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EXECUTIVE SUMMARY 

 Fatigue cracks can be an expensive nuisance in commercial ships such as tankers and bulk-

carriers, requiring weld repairs that often crack again within a short period of time. Experimental 

research was conducted at the University of Minnesota to develop procedures for effective and 

reliable repairs appropriate for fatigue-prone details in commercial ships, and to develop simple and 

reliable methods to estimate the residual fatigue life of these repairs.  Gibbs & Cox, as a 

subcontractor, provided specific expertise in ship structure design and maintenance and determined 

the geometry and loading conditions of the test specimens    

Four types of fatigue tests were conducted on large-scale structural components, including: 

a) girder featuring unloaded attachments (five specimens) 

b) tee joint with load bearing attachments (two specimens)  

c) simplified model of longitudinal/transverse web frame connection (five specimens) 

d) complex model of longitudinal/transverse web frame connection (two specimens) 

Tests were conducted at constant-amplitude stress ranges of realistically low magnitude 

resulting in lives on the order of a million cycles.  The fatigue life (N) is defined as the number 

of cycles until the development of a through-thickness crack greater than 50 mm in length.  

Stress ranges (S) were determined using hand calculations and finite-element models of the 

specimens in combination with strain measurements made on the specimens. The fatigue lives 

were plotted in the S-N curve (log-log) format (where S is the stress range).   The first two types 

of specimens were suitable for use of the nominal stress range for the fatigue S-N curves, 

whereas in the models of longitudinal/transverse web frame connection the hot-spot stress range 

was used.  Note that there is typically an order of magnitude of variability of the fatigue lives in 

experiments at a particular stress range. Standard S-N curves from design specifications 

represent the lower bound to the expected fatigue lives, with 97.5 percent survivability.  

Similarly, the lower bounds to these experimental data were typically associated with one of the 

standard S-N curves or “fatigue categories”.      

Fatigue cracks were repaired with various techniques shown to be effective including arc-

gouging and welding (vee-and-weld), adding doubler plates, hole drilling, and hammer peening – 

either alone or in some combination. Guidelines and examples are presented for the evaluation of 

the most suitable repair technique for various types of cracks and for the design and execution of 
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these repairs.  Repairs were made as needed and the testing continued with the same loading.  

Often multiple repairs were made at the same location.   

In the case of the repairs, the fatigue life (N), usually referred to as the residual life of the 

repair, is defined as the number of cycles from the time the repair is made until the development 

of a through-thickness fatigue greater than 50 mm in length.  The residual life of the repaired 

details was found to be independent of the fatigue load cycles applied to the detail prior to repair, 

i.e. the clock on the life is essentially reset to zero by the repair.  

The calculations to estimate the residual life of various repair details use lower-bound S-

N curves, similar to the design S-N curves for original (unrepaired) details.  The future stress 

ranges must be estimated and converted to an equivalent constant-amplitude stress range in order 

to estimate the life of the detail.  However, if:  

1) the life of the original detail before cracking is known; and,  

2) the loading can be assumed to be approximately the same after repair as before repair;  

then the ratio of the life of the repaired detail to the life of the original detail (obtained from these 

experiments) can be readily used to estimate the residual life of the repaired detail.  Note that in 

this case it is not necessary to estimate the future loading history, which greatly simplifies the 

analysis of the residual life of repairs.    

The occurrence of the first fatigue crack at a particular detail in a ship may be an outlier, 

e.g. it may be from severe misalignment or weld defects unique to that one location.  If the crack 

that occurs is not explained by unique circumstances, however, then it is an indicator that other 

details with similar stress ranges will also begin to develop cracks.  Because of the inherent 

factor of ten variability in fatigue lives, these cracks will begin to manifest immediately, but may 

also take about ten times the life up to that point until they all crack.  Thus the urgency in need to 

repair or retrofit other details that are yet uncracked mist be judged, considering this variability.  

Similarly, the estimates of the residual life of these repairs is also a lower bound, and results up 

to ten times better can be expected. 

The residual life calculations presented in this report may be used to determine whether a 

repair may be considered permanent or whether it will eventually be necessary to cut out and 

completely restore a whole panel.  The data should lead to safer, more reliable, and ultimately 

less expensive repairs for ships and other welded structures.  
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1  INTRODUCTION 
 

Fatigue is the formation of a crack due to cyclic elastic loading well within the design 

stress levels.   Most dynamically loaded welded structures are explicitly designed for fatigue by 

checking the stress range at critical details under some fatigue design loading  [1].  The stress 

range at the critical details is checked by comparison to an S-N curve that relates the life (N) to 

the stress range (S). Different S-N curves may be used depending on applicable codes or 

specifications.   

Until recently, most ships were not explicitly designed for fatigue.  Instead, the allowable 

peak stress was controlled in an attempt to indirectly avoid extensive fatigue cracking [8,9].  

Consequently, many ships, particularly commercial bulk carriers and tanker ships, exhibit 

extensive fatigue cracking [10,11,12].  Among the details which exhibit cracking on ships are: 1) 

brackets at the intersections of girders with web frames or bulkheads; 2) the intersection of 

longitudinal stiffeners with transverse web frames or bulkheads; 3) hatch openings; 4) butt welds in 

hull plates, stiffeners, or girders; and 5) drain holes and weld-access holes in stiffeners and girders.  

Because of the highly redundant nature of ship structure, these fatigue cracks are typically 

not a threat to structural integrity [8,13,14,15,16].  Therefore, the detection and repair of occasional 

fatigue cracks may be tolerated as a part of routine maintenance.  Repairs are often made by arc-

gouging a vee-shaped weld preparation along the length of the crack and welding.  Other methods 

such as modifying the detail by adding soft toes, brackets, insert plates or doubler plates may also be 

used. 

Unfortunately, fatigue cracks are frequently repaired without sufficient consideration of the 

performance subsequent to the repair.  Poorly designed or executed repairs can lead to quick 

reinitiation of fatigue cracks at the location of the repair.  In some cases individual ships have been 

reported to have thousands of cracks [10].  In these cases, the repair costs may be staggering.  

Therefore, there is a need for a method to assess the performance, primarily the remaining fatigue 

strength, of repair methods. 

Ship Structure Committee project SR-1376 [37] was an initial effort to address this need.  

This study looked at full scale welded built-up I beams with a variety of butt welds in the flanges 

and weld-access holes in the webs.  The tests establish the original fatigue strength of these details 

and the remaining fatigue strength after the cracked specimens are repaired several times in various 
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ways. The data showed that the repaired butt welds had a residual life that was equal to the life of 

original butt welds, i.e. that the repairs had essentially reset the clock on the fatigue life of the butt 

joint and that the life of the repaired joint was independent of the fatigue load cycles on the joint 

prior to repair. The S-N curves resulting from these tests provided a basis for calculations of the 

remaining fatigue life of butt joints after repair.     

The research described in this report is follow-on to the research from SR-1376.  Two of the 

other types of ship details that have exhibited cracking problems are investigated in the present 

research, including:  

1) brackets and attachments at the intersections of orthogonal structure, such as girders 

intersecting with web frames or bulkheads; and;  

2) the intersection of longitudinal stiffeners with transverse web frames or bulkheads.   

Fatigue tests were carried out on replicate samples of both simplified and full-scale models of each 

detail.  The specific objective of this research was to determine the fatigue strength of different 

repair techniques for each detail.  These repair techniques included arc-gouging and welding (vee-

and-weld), adding doubler plates, hole drilling, and hammer peening – either alone or in some 

combination.    

Results from this project showed that the above repair methods can successfully be used 

on the type of details that were tested.  The data can be used to evaluate the most suitable repair 

technique for various types of cracks and to determine whether a repair may be considered 

permanent.   

It should be noted that the issue of repair weld quality is not addressed in this report.  

There is anecdotal evidence that the quality of repair welds in shipyards is not always as good as 

new construction.  Of course, this is dependent on the particular shipyard and classification society. 

Quality problems with repair welds in service may account for the suspicion of lower fatigue 

strength for repair welds.  The problem of repair weld quality must be solved through adequate 

quality control measures.  Although the issue of repair weld quality is critical, it was not the intent 

of this research to study weld quality.  It is believed that the weld quality issues can be separated 

from the issue of the inherent fatigue strength of the repair welds.   

In this study, in order to get lower-bound quality repairs, previously unskilled welders 

(graduate research assistants) were minimally trained and then used to perform all repairs.  Non-

destructive testing was not used to screen out defects.  The lower-bound quality repair welds 
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were not that much worse in fatigue than would be expected for welds produced by experienced 

welders with stringent non-destructive testing.  The effect of weld quality is diminished in the 

poor details sometimes used in ship construction because the fatigue resistance is primarily 

determined by the geometrical stress concentration at the detail rather than by weld quality.   

The following chapter provides additional background on fatigue and repair welding.  

Chapter 3 presents the test procedures and includes a discussion of each fatigue test’s results.    

Finally, conclusions and recommendations are provided in Chapter 4.  A draft ASTM standard 

for repairing fatigue cracks in ships is included in Appendix A.  Appendix B contains detailed 

examples of specific repairs to illustrate the guidelines and the method for calculating residual 

life.  Appendix C contains repair data for the test frame used in SSC project SR-1392. 
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2  BACKGROUND 
 

Many aspects of designing ship structures for fatigue and repairing fatigue cracks are essentially 

the same as in other types of welded steel structures such as offshore platforms or even bridges.  

Therefore, this chapter first gives general background on fatigue design procedures.  Different 

fatigue crack repair techniques and research in the literature on testing of repairs are then 

discussed.  Finally, a discussion of typical fatigue-critical structural details in commercial ships 

is presented. 

 

2.1 Fatigue Design and Assessment Procedures 

Welded details in any structure can be analyzed using one of several techniques, including: 

a. Comparing nominal stress ranges obtained using ordinary strength of materials 

equations to standard S-N curves [1] 

b. Comparing hot-spot stress ranges obtained using finite-element analyses or 

predetermined stress concentration factors (SCF) to hot-spot S-N curves [17] 

The S-N curve, which appears as a straight line on a log-log plot, relates the stress range (S) to the 

lower-bound life (N) derived from full-scale test data.  The life is defined as the number of cycles to 

develop a through-thickness crack at least 50 mm in length.  The lower-bound S-N curves represent 

the mean regression line minus two standard devotions of the log of N – such that 97.5 percent of 

the experimental data have lives exceeding the S-N curve.  There is often considerable reserve life 

after the development of a through-thickness crack [18,19], but for design this conservative 

definition is appropriate.   

The large heat input from welding causes expanding material to yield in compression upon 

heating which results in residual tensile stresses in the joined parts near the weld upon cooling.  

These tensile residual stresses are typically on the order of yield strength of the steel plating.  This 

effect is built into the S-N curves, which are derived from full-scale test data containing realistic 

residual stresses [1].   

Moreover because of these large residual stresses, any effect from the mean applied stress is 

negligible.  In other words, even if part of the load cycle is in compression, it will not likely be 

enough to reduce the fatigue crack propagation since the stress at the joint will still be fluctuating in 

 5 



tension.  Therefore, the stress range is the only significant loading variable for fatigue of welded 

structures [1].  However, once the crack is propagating through base metal away from a weld, the 

tensile residual stresses will diminish and the effect of mean stress and any compressive residual 

stress will become important [18,19].  However, in the testing done in this study, full load reversal 

was used because dynamic loading of ship structures from wave action generally results in nearly 

complete load reversal. 

