting blade cut the specimen, 

the surfaces were cleaned thoroughly. Then the samples were mounted in cold-curing 

epoxy resin and ground with different grit SiC papers to remove the scratches and 

surface defects. Then the surfaces were polished with 3 m and 1 m diamond paste. 

An Olympus GX53 Inverted Microscope imaged the cross-sections, and the 

Olympus Stream Essentials software package [176] measured the patch porosity 

through image processing.  

 

(a) (b) 
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3.3 Experimental Results and Discussion 

Before the mechanical testing of the parts, a representative specimen was imaged 

with CT to gain further information about the geometry of the repair section.  Figure 

3.3 shows a section of the CT scan around the repair zone. The white contrast regions 

correspond to the FM-300K adhesive layer. The thickness of the adhesive layer was 

measured as 0.2 mm, consistent with the manufacturer’s data [166]. The stepped 

geometry and dimensions were consistent with the target geometry schematically 

shown in Figure 3.1. The image shows clear signs of porosity, which will be further 

discussed in the following sections. 

 

Figure 3.3. Computed tomography (CT) images of a representative prepreg repair 

zone before tensile testing. (a) A general view showing the cross-section used for the 

repair examination. (b) Cross-sectional view of the same CT scan. White contrast 

regions represent the film adhesive. (c) A close-up view showing the adhesive, parent 

material, and the repair patch more clearly. 

(a) 

(b) 

(c) 
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Figure 3.4 shows the representative experimental tensile force vs. displacement 

curves for the stepped, damaged, repaired, and intact specimens. The intact panels 

were coupon-sized specimens smaller than the other cases, and the associated force-

displacement curve was scaled based on the cross-sectional area and length for a 

meaningful comparison. 

The data of the intact specimen exhibits a linear elastic response. On the other hand, 

repaired specimens exhibit a decrease in the load-displacement slope for the later 

stages of the data, indicative of adhesive failure. This slope change becomes more 

evident for the wet lay-up repaired specimens, where adhesive failure accompanies 

the laminate failure. The minor deviations from linearity in the earlier stages are due 

to the minor slippage in the testing machine grips. The ultimate failure takes place 

abruptly without any significant plasticity for all specimens. There was a fiber 

breakage sound just before failure, in agreement with this observation.  

 

Figure 3.4. Force-displacement curves for intact, damaged, stepped, and repaired 

specimens. The intact coupon’s force and displacement data were scaled for a 

meaningful comparison. 
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Table 3.3 summarizes the results of the mechanical testing for each case. The 

strength values correspond to the maximum load divided by the initial cross-

sectional area of each specimen. The coefficient of variance (CoV) values is below 

6% for each case, demonstrating the high repeatability of the results. The recovery 

rate is a measure of the success of the repair process in recovering the original 

strength of the undamaged part. It is defined as the ratio of the strengths of the 

repaired part and the undamaged part given in Eq. (2.1). The damaged specimens 

with 18 mm diameter holes exhibit a strength reduction of 60% compared to the 

intact laminate. The strength of the stepped specimens is even lower (24.8% of the 

intact laminate strength) due to the additional material removal. When it comes to 

the repaired specimens, the wet lay-up provides a recovery rate of 66%, whereas the 

recovery rate for the prepreg repair reaches 76%.   

 

Table 3.3. Summary of the tensile testing results. 

 

 

 

 

 

 

Specimen 
Type 

# Of 
Specimens 

Tested 

Average 
Tensile 

Strength 
(MPa) 

Maximum 
Tensile 

Strength 
(MPa) 

CoV 
(%) 

Recovery 
Rate (%) 

Damaged 3 244 255 3.0 40.0 

Stepped 3 149 152 2.5 24.8 

Wet Lay-up 
Repaired 

5 398 416 4.0 66.0 

Prepreg 
Repaired 

6 455 480 5.4 76.0 

Intact 6 600 614 2.0 - 
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Figure 3.5 shows photographs of representative specimens upon fracture, providing 

insight into the mechanisms of failure. The fracture plane is perpendicular to the 

loading axis for the damaged and stepped specimens, and the fracture initiates from 

the hole. This is an expected result caused by the stress concentration near the holes 

and the stepped regions.  

For the repaired specimens, on the other hand, the fracture type and path depend on 

the load-carrying capacity of the repair. When the load-carrying capacity is low, 

cohesive failure is a dominant failure, as observed in the case of wet lay-up in Figure 

3.5 (c). Wet lay-up repairs’ fracture path also exhibits a relatively more irregular 

appearance. This is due to the lack of distinct adhesive layers and more extensive 

manual processing that increases the geometrical deviations. In the presence of 

cohesive failure, the fracture begins from the bonded surface and then spreads into 

the parent laminate. The failure on the repair patch is along the edge of the outermost 

step, where the reinforcement layer bonds to the part. There is no debond detected 

between the extra reinforcement layer of the repair patch and the parent laminate 

since they are in the same direction, having similar stiffness values. 

When it comes to prepreg specimens, the higher strength of the repair results in either 

limited or no cohesive failure, as exemplified in Figure 3.5(d) and (e). The stronger 

repair moves the fracture plane away from the hole. In fact, in Figure 3.5(e), the 

failure takes place outside the repair region. 

Figure 3.5(d) specimen exhibits a cohesive and laminate failure combination, with 

green regions corresponding to the FM-300K film adhesive. This specimen's lower 

strength and adhesive failure are probably due to an undetected defect on the bonding 

region that caused a stress concentration. Except for a few low-strength repairs 

excluded from the test data due to detected defects, most prepreg repair surface 

failures are cohesive, indicating satisfactory surface preparation before bonding.  
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Figure 3.5. Photographs of the fracture surfaces of representative test specimens. The 

values at the bottom right indicate the average strength for each case. (a) damaged 

specimen, (b) stepped specimen, (c) wet lay-up repaired specimen,  (d) and (e) 

prepreg repaired specimens. In (d) and (e), the right-hand side parts are flipped to 

reveal the failure surfaces more clearly. 

(c) 

(d) 

(e) 

Failure 
from 
the tab 
region 

Reinforcement 
layer still 
attached to the 
parent 
laminate 

(b) (a) 
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The results of the prepreg specimens show that 2.8 (6.25 mm) scarfed/stepped 

repairs are ideal for the studied composite and adhesive system, providing repair 

strengths reaching that of the intact laminates.  

One can compare this experimental result with the theory as follows. By re-arranging 

Eqn. (2.6), minimum adhesive shear strength to satisfy intact laminate strength can 

be predicted as: 

𝜏 =
 𝐾 𝜎

2
sin 2 ∝  

(3.1) 

Using a scarf angle of 2.8, a stress concentration factor of 1.25, and an intact 

laminate strength of 614 MPa for the quasi-isotropic woven fabric laminate under 

consideration [177]; the minimum adhesive shear strength should be 37.5 MPa to 

reach the strength of the undamaged material. 

