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Abstract 
Ships undergo cyclic loading which combined with weld defects can cause fatigue failure. 

Remaining fatigue life of structures containing defects can be estimated using the defect size. 

The defect data for ships is non-existent in literature or belong to old offshore structures. In 

this research, the data collected from two ships are presented.  The statistical analysis of the 

data shows that the Hybrid Laser Welding has lower defect rates than other common arc 

welding processes indicating that less quality control inspection may be allowed. The defect 

length values from the studied ships were smaller than those from offshore structures. 
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1 Introduction 
Ship hull structures consist of thousands of pieces of steel components joined together 

through welded connections. However, formation of weld defects is inherent to this joining 

technology. These defects can grow into propagating fatigue cracks under application of cyclic 

stress. Traditionally, the so-called S-N curve method is used for the fatigue design of welded 

joints, which is typically applicable to structures containing only small defects; i.e. 0.2 mm 

sharp weld toe defect [1]. Such quality level is assumed to be achieved by practicing an 

effective quality control process at the shipyard through appropriate Non-destructive Testing 

(NDT) methods [2]. In reality, only a limited number of welded joints are inspected on a 

sampling basis [3]. Therefore, the presence of larger defects than those found in the 

inspections of the fabricated ship is highly likely. Damage-tolerant design philosophy which 
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considers inspectability of the structure has been successfully adopted in ship hull structures 

given the highly redundant nature of these structures [4]. However, there have been 

considerable efforts to optimise the inspection strategy on these structures in order to 

improve safety and reduce inspection and maintenance costs [5]. These methods are 

commonly based on fracture mechanics. Probabilistic fracture mechanics, which calculates 

the reliability of the structure and the resulting failure risk, has been very popular recently. 

These methods require reliable estimation of weld defect frequency and size data. However, 

such data for ship hull structures is virtually non-existent in the public domain. Thus, defect 

size data from offshore oil platforms has been used instead, which goes back to 1980s and 

1990s. Since then, the welding technology has improved both in terms of process type and 

quality control measures [6–8], therefore, this data may not be representative of modern ship 

structures, as the welded joints in ship structures are different from other structures including 

offshore support structures. 

The aim of this paper is to investigate the defect frequency and size statistics of welded joints 

in ship hull construction by analysing NDT data collected from inspection of two recently built 

ships and analysed using the Maximum Likelihood Estimate (MLE). Furthermore, these results 

are compared with those from literature. The results obtained in this paper are novel and a 

valuable input for deterministic and probabilistic engineering critical assessment (ECA), risk 

and reliability analysis and weld quality assurance (QA)/ quality control (QC) of hull structures 

and is the first time that such data and probabilistic models for ship construction are derived. 

2 Literature review 

2.1 Weld Defects 

Figure 1 illustrates common weld defect types. They include Cracks (Longitudinal and 

Transverse), Porosity (also known as Cavity), Undercut, Lack of Fusion (LOF), Lack of 

Penetration (LOP) and Solid Inclusions (SI). ISO6520 provides a detailed description of flaw 

and defect types [9]. It should be noted that there is a distinction between flaw and defect: a 

flaw is considered any weld imperfection, but a defect is an unacceptable flaw.  
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Figure 1 Common Weld defects 

2.2 Significance of weld defects 

The significance of weld defects is considered in relation to the static ultimate strength of the 

structure and the fatigue performance of the joint. The resistence of a butt welded joint is 

adequate for static loads. That is since the ultimate strength of deposited metal is higher than 

that of the base metal, and the weld metal normally has reinforcement. Hence, small welding 

defects will have little effect on static strength [10]. 

Considerable effort has been made to study the effect of various types of weld imperfections 

on the fatigue performance of common welded joint types. The body of knowledge has been 

built into “IIW Guidance on Weld Quality in Relationship to Fatigue Strength” [11] and “ISO 

20273 Guidance on Weld Quality in Relationship to Fatigue Strength” [12]. Above guidelines 

provide provisions for assessment of such defects with a particular focus on nonplanar 

defects. Planar defects are assessed using Fracture Mechanics and references are made to 

standards such as BS7910 [13]. 

The effect of all types of misalignment can be considered using a magnification factor 

(increase of general stress level) [14]. Where the defect is located at the location of structural 

discontinuity (e.g. weld toe), the fatigue resistance is decreased by the additive notch effect 

[14]. If the defect is not located at the structural discontinuity, the notches are in competiton 

(competitive notch effect). Both notches need to be considered separately. The fatigue life is 

considered to be governed by the notch giving the lowest fatigue life [14]. Table 1 describes 

the defects, their effects on structural integrity and the appropriate assessment methods. 

Table 1 Weld imperfections categories 

Effect of imperfection Type of imperfection Assessment 

Rise of general stress 
level 

Misalignment Formulae for effective stress 
concentration, refer to [11]  

Local 
notch 
effect 

Additive Weld shape imperfections, undercuts Relevant table in [11] 

Competitive Porosity and solid inclusions not near 
the surface (Volumetric flaw) 

Relevant table in [11] 

Crack-like 
imperfection 

Planar flaws: Cracks, lack of fusion, and 
lack penetration 

Fracture Mechanics 

Overlap 

Solid Inclusion 

Lack of Penetration 

Crack (Longitudinal) 

Undercut 

Lack of Fusion 

Porosity (Cavity) 
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2.3 Common Welding Processes in ship production 

A number of welding processes are used in ship production. Detailed reporting on the 

selection of the welding process is not the intention of this research. Commonly used welding 

processes and weld types in ship hull fabrication are given in Table 2 and Figure 2. 