 

2.1.1 Nominal-Stress-Range Approach 

 The modern nominal-stress fatigue-design procedure was developed for steel bridges 

through research sponsored by the American Association of State Highway and Transportation 

Officials (AASHTO) [2,20,21]. The nominal-stress approach is the simplest method of designing 

for fatigue. The procedure is based on designing for the nominal stress ranges, knowing the 

fatigue strength of structural details in terms of the nominal stress S-N curve. The nominal stress 

range is calculated using ordinary strength-of-materials equations for bending and axial load and 

does not include the effects of any stress concentrations such as geometric discontinuities or 

welds.  Different S-N curves are used to evaluate the fatigue resistance of different details 

depending on the geometry of the detail.  Each S-N curve represents a particular detail category, 

where details with similar fatigue strength are put in the same category.  Since the stress range is 

based on the nominal stress, the effect of the stress concentration is reflected in the detail 

category empirically.   

 Each detail category has a constant-amplitude fatigue limit (CAFL).  The CAFL is a 

stress range below which no fatigue cracks are expected to occur in tests conducted with 

constant-amplitude loading.  These limits are shown as the horizontal lines on the right side of 

the S-N curves (Figure 2.1).  If the loading has variable amplitudes, a more complex analysis 

must be used, which is discussed below. 

 The fatigue resistance of a given detail category is independent of the type of steel 

[1,20,21] and the welding process used [22,23].  The full-scale fatigue experiments are typically 

carried out in moist air and therefore reflect some degree of environmental effect or corrosion 

fatigue.  Some design codes require a factor of two decrease in fatigue life when details are exposed 

to seawater as opposed to moist air.   However, full-scale fatigue experiments in seawater at realistic 

service stress ranges do not show significantly lower fatigue lives [24], provided that corrosion is 
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not so severe that it causes pitting or significant section loss.  The fatigue lives seem to be more 

significantly influenced by the stress concentration at the toe of welds and the initial discontinuities.  

Therefore, the lower-bound S-N curves in Figure 2.1 and the S-N curves generated in this research 

can be used for the design of details in any natural environmental exposure, even near salt spray.  

However, pitting or significant section loss from severe corrosion may become a fatigue critical 

condition and can lower that fatigue strength [25,26].  

The fatigue design procedures developed for steel bridges are used throughout North 

America for a variety of welded structures, including the American Association of State 

Highway and Transportation Officials (AASHTO) bridge design specifications [2], the American 

Institute for Steel Construction (AISC) “Manual of Steel Construction” [3], the American 

Railway Engineering and Maintenance-of-Way Association (AREMA) “Manual for Railway 

Engineering” [4], and the American Welding Society (AWS) “Structural Welding Code” [5].   

Figure 2.1 shows the S-N curves used in these design specifications. Category A 

represents base metal.  Welded joints are considered longitudinal if the axis of the weld is parallel 

to the primary stress range.  Continuous longitudinal welds are Category B details.  A special 

Category B' was added to account for the lower fatigue strength of complete penetration 

longitudinal welds with permanent backing bars as well as partial penetration longitudinal welds.  

The termination of longitudinal fillet welds are more severe (Category E).   

 Category C includes transverse full-penetration groove welds (butt joints) subjected to non-

destructive evaluation (NDE).  Experiments show that groove welds that are not subject to NDE 

may contain large internal discontinuities and the fatigue strength is reduced as low as Category E 

[75].  Transverse groove welds with a permanent backing bar are reduced to Category D [1,6,37].  

A weld access hole or drain hole less than 100 mm across with edges conforming to the ANSI 

smoothness of 1000 may be considered a Category D detail.  Poorly executed cope holes must be 

treated as Category E details. 

 Attachments normal to flanges or plates are rated Category C if less than 51 mm long in the 

direction of the primary stress range, D if between 51 and 101 mm long, and E if greater than 101 

mm long. Transverse stiffeners are treated as short attachments (Category C).   The Category E', 

slightly worse than Category E, applies if the attachment plates or the flanges exceed 25 mm in 

thickness.    

 7 



Eurocode 3 [7] and the British Standard 7608 [6] also use a nominal stress approach but 

they each have unique sets of S-N curves with different category labels. However, the end result 

of checking the stress range will be approximately the same regardless of which of these sets of 

S-N curves is used, since all of these design specifications are empirical and are calibrated with 

the same database of full-scale test results.  Thus none of these sets of S-N curves has any 

inherent advantages or will estimate the fatigue life of a detail more accurately than any other set 

of S-N curves.  The American Bureau of Shipping (ABS) guidelines [27], the U.K. Health and 

Safety Executive [28], and other groups in the marine industry use S-N curves from the British 

Standards (BS 7608) [6].  These S-N curves are shown in Figure 2.2.  The BS 7608 S-N curves 

can be associated approximately with the AASHTO S-N curves so that knowledge of the fatigue 

strength of details in this specification can be translated to an equivalent AASHTO category.  

Seven of the 14 Eurocode curves, however, are precisely the same as the seven AASHTO curves.  

Table 2.1 cross-references the Eurocode 3 and BS 7608 S-N curves with the AASHTO S-N 

curves.   

One major disadvantage of the nominal-stress approach is that computing the nominal 

stress can sometimes be difficult in complex stress fields, particularly in cases of complicated 

geometry analyzed using finite-element analysis.  This is especially a problem with ship 

structures, which contain many complex details, some of which have not been properly tested to 

determine their detail category.  However, when applicable, the nominal stress approach is 

generally preferred due to its ease of use. 

 

2.1.2 Hot-Spot-Stress-Range Approach 

The hot-spot-stress-range approach was developed for the design of tubular joints, but it is 

also now commonly used in the design of ship structures.  The name is derived from the fact that 

noticeable heat is sometimes generated during fatigue testing in regions of highly localized stresses 

that often exceed the elastic limit [17].  The local stress at a point where a crack forms can be 

thought of as the superposition of three types of stress: 

• The nominal stress caused by the global action of the remotely applied load, 

disregarding the stress concentrating effects of the joint or the weld. 

• The geometric stress concentration caused by the local shape of the joint. 
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• The local stress concentration caused by the weld toe.  This stress is strongly 

influenced by the weld shape and residual stresses, and is therefore highly variable. 

A diagram of the different stress regions is shown in Figure 2.3. 

The hot-spot approach involves using a baseline S-N curve associated with butt welds or 

fillet welds in a nominal stress field.  The AASHTO Category C curve corresponds to an ordinary 

butt weld with reinforcement, and can be used as a hot-spot baseline curve.  ABS uses the BS 7608 

Category T curve, along with a correction factor based on the plate thickness [6], which is similar to 

the Category C curve.  By using this baseline curve, the effect of the local stress concentration from 

the weld toe is included in the S-N curve.  The hot-spot stress range used in the calculations 

includes only the first two components listed above, i.e. the nominal stress times the geometric 

stress concentration factor (SCF).   

As in the nominal-stress approach, the fatigue strength is independent of type of steel and 

welding process.  Although the experimental evidence cited earlier [24] indicates that corrosion 

should not have an effect at realistic service load histories, it is common in specifications for 

offshore structures to put a factor of 2.0 on life as a penalty for the detail being in a seawater 

environment   This issue remains controversial, but the perceived corrosion effect is based on test 

data where the stress ranges are much larger than in service.  When the stress ranges are very high 

and unrealistic, some of the positive effects of corrosion are negated, such as accumulation of 

corrosion product in the crack causing crack closure, leaving only the negative effects.    

In order to determine the proper magnitude of hot-spot stress, one can either determine the 

SCF from finite element analysis (which is the only option when in the design stage) or measure the 

stress directly by placing strain gages in the direction of the primary stress range as close as possible 

to the weld toe in a test specimen or prototype of the detail.  One problem that is encountered when 

applying this principle is that the stress gradients are very steep in the vicinity of the weld.  Because 

of these high gradients, the maximum stress computed or measured will be sensitive to the mesh 

size or strain-gage length [31].   

Compounding this problem is the fact that methods for evaluating the maximum stress vary.  

An objective evaluation of these various methods was conducted to determine a method of 

application that is appropriate for ship foundation details with large eccentricity [32].  Most of the 

methods involve some type of complex extrapolation of the stress from the gradient approaching the 

weld toe.  A simple approach was found to be best:  the hot-spot stress is conveniently defined as 
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the stress measured with a 3 mm strain gage placed as close as practically possible to the weld toe, 

i.e. centered about 5 mm from the weld toe.  This definition of hot-spot stress range was found to 

adequately correlate the fatigue strength of the various details [32]. 

The main advantage of using the hot-spot stress range approach is the fact that it can be 

readily applied to a wide range of structural details.  It is particularly useful in situations where the 

stress field is complex and difficult to compute a nominal stress, or where finite element modeling 

must be done anyway for strength design.  The disadvantage lies mainly in the variability between 

different hot-spot stress definitions and varying baseline S-N curves.  Another problem involves the 

constant-amplitude fatigue limit (CAFL).  The hot-spot approach implies that all details will have a 

CAFL at the same number of cycles, while full-scale fatigue tests show that the CAFL occurs at 

different orders of magnitude of cycles for different categories (see Figure 2.1).   

 

2.1.3 Variable-Amplitude Loading 

Both the nominal and hot-spot S-N curves are based on constant-amplitude loading tests.  In 

order to handle real applications, the lifetime history of the stress ranges must be characterized for 

the critical details.  Typically Miner’s rule is used to calculate an effective stress range from a 

histogram of variable stress ranges.  Theoretically, this effective constant-amplitude stress range 

results in approximately the same fatigue damage for a given number of cycles as the same number 

of cycles of the variable-amplitude service history.  The effective stress range, SRe, [33] can be 

calculated as 

)(3
3

Re ∑=
i

rii SS α  

where:  

αi = Number of stress cycles with stress range Sri divided by the 

total number of stress cycles 

Variable-amplitude fatigue tests conducted with various sequences in the variable-amplitude 

loading history have shown that Miner’s Rule is reasonably accurate in most cases but can be 

unconservative with some load histories with unusual sequences.  For this reason, some fatigue 

design specifications put a safety factor of 2.0 on life if Miner’s Rule is used.       

The AASHTO specifications compare the above effective stress range to the appropriate 

S-N curve for the detail being analyzed.  No additional safety factor is used for Miner’s Rule 
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since it is relatively accurate for truck loading on bridges.  For large numbers of cycles, the 

AASHTO specification has another check which involves a stress range called the “fatigue-limit-

state” stress range with an exceedance rate of approximately 1:10,000 cycles.  This stress range 

is compared to the CAFL for the detail.  If the fatigue-limit state stress range is less than the 

CAFL, then cracking is not expected at all during the useful life [33].  The idea is that most (all 

except 0.01 percent) of the stress ranges should be below the CAFL, but that occasionally the 

stress range can exceed the CAFL with no significant effect.  Note that if the typical total life of 

a ship is about 100 million cycles, then 0.01 percent is about 10,000 cycles allowed above the 

CAFL.  This approach is simple and conservative and if these conditions are met, a more refined 

analysis does not need to be performed.   