FM-300K adhesive, having 42 MPa shear strength, is, therefore, an appropriate 

adhesive for the 2.8 scarf angle (6.25 mm step length) prepreg repairs. However, 

since its strength value is close to the minimum adhesive shear strength predicted 

above, any degradation on the adhesive or any defect that remains undetected will 

lead to lower strength values, as observed in the case depicted in Figure 3.5(d).  

When it comes to the HYSOL EA 9396 utilized in wet repairs, Eqn. (2.6) predicts a 

scarf angle less than 1.9 (a minimum of 10 mm step length) to satisfy parent 

laminate strength under ideal conditions. This prediction is parallel with the SRM 

recommendations of 1.9 scarf angle and 12.5 mm step length for repairs [3,4]. These 

observations explain the lower strength values and the adhesive failure of the wet 

lay-up specimens, which employed step lengths of 6.25 mm corresponding to a scarf 

angle of 2.8.  

Figure 3.6 shows representative views of the cross-sections of each repair technique. 

The parent laminate is free of porosity, whereas the repair patch and the adhesive 

include various porosities, as observed in the CT scans presented in Figure3.3. 
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The porosity levels were quantified by examining three specimens for both prepreg 

and wet lay-up repaired specimens.  By using the 2-D micrographs, the porosity 

content (PC) in the repair can be defined as: 

𝑃𝐶 =
𝐴     

𝐴  
 

(3.2) 

The analysis excluded the delaminations and cracked areas, as these were caused by 

the tensile testing.  

The porosities are mainly due to the lack of sufficient pressure in the curing process. 

The porous zones are primarily located in adhesive-rich zones and inter-fiber regions 

of the repair patch. As the thickness of the repair patch increases, more volatiles 

become trapped on the repair zone, which causes more pronounced porosity 

formation at the center of the repairs for both wet lay-up and prepreg. Wet lay-up 

exhibits the additional intra-fiber porosities due to the manual wetting process of the 

dry fabrics. Figure  3.7  shows the effect of porosity on the tensile repair strength. 

The tensile strength is normalized by the maximum strength attained for the prepreg 

repairs (480 MPa). The results show that tensile strength decreases as porosity 

increases for the higher porosity levels. There is no significant reduction for the 

porosity levels less than 3 %, which coincides with the Chapter 2 results.  The repair 

strength is not just only related to the porosity content but also the larger porosities, 

namely voids, creating stress concentration sites that may reduce the strength 

dramatically. 

Porosity primarily affects the matrix-dominated strength values such as compression 

and interlaminar shear strength in intact composite parts and does not directly 

influence the fiber-dominated tensile properties. On the other hand, any porosity in 

the adhesive directly affects the bonding strength of the repair. Furthermore, a high 

porosity content can make the structure more susceptible to environmental 

degradation and reduce fatigue.  These long-term effects are critical for the 

effectiveness of the repair, which will be detailed in Chapter 4. 
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Figure 3.6. Optical micrographs of selected tested specimens. Red regions mark the 

porosities. (a) Prepreg repaired specimen, (b) Wet lay-up repaired specimen, (c) A 

polarized view of the FM-300K adhesive. 
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Figure 3.7. Normalized tensile strength of the prepreg and wet lay-up repairs for 

different porosity levels. 

3.4 Modeling Methodology 

To gain insight into the experimentally observed mechanical behavior of the repaired 

composites, finite element analyses were performed. This section presents the 

modeling methodology, followed by the results in the next section. 

The tensile testing of the stepped repaired specimens was modeled by finite element 

method using ABAQUS 6.14 Standard. Figure 3.8 shows schematic views of the 

model and the boundary conditions. The model considered a quarter of the test 

specimen and excluded the clamped regions for reducing the computational load. 

Modeling using a full-sized specimen verified that the quarter-model’s results are 

virtually identical to that of full-sized. Symmetry boundary conditions over the two 

edges of the quarter-specimen and a linear displacement boundary condition at the 

edge next to the clamped regions provided the tensile testing conditions. The material 

properties for the composite parent material, repair patch, and adhesive were based 

on the data presented in Table 2.2, Table 2.3, Table 3.1, and Table 3.2  respectively. 
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3D solid elements discretized the parent and the patch material. These were 8-node 

hexahedral C3D8R elements. For the parent material, the optimized mesh was 1 mm 

far away from the bonding region. It gradually became smaller, down to 0.15 mm 

towards the edge, which was implemented by edge seeding. For the patch, mesh size 

varied between 0.1 and 1.0 mm. 

Figure 3.8(b) shows modeling details of the bonding region for the wet lay-up 

repairs. There was no extra adhesive layer bonding the patch and the parent material; 

instead, adhesive-impregnated layers maintained the bonding. Therefore, the model 

neglected the thickness of Hysol EA 9396 and considered it as an interaction 

property, which helped to reduce the simulation time. The model used a high 

interface stiffness of 106 N/mm3 for the three directions of Hysol EA 9396. Such high 

interface stiffness values are required to prevent any disruption to the general 

compliance of the system before the damage starts [178]. When the interface stiffness 

is in the range of 105 – 106 N/mm3, the cohesive elements do not affect the system’s 

overall load-displacement behavior [168,178], while higher stiffness values can 

cause numerical convergence issues. 

Figure 3.8 (c) shows modeling details of the bonding region for the prepreg repairs, 

which were modeled by the cohesive element tool of ABAQUS.  The model took the 

thickness of FM-300K into account, with K , K , and K  being calculated from Eq. 

1.18. 23140 eight-node 3D cohesive elements (COH3D8) discretized the adhesive 

domain. The element size varied in the range of 0.1 – 0.5 mm. To model with the 

cohesive elements, tie constraints connected the mismatching nodes at the adherend-

adhesive interface, assuming perfect bonding. 

Hashin failure theorem and Cohesive Zone Modeling (CZM) defined the composite 

laminate and the adhesive failure, respectively. Chapter 1 and Chapter 2 provide full 

details of these approaches. 
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Lastly, the Benzeggagh and Kenane (B-K) factor, η (Eqn. 1.26), was taken as 2.3 

following the same approach utilized in Chapter 2. Consideration of η values 

between 1 and 2.5 did not yield any significant difference in the peak loads and the 

displacements. 

 

 

Figure 3.8. (a) Schematic description of the finite element model. (b) Close-up view 

of the mesh structure around the steps for wet lay-up repair and (c) prepreg repair. 

(d, e) Interface region of the repair; repair patch and parent laminate sides, 

respectively. Each color represents a separate layer. 