Table 2 Typical weld types and processes in shipbuilding ([15, 16]) 

No. Component Weld type Process Remarks 

1 Panel plate to panel plate Horizontal Butt (Seam) One-sided SAW Automatic 

2 Longitudinal member to panel Fillet FCAW, HLAW Automatic 

3 Double bottom inside Fillet FCAW Semi-automatic 

4 Side shell Transverse Butt (Butt) FCAW, EGW Semi-automatic 

5 Longitudinal member to 
Longitudinal member 

Transverse Butt (Butt) One-sided FCAW Semi-automatic 

6 Tank top plate to Hopper tank 
plate and bulkhead  

Fillet  FCAW Semi-automatic 

7 Tank top plate to tank top 
plate 

Horizontal Butt (Seam) One-sided SAW Automatic 

One-sided GMAW Automatic 
GMAW 

 
Figure 2 Typical weld types application in shipbuilding ([15, 16]) 

Most commonly used welding processes in the shipbuilding industry are flux-cored arc 

welding (FCAWs), submerged arc welding (SAW), double-sided and one-sided, automatic, 

portable welder, line welder, semiautomatic, and robotic (Table 2). FCAWs are popular, as 

they offer higher deposition rates over other types of filler metals, thus improving welding 

efficiency [16]. 

Since hull structures have many confined areas that are difficult to access, one-sided welding 

by FCAW is the common chioce of welding proccess. SAW process is particularly used for one-

sided welding of butt joints of large shell plates [16]. Hybrid laser-arc welding (HLAW) 

combines laser with an arc process in the same melted pool resulting in a process which has 

the benefits of both processes. 
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HLAW has been increasingly used in shipbuilding due to its merits over the arc welding: Higher 

welding speed and penetration depth, compared with arc welding alternatives such as Gas 

Metal Arc Welding (GMAW) or SAW, are particularly important: the net heat input can be 

reduced, resulting in lower distortion, making the process an efficient choice for the welding 

of long seam welds joining plates or sections, etc. The costs related to subsequent distortion 

correction and rectification are also reduced [17].  

2.4 Influencing variables 

A crucial step in statistical analysis of the flaw frequency and size data is to determine the 

influencing variables. Type, frequency, and size of fabrication flaws depend on a number of 

variables such as joint type, welding process, welding position, welding procedure, restraint, 

material, welding location (workshop, site weld) and access [18–20]. A report based on a 

survey from experts [20], suggests that welder’s skill is responsible for 27% of all repair rates 

across all industries followed by welding position (e.g. position, accessibility) at 16%, 

thickness/number of runs at 6% and welding process at 6%. The paper also reports that, in 

terms of joint type, 10% of defects are found among butt welds and 90% among fillet welds. 

In terms of specific weld runs, 75% occur in root runs and 25% in fill or cap. Not all these 

variables are individually controllable/assessable within inspection planning. For example, 

welder’s skill is very difficult to quantify and is normally verified through an approval of 

competency procedure. 

In reality, there is a correlation between these variables. For example, submerged arc welding 

is limited to the flat position with good access, or MMA process is only performed where 

access is restricted. Some of the variables such as welder’s skill and weld variables (heat input, 

electrode type, welding speed and etc.) are hard to quantify at a large scale, thus, only the 

welding process is considered in this paper.  

2.5 NDT reliability 

Common conventional NDT methods used in ship production are listed in Table 3. NDT 

methods can be categorised into; surface testings, which are suitable for detection of surface 

breaking flaws and volumetric testings which can detect embedded flaws as well as surface 

breaking flaws.  

Table 3 Common conventional NDT methods 

Volumetric Testing Ultrasonic Testing (UT) 

Radiography Testing (RT) 

Surface Testing Visual Testing (VT) 

Magnetic Particle Testing (MPT) 

Dye Penetrant Testing (DPT) 



 
 

6 
 
 

Selection of the NDT method affects the detection probability and in turn the actual flaw 

statistics. Table 4 gives examples for some NDT scenarios. As an example, UT exhibits better 

probability of detection for planar defects and detects smaller planar defects than RT. RT is 

very reliable in detecting nonplanar defects and surface NDT methods show very good 

capabilities in detection of surface breaking flaws.  

Table 4 POD examples for some NDT scenarios 

Defect 

height 

POD 

RT [21] UT for 

cracks 

[22] 

Surface NDT 

for cracks: 

weld ground 

flushed and 

good 

condition 

environment 

[22] 

porosity solid 

Inclusion 

lack of 

penetration 

lack 

of 

fusion 

cracks 

Probability 

at 2.5 mm 

0.71 0.84 0.45 0.74 0.32 0.75 0.93 

Probability 

at 10 mm 

0.94 0.97 0.72 0.86 0.44 0.82 0.97 

2.6 Defect rates 

Defect rate is a crucial factor in the calculation of the total reliability of a structure [18]. In a 

reliability assessment based on fracture mechanics, a defect size probability distribution is 

used to calculate the (conditional) probability of failure due to the presence of a defect.  

The defect rate is subject to high uncertainty. QA/QC departments of manufacturers tend to 

work with repair rates. Repair rates are generally defined as percentage values.  The methods 

used to calculate such values may vary. Commonly, these are calculated as the fraction of the 

length of repair over the total weld length, whereas others define this as the number of 

repaired welds over the total number of welds. The former provides a lower repair rate and 

may be preferred by manufacturers. A study by [20], based on a survey gathered from TWI’s 

industrial members’, reports that average repair rates range from 0.5 to 10% depending on 

the industry sector.  For offshore structures the reported value is 2%. Baker et al. found that 

defect rate as a ratio of defect length to total length of weld, lies in the range 0.010 to 0.014 

[23]. They also found that defect rates for different yards are found to be radically different. 

[24]  reports that there are 3.65 microscopic surface breaking defects of all sizes per pressure 

vessel. [25] found the defect rate to be 16 defects per metre, including rather small cracks. 