The ABS SafeHull approach [27,34,35], which is used for the fatigue design of double hull 

tankers, bulk carriers, and containerships [34], calculates a peak stress range based on an assumed 

Weibull distribution of stress ranges.  The allowable stress range is determined from S-N curves and 

corresponds to the fatigue strength at about 10,000 cycles.  The standardized peak loadings were 

developed by ABS after analysis of a number of ships and deriving an appropriate shape parameter 

for a Weibull distribution to describe the fatigue-loading spectrum representing approximately 20 

years operation in the North Atlantic.  Weibull distribution approaches have been proposed in the 

past by Munse et al [36].  Note that it is much more difficult to predict the peak stress range than it 

is the 0.01 percent exceedence level stress range as in the AASHTO approach for long-life variable-

amplitude fatigue.  The greatest uncertainty is in the extreme tails of the stress range distribution.   

The AASHTO S-N curves and detail categories are used in this report.  They can be 

converted to equivalent British Standards S-N curves using Table 2.1, and then an allowable stress 

range can be determined for use with the ABS SafeHull approach.   
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2.2 Repair Techniques 

In reviewing the literature for this project, it was determined that very little experimental 

fatigue test data exist for ship repairs.  Ship Structure Committee Project SR-1376 tested butt 

welds and associated weld-access holes. Through-thickness cracks were weld repaired multiple 

times [37].  Other SSC reports [38,39] discuss the analysis of repairs of cracked details in ship 

structures, but this research was based on finite element models and did not include testing.  

These reports did, however, provide both repair ideas and a baseline to compare the experimental 

data from this project.  

There is no guidance on the expected fatigue strength of ship repairs in various 

international rules and guidelines for construction of ships.  Many of these, such as the American 

Welding Society (AWS) “Guide to Steel Hull Welding,” [40] have recommendations governing 

repair welds, but none discuss resultant fatigue strength of these repairs.   

The Tanker Structure Co-operative Forum has published several books that show 

pictorials of the types of cracks that commonly occur in tankers and the suggested repairs 

[41,42,43].  These books were very helpful in identifying typical cracked details and the 

suggested repairs.  However, these books do not address the expected fatigue strength of the 

repairs.   

There were some fatigue test data for repairs made to other types of steel structures, 

particularly highway bridges.  As discussed in the previous section, the fatigue resistance of a 

welded detail does not depend on the type of structure in which the detail is located, aside from 

the variation in stress range distribution and possible degradation of fatigue strength due to 

exposure to seawater and corrosion.  It is expected that the effects of these latter factors can be 

accounted for in predicting the residual life of repaired details the same way these factors are 

treated in predicting the life of new details. Therefore the limited test data for details used in 

bridges and other types of steel structures are applicable to ship details as well.   

Repair techniques can be categorized into three major categories:  1) surface crack 

repairs, 2) repair of through-thickness cracks, and 3) modification of the connection or the global 

structure to reduce the cause of cracking.  The expensive option of substantial renewal of a panel 

of the structure is essentially similar to new construction and is presently accepted as a 

permanent repair.  Therefore, substantial renewal of the structure is not discussed further.   
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2.2.1 Surface Crack Repairs 

Surface crack repair techniques include grinding, gas tungsten arc (GTA) or plasma 

remelting of the weld toe, and impact treatments.  These techniques can be used both as repairs and 

as improvement methods for the fatigue strength of uncracked welds.  Many references provide data 

on the effect of these procedures as improvement techniques [44,45,46,47].  The improvement in 

fatigue strength can be attributed to one or a combination of the following:  1) improvements in the 

weld geometry and corresponding reduction in the stress concentration;  2) elimination of some of 

the more severe discontinuities from which the fatigue cracks propagate; or 3) reduction of tensile 

residual stress or the introduction of compressive residual stress [45].  In all cases, once the 

treatment is applied to the welds, the remaining fatigue life is at least as good as the life of the 

original detail when it was new, in other words there is no remaining effect of prior fatigue loading 

cycles.  In most cases these treatments result in fatigue strength of the treated detail that is at least 

one fatigue “category” greater than the original detail, i.e, the next greatest S-N curve in the 

AASHTO set of S-N curves can be used to predict the residual life of the repaired detail.  (The 

increment in fatigue strength between the British S-N curves is approximately the same.) 

One study by Fisher et al. (NCHRP 206) [48] investigated the effectiveness of these three 

techniques to repair shallow surface cracks at the weld toe.  These methods were applied to the ends 

of cover plates (flange doublers) in full-scale welded girders, but the results can be extended to any 

weld toe region subject to normal in-plane stresses, including most types of welded attachments and 

tubular joints.   

Results for the grinding repairs were mixed, and this study therefore concluded that grinding 

away cracks was not a cost effective alternative.  This grinding did not attempt to change the profile 

of the weld by grinding the entire weld surface, tapering, or feathering the weld toe.  Therefore, the 

stress concentration of the weld toe was not significantly altered.  More extensive grinding of such 

cover plate details has been shown to be effective, e.g. Graf [49] or Yamada and Albrecht [50].  

However, such extensive grinding is considered overly expensive as a retrofit technique for bridges.  

In offshore structures with tubular joints, where the welds are very large, grinding is very effective 

at shaping the weld and enhancing fatigue strength by reducing the associated stress concentration 

factor.   
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GTA or plasma remelting of the weld toe involves remelting a small volume of the weld toe 

and the base metal.  This is accomplished by manually moving the tungsten electrode at a constant 

rate along the weld toe.  The GTA remelting process tends to remove slag intrusions as well as 

reduce the stress concentration at the weld toe [45].  The NCHRP 206 study looked at using GTA 

remelting as a repair procedure.  Results were good provided the crack was fully removed by the 

GTA process.  The report recommended that cracks up to 5 mm deep could be successfully repaired 

using this process.  However, in order for this procedure to be effective, it requires greater operator 

skill and adequate penetration must be achieved.   

Peening methods work mainly due to the introduction of compressive residual stress near 

the weld toe.  Because the compressive residual stress lowers the effective tensile stress range on 

cracks and crack-like defects, it has been found to only be effective when conducted under dead 

load.  In other words, the peening only has to be effective against live load.  The reason for this is 

that once the dead load is applied, local compression induced by the peening may disappear. 

Therefore, peening is better suited as a retrofit technique than in new construction. 

Air-hammer peening has been used successfully as a repair for shallow surface cracks.  

Experiments in NCHRP 206 demonstrated that a fatigue crack up to 3 mm deep in cover-plated 

details can be arrested by peening provided the stress range does not exceed 41 MPa.  Peened beams 

with crack depths larger than 3 mm usually show no measurable increase in life.  More than three 

decades of experience with hammer peening the end welds of cover plate attachments in bridges has 

shown this to be an inexpensive and effective technique, in most cases the repaired details or retrofit 

uncracked details will never crack in the remaining useful lifetime of the structure.  For example, 

coverplate attachment end welds, both uncracked as well as with shallow surface cracks up to 3 mm 

deep, were hammer peened on the Yellow Mill Pond Bridges in Connecticut in the 1970’s.  These 

details withstood over 56 million truck traffic cycles over three decades before the bridges were 

replaced only because a wider bridge was needed [51]. 

Hausmmann et al [52] studied the effect of air pressure and number of passes on the 

resulting deformation and associated residual stresses.  Best results were obtained with lower 

pressures (below 280 kPa) and greater number of passes (up to six).  A depth of plastically 

deformed grains greater than 0.5 mm was consistently obtained.  The depth of compressive residual 

stress extends from two to four times the depth of plastically deformed grains. 
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Peening is also useful for improving the fatigue performance of welds without detectable 

fatigue cracks.  Experiments have shown that the fatigue strength is increased by at least one detail 

category, i.e. the fatigue life is approximately doubled.  Fatigue resistance of repair welds can also 

be improved by up to 175% by peening after repair welding [53].  The benefit of peening in the case 

of welds without detectable defects is also primarily due to residual stress.  For example, Harrison 

[54] found that welds that were stress relieved after peening had no significant increase in fatigue 

life.   

It might be expected that the peening operation would derive some benefit from blunting or 

eliminating many crack-like defects at the weld toe such as slag intrusions.  However, the peening 

operation also introduces numerous lap-type defects.  The depths of these defects range from 0.05 to 

0.25 mm, i.e. the same order of depth as typical weld toe slag intrusions.  Unfortunately, like the 

slag intrusions, these defects also serve as a site for crack initiation, thereby negating the benefit of 

blunting the weld toe defects.  Even greater improvement is reportedly obtained when the peening 

operation is followed by light surface grinding, which apparently removes many of these lap-type 

defects. 

A new method still under investigation is the use of ultrasonic impact treatment (UIT) to 

improve the fatigue strength of welds.  The method involves deformation treatment of welds by 

impacts at ultrasonic frequency (roughly 27 kHz) on the weld toe surface.  The process removes 

some material at the weld toe and also results in a residual stress field at the weld toe that is 

favorable to preventing crack initiation, similar to the effect of hammer peening.  The tool is much 

easier to handle, and the noise generated is negligible compared to that of air hammer peening [55].  

UIT has been shown to be even more effective than hammer peening at substantially improving the 

fatigue performance of welded joints [56], so it can be assumed that UIT will increase the fatigue 

strength of cover plate details and transverse stiffeners by at least one detail category [55]. However, 

the equipment is presently proprietary and the vendor must perform treatment services. Additional 

research into the effectiveness of the method on full-scale welded bridge girders is continuing   
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2.2.2 Through-Thickness Crack Repairs 

The most common type of repair on ships is the repair of through-thickness cracks greater 

than 50 mm in length.  Through-thickness cracks are typically repaired by arc-gouging a vee-shaped 

weld preparation along the crack path and then welding, usually using the shielded metal arc 

welding (SMAW) process with low-hydrogen electrodes.  

There are a few studies looking at the fatigue resistance of repair welds [37,57,58,59].  

These studies were either on plates or highway bridge girders with welded attachments.  All 

generally concluded that at best, the fatigue resistance of a repair weld can only be as good as the 

original detail.  Lower fatigue resistance will result from failure to completely remove the crack or 

from poor weld quality.  If post-weld improvement techniques are used (peening, grinding, GTA 

remelting) then fatigue resistance is likely to increase.   

Regarding ship structural details, project SR-1376 tested butt welds and associated weld-

access holes and through-thickness cracks were weld repaired multiple times [37].  Results showed 

that as long as a crack is completely removed, a full-penetration repair weld completely restores the 

fatigue life of a cracked butt weld.  Previous studies have shown that when stringent non-destructive 

testing is used original butt welds can be as good as Category C details.  In this study, non-

destructive testing was not used.  Consequently the original butt welds were shown to be AASHTO 

Category D details.  Surprisingly, the repair welds were also Category D, regardless of whether a 

two-sided or one-sided weld was used and whether the latter was made with or without a backing 

bar.  The cyclic loading prior to a repair apparently has no effect on the fatigue life of the repair.  

Also, multiple cycles of repair (up to four) have no detrimental effect on the restored fatigue 

strength.  Weld access holes were also shown to be Category D details.   

Vee-and-weld repairs are most effective when used to repair a previous weld that cracked, 

i.e. they will usually not crack again until at least the time it took to crack the detail in the first place.  

A vee-and-weld repair in a plate where there was no weld before, however, is rarely effective, i.e. 

they will usually crack again in a time period less than the time it took to crack the detail in the first 

place [60].  In this case it is necessary to modify the detail, which is discussed below. 