 

(a) 

(b) (c) 

(d) (e) 
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3.5 Modeling Results and Discussion 

Figure 3.9 shows load-displacement predictions of the finite element analysis for 

stepped, damaged, wet lay-up repaired, and prepreg repaired specimens. The figure 

also shows the strain gauge-based experimental data for comparison.  The results 

show that the finite element model can closely predict the experimentally observed 

load-displacement behavior. The slight discrepancy between the analysis predictions 

and experimental data is mainly due to the minor slippage in the testing machine 

grips, which becomes more evident for higher loads.   

  

Figure 3.9. Experimental and numerical load-displacement curves for stepped, 

damaged, wet lay-up repaired, and prepreg repaired specimens. The experimental 

displacement data are based on strain gauge measurements. 

Figure 3.10 compares the simulation predictions with the experimental results 

regarding the failure strength, which is calculated by dividing the maximum force to 

the initial cross-sectional area. The differences between the experimental data and 

the simulation predictions are within 10%. Simulations slightly overpredict the 

failure load.  

stepped 
damaged 

wet lay-up 
repaired 

Prepreg 
repaired 
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Figure 3.10. Failure strength of the specimens as determined by experiments and as 

predicted by simulations. 

An investigation of the scalar damage variable for cohesive surfaces in general 

contact (CSDMG), as defined in Eqn. (1.22) provided further insight into the damage 

evolution in the joint region. Figure 3.11 shows the damage variable (damage index) 

for wet lay-up repair over the bonding area at the onset of damage. The data is 

presented for directions having 0, 45, and 90 angles with respect to the loading 

direction, through the middle of the steps to eliminate the edge effects caused by 

thickness changes.   

The results show that the damage index strongly depends on the direction. The 

damage index is highest for the 0 path and gradually decreases for 45 and 90 

paths, respectively such that it is nearly zero for the case of 90. The damage index 

also exhibits oscillations that depend on the ply orientation for each direction. 

Specifically, plies having an orientation of 0 exhibits a larger damage index than 

45-oriented plies. This dependency of ply orientation on the damage index is due to 

the anisotropic nature of the composite [66,68,92]. The anisotropy causes variations 

in the laminate's stiffness over the scarf length as opposed to the uniform stiffness of 
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the adhesive. The resulting adhesive-adherent stiffness mismatch is highest for the 

0 plies, resulting in higher stress concentrations and earlier failure. On the other 

hand, the damage is nearly zero on the extra layer bonding zone due to the similarity 

(stiffness and orientation) of the reinforcement layer and the outermost layer of the 

parent laminate. In addition to the variations over the scarf length, the damage index 

is also higher at the edges due to the step geometry creating peel stresses [92,179].  

 

Figure 3.11. (a) Schematic description of the three paths on the bonding area, defined 

with respect to the loading direction on the parent laminate side. (b) Damage index 

distribution with respect to the normalized distance along the bonding area over 

different paths, shown for the onset of damage. 

(a) 

(b) 
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Figure 3.12 and  Figure 3.13 presents the damage condition of the repaired parts for 

99% of the ultimate failure load. The damage parameters under consideration are 

scalar damage variable of cohesive elements (SDEG) for prepreg repairs, the scalar 

damage variable of cohesive surfaces in general contact (CSDMG) for wet lay-up 

repairs, fiber damage in warp direction (FV1), and fiber damage in weft direction 

(FV2). Since FV1 and FV2 exhibit similar trends, the figures only show the FV1 

data. FV1 is observed both 0 and 45 plies whereas FV2 is only for 45 plies. A 

value of zero corresponds to the undamaged state, and 1 indicates complete failure. 

FV1 and FV2 can only take 0 or 1, whereas SDEG and CSDMG can have 

intermediate values due to the built-in cohesive modeling. 

For the prepreg repairs shown in Figure 3.12, the primary failure mode is fiber failure 

in both directions leading to the total laminate failure near the tab region. There is 

no cohesive failure on the adhesive predicted by the simulation except for a slight 

degradation at the edges of the adhesive due to the peel stresses. These simulation 

predictions are in agreement with the experimental result shown in Figure 3.12 (e). 

The analysis shows no adhesive failure is expected for FM-300K adhesive-bonded 

with 6.25 mm step length (2.8 scarf angle). As a result, the repair strength is close 

to the intact laminate’s strength. 

Figure 3.13 shows similar information for the case of wet lay-up repairs. In this 

scenario, cohesive failure is accompanied by fiber failure in both warp and weft 

directions. The fracture begins from the bonded surface, and when the load-carrying 

capacity of the adhesive is exceeded, it spreads to the parent laminate. Figure 3.13 

shows the photo of an experimentally observed failure, where there is no debonding 

between the extra layer and the uppermost layer of the parent laminate, in agreement 

with the simulation predictions.  
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Figure 3.12. Failure map of prepreg repairs corresponding to 99% of the ultimate 

load. The simulation results are mirrored with respect to the symmetry axis for ease 

of visualization. (a) No damage. Grey region indicating the repair patch, blue region 

is the parent laminate. (b) Fiber damage at the front surface of the parent laminate; 

no damage is present on the repair zone. (c) Fiber damage at the back surface of the 

parent laminate; no damage is present on the repair zone. Parent laminate on the 

bonded surface, showing no fiber damage. (d) Adhesive damage on the repair region; 

no damage is present on the repair zone. (e) Photograph of an experimentally tested 

specimen where parent laminate failure is visible with no damage on the repair zone. 

no damage fiber damage (FV1) at 
the front surface 

fiber damage (FV1) 
at the back surface 

no adhesive  damage 
 (SDEG) 

at the interface 

parent laminate failure –  
no damage on the repair 

(b) (a) 

(d) 

(e) 

(c) 
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Figure 3.13. Failure map of wet lay-up repair corresponding to 99% of the ultimate 

load. The simulation results are mirrored with respect to the symmetry axis for ease 

of visualization. (a) Fiber damage at the front surface. (b) Fiber damage at the back 

surface. (c) Adhesive damage on the bonded region. (d) Experimental observation of 

the front surface exhibiting laminate failure. (e) Experimental observation of the 

back surface exhibiting laminate failure. (f) Adhesive failure of the bonded region. 

Figure 3.14 shows snapshots of the damage evolution on a representative force-

displacement curve for the wet lay-up repairs. At point (a), the loading is within the 

elastic limits. Therefore, there is no damage neither on the adhesive nor on the 

composite part. Point (b) shows the initial damage in the adhesive region of the 0 

overlapping plies, which progresses both circumferentially and towards the 45 

layers. Upon the failure of approximately half the adhesive area, the fracture spreads 

to the parent laminate, and fiber failure begins near the edge of the hole. This can be 

inferred from the snapshot of point (c). At this stage, the damage evolution is very 

fiber damage (FV1)  
at the front surface 

fiber damage (FV1) at 
the back surface 

adhesive damage 
(CSMDG) at the interface 

failure at the   
front surface 

failure at the  
back surface 

adhesive damage 
at the interface 

(c) (a) (b) 

(d) (e) (f) 
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rapid, and complete failure occurs as the fiber failure follows the adhesive failure 

path and reaches the edge of the part, as demonstrated in the snapshot of point (d). 