Marshal reported the defect rate of 0.7 per meter in a North Sea structure [26]. Data from 
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[27] suggests a defect rate of 0.075 considering defect rate as mean number of defects per 

inspection for surface breaking cracks. Summary of reviewed defect rates from literature are 

given in Table 5. It is apparent from comparison of the defect rates that values vary 

significantly across the data sources. One reason is the way the defect rate is specified i.e. 

number of defects versus weld length, number of defects versus number of joints, or total 

defect length versus total inspected length. The second reason is the target defect type: if the 

data is acquired from a manufacturing quality control process, commonly all the defect types 

are treated the same way, whereas if the inspection is part of an integrity assessment typically 

planar defects are of interest. The third key factor is reliability of the NDT method: as 

described above, some NDT methods are less effective than others for certain defect types 

and sizes. For instance, MPT and Eddy Current (EC) testing are more reliable for detection of 

surface breaking flaws than UT but cannot detect embedded flaws. They are also capable of 

detecting smaller defect sizes than UT. RT is not generally reliable for detection of planar 

defects but exhibit good efficiency for detection of pore cavities [13]. Therefore, when 

comparing defect rates from deferent sources it is vital to account for the above factors to 

avoid misinterpretation of defect rates. 

Table 5 Defect rates from literature 

Investigator Joint Defect type NDT Type Sample Defect rate 

[27] 23 jacket 
structures 

Fabrication 
Cracks 

MPT 2386 0.09 (crack per 
inspection) 

[20] Offshore 
structures 

Defects Expert 
elicitation 

N/A 0.02 repair length 
versus length of 
inspection 

[25]    827 joints 
3200 m 

16/m (microscopic 
cracks) 

[27]  Cracks MPT and 
EC 
underwater 

4000 
inspection 

1/3 per joint 

[28] Lower hull of 
Conoco TLP  

Defects MPT and 
UT 

27000 m 0.01 to 0.014  
ratio of defect length/ 
total length of weld 

[29]     10-4/ in3 per volume 

[24] Pressure vessel    3.65 microscopic per 
pressure vessel 

[26] North sea 
Structure 
in splash zone 

Embedded 
defects 

MPT and 
UT 

1000 m 
welds; 18 
joints  

0.7/m 

2.7 Defect size 

Defect size distribution is one of three key input variables to deterministic and probabilistic 

fracture mechanics assessment along with stress and material fracture toughness. These 

three inputs are known as the fracture mechanics triangle [30, 31]. In engineering critical 
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assessment (ECA), when reliable data over the whole range of possible values are not 

available, it is common to treat one or all of these parameters deterministically by assuming 

(an) upper/lower bound value(s). In reliability analyses, however, accurate and realistic defect 

size distributions is a vital input [32]. The choice of distribution type depends on two factors: 

1. the nature of the physical phenomena modelled and 2: the goodness of fit of the data to 

distribution. A structure is likely to contain a large number of small defects and a much lower 

number of larger defects. When detected by NDT, a lower number of very small defects are 

found due to the poorer probability of detection for these defects; the probability of 

detection reduces as the sizes get smaller. Thus, lognormal and Weibull functions show 

suitable fit and are commonly used in the literature. When the effect of probability of 

detection is considered, an exponential distribution may be used.  

The defect characteristics which have been included in the statistical analysis shown in Figure 

3 are as follows: 

 Defect height (2a) also called defect depth for surface-breaking defect (a). 

 Defect length (2c) 

 Defect aspect ratio (taken as Length/Height) 

In this research, the lognormal and Weibull distributions have been fitted to the data. Greater 

emphasis has been given to lognormal distribution for which there is some theoretical 

justification for its use [33]. 

 

Figure 3 Dimensions of an idealised embedded defect 

2.7.1 Defect height or depth  

In many structures, the defect height/depth is the important dimension of the assumed flaw. 

For example, in a pressure vessel containing pressurized and possibly toxic or flammable 

substances, this can lead to severe consequences or an undercut surface crack in a bracing of 

an offshore jacket can lead to the failure of the member [34]. In ship structures, an embedded 

or surface crack can grow into a through thickness crack and further grow into a very long 

crack before causing a severe fracture [35–37], however occasionally a small crack can 

become unstable, as with the Kurdistan tanker failure [38]. 
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Fabrication defect height data is not always available from NDT inspection of newbuilding 

ship hull structures for two main reasons. Firstly, traditionally NDT inspection has been 

practised as part of shipyards quality control scheme and not for fitness for service 

assessment. Defect height data is not commonly used after inspection. Defect length is used 

by quality control departments to calculate defect rate which is a measure of shipyard’s 

quality. Secondly, some widely practised NDT methods such as Radiography Testing and Dye 

Penetrant testing will only provide the length of the defect, although a rough estimate of 

defect height can be obtained from Penetrant testing, when it is followed by grinding, or from 

Radiography Testing. In this research, datasets gathered from the shipyards only include 

defect length data. An extensive review of literature was carried out and the summary of 

distribution parameters is given in Table 6 below. 

Townend fitted a Weibull distribution to lack of fusion and lack of penetration of welds from 

1980 metres of node welds fabricated by manual metal arc welding in offshore structures 

[39]. Rogerson and Wang  presented results on embedded defect height from a study of 1000 

metres weld length in vertical and horizontal nodes of an offshore structure [26]. 

Comparisons between the models for the two investigations show that cumulative 

probabilities fall reasonably in the same range for depths up to 15mm but there are marked 

variations for defects of depth larger than 15mm.   

Kountouris et al. fitted Weibull and Lognormal functions to height and length of embedded 

defects resulting from Ultrasonic Testing of the lower hull of the Conoco TLP [23]. Selective 

parameters for planar defects in cruciforms and tee butts and plate butts extracted from [23] 

are shown in Table 6. They found that the welding process did not have a significant influence 

on embedded defects, however, the planar defect depths were found to be noticeably 

different for the two types of joints. 