For through-thickness cracks that have not only propagated through the plate thickness but 

also away from the local stress concentration, hole drilling using either a drill bit or hole saw has 

proven to be an effective retrofit [61].  Holes essentially blunt the tip of the crack, reducing the 

stress concentration.  The size of the hole must satisfy the relationship 
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where SR is the stress range (MPa) and a is the length of the crack (mm) for edge cracks (to the edge 

of the hole) and 2a is the total length of a two-ended crack (defined from the edges of the two holes 

at the two ends of the crack), and σy is the yield strength of the plate (MPa).  If this relationship is 

not satisfied, the crack will most likely reinitiate from the edge of the hole.  The validity of this 

retrofit has been studied in the laboratory on full-scale welded beams subjected to variable 

amplitude loading up to 90 million stress cycles. 

 Slightly better resistance to reinitiation can be obtained if bolts are inserted in the holes and 

tightened so as to introduce some local compression around the hole.  Other methods attempt to 

cold work the hole to introduce some beneficial residual stress state around the hole and crack tip 

[62]. 

 Hole drilling or sawing may also be used to isolate a fatigue crack so that it does not extend 

from a secondary component into the main girder.  A large number of bridges have been retrofitted 

by installing saw-cut holes in the girder web.  Stop-holes have been used successfully for cracks 

formed under distortion-induced stress ranges in bridge girders.  For distortion induced cracks, stop-

holes are more effective than weld repairs, since cracking relieves the distortion-induced stress 

ranges, thereby reducing the driving force for subsequent crack extension.  Weld repairs restore the 

distortion-induced stress ranges and will crack again, typically more quickly than the original 

cracking. 
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 Another technique that can be used to repair through-thickness cracks is doubler plates, or 

doublers.  Typically cracks repaired using doublers are either large or have reached a critical length.  

Doublers are also typically used to restore a section that has been heavily damaged by corrosion.   

Doublers can either be attached by welding or with high-strength bolts.  From a fatigue 

resistance standpoint, the bolted doublers are always better than welded ones, because a high-

strength bolted connection can be considered an AASHTO Category B detail, while a welded 

connection will be Category E or worse.  However, bolted connections may require drilling a large 

number of holes and require access to both sides of the cracked surface, and therefore may not 

always be cost effective or even possible.  A recent report for the Navy concluded that doubler 

plates were a viable permanent repair technique and that other details, such as the connection of 

longitudinals to bulkheads and web frames, would govern the fatigue life before the doubler plates 

would cause cracking [63].      

 Welded doubler plates are not typically used in highway bridges since a welded cover plate  

is an AASHTO Category E or E’ detail.  But in ship repairs, welded doublers are more common, 

primarily because the detail categories used in ships are much lower then in bridges.  Typically, the 

crack tips are drilled out and a doubler is fillet welded over the cracked region.  ABS rules consider 

doublers to be a temporary repair only, however, unless structural analysis shows that the repair will 

be structurally adequate.  ABS also prohibits the use of doublers in any area that contains fuel oil or 

other flammables because the doubler could trap explosive gases [34,63].  

 When the stress range in a repaired region must be reduced for the repair to be effective, 

such as in a weld repair where there originally was no weld, then a design modification of some sort 

is required.  This could involve adding a doubler plate(s) to increase the cross-sectional area.  If the 

detail contains a sharp corner, then introducing a soft-toe or radius can reduce local stresses 

considerably.  Another option may be to change the overall geometry of the connection to reduce 

stress in the joint.  Care must be taken, however, to ensure that any design modifications do not 

become fatigue problems themselves. 
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2.3 Fatigue-sensitive details in ships 

In project SR-1376, a literature search was conducted to determine the types of ship details 

which should be used for fatigue tests of weld repairs [37].  In addition, a survey was conducted of 

over 50 shipyards, ship owners, operators, regulators, surveyors, universities, consultants, and other 

agencies with an interest in ship repair in the U.S.A., Europe, and Asia.  Previous Ship Structure 

Committee Reports were also reviewed and the results included in a project interim report [64]. 

Results indicated that the three details with highest priority for repair research were 1) brackets at 

the intersections of web frames and girders with bulkheads; 2) the intersection of longitudinal 

stiffeners with transverse web frames or bulkheads; and 3) butt welds in stiffeners and girders.  An 

example of all three of these details can be seen in Figure 2.4, which is a photograph taken in the 

engine room of a containership. 

Since butt welds were already covered in project SR-1376, this project focuses on the 

bracket connection of web frames and girders to bulkheads and the intersection of longitudinal 

stiffeners with transverse web frames or bulkheads.  The first detail’s most important feature is the 

bracket that connects the structural members.  An example of this detail can be seen in Figure 2.5.  

This is a critical part because it is all that connects the 2 members together.  A bracket usually 

consists of a built-up section or is cut from a rolled section, so that it can be welded to the two 

structural members.. Usually there is a gap left between the members, making the precision of 

cutting them less important.  The bracket also makes for less welding, which will help reduce the 

amount of warping seen in the members.  

An example of the second detail is shown in Figures 2.6 and 2.7.  At this detail, longitudinal 

stiffeners attached to the inner or outer hull must pass through a cutout in the transverse web frame.  

The longitudinals are typically angle or bulb sections, but may also be tee sections.  Lug plates 

connecting the longitudinal to the web frame at the cutout generally are present to stiffen the 

connection.  A vertical flat bar stiffener is usually present and may or may not be attached to the 

longitudinal.    

Both of these details have been well documented as a nuisance location for cracking in 

tankers, containerships, and bulk carriers [41,43,66,67,68].  The first detail’s cracks form at the end 

of the bracket in the girder or web frame.  The cracks start in the weld toe of the bracket and 

propagate out into the structural member.  These cracks are caused by the primary bending stresses 
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exerted on the ship through fluctuating wave pressures.  Only a small bending stress is required to 

fatigue this detail, since it is a Category E’ detail on the AASHTO S-N Curves.  

The second detail can be treated as AASHTO Category C using the hot-spot stress range 

design approach.  Cracks typically form in the web frame, initiating at the cutout.  Additional cracks 

can form in the vertical stiffener, the longitudinal or possibly even in the hull plate.  Some have 

suggested that the torsional distortion of the unsymmetric longitudinal causes an additional twisting 

moment that contributes to cracking.  Finite element studies have looked at varying the cutout shape 

in order to relieve stresses at this location [69,70].   

This problem is analogous to the fatigue cracking seen in orthotropic decking in steel 

bridges, where floor beams (ribs) pass through transverse diaphragms.  Again, cracks usually form 

at the cutout, either in the ribs or the diaphragms.  A study by Kaczinski et al [71] performed full-

scale fatigue testing on orthotropic deck for the Williamsburg Bridge in New York.  This study 

found that if the diaphragm is groove welded to the rib, AASHTO Category C resistance could be 

achieved.  The study recommended that a larger cutout and thicker diaphragm would be most 

beneficial to improve fatigue resistance.  This study also successfully used hammer peening and 

hole drilling to repair cracks that formed at the cutout in the diaphragm.   
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Table 2.1:  Cross-reference for S-N curves (nearest curve at 2 x 106 cycles) 

AASHTO Eurocode 3 BS 7608 

A 160 B 

B 125 C 

B’ 100 D 

C 90 D 

D 71 F 

E 56 G 

E’ 40 W 
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Figure 2.1:  Nominal stress S-N curves used in AASHTO, AISC, AWS, and AREMA specifications 
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Figure 2.2:  BS 7608 nominal S-N curves 
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Figure 2.3:  Stress regions approaching a welded joint [30] 

 

 

Transverse 
Web Frame 

Butt Weld 

Longitudinal 

Figure 2.4:  Fatigue-sensitive details found in ship structures [65] 
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Bracket 

Figure 2.5:  Bracket connection of girder to bulkhead detail [65] 
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Figure 2.6:  Longitudinal/transverse web frame connection [66] 

 

 
Figure 2.7:  Longitudinal passing through a transverse web frame in a tanker ship [65] 
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3  EXPERIMENTAL PROCEDURES AND RESULTS 
 

 This chapter presents the experimental/numerical research that was performed to develop 

reliable methods to estimate the residual fatigue life of typical weld repairs.  Fatigue tests were 

conducted on realistic large-scale ship-structure models.  Fatigue cracks were repaired with 

various techniques, including stop holes, vee-and-weld repairs, and doubler plates, and the 

testing continued.  Fatigue life and stress-range data were recorded for both the original details 

and the repaired details.  These data were plotted on S-N curves and compared to typical fatigue 

categories.  

 Four types of fatigue tests were conducted: 

a) simplified model of attachment (five specimens) 

b) complex model of bracket attachment (two specimens) 

c) simplified model of longitudinal/transverse web frame connection (five specimens)  

d) complex model of longitudinal/transverse web frame connection (two specimens)  

Each of these experiments and the relevant analyses are discussed below.   

 

3.1 Simplified Model of Attachment 

 

As discussed in Section 2.3, a detail that has frequently had fatigue problems in 

commercial ships is the connection between orthogonal structures, either girders or web frames.    

The first type of specimen is a simple model of a girder with a non-load-bearing attachment 

detail.  The simple-attachment specimen, shown in Figures 3.1 and 3.2, is a rolled wide-flange 

beam approximately 250 mm deep spanning 3050 mm between supports featuring eight 150 mm 

lengths of rolled tee-sections fillet welded to the flanges.  Each WT6 x 9.5, rolled tee section 

simulates a transverse plate with a rib as in a typical attachment.  The web of this tee section is 6 

mm thick and the transverse flange of this tee section is 9 mm thick.  The tee sections are spaced 

so that there is 305 mm of clear distance between each one, i.e. enough such that cracking and 

repair of one attachment detail should not affect any other. 
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3.1.1  Test Setup  

The simple-attachment specimens were tested in four-point bending with the load being 

applied to the specimen 533 mm inside of the supports.  The setup is shown in Figures 3.3 and 3.4.  

All of the tee sections were located in the region of constant bending moment between the load 

points and therefore are subjected to approximately equal stress ranges   Clamped rollers (as shown 

in Figure 3.5) were used at the supports and loading points to facilitate loading reversal and to make 

the supports behave like an ideal roller.  The load is applied with a 350 kN-capacity servo-

controlled hydraulic actuator through a spreader beam to the two load points.  

 
3.1.2  Static Calibration 

The simple-attachment specimens were tested statically to make sure they behaved as 

predicted by the primary bending stress equations.   A schematic of the strain gage layout is 

shown in Figure 3.6.  Table 3.1 shows the very good comparison between the measured stresses 

and the stress calculated using standard bending equations at the peak loads.  In cases where the 

measured stress range is significantly less than the calculated stress range, the measured stress 

range is used when reporting or plotting the data.  Figure 3.7 shows that the stress gradient 

through the beam depth is linear and that the neutral axis is at the midpoint in the beam, as 

expected.  

 

3.1.3  Fatigue Test Procedure 

A 220 kN sinusoidal cyclic load range (plus and minus 110 kN) was applied at a 

frequency ranging from 2 to 2.5 Hz   This induces a nominal bending stress range in the beam 

flange of 100 MPa at all the attachment details.   