 

 

Figure 3.14. Evolution of the adhesive and fiber damages shown together with the 

force-displacement curve for the case of wet lay-up. CSDMG represents adhesive 

damage, and FV1 represents fiber damage. 

Adhesive shear strength, t  is a critical parameter that directly affects the failure load 

of the repaired zone. An additional analysis focusing on this parameter provided 

further insight into the problem. In the analysis, the strength of the adhesive was 

assumed as isotropic, and the fracture toughness values were taken as zero for 

enabling a direct comparison and reducing the computational load.  

Figure 3.15 shows the results of the failure load of the repaired specimen normalized 

by the parent laminate’s failure load. For adhesive strengths up to 35 MPa, the failure 

load increases as adhesive strength increases. This dependence is caused by the fact 

that the failure initiates from the adhesive region and leads to the fracture of the 

repaired area. Beyond 35 MPa, the failure load reaches the undamaged parent 
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laminate, and the fracture occurs near the tab area. The 35 MPa adhesive strength 

that defines the transition from repair failure to laminate failure is in close agreement 

with the analytical prediction of 37.5 MPa discussed in Section 3.3.  

Figure 3.15. Normalized failure load for varying cohesive strength of the adhesive. 

Next, Figure 3.16 demonstrates the effect of fracture toughness on the failure load of 

the repairs. The analysis performed in this part assumed an isotropic adhesive shear 

strength value of 25 MPa in all directions. The fracture toughness was also assumed 

to be isotropic for simplicity. The results show that the fracture toughness has little 

effect on the failure load under these circumstances. 

 Lastly, the effect of the extra layer and its orientation on the repair strength was 

investigated. Figure 3.17 shows the normalized von-Misses stress over the parent 

laminate bonding surface for repairs with no extra layer, and with extra layers having 

lay-ups of [45] and [0], and two extra layers with [0/0] lay-up. Again, the 

normalization was done with respect to the maximum far-field stress.  

As the stiffness of the repair patch increases, it carries more load, so the stress passing 

the parent laminate decreases. 0 oriented extra layers decrease the stress 

parent laminate failure on the tab 
region / no cohesive failure 

cohesive and laminate 
failure on the bonded region 
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concentration on the parent laminate and so the adhesive. Choosing the orientation 

of the extra layer different from the uppermost layer of the parent laminate creates 

undesired peel stresses on the edge of the bonding region, decreasing the failure 

strength if any adhesive or patch failure is involved.  

 

Figure 3.16. Normalized failure load for different toughness values. 

 

 

Figure 3.17. Normalized von Mises stress distribution over the bonded area of the 

parent laminate.  
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3.6 Conclusions 

This chapter considered experimental measurements on stepped repaired laminates 

with 6.25 mm step lengths. The study employed curing out of autoclave, aiming to 

simulate the on-site repair scenarios. The strength recovery reached 76% for prepreg 

repairs and 66% for wet lay-up repairs. For the prepreg repairs, the laminate structure 

fails without considerable damage in the bond area. In contrast, both cohesive failure 

within the adhesive and the parent laminate failure was observed for the wet lay-up 

repairs. The average porosity levels were higher for the wet lay-up repairs compared 

to the prepreg repairs. Increasing porosity decreased the repair strength in either case 

for the high porosity ratios. 

Finite element analysis closely predicted the experimentally measured repair 

strength and provided further insight into the failure behavior of the repaired panels. 

Like the 2-D scarf bonded joints, stress concentration plays an essential role in the 

failure behavior of the repaired panel specimens. The results showed that the most 

critical regions in the bond area are the 0° plies, where the adhesive-adherent 

stiffness mismatch is highest in the loading direction.  

Upon verifying the modeling accuracy, the effect of several parameters on the repair 

strength was investigated for the case of prepreg repairs. First, as the shear strength 

of the adhesive increases, the failure load increases until the bond strength reaches 

the strength of the laminate. Beyond this limit, a further increase in the shear strength 

has no benefit on the repair strength. On the other hand, the adhesive’s fracture 

toughness value had only a minor effect on the repair strength, for the case of a 25 

MPa adhesive shear strength value. Lastly, having an extra reinforcement layer 

decreases the peak stress on the adhesive as long as the fiber orientation of the extra 

layer matches that of the adjacent layer. 

Overall, the findings of this chapter have identified the key parameters that influence 

the repair strength and provided quantitative data that can be used for optimizing 

repair performance in practical applications.
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CHAPTER 4  

4 DURABILITY OF REPAIRED WOVEN FABRIC COMPOSITES 

4.1 Introduction 

The durability of the repairs under severe environmental conditions such as moisture 

and temperature is critical for the reliable long-term operation of the components. 

Therefore, there is a need to clearly understand the combined effects of temperature 

and moisture on the strength of the repairs, especially in the case of on-site repairs. 

Adhesives and composites used in the aerospace industry should withstand both 

cryogenic and elevated temperatures in the range of -55C – 200C. The glass 

transition temperature (Tg) is the most critical parameter of the composite resin or 

the adhesive in this respect, as it marks the transition from a brittle and hard stage to 

a rubbery and soft stage. Therefore, the design of bonded repairs should consider the 

reduction in the mechanical properties of the adhesive and the repair composite 

above the Tg value. For example, at elevated temperatures above the glass transition 

temperatures, adhesives can exhibit strength reductions reaching 50% [180,181], 

which can considerably reduce the load-bearing performance of the associated 

components.  

Moisture can generate an additional challenge in the materials requirements as it 

lowers the Tg of epoxy resins. In addition, the moisture absorption tends to be higher 

for adhesives than the composite laminate in a bonded joint, often rendering the 

adhesive as the limiting factor. 

 The undesired moisture might be due to pre-bond or post-bond factors. Pre-bond 

moisture leads to high porosity levels and is usually caused by storage, 

manufacturing, or surface treatment issues of adhesives and prepregs. Numerous 

studies investigated the pre-bond moisture effect on the bond strength [182–184].  
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On the other hand, the post-bond moisture depends on the operational conditions of 

the cured parts, such as temperature, water, humidity, thermal cycling, and exposure 

time, which in turn affects the strength of the structure, as reported in the literature 

[185–188]. Especially the low-temperature curing adhesives used in on-site repairs 

are more vulnerable to moisture effects than the high-temperature cure film 

adhesives.  

The durability of the repaired parts should be guaranteed under the most severe 

conditions of moisture and temperature. Therefore, this part of the study investigates 

the effects of temperature and moisture on the repair strength for prepreg and wet 

lay-up repairs. In addition, the porosity evaluation was performed with both 

ultrasonic and microscopic inspections to establish correlations between 

environmental effects and defect format.  