For surface-breaking defects, Becher and Hansen presented data from PWR vessels of defect 

length for slag inclusion and surface cracks [40].  The 233 surface cracks were not weld defects 

but were due to some kind of stress corrosion. They were detected by MPT and the crack 

dimension was measured as the depth of grinding. 
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Table 6 Defect height distribution parameters from literature 

Investigator NDT Joint 
Type 

Welding 
Process 

Flaw Type Lognormal Weibull 

μ  Shape  Scale  Median 
(mm) 

[33, 41] UT Butt SMAW LOF 1.22 0.48 1.64 4.4 3.52 

Crack 1.93 0.64 1.56 9.57 7.57 

GMAW LOF 1.14 0.47 1.66 4.05 3.25 

Cruciform 
 

SMAW LOF 1.52 0.65 1.39 6.46 4.96 

Crack 2.17 0.67 1.67 12.2 9.80 

GMAW LOF 1.45                                                                        0.64 1.38 6.04 4.63 

Crack 2.11 0.70 1.57 11.67 9.24 

MPT Butt and 
Fillet 

SMAW Centre crack 1.76 0.6 1.67 7.92 6.36 

GMAW Centre crack 2.015 0.73 1.6 10.66 8.48 

Pooled Toe Crack 0.346 0.15 1.31 1.62 1.22 

[40] MPT Butt MMA Surface Crack 0.16 1.15 2.06 0.95 1.4 

[26] MPT and UT   Embedded Planar 1.28 0.83 5.33 1.43 4.12 

[42] UT Butt MMA LOF 1.68 0.58 7.0 2.18 2.07 

LOP 1.9 0.46 8.13 2.76 2.64 

[39] UT Butt MMA Pooled data 1.76 0.49 7.2 2.43 6.19 

[27] MPT   Surface crack 0.35 0.73 2.05 1.41 1.18 

Moan et al. presented data from 23 jacket offshore structures of surface breaking cracks [27]. 

Similar to [40], they were detected by MPT and the crack depth dimension was measured as 

the depth of grinding. 

Kountouris and Baker fitted Weibull and Lognormal functions to depth and length of surface-

breaking defects resulting from MPT of weld length in the order of 50km in an offshore 

structure [41].  They have shown a strong dependence of distribution parameters on the weld 

type, welding process and defect location within the joint. Selective parameters for planar 

defects in cruciform and tee butts, and plate butts extracted from [41] are shown in Table 6. 

Among all the reviewed published work, defect size analyses reports from [33, 41] are the 

most comprehensive. The reports include information about joint type, defect type, defect 

location welding process and NDT method thus the extraction of defect size statistics are 

accurate and more reliable.  Surface-breaking cracks reported by [40] and [27] are reasonably 

in the same size range but significantly different from [41] surface breaking cracks in weld 

centre. Toe cracks from [41] are consistent with [40] and [27]. This suggests that surface 

cracks at the centre of weld metal are bigger in height than the surface breaking cracks at the 

toe of the joint. In the absence of information about the location of the defect, it may be 

prudent to assume a centre crack. However, the stress at weld toe is higher than the weld 

centre line due to weld profile angle. When a weld is ground flush this stress concentration is 

reduced but then again, the depth of a centre line crack will be reduced as well, therefore it 

is not possible to make an accurate comparison of the severity of these two types of cracks at 

this stage and further crack growth analysis is required. Figure 4 shows a crack height 
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cumulative density function from [41] and [33]. Apart from surface breaking cracks from 

SMAW process, there is a reasonable agreement among fitted functions. 

 
Figure 4 Crack Height/depth Cumulative density function from [33, 41] 

2.7.2 Defect length 

Kountouris and Baker show that incomplete penetration and crack-like defects typically have 

the highest mean lengths [33]. Mean values for the latter range from 260 - 414 mm. 

Surface-breaking cracks are found to have significantly smaller length than embedded 

defects. One explanation could be that surface breaking cracks larger than a certain length 

have a very high probability of being detected by visual inspection. i.e. median crack lengths 

are 30-37 mm. The probability of detection with visual inspection of this range of crack length 

for easy access condition is 70-80 % [22], and 90% probability of detection is achieved for 

cracks length above 160 mm. 

Burdekin reported distribution of lack of fusion and lack of penetration in tube to tube joints 

produced by manual metal arc welding of BS4360 50D steel and reported median defect 

length ranging between 280-330 mm  [42]. 

Becher and Hansen reported solid inclusion length of ship steel grades produced by manual 

metal arc welding from Radiography testing and suggest median defect length of 8 mm  [40]. 

Kihara fitted crack length data of shell plates to the Weibull distribution which gave the 

median value of 19.5 mm [43].  
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Table 7 Defect distributions distribution parameters from literature 

Investigator NDT Joint Type Process Flaw Type 
Lognormal Weibull 

μ  Scale Shape 
Median 
(mm) 