Visual inspection, aided by the dye penetrant technique, was used to find the cracks.  A 

dye penetrant test involves using a cleaner to free the surface from dust, dirt, or debris.  The 

surface is then sprayed with a red dye and given adequate time to allow the dye to seep into any 

cracks or surface defects.  The dye is wiped clean after sufficient time and a developer is sprayed 

onto the area to assist the dye to weep out of any cracks it seeped into, and thereby exposing the 

crack.  The penetrant makes the cracks show up in red against the white developer, as shown in 

Figure 3.8.  The cleaner used in this technique was also frequently used by itself because it can 

be seen pumping in and out of the crack as the specimen cycles.    
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The number of cycles and size of the crack were recorded each time the specimen was 

checked.  This was done until the cracks forming at the detail reached our criterion for failure.  

Failure is defined as the development of a through-thickness crack at least 50 mm in length along 

the weld toe.  Long shallow surface cracks are often much longer then 50 mm along the weld toe 

before they propagate through the plate.  Examples of cracks defined as failures at either end of 

the attachments are shown in Figure 3.8. 

 

3.1.4  Repair Techniques 

Various weld details were used to repair the cracks in the simple attachment specimens.  

In addition, hammer peening was used on some of the repair welds.  On one specimen, all of the 

attachment details were hammer peened before the specimen was tested to determine the effect 

on the life of the original attachment details.  All the likely crack initiation locations were 

hammer peened on this specimen, i.e. at weld toes on the weld returns on the end of the web and 

along the flange (as shown in Figure 3.9).  Note that it is relatively easy to verify that the peening 

was performed correctly from the appearance of the weld toe.  The chisel tool used for the 

peening hammer is about 13 mm wide and has a radius of about 3 mm at the tip.  The air 

pressure used to run the hammer was normal shop air, from 420 to 450 kPa.  All weld toes 

received four passes with the peening tool.  This procedure was determined to be optimal by in a 

study by Knight [72].  

All the weld repairs were begun by drilling a hole from 14 to 17 mm in diameter at the 

crack tip in the web of the beam.  This was not done for the flanges because there is not room for 

a drill between the attachments and many cracks severed the flange.  To allow for the possibility 

that the crack is longer than estimated using dye-penetrant testing, the hole is drilled with the 

center about 5 mm past the suspected location of the crack tip.  Next, carbon air-arc gouging is 

used to create an access hole in the web of the rolled beam.  The access holes were cut out as 

ovals, with the long side being about 50 mm long and the narrow distance being about 30 mm.  

The hole at the crack tip was used as the start point for the access holes, as shown in Figure 3.10. 

Single sided weld repairs made in the flat position were used for the top flange of the 

specimens.  The repair detail varied in whether or not the backing bar was removed and if 

hammer peening was added.  The first step in a single sided weld repair after cutting the access 

hole is arc-gouging out the through-thickness crack to form a vee-shaped groove.  Again, to be 
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sure to capture the full extent of the crack, gouging was extended to about 5 mm past of the 

penetrant mark.  The backside (bottom side) of the gouge was ground smooth to allow a 6 mm 

thick backing bar to be tack welded to the specimen.   

Welding was done using the shielded metal arc welding (SMAW) process with E7018 

electrodes.  The welders were graduate research assistants trained by certified welders but with 

minimal skill beforehand, a common skill level in repair shipyards in foreign countries.  It was 

our intention to achieve lower-bound quality for the repair welds.  Non-destructive testing was 

not used on the repair welds.  Despite these conditions, the results are not that much worse than 

would be expected if welded by experienced welders under strict quality assurance.  It is 

believed to be better to have more robust models for the life of these repairs and not to have to 

rely upon strict quality assurance.  It is still prudent to require some degree of non-destructive 

testing and other quality assurance in developing specifications for repair welding, although it is 

comforting to know that if there are minor lapses in quality the results will not be worse than 

predicted using the models developed in this research.   

The groove in the 13-mm thick flange was then filled with about 6 to 10 weld passes, 

depending on the width.  A completed single-sided repair with backing bar is shown in Figure 

3.11.   

In cases where the backing bar was removed, it was removed either by pounding with a 

hammer or by arc-gouging.  When gouging the backing bars it was important not to gouge too 

deeply because then a two sided repair must be completed to fix the gouging on the back side.   

A picture of a completed single-sided weld repair with the backing bar removed is shown in 

Figure 3.12. 

Two-sided repair welds were made in the bottom flanges of the specimens and 

occasionally in the top flange.  The first step in making a two-sided repair weld is gouging out 

the bottom side of the crack to form a vee-shaped groove about half of the thickness of flange.  

This groove is then welded in the overhead position using the SMAW process with E7018 

electrodes.   The groove usually takes 4 to 6 passes to fully fill it fully.  The remainder of the 

crack and the root of the weld, about three-fourths the flange thickness, were arc-gouged from 

the flat position to form a vee-shaped groove on the topside of the weld repair.  This side of the 

weld is then made in the flat position using the same electrodes.  Filling this groove also took 4 

to 6 passes.  A completed two-sided weld repair is shown in Figure 3.13.   
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In cases where hammer peening was performed on repair welds, it was applied to the toes of 

the completed welds.  A hammer peened weld repair is shown in Figure 3.14.  Again, note that it is 

relatively easy to verify that the peening was performed correctly from the appearance of the weld 

toe.  The hammer-peening procedure used on the repair welds was the same as described above for 

the new details.   

 

3.1.5  Results 

The data are plotted with standard AASHTO S-N curves in Figures 3.15 and 3.16.  Results 

for each specimen are also presented in Tables 3.2-3.6.  In the tables “1st” refers to cracks in the 

original specimen, “2nd” refers to cracks in the first repair weld, etc.  The original attachment detail 

would be expected to be a Category E detail according to AASHTO fatigue design specifications.  

The cycles to failure for the original detail exceed the Category D S-N curve.  This indicates that the 

fatigue resistance of this attachment detail is slightly better than estimated by AASHTO.   

The specimens that were preemptively treated by hammer peening never cracked, although 

the number of cycles was greater than necessary to show these hammer–peened details would be at 

least as good as Category C.  (It is not necessary to carry these tests out to greater number of cycles 

since most details on a ship are worse than Category C.  Therefore performance at least as good as 

Category C is good enough for ships.)  These results confirm previous observations that hammer 

peening increases the fatigue resistance of a detail by at least one category, as was discussed in 

Section 2.2.1.  The ratio of the fatigue lives of one category to the next highest category is about 

two, so for practical purposes, if the loading history on the detail remains the same, the hammer-

peened detail will last at least twice as long before cracking as the original detail without hammer 

peening.   

Other studies show that if the hammer peening treatment is carried out as a retrofit even 

after most of the life of the original details is consumed, the clock is essentially reset and the 

remaining life will be at least twice the original life [48].  (The data on hammer peened repair welds 

discussed below also bear this out.)  This means that if a cracking problem begins to develop after 

ten years, other similar details can be hammer peened and they would be expected to last another 

twenty years.     

Consistent with the findings of Dexter and Kelly, these data also show that the fatigue life of 

a repair welded attachment detail is essentially reset, i.e. the previous cycles that the base metal has 
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undergone do not seem to affect the life of the repair weld, which acts essentially like a new weld 

with no prior fatigue damage [37].   In the study by Dexter and Kelly, the groove weld repairs were 

made at details which were also simply butt welds in flanges and webs with no attachment details 

[37].  Thus there was a one-for-one replacement of the welds and the life of the repair welds was 

comparable to the life of the original new groove welds.   

In the present study, however, a groove weld repair is created at the attachment, which was 

previously only fillet welded.  Therefore it would be expected that the remaining fatigue resistance 

of the weld-repaired detail would be degraded relative to the fatigue life of the original detail in new 

condition.  Groove welds are susceptible to larger weld defects and higher residual stress than fillet 

welds, especially when welded under poor conditions common in repair shipyards (and simulated 

by our novice welders).  The S-N data indicate that these repair welds are above the Category E’ S-

N curve.  The Category E’ S-N curve is one curve lower than the predicted curve for the original 

detail.  So it can be concluded that a weld repair on a Category E detail will produce a detail which 

has the remaining life of at least a Category E’ detail.  For practical purposes, if the loading history 

on the detail remains the same, the weld repaired attachment detail will only last 33 percent as long 

as the original detail.  Clearly, these types of weld repairs are not going to be considered permanent 

repairs.     

The third simple-attachment specimen had the initial crack at the top, edge, west, flange 

grow until only about a quarter of the gross cross-sectional area remained.  This large crack was 

repaired by welding two 6 x 203 x 152 mm doubler plates to the web after the cracked web and 

flange were weld repaired.  The crack and repair are shown in Figure 3.17.  The doubler plates 

added to the web also stiffened the attachment on the bottom side of the beam, making it so the 

bottom attachment did not crack.  This is reported in the repair table for the third specimen, but will 

not be included in any of the other charts because it would skew the data.  The doubler plates also 

affected the repair weld, by stiffening the section so that it did not crack either.  This data will be 

included in all of the tables because it is a different type of repair. 

The webs of the outer attachments are located very near the clamped roller connection for 

applying the load.  As shown in Figure 3.18, there was not enough access at this location to remove 

slag and achieve reasonable weld quality.  This lack of access was reflected in the relatively short 

fatigue life of many of these repairs.  Since these data were affected by the lack of access they were 

not included in the S-N curves, although the data are still included in the Repair Tables for 
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reference.  The log of the mean life of each type of repair are shown in Figure 3.19.  This shows that 

one-sided and two-sided weld repairs have approximately the same fatigue life, with the two-sided 

welds fairing slightly better as expected.  The lack of significant difference between one-sided and 

two-sided welds was also seen by Kelley and Dexter in SR-1376 [37].   

The difference in life of first repairs and multiple repairs was also examined.  It was 

expected that the fatigue life of a multiple repair would be degraded relative to original repairs.  

Figure 3.19 shows that there is a small loss of fatigue life with multiple repairs, especially for the 

one-sided welds, but not a significant one.  The data include welds that were repaired up to four 

times.  Four repairs is a practical limit due to many factors including weld magnetization, which 

was also noted as a factor by Kelly and Dexter [37] and by Pilarski and Dexter in SR-1392 [18].   

A significant increase in the life of the repairs can be obtained by hammer peening the toes 

of the repair weld.  The repairs that were hammer peened survived for the remainder of the 

specimen’s life, considerably longer then any of the weld repairs.  The number of cycles they were 

exposed to after repair and hammer peening was at least as good as the original detail or Category 

D.  These tests could not be carried out for longer due to the fact that other cracks ended the useful 

life of the specimens.  Nevertheless, these results show that hammer peening the weld repair at a 

non-load bearing attachment can at least restore the fatigue strength to Category D, which in most 

cases is good enough for a ship.     
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3.2 Complex Model of a Bracket Attachment 

 

 The second type of specimen tested in this project is also aimed at representing the 

intersection of orthogonal girders, however in these specimens the attachment is load bearing.  

The complex-attachment specimens, shown in Figures 3.20 and 3.21, were fabricated from rolled 

channel shapes about 450 mm deep, similar in size to what would be found on a tank ship.  For 

typical ship structures, one of the flanges on the specimen would be a deck of side shell plate.  