4.2 Experimental Details 

The repair and inspection procedures have followed the same details described in 

Section 3.2. The main exception was the sanding of the repair surface to maintain a 

scarf angle of 3.8 (1/15 taper ratio). Figure 4.1 shows a schematic view of the repair 

Table 4.1 shows the specimen types considered to investigate the effect of post-bond 

moisture on the repair strength. Both prepreg and wet lay-up repaired specimens 

were moisturized before testing by immersing them in a 70C water bath for 14 days 

until 1.1% moisture content was reached. The bath’s elevated temperature helped to 

accelerate the moisture intake of the parts. These conditioned specimens are named 

“hot-wet” specimens, whereas the untreated specimens are “dry”. After 14-day 

conditioning, the specimens were preserved in sealed bags and within 3 hours, they 

were tested at 70C. The dry specimens, on the other hand, were tested at 25°C. An 

Instron 5985 Testing Machine tested the hot-wet and dry panels according to the 

ASTM D3039/3039M Standard for Tensile Testing of Polymer Matrix Composites. 

. The measurements employed displacement control at a rate of 0.5 mm/min. 
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Figure 4.1  (a) Schematic view of the test specimens before repair. Thickness is 

exaggerated for clarity.  (b) Cross-sectional schematic showing the repair geometry. 

Film adhesive and prepregs were used for prepreg repairs, and adhesive impregnated 

dry fabrics were used for the wet lay-up repairs. 

 

Table 4.1. Test matrix to evaluate the effect of moisture and temperature. 

Repair Type Condition Treatment 
Test 

Temperature 

# of 
Specimens 

Tested 

Prepreg 
Repaired 

Dry None 25 5 

Hot-Wet 70 C water 
for 14 days 

70 5 

Wet Lay-up 
Repaired 

Dry None 25 5 

Hot-Wet 70 C water 
for 14 days 

70 5 

porosity 
evaluation 

zone 

(a) 

(b) 
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4.3 Experimental Results and Discussion 

Table 4.2 summarizes the results for each type of specimen in terms of the average 

tensile strength, maximum tensile strength, coefficient of variation (CoV), and 

recovery rate. The strength values correspond to the maximum load divided by the 

initial cross-sectional area of each specimen, that is, the 150 mm × 2.4 mm area 

defined in Figure 4.1 (a). Recovery rate is the ratio of the repaired part’s strength to 

that of the undamaged part (600 MPa), which quantifies the success of the repair 

process at recovering the original strength of the undamaged part. 

First of all, the recovery rates of the specimens are somewhat lower compared to the 

results of the stepped specimens presented in Chapter 3 due to the higher scarf angle 

in the present case. Any scarf angle above 2.8 will lead to premature adhesive failure 

for prepreg and wet lay-up repairs as described through Eqn. (3.1). 

When it comes to the effect of conditioning, the results show that the combined effect 

of temperature and moisture does not affect the tensile strength of the prepreg repairs 

significantly. In contrast, it reduces the strength of the wet lay-up case dramatically. 

The findings can be attributed to the high susceptibility of the low-temperature cure 

resins to moisture. This demonstrates the low durability of wet lay-up repairs and 

limits wet lay-up repairs as permanent repairs in practice. 

Figure 4.2 shows the same results, normalized concerning the maximum strength of 

dry prepreg repaired specimens. For the wet lay-up repairs, the average repair 

strength of the hot-wet case is lower by nearly 30% concerning the repair strength of 

the as-received specimens. This strength is almost as low as the damaged hole 

strength reported in Table 3.3.  
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Table 4.2 Summary of the tensile testing results for the dry and hot-wet specimens.  

 

Figure 4.2. Normalized strength values of prepreg and wet lay-up repairs for dry 

and hot-wet conditions. 

The photographs of representative specimens upon fracture are shown in Figure 4.3. 

By investigating the fracture surfaces, it can be concluded that the failure begins 

from the adhesive and then continues with the laminate until fracture of the part for 

both types of repairs  

Specimen Type 
# Of 

Specimens 
Tested 

Average 
Tensile 

Strength 
(MPa) 

Maximum 
Tensile 

Strength 
(MPa) 

CoV 
(%) 

Recovery 
Rate (%) 

Prepreg Repaired / 
Dry 

5 381 410 5.0 68.0 

Prepreg Repaired / 
Hot-Wet 

5 388 417 6.0 65.0 

Wet Lay-up 
Repaired / Dry 

5 338 352 3.4 58.7 

Wet Lay-up 
Repaired / Hot-Wet 

5 235 265 7.8 44.1 
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Figure 4.3. Photographs of the fracture surfaces of representative test specimens. The 

values at the bottom right indicate the average strength for each case. (a)  prepreg 

repaired specimen in dry condition, (b) prepreg repaired specimen in hot-wet 

condition, (c) wet lay-up repaired specimen in dry condition, (b) wet lay-up repaired 

specimen in hot-wet condition. Right-hand sides are flipped for revealing the failure 

surfaces more clearly.  

(a) 

(b) 

(c) 

(d) 

25 mm 

25 mm 

25 mm 

25 mm 

385 MPa 

388 MPa 

338 MPa 

235 MPa 
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The failure strength and the fracture plane are the same for dry and hot-wet 

specimens for the prepreg repairs, as shown in Figure 4.3 (a) and (b). Adhesive 

residues are observed on both surfaces of the parts, which is indicative of good 

surface preparation.  The wet lay-up repairs show a considerable variation in the 

failure load and the fracture plane for dry and hot-wet specimens, as shown in 

Figures (c) and (d). The fracture plane for the conditioned wet lay-up repairs is nearly 

perpendicular to the loading direction, which is expected due to very low repair 

strength, just as the damaged specimen shown in Figure 3.5. 

Like in the step repaired specimens in Chapter 3, there is no debond between the 

outermost layer and the reinforcement layer since they are in the same direction, 

having similar stiffness values.    

4.4 Defect Evaluation 

After the mechanical testing, 35 X 15 mm slices were cut out from the repair zone, 

as shown in Figure 4.1. These slices were first ultrasonically and then 

microscopically evaluated in terms of porosity. 

Ultrasonic Inspection: As described in Chapter 2, before the repair processes, all 

the panels were inspected with AUTT (Automatic Ultrasonics Through 

Transmission) and verified by comparing the parts with an inspection reference panel 

(IRP) having a porosity level below % 0.5. So, it is assumed that the regions away 

from the repair zone have a negligible porosity level on the repaired specimens. 

For the inspection of the slices, the contact MUPE (Manual Ultrasonic Pulse-Echo) 

method was used using a 5 MHz frequency and 6.35 mm diameter probe. On all 

MUPE inspections, an ultrasonic gel is applied on the surface to enhance the sound 

transmission to the part. 