[33] UT 

Butt 

SMAW 

LOF 4.5 1.24 164.7 0.93 111.05 

Crack 5.08 1.17 270.8 1.12 195.22 

Slag inc. 4.63 1.14 179.17 0.97 122.79 

GMAW 
Slag inc. 3.77 1.72 163.4 0.94 110.64 

LOF 1.66 2.01 233.9 0.84 151.19 

Cruciform 
 

SMAW 

LOF 5.04 1.09 265.3 0.87 174.09 

Crack 5.06 1.11 272.31 0.98 187.34 

Slag inc. 4.63 1.14 223.45 0.97 153.14 

Porosity 5.04 1.18 275.16 0.93 185.54 

GMAW 

LOF 4.98 1.27 276.12 0.80 174.63 

Crack 1.57 3.42 334.2 0.75 205 

Slag inc. 5.02 1.77 280.6 0.82 179.46 

Porosity 1.33 2.66 174.8 0.93 117.87 

[41] MPT Butt and Fillet 
SMAW Centre crack 3.49 0.95 52.18 1.04 36.68 

GMAW Centre crack 3.31 0.65 36.5 2.1 30.65 

[42] UT Butt MMA 
LOF 0.94 0.61 341 2.14 287.32 

LOP 1.11 0.36 361 3.65 326.51 

[40] RT Butt MMA Slag inc. 1.97 0.81 10.87 1.2 8.01 

[43]  Shell plates  Crack 2.97 0.06 20.25 10.1 19.5 

2.7.3 Defect aspect ratio 

Reliable data on the aspect ratio defined as the ratio of defect length to defect depth are 

virtually non-existent. Kountouris and Baker have fitted Lognormal and Weibull distributions 

to surface-breaking defects and embedded defects in an offshore structure [41]. They showed 

that the distribution parameters are highly dependent on defect type, weld type, welding 

process and defect location within the joint. Table 8 shows the lognormal and Weibull 

parameters, obtained for a sample of cases in cruciform and tee butt welds. 

Table 8 Defect aspect ratio distribution parameters from [33, 41]  

Investigator NDT Joint Process Flaw Type Lognormal Weibull 

μ  Scale Shape Median 
 

[33, 41] UT Butt SMAW LOF 3.29 1.28 49.55 0.90 33.03 

Crack 3.15 1.26 42.97 0.88 28.33 

Slag inc. 3.67 1.20 70.92 0.89 46.98 

GMAW Slag inc. 3.58 1.21 65.27 0.87 42.83 

LOF 3.65 1.41 77.70 0.77 48.27 

Cruciform SMAW LOF 3.28 1.28 61.40 0.81 39.05 

Crack 3.15 1.26 32.40 0.87 21.26 

Slag inc. 3.66 1.20 84.00 0.96 57.34 

GMAW LOF 3.53 1.39 68.57 0.72 41.22 

Crack 3.02 1.35 40.00 0.76 24.70 

Slag inc. 4.07 1.24 109.7 0.82 70.16 
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Porosity 2.98 1.14 34.70 0.89 22.99 

MPT Butt and 
Fillet 

SMAW Centre crack 1.92 1.06 11.61 0.87 7.62 

GMAW Centre crack 2.06 0.92 11.95 1.30 9.01 

3 Analysis 
Defect data was acquired using the data collected during newbuilding ship manufacturing 

quality control programmes, in which, conventional NDT methods are commonly used. The 

authors have made the research data available via this journal. 

In a data Quality Control (QC) of such welds are predominantly reliant on 100% visual 

inspection of finished welds complimented by partial NDT inspection on a sampling basis. 

Since the welds are already visually inspected, volumetric NDT methods capable of detecting 

subsurface and embedded defects are the main selected methods. Among volumetric NDT 

methods, RT and UT are the most commonly used methods [3]. The main limitation of RT is 

its lack of reliability in detecting planar defects. The UT method on the other hand can detect 

planar flaws with high reliability but is limited to thicknesses above 8mm. The thickness 

limitation of UT makes RT the most common method used in the manufacturing of passenger 

ships, where the structure is made of multiple decks. 

3.1 Flaw frequency analysis 

The studied ships are built with three welding process: SAW, HLAW and FCAW. The 

breakdown of executed welding processes for ship #2 (built 2013) and ship #3 (built 2011) 

was not available; however, such data was available from ship #1 which was built in the same 

ship yard and with comparatively similar basic dimensions (Table 9). The dimensions of ship 

#3 were not available in the dataset. Figure 7 shows the breakdown of welding processes 

within the hull areas. 

Table 9 Comparison between basic characteristics of ship#1 and Ship #2 

Characteristic Welding data ship #1 NDT Data ship #2 

Length 305.60 m 330 m 

Beam 37.2 m 44 m 

Height - 70.67 m 

Number of Decks 15 15 

Draught 8.20 m 8.30 m 

As Figure 5 and  Figure 6 show, over 63% of weldments are made with HLAW, but, only 7% of 

the checkpoints are selected from HLAW weldments. 5% of welds are made with SAW 

process. It is evident from Figure 7 that unless process limitations were prevented, HLAW was 

used for joining deck panels which make up 85% of all the welding, otherwise SAW was 
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employed. 2% of NDT checkpoints are from joints made with SAW. The FCAW makes up about 

30% of welds, but comprise the majority of NDT checkpoints: 91% of the total checkpoints 

(Figure 6). FCAW process is used in joints where SAW and HLAW cannot be selected due to 

access restrictions; i.e. the connection between grand blocks. 

These joints are believed to be more prone to defect formation; particularly crack type defects 

can be caused by higher joint restraint and welding conditions; e.g. outdoor workshop [10, 

44, 45]. 

 
Figure 5 Performed welding break down with respect to 
process from ship #1 

 
Figure 6 Performed NDT break down with respect to 
process from ship #1 
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Figure 7 Welding break down with respect to hull area, Level of Automation and process from ship #1 

NDT statistics of ships # 2 and # 3 are given in Table 10. It can be observed that process 

breakdown of ship # 2 is very similar to ship #1. This can be explained by similarity of the 

structures. In ship # 3, 97% of the NDT tests are performed on FCAW welds and 2 tests were 

performed on HLAW weldments. The results from three ships show that the focus of 

inspection is on FCAW joints and inspection of HLAW and SAW welds is limited.  
Table 10 Inspection process and NDT breakdown for ship #2 and ship #3 

NDT Ship # 2 Ship # 3 

FCAW SAW HLW Total % 
(NDT) 

FCAW SAW HLW Total % 
(NDT) 

RT Number 
of tests 

5962 143 471 6576 92.6 2557 79 2 2638 87 

UT 235 1 7 243 3.4 380 4 0 384 13 

MPT 268 0 0 268 3.8 0 0 0 0  

DPT 12 0 0 12 0.2 0 0 0 0  

Total 6477 144 478 7099  2937 83 2 3022  

Length (m) 3108.96 69.12 229.44 3407.52  1409.76 39.84 0.96 1450.56  

% (Process) 91.2 2.0 6.7   97.2 2.7 0.07   
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Defect percentage breakdown for ship #2 and #3 is given in Table 11, Figure 8 and Figure 9. 