Because of the asymmetry in the effective plate areas the plate compared to the area of the flange 

of the girder, there is significantly less stress in the plate.  Cracking almost always occurs in or 

near the flange, and not at the plate.  In these specimens, two separate girders and brackets are 

actually being tested simultaneously.  The main components of the complex attachment 

specimen are a 3454 mm long girder, a 1892 mm long orthogonal girder, and two brackets all 

made from MC18 x 42.7 sections.  The brackets join the two girders together through lap joints, 

but leave a 38 mm gap between the cross and stem of the tee.  The brackets, shown in Figure 

3.22, are also made from a MC18 x 42.7 section.  The connection detail with two brackets is 

shown in Figure 3.22. This detail with a lap joint is expected to be a Category E’ detail.  Thus 

this specimen will provide an example of repairs to a very poor detail with very high initial 

misalignment and stress concentration.   

 

3.2.1 Test Setup 

 The two complex-attachment specimens were tested side-by-side for symmetry.  If tested 

separately there would be torsion in the non-symmetric channel sections unless they were loaded 

precisely through the shear center.  The set up is shown in Figures 3.23 and 3.24.  The complex-

attachment specimens were tested with the load from a 156 kN servo-hydraulic actuator applied 

horizontally to the two webs of the channels.  This arrangement gave maximum moment and 

stress range at the top ends of the brackets, and induced this bending moment into the horizontal 

girders as well.  Because there are two ends of the horizontal girder attached to each vertical 

stem, the moment in the girders was only half the moment in the vertical stems. 
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As in the simple-attachment tests, clamped roller connections were used on the horizontal 

girder as shown in Figure 3.25.  The connection to the actuator did not use rollers, but the 

actuator’s swivel head allowed rotation.  This connection provided more fixity than a purely 

pinned connection, as discussed below.  

 

3.2.2 Static Calibration 

 The complex attachment specimens were tested statically to take strain gage 

measurements and make sure that the strain measurements compared well to the simple bending 

stress equations used to determine the nominal stress.   The strain gage layout is shown in Figure 

3.26.  The strain gages were placed to show that the two specimens were sharing the load equally 

and to show the stress gradient in both the vertical stem of the tee and through the horizontal 

girders. 

Again the simple bending stress equations were checked, and they compared well to the 

measured values.  Figure 3.27 shows the strain gradients along the stem of the tee, this strain 

gradient deviates from linearity near the top because of the partial fixity in the connection at the 

top of the channel.  The last gage near the bottom does not see all of the stress because this gage 

is located below the line where the brackets start.  The stress distributions in the beam are linear 

and have the neutral axis near the middle of the beam, as seen in Figure 3.28. 

 

3.2.3 Fatigue Test Procedure 

 The complex attachment specimens were tested with a sinusoidal load varying between 

0.3 and 0.5 Hz with a maximum range of 120 kN on both specimens (plus and minus 60 kN).  

The nominal bending stress range in the channel section at the end of the bracket was 78 MPa for 

all specimens.  The critical stress range changed to 71 MPa when doubler plates were added.  

This change is due to the movement of the critical point to the end of the doubler, which was 

further up the stem of the tee. 

 The complex attachment specimens were run and visually checked the same way as 

described above for the simple specimens.  Dye penetrant was used to check for cracks in the 

same way as it was for the simple specimens.   

The complex attachment specimens also had the time, number of cycles, and size of crack 

recorded each time the specimen was checked.  These data were recorded for both the initial 
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cracks and the repair cracks.  As in the simple specimen test the repair number and number of 

cycles were recorded with each new crack large enough to meet the criterion for failure (through 

thickness cracks greater than 50 mm in length).  Most of the cracks in this test were allowed to 

grow beyond this criterion for failure, but a few of them were stopped early.  The cracks that 

were not allowed to grow to through thickness were repaired when they were only surface 

cracks.  This was done to see if there was an advantage to repair the cracks before they reach 

through thickness.   The through-thickness cracks were allowed to grow to at least 180 mm long 

to allow the repair to be not too close to the edge of the bracket.  A typical crack just before 

repair is shown in Figure 3.29. 

 

3.2.4 Repair Techniques 

The variations in weld repairs involved drilling out the weld start and terminations points, 

hammer peening, and adding doubler plates.  For the repair welds on through thickness cracks, 

the crack tips were first drilled out.  Then, after welding, the weld terminations were either 

drilled out or ground out (with a Dremel tool) of the hole drilled at the crack tip.  The partial-

thickness cracks did not have their start and termination points on the welds drilled out.   

The weld repairs for the partial-thickness cracks were the simplest repairs.  The first step for 

this type of repair was to arc-gouge out the crack into the form of a vee-shaped groove.  An 

additional 6 mm on each side was arc-gouged outside of the dye-penetrant marking to ensure that 

the crack tips had been removed.  The groove was arc-gouged deep enough that no signs of the 

crack could be seen during gouging and by visual inspection after gouging.  It is very important to 

make sure that the entire crack is removed in this step, to ensure that the crack will not reinitiate 

prematurely.  The final step in this repair was using the SMAW process with E7018 electrodes to 

fill in the gouged section, usually using 4 to 6 passes.  A partial thickness repair is shown in Figure 

3.30. 

The through-thickness cracks were all repaired with two-sided weld repairs.  The first step 

for repairing these was to drill out the crack tips with 6 to 13 mm diameter holes.  The weld repair 

was then completed in the same manner as described for the two-sided repair of the simple 

specimen (Section 3.1.4).  Once the welding was completed then the starting and termination points 

of the weld were ground flush and a 12 to 25 mm hole was drilled.   
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Two options were explored for the weld terminations when there was an existing hole from 

a previous repair.  The first was to put a backing bar over the hole and fill it with a plug weld when 

the first gouge is welded.  Then the normal repair can be completed with a slightly larger hole 

drilled to remove the weld termination (holes up to 29 mm were used).  A through-thickness repair 

with drilled-out weld termination points is shown in Figure 3.31.  The other option is running the 

repair weld out into the hole and then coming back and grinding the run out down later with a 

Dremel tool.  A picture of a ground out hole is shown in Figure 3.32. 

The first of three modifications tested for through-thickness vee-and-weld repairs was 

grinding down the weld and weld toe.  After the weld repair is completed, the grinding is done by 

taking a disk grinder and smoothing out the weld, especially the weld toe.  This should remove 

small surface imperfections on the weld and at the weld toe.  A picture of a ground down weld 

repair is shown in Figure 3.33. 

  The second modification of through thickness vee-and-weld repairs is hammer peening.  

As discussed in section 3.1.4, it is applied to the toes of the repair welds.  This gets more difficult to 

do the more times the location is repaired because of the multiple weld toes and sites for potential 

crack initiation.  A picture of hammer peening done after multiple repairs on the complex-

attachment specimen is shown in Figure 3.34.    

The last modification of this detail is adding doubler plates.  The doublers were welded to an 

individual flange, or to the flange and web on the outside of the channel sections.   A picture of a 

doubler plate is shown in Figure 3.35.  The doubler plates were added after the weld repair and hole 

drilling were completed.  To add doubler plates all of the weld in the area of the plates was first 

ground flush.  The flange doubler plates were notched with a disk grinder to allow the bracket  and 

flange to remain separated from the repair.  The doubler plates were welded to the specimens using 

SMAW with E7018 electrodes.  The welds were placed all of the way around the doubler on the 

web and as far around the doubler on the flange as space would allow.  The bracket blocked one 

side of the doubler from being welded to the flange.  All of the doubler plates were 18 mm thick, 

between 76 mm and 102 mm wide and between 203 mm and 254 mm long. 
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3.2.5 Results 

The results of the repairs on the complex-attachment specimens are shown in Figure 3.36, 

and Table 3.8.  As expected, the original detail is Category E’.  All of the different weld repairs 

came out at or below this category.  The repairs with termination holes had a life of about 0.42 times 

the original detail, which is longer than the ones without termination holes.  The life of the repairs 

without termination holes had a life of 0.30 times the original detail.  Also, drilled termination holes 

produced a longer life than ground ones did.  So, if a weld repair is used, both the beginning and 

termination points of the weld should be drilled out, if possible. 

The two simplest modifications of the weld repairs were hammer peening and grinding.  

Grinding to clean up the defects on the welds exterior did not increase the life of the repair, but it 

made it much easier to find the next crack that occurred in that location.  This is the same 

conclusion as noted in section 2.2.1 by Fisher et al in NCHRP 206[48].  In the simple-attachment 

specimen tests, hammer peening proved to be very effective.  However, in these complex 

attachment tests, there was not enough access to hammer peen both sides of the specimen and 

hammer peening was not found to be that effective.  Therefore hammer peening is limited to 

applications where there is adequate space and access   The unsatisfactory results from disc grinding 

were expected.  Kirkhope et al. [44] in reviewing techniques for fatigue life improvement of welds 

found that disc grinding often leaves grinding marks that are normal to the stress direction in a 

transversely loaded weld, which serve as initiation sites for fatigue cracks.  Their report discusses 

other techniques for fatigue life improvement, including hammer peening, which was used in this 

study.  Kirkhope et al. conclude that weld toe burr grinding, TIG dressing, and hammer peening 

treatment are best suited for ship repair.  Of these, hammer peening requires the least time in a 

repair environment, and gives the most consistent fatigue life improvement. 

The doubler plate repair proved to be by far the best repair.  The two doubler plate repair 

reached the category E’ life, matching the original detail, and neither repair had any noticeable crack 

growth.  The repair using just a doubler plate on the flange of the specimen proved to be better then 

just a weld repair, but it failed from distortional fatigue in the web.  The second doubler plate added 

to the web keeps the termination hole from undergoing distortional fatigue stress.  In addition to 

increasing the life at the repair location, the doubler plates moved the critical crack location farther 

up the stem of the tee to a lower stress location.  A comparison of the logarithmic mean lives is 

shown in Figure 3.37.  
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3.3 Simplified Model of Longitudinal/Transverse Web Frame Connection 

Five simplified models of the longitudinal/transverse web frame connection were fabricated 

as shown in Figures 3.38 and 3.39.  The simplified transverse web frames were 1000 x 1337 x 8 

mm plates with cutouts for longitudinal angle stiffeners in all four corners.  Cutouts in the web 

frame were made by drilling 50 mm diameter holes to create the radius, then flame cutting up to the 

drilled holes and then grinding the flame-cut edges.  The angle stiffeners were rolled sections of L8 

x 6 x ½ (the numbers in this designation for angle sections represent the leg lengths and thickness in 

inches) that were 610 mm long.  The angle stiffeners were also attached to a 610 mm wide plate, 9.5 

mm thick, that was fillet welded along the top and bottom edges of the web frame (representing the 

hull or other stiffened longitudinal panel).  The connection between the angle stiffener and the web 

frame is shown in detail in Figure 3.40.  Two 1000 x 76 x 9.5 mm flat bar stiffeners were also 

welded to the web frame between the longitudinal stiffeners on each side. 

The first three simplified models were fabricated out of A36 steel and the other two out of 

A572 Grade 50 steel.  Previous studies [20,21] have shown that the fatigue strength of specific 

welded details is independent of the grade of steel, and this variation was intended to confirm those 

findings.  Table 3.8 shows the chemical composition of the two grades of steel.  Mill certifications 

showed an average yield strength of 347 MPa and an average ultimate strength of 485 MPa for the 

A36 steel.  The A572 Grade 50 steel had an average yield strength of 446 MPa and an average 

ultimate strength of 515 MPa.  All fabrication welding was done with the flux-cored arc welding 

(FCAW) process with E71T-1 wire and carbon dioxide gas shielding.   