 To evaluate the porosity level in the specimens, the first step is to make the 

sensitivity calibration. For this purpose, the probe is placed in a region on the 

specimen known to be sound, and the obtained back wall echo is set to 80 % screen 
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height, and the corresponding decibel (dB) value is recorded. Then, slices from 6 

prepreg repaired and 6 wet lay-up repaired specimens were inspected. After applying 

the gel couplant, the probe is placed on the surface of the slices and scanned the area. 

The appearance of a clear intermediate echo (any echo before the back wall echo) 

and a reduction or loss of the back-wall echo indicate delamination. Likewise, any 

debond is detected by an increase in the bond-line echo and a corresponding decrease 

in the back-wall echo. These types of echoes were not detected during the 

inspections, which ensured no delamination or de-bond.  

To evaluate the volume porosity of the repaired section, the back-wall signal coming 

from the repair is set to 80 % of the screen height, and the corresponding decibel 

value is recorded. The difference between this dB value and the previous dB value 

obtained from the sensitivity calibration is calculated and named the attenuation 

value (dB). This value is directly related to the porosity content of the inspected 

zone. 

Porosity Evaluation: The slices are prepared and microscopically examined 

according to ASTM E3-11 [175] after the ultrasonic inspection. After a diamond-

coated cutting blade cut the specimen, the surfaces were cleaned thoroughly. Then 

the samples were mounted in cold-curing epoxy resin and ground with different grit 

SiC papers to remove the scratches and surface defects. At last, the surfaces were 

polished with 3 m and 1 m diamond paste. Finally, an Olympus GX53 Inverted 

Microscope imaged the cross-sections, and the Olympus Stream Essentials software 

package [176] measured the patch porosity through image processing.  

During the evaluation, fractured surfaces are excluded from the measurements to get 

the pre-test porosity values. The threshold value for the porosity area is selected as 

0.01 mm2, and the porosity content is evaluated according to Eqn. (3.2).  

Figure 4.4 and Figure 4.5 show representative views of the cross-sectional 

morphology of prepreg and wet lay-up repairs, respectively. P1, P2, P3, W1, W2, 

and W3 are the dry specimens, and P4, P5, P6, W4, W5, and W6 are the hot-wet 

specimens. By looking at the microscopic views, it can be easily seen that the parent 
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laminate is free of porosity, whereas the repair patch and the adhesive include various 

porosities. The porosities are mainly located in adhesive-rich zones and inter-fiber 

regions of the repair patch. The porosity levels for the prepreg repairs are found to 

be higher than the wet lay-up repairs. The area of the porosities varies between 0.01 

mm2 to 1 mm2 for the prepreg repairs and 0.01 mm2   to 0.7 mm2   for the wet lay-up 

repairs.  

The results of the ultrasonic inspection, microscopic porosity evaluation, and the 

related tensile experimental test results are summarized in Table 4.3. Also, in Figure 

4.6, the correlation between the ultrasonic attenuation value and the microscopically 

found volume porosity percent is given. By looking at Table 4.3 and Figure 4.6, it is 

clear that as the porosity percent increases, dB value also increases and can be as 

high as 20 dB for a porosity percentage of 5.25 %.  

It is not easy to establish a direct correlation between the strength value and the 

porosity percent by looking at these experimental results for these very close porosity 

levels. Also, there is no significant strength reduction for these relatively low 

porosity levels (less than approximately 5 %) in parallel with the numerical findings 

of Chapter 2 and the experimental findings of Chapter 4. 

The porosity amount, distribution, or sizes show no significant difference between 

the hot-wet and dry specimens. 
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Figure 4.4. Optical micrographs of the prepreg repaired specimens. Red regions 
mark the porosities. 

1.5 mm
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Figure 4.5. Optical micrographs of the wet lay-up repaired specimens. Red regions 
mark the porosities. 
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Table 4.3. Results of the ultrasonic inspection, microscopic porosity evaluation, 

and mechanical testing. 

Specimen # dB (±1) % Porosity Strength (MPa) 

Prepreg 1 (P1) 14 3.75 393 

Prepreg 2 (P2) 12 3.57             408 

Prepreg 3 (P3) 20 5.25 365 

Prepreg 4 (P4) 16 4.67 390 

Prepreg 5 (P5) 18 5.05 385 

Prepreg 6 (P6) 16 4 417 

Wet lay-up 1(W1) 8 1.66 335 

Wet lay-up 2(W2) 8 2 321 

Wet lay-up 3(W3) 6 1.5 344 

Wet lay-up 4(W4) 5 1.41 235 

Wet lay-up 5(W5) 4 0.98 230 

Wet lay-up 6(W6) 4 1.03 232 
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Figure 4.6. The measured ultrasonic attenuation values for specimens with different 

porosity levels. 

4.5   Conclusion 

To evaluate the combined effect of the moisture and temperature on the repair 

strength, mechanical tensile tests have been performed for unconditioned and hot-

wet specimens. In addition, all repairs were cured with an out-of-autoclave process 

to simulate the on-site repair scenarios. The experimental measurements on scarf 

repaired laminates with a 3.8 scarf angle showed that the strength recovery could 

be as high as 68% for the prepreg repairs and 59 % for the wet lay-up repairs for 

unconditioned specimens.   

The repair strength for the hot-wet specimens was also evaluated with mechanical 

tests. It is found that, although the strength of the prepreg repairs did not show any 

reduction, the wet lay-up repair systems were significantly affected by the combined 

effect of the post-bond moisture intake and the test temperature. As a result, their 

strength was as low as the damaged specimen strength, which shows the inefficiency 



 
 

112 

of the wet lay-up repairs under hot-wet conditions. Therefore, it can be concluded 

that the wet lay-up repairs should be used temporarily.  

The porosity levels of the selected prepreg and wet lay-up specimens are investigated 

with ultrasonic inspection and microscopical evaluation methods. A porosity-

attenuation curve was constructed for the used repair material-process couple 

regarding the ultrasonic inspection and microscopical evaluation results. It is evident 

that the ultrasonic attenuation value increases as the porosity level increases. By 

looking at the strength-porosity percent data, no relation could be established since 

the values are very close to each other.  

There is no significant strength reduction for the relatively low porosity levels (less 

than approximately 5 %) in parallel with the numerical findings of Chapter 2 and the 

experimental findings of Chapter 4. In addition, the porosity amount, distribution, or 

sizes show no significant difference between the hot-wet and dry specimens. 
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CHAPTER 5  

5 CONCLUSIONS AND FUTURE WORK 

Experimental and numerical methods for adhesively bonded scarf joints and scarf/ 

stepped repairs were reviewed, applied, and evaluated. The experimental outputs of 

the study can be summarized as follows: 

 The repair process is greatly dependent on process and workmanship. 