In both ships, cavities are the most common defect type found in all processes. Cavities are 

not generally considered very harmful unless they are extensive in relation to weld cross-

section [11]. Cracks are the least common defects found in all processes. In ship #2, Lack of 

fusion (LOF) and lack of penetration (LOP) are also common in SAW and HLAW processes. LOP 

and LOF are considered as planar defects and can significantly reduce the fatigue life of the 

joints, therefore FCAW welds may show superior fatigue performance. Around 90% of the 

NDTs are performed using Radiography Testing. As pointed out earlier, RT is not a reliable 

method for detection of planar defects but very reliable for detecting nonplanar defects, 

therefore, higher percentage of cavities and solid inclusions compared to cracks, lack of fusion 

and lack of penetration could be due to the effectiveness of the NDT method rather that the 

process itself; if i.e. UT was the dominant method the breakdown of the defects could have 

been very different and significantly more planar defects could have been found (see Table 4 

for NDT capabilities comparisons). 

Table 11 Detected defects breakdown 

Defects Ship #2 Ship #3 Ship #2 Ship #3 

FCAW SAW HLAW FCAW SAW HLAW FCAW SAW HLAW FCAW SAW HLAW 

Cracks 210 1 2 60 4 0 9% 3% 4% 10% 14% 0% 

Cavities 996 14 23 336 12 0 44% 35% 49% 58% 41% 0% 

Solid Inclusion 833 11 3 141 10 0 37% 28% 6% 25% 34% 0% 

LOP/LOF 235 14 19 38 3 0 10% 35% 40% 7% 10% 0% 

Total 2274 40 47 575 29 0       

 

 
Figure 8 Ship #2 defect percentage break down 

 
Figure 9 Ship #3 defect percentage break down 
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3.2 Defect rates 

The availability of details varies among data sets. Data from Ship #1 only includes repair 

lengths, inspected lengths and the relevant NDT method; however, no information is available 

regarding defect types and sizes. Ship #2 data is the most comprehensive dataset and includes 

type, location, welding process, NDT method, and length of detected defects. Data from ship 

#3 contains almost the same level of detail information, however, the number of the 

checkpoints are less than 50% of those for ship #2. Defect rates of these three vessels, the 

sample sizes and the NDT methods are given in Table 12 to Table 14. 

Figure 10 and Figure 11 show defect rates for the three welding processes. HLAW process 

creates significantly lower defect rates, around three times lower than the other two welding 

processes. This can imply that less inspections may be allowed for HLAW. From a quality 

control point of view, there are two methods practiced in the shipyards for estimating defect 

rates: The first method adopts a binary approach in which the number of detected defects is 

divided by the total number of inspections (n/N). Similarly, the number of defects can be 

divided by the length of inspections to give the number of defects per meter length (n/m). 

The second method divides the total length of defects by the total length of examined welds. 

The latter is more meaningful for cavity defects which are normally recorded as the length of 

affected welds i.e. elongated porosity. In structures consisting of large length of weld lines 

the number of defects per meter is a better representative of defect frequency and has a 

direct relation with reliability [46]. Figure 10 and Figure 11 show the defect per meter rates. 

 

Figure 10 Ship #2 defect rates 

 

Figure 11 Ship #3 defect rates 
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length of unacceptable tests divided by acceptable and unacceptable tests and are given in 

Table 12. Overall defect rates of ship #2 and ship #3 are very close and are around 0.23, but 

defect rate for ship #1 is almost half of the other two. This could be due to the employed NDT 

method; notice that majority of inspections for ship #1 is done using UT but, in ships #2 and 

#3, RT is used for about 90% of inspections. Opposite to RT, UT is generally considered to be 

a superior NDT method in detecting planar defects, therefore lower defects rates of ship #1 

could be explained by using UT in ship #1 whose defect dataset may have been dominated by 

planar defects; As can be understood from Table 13 and Table 14 the planar defect (crack + 

LOP/LOF) rates for ships #2 and #3 are, generally, around 0.14.  

Table 12 Ship #1 recorded defect rates vs. Ship #2 & ship #3 

Dataset NDT Type Sample size Defect rate 

Ship #1 RT 22% and UT 78% 7200 (m) 0.13 Repair Length / Inspection length 

Ship #2 RT 92*, UT 3.4%, MPT 3.8% 
and DPT 0.2% 

3550 (m) 0.26 Length of unacceptable test/ (Acceptable + 
Unacceptable) 

Ship #3 RT 87% and UT 13% 1500 (m) 0.21 Length of unacceptable tests/ (Acceptable 
+ Unacceptable) 

Detailed defect rates of ship #2 and ship #3 show that there is a significant variation among 

the defect types which can be explained by the choice of NDT method and also between two 

ships. Another important factor is the statistical confidence: notice that in SAW and HLAW 

the sample sizes are significantly smaller than those from FCAW. 