 

3.3.1  Test Setup 

The simplified model experiment was designed to create constant shear throughout the web 

frame.  This was done by loading the web frame as a cantilever, with a rigid connection to a 

supporting column.  The simplified model test setup is shown in Figures 3.41 and 3.42.  The shear 

loading simulates the loading in typical transverse web frames in tank ships which can create 

tension around some of the cutouts, generating cracks at these connections.  No load was applied 

directly to the longitudinals in the simplified model, in order to isolate the effect of the shear stress 

on cracks forming at this detail.  

At the fixed end of the specimen, L6 x 6 x ½  angles were used as shear connectors. Thick 

angle sections cut from W14 x 211 shapes served as rigid connection angles for absorbing the 
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bending stresses caused by the cantilever loading, in order to simulate a continuous hull.  On the 

free end of the cantilever, L6 x 6 x ½  connection angles with welded endplates were bolted to the 

web frame.  The endplates of these angles were then bolted to a spreader beam, which was in turn 

bolted to a 490 kN hydraulic actuator.  Load was measured with a load cell just below the actuator 

swivel head.  The actuator was run in load control using a computer-controlled servo-hydraulic 

system. 

 

3.3.2  Static Test and Finite Element Model 

Strain gages were installed on each specimen at predicted hot-spots (stress concentrations) 

to determine the actual stress ranges during an initial test on the uncracked specimen. The strain 

gages were oriented in the anticipated direction of the largest absolute value of the principal stress, 

which is also normal to the anticipated crack plane.  During the static test, load was slowly cycled 

between 9.0 and 213 kN while strain readings were recorded by a personal computer-based data 

acquisition system.  Stress was calculated from the uniaxial strain by multiplying by the elastic 

modulus (200 GPa).  It is recognized that a small correction for the Poisson effect should be applied 

in areas where there is a multiaxial stress state, although this was not done for simplicity.    

The typical strain gage layout for each specimen is shown in Figure 3.43, with each detail 

labeled A-D.  This layout was determined after observing the actual cracking behavior of simple 

specimen #1.  Predicted hot-spots included  

1. along the edges of the cutouts near the radii,  

2. in the bottom hull plate near the cutout at the fixed connection, and  

3. in the lug plates near their welds.   

At the radius for cutout D, three strain gages were placed in a line parallel to the tangent of the   

cutout at distances of 2.5, 9.5, and 17.5 mm from the edge, in order to determine the stress gradient 

approaching the cutout.  These values are plotted in Figure 3.44.  A strain gage rosette was placed at 

the very center of the web frame in order to determine the remote, or nominal, stress.   

Initial test results are shown in Table 3.9 as the average stresses measured at each location at 

peak load.  Given the complex geometry of these specimens, measured stress readings were 

essential in applying the hot-spot stress approach.  Large stresses were experienced at the cutouts 

relative to the nominal stress in the web frame.  High stresses were also seen in the bottom hull near 

the connection to the supporting column.   
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A finite element model of the web frame was created to be able to predict the stress at any 

point in the specimen.  The commercial code ABAQUS/CAE 6.3 was used through the 

Supercomputing Institute at the University of Minnesota.  The model used C3D8R, an 8-node, 3- 

dimensional element with reduced integration.  These solid elements were found to work slightly 

better than thin shell elements.  A mesh size approximately equal to the thickness of the web frame 

was used in regions near the cutouts.  Welds were not explicitly modeled; rather, overlapping 

surfaces that were linked by welds were modeled as two rigidly connected surfaces.  The mesh for 

the simplified model specimens is shown in Figure 3.45.   

Because of the complexity of the specimen, not all parts were modeled.  The flat bar 

stiffeners were omitted, as their inclusion did not affect the results significantly.  A large bar section 

was added to the loaded end of the web frame to simulate the loading conditions.  Also on the 

loaded side of the specimen, the longitudinal stiffeners were not attached to the hull plates.  This 

gave results that were in much better agreement with the experimental results.  Apparently, since 

there is no direct connection of the hull plates to the fixture on the loaded end of the cantilever, very 

little load goes into the hull plates at this location. 

The hot-spot stress results are shown in Figure 3.46.  Note that the areas around the radius in 

the upper left (detail A in Figure 3.43) and lower right cutout (detail D) are in tension, while these 

areas are in compression at the other cutouts.  This pattern is expected due to the shear distortion 

tending to open these cutouts A and D and close the other cutouts B and C.    The location with the 

greatest stress range is at the radius for cutout D, as was seen in the experimental results, with a 

stress range of approximately 240 MPa.  The model was in good agreement with actual static test 

results, which gave a stress range of 204 MPa at this location.  Other crack locations agreed fairly 

closely as well.  This model was very helpful for determining stresses in regions where poor access 

prevented the attachment of strain gages.   
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3.3.3 Fatigue Test Procedure 

All simplified model tests were conducted at a frequency of 1.5 Hz and with a mean load 

of 111.0 kN.  Mean stress has little effect on fatigue strength, but results from a test with a high 

mean tensile stress can be considered conservative since the high mean tensile stress would be 

expected to decrease the fatigue life relative to fully reversed loading or zero mean stress.  The 

load was cycled between 9.0 and 213.5 kN, giving similar stress ranges as measured in the initial 

static test.  This stress range would be expected to produce cracks at the radii after approximately 

400,000 cycles, based on AASHTO Category B resistance for typical flame cut edges.  The 

specimens were run continuously, accumulating up to 130,000 cycles per day.   

Specimens were visually inspected at regular intervals for cracks.  The visual inspection 

included spraying a fast-drying cleaner solvent at the above-mentioned hot spots.  In the 

presence of a crack, the cleaner would be observed pumping in and out of the crack while the 

remainder would dry on the surface.  The cracks were often examined further using the complete 

dye penetrant procedure, as described in section 3.1.    When a crack was observed, the date, 

time, location, number of cycles, and surface length was recorded.  “Failure”, or the end of life, 

was considered to be the development of a through-thickness crack at least 50 mm long.  If the 

crack were noticed before this failure criterion was met, the specimens would be visually 

inspected frequently until the failure criterion was met. 

Although it was originally hoped that cracks would form naturally at the cutouts, the 

cracks that initially occured formed at the attachment to the test fixture.  The fatigue resistance at 

the radii may have been better than expected because of the use of a drilled hole to start the 

cutout and grinding the flame cut edges.   Specimen 1 accumulated over 2.9 million cycles 

without any cracks occurring naturally at the cutouts.  This is much larger than the lower bound 

predicted by the AASHTO Category A curve, which is 700,000 cycles.  Since our objective was 

to test repairs of typical cracks, and the cracks commonly occur at the cutout in service, it was 

decided to induce cracking at the cutout radii by sawing a 19 mm long notch with a reciprocating 

saw at each cutout.  A small tack weld was placed at the tip of the saw cut using an E7018 

shielded-metal arc welding (SMAW) electrode.   
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3.3.4 Results 

Tables 3.10-3.14 summarize the cracks and their repairs for each specimen.  Repairs were 

made in situ, with all repairs being made in the vertical position.  Repairs on the simple 

specimens consisted of stop holes, vee-and-weld repairs, hammer peening, and bolted doubler 

plates.  All weld repairs were done by first arc gouging the crack out, then welding using the 

SMAW process with E7018 electrodes, as is typically done in ship repairs.  After the repairs, the 

fatigue cycling was resumed.  Some details were repaired more than once in order to keep the 

test running. 

 

3.3.4.1  Stop Hole Repairs 

Cracks in the web frame at the cutouts (Figure 3.48) were repaired using stop holes 

centered ahead of the crack at a distance equal to the radius of the stop hole (Figure 3.49).  This 

was done to be sure that the crack tip was removed.  The hole sizes were chosen so that the 

validity of the equation given in Chapter 2 could be verified.  Various hole diameters ranging 

from 14 mm to 76 mm were tried to determine the effectiveness of each.  On specimen 4, a high 

strength bolt was also inserted into the stop hole and fully tensioned to determine if the 

compression force from the bolt provided any benefit. 

Figure 3.50 shows the performance of all stop holes in a tensile stress field on an S-N 

curve.  All of these repairs plotted above the AASHTO Category C curve.  This is better than 

expected, as typically drilled holes are considered a Category D detail.  For the most part, the 

performance of the stop hole improved with increasing diameter.  However, there is some scatter 

present which is typical of fatigue data. 

By far the best performance came from the 24 mm stop hole with a fully tensioned 22 

mm diameter high-strength A325 bolt (Figure 3.51) with a washer placed under both the head 

and the nut.  The compressive force caused by the bolt tightening not only creates compressive 

residual stresses, but it creates an area of high friction between the washers which holds the two 

sides of the cracked plate together, acting almost as a small doubler.  This repair never failed 

after 3 million cycles, although cracks did form in the washer on one side of the web frame, 

which indicates that the area was beginning to loosen up.  

Figure 3.52 shows the stress range that the stop hole repairs were subjected to as a 

function of the hole diameter compared to the maximum stress range allowed by the equation for 
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survival, given a 25 mm initial crack and 345 MPa steel, and whether or not each repair survived.  

Repairs which “survived” are shown as runouts on Figure 3.50.  The data show that the equation 

is conservative as one of the stop hole repairs was subjected to a stress range 40% greater than 

allowed by the equation and still survived.  No cracks occurred at stress ranges below the 

allowable.  The data show the equation is not excessively conservative, however, because some 

cracks did occur where the stress was only 33% greater than allowable 

The data of all stop hole repairs is shown in Figure 3.53 in a different format:  the actual 

hole diameter used versus the hole size required by the equation to prevent reinitiation.  All data 

points below the 45-degree line should theoretically be failures, i.e. cracks reinitiated at the 

holes.  All failures that did occur are below this line, but some of the surviving holes are also 

below the line, again indicating that the stop hole equation is conservative.  One failure occurred 

when a hole diameter of 90 mm was predicted to be required and a 57 mm diameter hole size 

was used, indicating that the equation is not excessively conservative.   

A phenomenon that should be noted is stress redistribution, or load shedding, at the 

cutout D due to cracking and hole drilling.  Removing part of the web frame through hole 

drilling may have diverted more load through the lug plate which caused cracking there.  Soon 

after the initial crack coming out of the cutout was repaired with a stop hole, the bottom of the 

lug plate would start to crack along the weld to the web frame (see Figure 3.53).  This lug plate 

crack would then propagate a certain distance and then appear to arrest until the stop hole failed, 

then the lug would continue to crack.  For the bolted stop hole repair, the lug was almost 80% 

fractured when the test was stopped.  Therefore, the lug plays an essential role in prolonging the 

life of the repaired detail, and too large of a stop hole may divert too much load to the lug.  As a 

result, follow-up repairs would require fixing or improving the lug. 

Most of the repair failures occurred at detail D.  This detail experienced the most severe 

tensile loading and therefore was most prone to cracking.  The tensile stresses at detail A were 

roughly 30% lower compared to detail D.  Two repair failures occurred at detail C after an initial 

crack formed on its own at the radius which was not saw cut, nearest the flat bar stiffener (Figure 

3.55).  The reason that repairs at details B and C did not fail is because they were in compressive 

stress fields.  Small crack growth did occur at these two details out of the initial saw cuts, but 

once they were repaired they never cracked again.  (Note that these data from cutouts B and C 

are not included in the plots, since they would not be considered a worst case).  In a compressive 
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stress field, a hole as small as 6 mm was successful in preventing further crack growth.  In fact, 

there is a good possibility that these cracks may have arrested on their own.   