Any deviation from the standardized rules leads to unsuccessful repairs.  

 All repair systems were implemented on panels manufactured from a new 

generation composite M21/AS4C by an autoclave process under 180C 

and 7 bars during the study. The reason beneath the use of M21/AS4C as 

a base material is its extensive usage in civil and military aircraft due to 

its high strength and toughness values.   

 To characterize the behavior of scarf bonded joints under tension, tensile 

tests have been performed on secondary bonded CFRP laminates with 

different scarf angles. FM-300K film adhesive, cured at 180C and 3.1 

bars at autoclave, gave efficient bonding strength as far as the proper 

repair geometry is selected. It is found that the joint strength increases as 

the scarf angle decrease. Strength recovery may be as high as 88 %, with 

a scarf angle of 1.9. For an angle of 5.7°, cohesive failure occurs within 

the adhesive, whereas for 1.9°, the laminate structure fails without 

considerable damage in the bond area. The scarf angle of 2.8° exhibited 

a mixed response – a combination of laminate failure and cohesive 

failure. 

 To characterize the behavior of stepped repaired panels under tension, 

tests have been performed on two different co-bonded repair systems: 

prepreg repair and wet lay-up repair. For the prepreg repairs, M21/AS4C 
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prepregs are used as repair plies, and they were bonded to pre-

manufactured panels with FM300-K film adhesive.  FM300-K film 

adhesive is selected since its high strength and compatible cure cycle with 

M21/AS4C’s. The repaired panels were cured out-of-autoclave at 180C 

and under vacuum pressure only. 

For the wet lay-up repairs, Hexforce G0904 D 1070 TCT plain weave dry 

carbon fabric impregnated with HYSOL EA 9396 two-part adhesive is 

selected as the repair plies. The impregnated layers were bonded to the 

panels with HYSOL EA 9396 two-part adhesive and cured with an out-

of-autoclave process at 65C and under vacuum pressure only. These 

repair materials are selected due to their widespread usage in the 

aerospace industry.  

Both repair systems were satisfactory for repairing M21/AS4C composite 

laminates based on the test results. The strength recovery rate for the 

stepped repairs with 6.25 mm step lengths can be as high as 76 % for the 

prepreg repairs and 66 % for the wet lay-up repairs. In addition, the 

laminate structure fails from outside of the repair in the prepreg repairs, 

indicating high bond strength. In contrast, failure occurred at the repair 

region in the wet lay-up repairs and then spread to the parent laminate, 

leading to a complete failure. These results indicate that prepreg repairs 

are more effective than wet lay-up repairs for step repairs under normal 

environmental conditions. 

 To investigate the durability of the repairs under severe environmental 

conditions, mechanical tensile tests have been performed for 

unconditioned and hot-wet specimens. For this purpose, 3.8  scarfed 

repaired panels are selected. The repaired specimens were conditioned 

and tested at 70C to simulate the environmental conditions. 

It is found that, although the strength of the prepreg repairs did not show 

any reduction, the wet lay-up repair systems were significantly affected 

by the combined effect of post-bond moisture and the temperature. As a 
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result, the strength of the wet lay-up repairs was as low as the damaged 

specimen strength, which shows the inefficiency of the wet lay-up repairs 

under hot-wet conditions. Therefore, it can be concluded that wet lay-up 

systems shall be used as temporary repairs only as they cannot withstand 

severe environmental conditions. 

 The porosity levels of the selected prepreg and wet lay-up specimens are 

investigated with ultrasonic inspection and microscopical evaluation 

methods. A porosity-attenuation curve was constructed for the used 

repair material-process couple regarding the ultrasonic inspection and 

microscopical evaluation results. It is evident that the ultrasonic 

attenuation value increases as the porosity level increases, but by looking 

at the strength-porosity percent data, no direct relationship could be 

established since the values are very close to each other.  However, it can 

be concluded that, up to 5 % porosity content, the tensile strength of the 

repairs is not affected significantly.  

 Due to the closed geometry of the scarf or stepped repairs, it is 

challenging to evacuate the volatiles and gaseous during the cure cycle 

for out-of-autoclave repairs. In addition, the geometry makes the pulse-

echo ultrasonic inspection very challenging. Therefore, well-experienced 

inspectors technicians should do the repair and inspection  

 DCB and ENF tests have been performed to find the fracture toughness 

values of FM-300K and HYSOL EA-9396 to implement numerical 

modeling. Although tests have been performed according to ASTM and 

EN specifications, results from EN tests were used in the numerical 

modeling since they are more conservative and consistent. In addition, 

test specimens were prepared in the same way with the repairs, different 

from the conventional methods given in the literature.  
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The numerical outputs of the study can be summarized as follows: 

 The developed numerical simulation very well predicted the 

experimental behavior with a slight overprediction in the failure loads 

and a similar failure mode obtained for both 2-D scarf joints and 3-D 

stepped repairs. 

 To model progressive failure of the woven fabric composites using the 

FEM, Abaqus requires modifications. The development and 

implementation of the USDFLD subroutine in Abaqus enabled the 

analysis of the simulation of the woven fabric composite by using solid 

elements. This helped to simulate the stresses in 3 directions.  

 The detailed stress distribution analysis on the 2-D scarf joints provided 

further insight into the problem. It showed that stress concentration plays 

an essential role in the failure behavior of the specimens. The most 

critical region of the bond area corresponds to the 0°-plies, where the 

adhesive-adherent stiffness mismatch is highest.  

 Analysis of the bond-line defects showed that a defect density of about 

10% reduces the tensile strength by almost 20%, demonstrating the 

importance of the repair quality in achieving desirable mechanical 

performance. 

 The effect of shear strength and fracture toughness values of the CZM 

modeling is investigated numerically for the stepped repairs. It is found 

that, up to a certain level of cohesive strength, the failure load directly 

increases with the increasing strength of the adhesive. However, after the 

bond strength is equal to the laminate strength, increasing the adhesive 

strength has no beneficial effect on the repair strength. 
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 The benefit of using an extra reinforcement layer on the repair strength is 

evaluated numerically considering different ply orientations. Using an 

extra layer decreases the peak stress on the adhesive but choosing a 

differently oriented layer than the uppermost layer of the parent laminate 

creates undesired peel stresses on the edge of the repair. 

The following research problems can be considered as possible extensions of the 

current work. 

 The fatigue performance of the repairs may be investigated. 

 Enhanced methods for out-of-autoclave cures may be studied to decrease 

the porosity content. 