Table 13 Ship #2 recorded defect rates 

Defects FCAW SAW HLAW 

Number rate 

(n/N) 

rate 

(n/m) 

Number rate 

(n/N) 

rate 

(n/m) 

Number rate 

(n/N) 

rate 

(n/m) 

Cracks 210 0.032 0.067 1 0.007 0.014 2 0.004 0.009 

Cavities 996 0.154 0.320 14 0.097 0.202 23 0.048 0.100 

Solid Inclusion 833 0.128 0.268 11 0.076 0.159 3 0.006 0.013 

LOP/LOF 235 0.036 0.075 14 0.097 0.202 19 0.04 0.083 

Total 2274 0.351 0.731 40 0.278 0.579 47 0.098 0.205 

 
Table 14 Ship #3 recorded defect rates 

Defects FCAW SAW 

Number rate (n/N) rate (n/m) Number rate (n/N) rate (n/m) 

Cracks 60 0.020 0.042 4 0.048 0.100 

Cavities 336 0.114 0.238 12 0.144 0.301 

Solid Inclusion 141 0.048 0.100 10 0.120 0.251 

LOP/LOF 38 0.013 0.027 3 0.036 0.075 

Total 575 0.196 0.408 29 0.349 0.728 
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3.3 Defect length 

The defect length data for different defect types were fitted to candidate distributions which 

are known to show appropriate fit. Weibull, lognormal and General Extreme Value (GEV) 

distributions showed the best fits. Goodness-of-fit were judged based on corresponding log-

likelihood; the higher the log-likelihood, the better the fit. The estimated distribution 

parameters and the log-likelihood values are summarised in Table 15. The probability density 

distributions are depicted in Figure 12 to Figure 19 and cumulative probability distributions 

(CDF) are plotted in Figure 20 to Figure 27. 

Generally, all three distributions show relatively comparable results with GEV distribution 

showing better fits since it is defined with three parameters as opposed to the Weibull and 

lognormal distributions defined with two parameters only. LOP/LOF data for ship #2 and solid 

inclusion data for both ships show prominent second mode as can be seen in Figure 14, Figure 

18 and Figure 19. This could be an indication that the defects are caused by two different 

mechanisms: one creates bigger defect lengths than the other. Therefore, the data was fitted 

to a bi-modal Weibull distribution, as well. The bi-modal distribution shows clearly a better fit 

than the rest for LOP/LOF and solid inclusion data of ship #2 by increasing log-likelihood by 

51 and 61, respectively. This can be visually observed in Figure 22 and Figure 26. However, 

the goodness of fit for solid inclusion data of ship #3 is only marginally increased. 

Table 15 Defect data distribution fitting results for ship #2 & #3 

Distribution Parameters Ship #2 Ship #3 

Cracks LOP 

/LOF 

Cavity Solid 

inclusion 

Cracks LOP 

/LOF 

Cavity Solid 

inclusion 

Weibull Scale 29.3 160.73 73.46 175.82 35.3 91.1 59.6 81.73 

Shape 1.73 0.87 0.98 1.07 0.97 0.87 0.92 0.98 

Loglikelihood -258 -681 -2207 -1827 -256 -139 -1513 -681 

lognormal Mu 3.1 4.46 3.81 4.66 3.12 3.89 3.562 3.89 

Std 0.57 1.2 0.92 1 0.8 1.25 1 1 

Loglikelihood -252 -673 -2139 -1812 -242 -138 -1469 -668 

GEV shape 0.1 1.01 0.7 0.8 0.63 1.056 0.73 0.68 

scale 10.06 49.2 22.53 58.5 9.99 31 19.3 28.6 

location 19 49 30 67.2 15.82 27.42 22.98 32.95 

loglikelihood -252 -670 -2118 -1814 -237 -139 -1461 -669 

Bi-modal shape 1   2.074   2.15       1.5 

scale 1  51.51  68.42    52.8 

shape 2  6.7  3.74    3.5 

scale 2  468.57  391.96    323.1 
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p  0.665  0.623    0.85 

loglikelihood   -619   -1751       -664 

Sample size  65 111 416 298 57 26 295 126 

Median  22.2 86.5 45.1 105.6 22.6 48.9 35.1 48.9 

90th 

percentile 

value 

 46.1 402.6 146.8 380.5 63.1 242.7 126.6 176.2 
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Figure 12 Ship #2 Cavity length PDF 

 
Figure 13 Ship #3 Cavity length PDF 

 
Figure 14 Ship #2 LOP/LOF PDF 

 
Figure 15 Ship #3 LOP/LOF PDF 
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Figure 16 Ship #2 Crack length PDF 

 
Figure 17 Ship #3 Crack length PDF 

 
Figure 18 Ship #2 Solid inclusion length PDF 

 
Figure 19 Ship #3 Solid inclusion length PDF 
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Figure 20 Ship #2 Cavity length CDF 

 
Figure 21 Ship #3 Cavity length CDF 

 
Figure 22 Ship #2 LOP/LOF CDF 

 
Figure 23 Ship #3 LOP/LOF CDF 

0

0.1

0.2

0.3

0.4

0.5

0.6

0.7

0.8

0.9

1

0 50 100 150 200 250 300 350 400 450

Length (mm)

Data Percentile Lognormal fit

Weibull fit GEV fit

0

0.1

0.2

0.3

0.4

0.5

0.6

0.7

0.8

0.9

1

0 50 100 150 200 250 300 350 400 450

Length (mm)

Data Percentile Lognormal fit

Weibull fit GEV fit

0

0.2

0.4

0.6

0.8

1

0 100 200 300 400 500

Length (mm)

Data Percentile Lognormal fit

Weibull fit GEV fit

Bi-modal fit

0

0.1

0.2

0.3

0.4

0.5

0.6

0.7

0.8

0.9

1

0 50 100 150 200 250 300 350 400 450

Length (mm)

Data Percentile Lognormal fit

Weibull fit GEV fit



 
 

24 
 
 

 
Figure 24 Ship #2 Crack length CDF 

 
Figure 25 Ship #3 Crack length CDF 

 
Figure 26 Ship #2 Solid inclusion CDF 

 
Figure 27 Ship #3 Solid inclusion CDF 
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LOP/LOF length from the ships are generally higher than those from literature. The solid 

inclusion length from the ships are similar to those reported by Kountouris & Baker [33]. 

 
Figure 28 Crack length distribution 

 
Figure 29 LOP and LOF length distribution 

 
Figure 30 Cavity defects length distribution 

 
Figure 31 Solid inclusion length distribution 
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4 Discussion 
In this paper, defect length data from two ships, detected mainly by Radiography Testing (RT), 

have been analysed and it was found that median defect length ranged from 22 mm to 106 

mm. A broad review of published work on fabrication defect size was carried out and 

lognormal and Weibull distributions fit of defect length, height and aspect ratios were 

presented. It is concluded that the planar defect lengths of studied shipyards are significantly 

shorter than those from the literature indicating a possible better quality of welding, or 

welding process controls. 

HLAW process shows a better quality in terms of defect occurrence than the other two 

processes. HLAW defect rates are 1 to 0.04 times the FCAW rates and 0.64 to 0.8 times SAW 

rates. This can show superior fatigue performance of joints made through HLAW. Opposite to 

ship #2, FCAW defect rates in ship #3 were higher than SAW although the sample size in ship 

#2 is twice that of ship #3 which makes the data from ship #2 statistically more reliable. 

 

All three-weld processes show similar relative distribution of defect types by producing a 

reasonably low amount of cracks (3%-14%) and high amount of cavities (35%-58%). The HLAW 

process produces considerably lower solid inclusions of 6% compared to 28% in SAW and 37% 

in FCAW. FCAW creates significantly lower LOF/LOP compared to the other two methods 

which may imply that it is a more reliable process as far as type of defect is concerned; 

LOF/LOP defects are planar defects and more likely to propagate under cyclic loading.  

It was not possible to investigate the effect of joint type using the data from shipyards due to 

lack of information in the datasets, however, studies from literature suggest that defects in 

fillet welds are more common than in butt welds [20]. 

Within the range of thickness of 5.5mm-22 mm no connection was found between plate 

thickness and defect frequency, or defect length. 

Selection of NDT method was found to be affecting defect rate, defect size distribution and 

frequency of detected defect types significantly; Radiography Testing is less efficient in finding 

planar defects than Ultrasonic Testing. Planar defects are considered more damaging, in 

terms of fatigue and through-life structural integrity, hence, Ultrasonic Testing should be 

preferred over Radiography Testing where possible. If UT cannot be used due to thickness 

limitations (UT cannot be used for thicknesses below 8 mm), Radiography Testing should be 

used in conjunction with a surface inspection method such as MPT or DPT. 

In structural integrity assessment, planar defect rates are more important, particularly when 

the fracture mechanics approach is followed, but in weld process control, nonplanar defect 
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rates can be equally important. They can be used to identify an out-of-control process. 

Therefore, when the defect rates are used for structural integrity assessment, UT should be 

preferred, whereas, when nonplanar defect rates are of interest, RT is a better choice. In any 

case, these rates should not be pooled together, as they may give inaccurate and misleading 

results. The defect rates should only be compared with each other if the effect of their NDT 

method reliability is accounted for. 

The defect length distributions from two ships are significantly different except for the crack 

defects. This can be understood by comparing the median and 90th values given in Table 15. 

This may be partly because the sample sizes are significantly different; notice that the 

difference is much lower for cracks and cavities where the sample sizes are closer. 

Planar defect length distributions from two studied cruise ships constructed in 2011 and 2012 

are 3-7 times smaller than the offshore constructions from literature based on fabrication in 

the 1980’s. The difference could be due to inherent variation in welding quality, increased 

welding quality since 1980s, and the differences between welding processes and NDT 

techniques. 

Another possible reason could be the effect of thickness; studied ships are made of very thin 

plates ranging from 5-10 mm in deck area and 16-22 mm in side-shell and bottom area. The 

offshore platform from [33] is believed to be fabricated from considerably thicker sections. 

The thicker the parent material the more weld passes the joint needs. Every weld pass 

introduces more heat input to the joint and consequently, more residual stress is formed. 

Weld joint residual stress is a key cause of the formation of weld pool cracks [47]. Also, each 

weld pass adds to the likelihood of internal cracks being left in the structure. 

5 Conclusions  
Weld defect frequency and size statistics are crucial inputs for structural integrity assessment 

based on fracture mechanics and also statistical quality control of welding processes. 

However, there is limited reliable information within the literature which can be applied to 

ship hull structures. 

Defect type frequency statistics of three passenger ships built in early 2010’s in a shipyard 

were analysed. It was found that HLAW process has significantly lower defect rates compared 

to FCAW and SAW, which can result in superior fatigue performance.  

Defect length data were fitted to candidate probability distribution functions (PDFs) using the 

maximum likelihood estimate method. Generalised Extreme Value distribution (GEV), 

lognormal and Weibull distributions were found to offer the best distribution fit. 
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It was found that the studied ship data has generally better welding quality in terms of defect 

rates and defect lengths compared to published data on offshore structures which could be 

due to increased welding quality since the 1980s. 

In the calculation of defect rates, it is suggested that the detection probability of the adopted 

NDT method is accounted for. Also, the defect rate of planar defects and nonplanar defects 

are recommended to be dealt with separately. 

In this research, only defect length data, mainly collected by RT for quality control purposes, 

was available. However, for fracture mechanics assessment of ships made of thicker sections 

(above 10 mm) in locations where formation of through thickness cracks has significant 

consequence, i.e. side shell or bottom structure, the defect height data is required, as well. 

Therefore, as an area of further research, it is recommended that such data be collected by 

appropriate methods such as UT. 

Furthermore, the effect of NDT reliability on actual defect rates and initial defect size could 

be investigated by considering the POD curve over the whole range of defect sizes. 
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