 Structural Health Monitoring (SHM) of the repaired parts may be 

investigated to overcome the difficulties encountered in the ultrasonic 

inspection. 
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7 APPENDICES 

A. DCB and ENF Testing  

G   and G  values for the FM-300K and HYSOL EA 9396 are based on double 

cantilever beam (DCB) tests performed according to ASTM D5528-13 [101] and 

DIN EN 6033[102] and notched flexure tests (ENF) performed according to ASTM 

D7905/D7905M [103] and DIN EN 6034[104]. It is aimed to simulate the repair 

process exactly cause fracture toughness may vary with the bonding process (co-

bonding or secondary bonding), adhesive thickness, and adherend configuration.  

Since most conservative and consistent results are obtained from EN tests, only the 

details of those tests will be covered in the following section. 

The base plate, representing the parent structure, consists of hand-laid eight 

M21/AS4C prepreg plies with a quasi-isotropic lay-up of [45/0/-45/90]s. According 

to the manufacturer's requirements, panels were cured in an autoclave at 180°C & 7 

bar for 9 hours (including the heating and cooling periods). After completing the cure 

cycle, A MATEC ultrasonic tester (MA, USA) inspected the panels to verify their 

integrity using the Automatic Ultrasonics Through Transmission Method (AUTT). 

Then a sawing machine cut the panels into specimens of 250 mm length and 25 mm 

width. The thickness of the panels is measured as 2.5 mm. Before laying down the 

repair section, an insert (release film with a thickness of 0.06 mm) is inserted at a 

distance of 25 mm from one end to create an initial crack. The remaining bonding 

surfaces are sanded with 120 grit sandpaper and wiped with acetone. 

To find the fracture toughness values for FM-300K, eight plies of M21/AS4C 

prepreg with a quasi-isotropic lay-up of [45/0/-45/90]s is co-bonded to the base plate 

with a 0.2 mm thickness FM-300K film adhesive. Then, according to the 

manufacturer's cure cycle requirements, the co-bonded structure is vacuum-bagged 

and cured with a heat blanket; 180C (+/- 5C) for 9 hours. The out-of-autoclave 

cure cycle is selected on purpose to simulate the on-site repair process correctly. 
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To find the fracture toughness values of the two-part adhesive HYSOL EA 9396, 

eight plies of Hexforce G0904 dry fabric impregnated with HYSOL EA 9396 (with 

a 1/3 weight ratio) having a quasi-isotropic lay-up of [45/0/-45/90]s, is co-bonded to 

the base plate with HYSOL EA 9396. Then, according to the manufacturer's cure 

cycle requirements, the co-bonded structure is vacuum-bagged and cured with a heat 

blanket; 66C (+/- 5C) for 1 hour. The repair schematic of the specimen is shown 

in Figure A.1. 

 

Figure A.1. Schematical representation of the specimen for the DCB and ENF tests. 

Double Cantilever Beam (DCB) Testing of the Adhesives 

The DCB test specimen for the evaluation of G   the value was prepared with co-

bonding repair prepregs to the pre-cured laminate with either FM300-K or HYSOL 

EA 9396 and tested per DIN EN 6033 “Determination of interlaminar fracture 

toughness energy - Mode I - GIC”. The test set-up is shown in Figure A-2. 

Two piano hinges mechanically clamped to the specimens. Then the specimens are 

loaded from the hinges on the opening direction with a test speed of 10 mm/min, and 

the corresponding crack length and propagation are measured with a ruler and 

recorded. The test was continued until 100 mm crack length was achieved. For the 

ease of visualization of the crack tip, a thin white layer of ink was applied to the 

longitudinal side faces of the specimen. Force-cross head displacement is recorded 

during the test; the graph is shown in Figure A-3.  
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Figure A.2. Test set-up for DCB testing 

 

The fracture toughness energy, G  (J/m2) is calculated as follows: 

Where; 

A (in Joules) is the energy to achieve the total propagated crack length (the area 

under load-head displacement graph), 

a (in mm) is the propagated crack length (final crack length-initial crack length), 

w (in mm) is the width of the specimen. 

G =
×

× 10                                                          (A.1)
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Figure A.3. Force- Crosshead displacement graph of DCB tests, (a) Specimen 

bonded with HYSOL EA 9396 (b) Specimen bonded with FM 300-K. 

 

 

 

(b) 

(a) 
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End Notched Flexure (ENF) Testing of the Adhesives 

The ENF test specimen for the evaluation of G   was prepared with co-bonding 

repair prepregs to the pre-cured laminate with either FM300-K or HYSOL EA 9396 

and tested per DIN EN 6034 “Determination of interlaminar fracture toughness 

energy - Mode II - GIIC. The test set-up is shown in Figure A.4 

 

 

Figure A.4. Test set-up for ENF testing 

The test is performed with the remaining portions of the G  specimen where the 

initial crack has been introduced. 40 mm pre-cracked specimens having a total length 

of 120 mm are used for the testing. As shown in Figure A.4, a perpendicular load is 

applied on the middle of the specimen by a roller (having a diameter of 25 mm and 

made of steel) with a speed of 1 mm/min. The span is selected to be as 100 mm as 

the testing specification suggests.  The support rollers (having a diameter of 10 mm 

and made of steel) are located 50 mm apart from the loading support.  
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The critical load at debond onset is recorded during the test, and part is unloaded as 

soon as a small drop confirms the crack propagation. In addition, force-cross head 

displacement is recorded during the test; the graphs for both tests are shown in Figure 

A-5.  

The fracture toughness energy, G  (J/m2) is calculated as follows: 

Where; 

P (in N) is the critical load to start the crack, 

an (in mm) is the initial crack length,  

d (mm) is the crosshead displacement at crack delamination onset, 

w (in mm) is the width of the specimen, 

L (in mm) is the span length. 

 

 

G =
× × × ×

×  
× 10                                                         7(A.2)
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Figure A.5. Force- Crosshead displacement graph of ENF test. (a) Specimen 

bonded with HYSOL EA 9396 (b) Specimen bonded with FM 300-K. 

 

 

(b) 

(a) 
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B. USDFLD Code  
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C. Selective Test Results  

 

Figure C.1. Force-Displacement curves for (a) intact, (b) 5.7 scarf-bonded 

specimen, (c)2.8 scarf-bonded specimen, (d) 1.9 scarf-bonded specimen, (e) open 

hole panel, (f) scarfed panel, (g) 2.8 wet lay-up repaired, (h) 2.8 prepreg repaired 

(a) (b) 

(c) (d) 

(e) (f) 

(g) (h) 
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D. Prepreg and Wet lay-up Repair Steps 

 

Surface Preparation: sanding and cleaning 

Lay-up of the film adhesive and the repair plies 

Bagging of the repair  

Curing with the HEATCON (heat blanket) 

PREPREG REPAIRS 
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Bagging and curing with the HEATCON (heat blanket) 

Weighing and preparation of the adhesive 

Wetting of the dry fabrics with the adhesive 

Preparation of the repair plies and lay-up 

WET LAY-UP REPAIRS 
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