One final thing to keep in mind when determining proper stop hole size is the presence of 

previous holes.  If one hole is drilled and fails, and then another hole is attempted ahead of the 

new crack tip, the new crack length, a, to consider is the distance from the crack tip all the way 

back to the original starting point, not just the distance to the edge of the first failed stop hole. 

 

3.3.4.2  Weld Repairs and Hammer Peening 

Weld repairs were also used on the simple specimens.  In one case at detail D, where the 

original stop hole repair failed rather suddenly, a 130 mm crack had to be weld repaired before 

testing could continue (Figure 3.56).  For this repair, a 9.5 mm hole was first drilled at the crack 

tip.  Then the crack was air arc gouged to about 75% of the thickness of the web frame from one 

side followed by welding.  Then other side of the web frame was back-gouged and welded also 

(Figure 3.57).  This was followed by drilling out the weld termination with an 11 mm hole and 

grinding the weld smooth.  Because the original material was base metal and this repair would 

certainly crack again quickly, two 305 mm x 250 mm x 9.5 mm doubler plates were bolted over 

the repair weld using eight 22 mm diameter A325 high strength bolts (Figure 3.58).  This repair 

never failed, lasting over 500,000 cycles.  The predicted life for a bolted doubler repair 

(Category D) at that stress range would be 150,000 cycles, so this repair was considered 

successful.    

Some weld repairs were performed on the simple specimens to repair cracks in other 

places as well.  The crack that formed in the bottom of the lug plate was vee-and-welded on 

specimen 2 (Figure 3.59).  This weld repair was somewhat effective, as is shown in Figure 3.60, 

where it achieved approximately 45% of the life of the original lug plate.  Both the original detail 

and the repair fell above the Category C curve as expected since the hot-spot stress range was 

used.  This crack was not repaired on later specimens, to see the effect of the lug cracking on the 

stop hole repair in the web frame.  

Another location that was weld repaired was at the back of the longitudinal angle where it 

connects to the web frame (Figure 3.61).  A crack initiating at the weld root would always form 

here on the side without the flat bar stiffener.  As shown in Figure 3.62, this crack was caused by 

a lack of fusion defect inherent in the connection.  By fillet welding the longitudinal to the web 
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frame, an unfused gap will be present which serves as an initial crack.  Repairing this detail by 

gouging and adding a new fillet weld (Figure 3.63) was found to be effective (103% of original 

life).  This is likely because the crack was arc gouged partially into the web frame, resulting in a 

partial-penetration groove weld to the longitudinal.  A deeper gouge and full groove weld, as 

done on specimen 5, improved the repair further to 107% of the original life.  Hammer peening 

(refer to section 3.1 for a description of the procedure) the toes of the repair weld was also 

performed at this location, although it did not help much because cracking still occurred at the 

root.   

Figure 3.60 also shows the performance of this detail and its repairs on an S-N curve.  

Both the original and the repairs were very close to the Category B curve, but Category C is 

recommended as a more conservative approximation.  One data point is much lower than the 

others, sitting right on the Category C curve.  The reason for the poorer performance of this 

repair is that the crack was welded without first arc gouging it.  By not arc gouging, the crack 

was likely not fully removed, and thus reinitiated quickly. 

Surface cracks were typically hammer peened, such as in the bottom hull plate at the 

cutout (Figure 3.64).  As long as the crack was peened before it grew too deep (> 3 mm), the 

repair was effective.  If not, the crack would reinitiate almost immediately.  Results from peening 

repairs are shown on an S-N curve in Figure 3.65.  The original detail plotted as Category C and 

the repair as Category D.  Pre-peening this detail prior to testing prevented cracks at this location 

from ever forming on specimens 3 and 4, improving the detail to Category A.   On specimen 5, 

the fabrication weld at this location was not fully wrapped around the web frame, making it 

impossible to peen the entire weld toe.  As a result, a crack formed and had to be repaired by 

hole drilling.  But the pre-peening still achieved Category A resistance, despite the fact that it 

failed.  Peening was not effective on welds that failed at the root, such as in the “back of angle” 

cracks mentioned above.   

Figure 3.66 shows a comparison of all repairs made on the two different types of steel.  

There is no noticeable difference between repairs made to A36 steel and those made to A572 

steel.  Both lie within the same scatterband.  This confirms previous findings that fatigue is 

independent of the type of steel.  It should be noted, however, that higher strength steels such as 

A514, HY-80, or HY-100 require special welding procedures in order to produce a defect-free 

weld.  For these steels, minimum preheat and interpass temperatures must be provided per AWS 
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D3.5 [40] to prevent cold cracking.  Undermatched electrodes should be used for steels with 

strengths of 480 MPa or greater in order to prevent excessive residual stresses. 

All but one of the repairs, regardless of the type of steel, were better than Category C.  

This means that the repairs described herein can be considered to be at least as good as the 

original detail.  In other words, the ratio of the life of the repair to the life of the original detail 

can be considered at least equal to 1.0.  Depending on the type of repair used, this ratio can be as 

high as 11.1.  Appendices A and B present procedures and examples of how to design typical 

repairs and how to calculate the resulting residual life. 
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3.4  Complex Model of Longitudinal/Transverse Web Frame Connection 

 

The full-scale specimens are shown in Figures 3.67 and 3.68.  They consisted of the same 

size web frame as the simple model described in the previous section, except with two cutouts 

instead of four.  The longitudinals on these were the same size section, but 1524 mm long instead.  

The hull plate was also larger to match the longitudinals.  The longitudinal-web frame connection 

was the same as that in the simple specimens (Figure 3.40), except that for the full-scale test, the 

cutouts were flame cut rather than drilled and ground smooth.  Complex specimen 2 was further 

varied by removing the lug plate via torch cut.  A flame-cut opening is more typical of actual ship 

details and typically has a lower fatigue strength than smoothed openings, on the order of AASHTO 

Category B.  Every welded connection for the two specimens was made with 8 mm fillet welds, 

welding all parts continuously to structure.  For the complex models, specimen 1 was fabricated out 

of A572 Grade 50 steel, and specimen 2 out of A36 steel.  The material properties for the complex 

specimens were the same as those for the simplified test.   

 

3.4.1 Test Setup 

The test setup for the complex test is shown in Figures 3.69-3.71.  The upper hull plate and 

longitudinal stiffener were loaded at the ends as two cantilevers.  Loads from a 340 kN actuator 

were distributed using a 1525 mm long spreader beam and transferred to the specimen through 

clamped roller assemblies.  The ends of the transverse web frame were rigidly attached to two 

columns spaced 2.0 m apart through 250 mm deep spacer beams, bolting with two L6 x 6 x ½ 

angles on each side.  Load was measured with a load cell just below the actuator swivel head.  The 

actuator was run in load control using a computer-controlled servo-hydraulic system. 

The test was designed to simulate pulsating secondary hydrostatic pressure loads, which 

are transferred through the connection detail into the web frame in shear.  The test was run with 

load reversal about zero, which is realistic for ship structures.  Some experiments have shown 

that the ballast condition is more severe than the loaded condition in terms of fatigue damage for 

this detail [68].  This is because in the ballast condition, the hydrostatic pressure from the water-

filled ballast tanks creates a mean tensile stress in the web frame normal to the hull plates.  The 

effect of the mean stress, however, is small. 
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3.4.2  Static Test and Finite Element Model 

Strain gages were installed on each specimen at predicted hot spots to determine the 

actual stress ranges during an initial test on the uncracked specimen.  The hot spots were chosen 

based on the results of the finite element model discussed below.  During this test, load was 

slowly cycled between –53.8 and 53.8 kN while strain readings were recorded by a personal 

computer-based data acquisition system.  Stress was calculated from the uniaxial strain by 

multiplying by the elastic modulus (200 GPa).  Again, no adjustments were made for the Poisson 

effect for simplicity.   

The typical strain gage layout for each specimen is shown in Figure 3.72.  Predicted hot 

spots included the weld connecting the longitudinal to the web frame and along the edges of the 

cutouts near their radii.  Two strain gages were attached to the bottom side of the longitudinal on 

each side of the web frame.  Strain gage rosettes were placed at three locations around the cutout in 

the web frame.  Initial static test results are shown in Table 3.15 as the average stresses measured at 

each location at peak load.  Note that the removal of the lug plate in specimen 2 caused larger stress 

ranges under the same amount of load.  Given the complex geometry of these specimens, measured 

stress readings were essential in applying the hot-spot stress approach.  

A finite element model of the complex specimen was created to be able to predict the stress 

at any point.  The commercial code ABAQUS/CAE 6.3 was used through the Supercomputing 

Institute at the University of Minnesota.  The model used C3D8R, an 8-node, 3-dimensional 

element with reduced integration.  These solid elements were found to work slightly better than thin 

shell elements.  A mesh size approximately equal to the thickness of the web frame was used in 

regions near the cutout.  Welds were not explicitly modeled; rather, overlapping surfaces that were 

linked by welds were modeled as two rigidly connected surfaces.  The mesh for the complex model 

specimens is shown in Figure 3.73.  A load of 66.7 kN was applied to each end of the longitudinal 

(for a total load range of 133 kN).  Some rotation caused by the lack of symmetry of the angle 

section occurred.   

Results from the finite element model are shown in Figure 3.74.  The hot spot in this case is 

at the weld between the back of the longitudinal stiffener and the web frame at the cutout on the side 

without the flat bar stiffener.  Cracking is expected to begin at this weld, similar to the second case 
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of cracking seen in the simplified model test.  The model predicts a local stress range of 300 MPa at 

this point.  Of course this is a much higher stress than is typically seen in service, and for the actual 

testing a smaller load range of 108 kN was used.  The actual loads used in the experiment were 

roughly 80% of those used in the model, which predicts that the actual hot spot stress ranges would 

also be 80% of those in the model. 

Another hot spot is at the corners of the lug plate.  The stresses here are due to the transfer of 

shear forces from the longitudinal into the web frame.  Stresses are lower at this location, on the 

order of 200 MPa.  Stresses in the web frame around the cutout are also lower.  The highest stress 

here is only 170 MPa, which may cause cracking at high numbers of cycles, but this should be 

much later than cracks at the main hot spot.  If the computer model results are reduced by a factor of 

0.80 as discussed above, then results from the computer model agreed well with the readings 

obtained in the static test (see Table 3.15). 

 

3.4.3 Fatigue Testing Procedures 

Both complex model tests were conducted at a frequency of 2.0 Hz and with a mean load of 

0.0 kN.  No sawcuts were made in the complex specimens, as they were not needed to initiate 

cracks.  The load was cycled between –53.8 and 53.8 kN, giving similar stress ranges as measured 

in the initial test.  The specimens were run continuously, accumulating up to 170,000 cycles per 

day.  Inspection and reporting procedures were identical to those used in the simplified model test.  

 

3.4.4   Results 

Table 3.16 summarizes the cracks and their repairs for the complex specimen.  Repairs were 

made in situ, with all repairs being made in the vertical position.  Repairs on the complex specimens 

consisted of stop holes, vee-and-weld repairs, hammer peening, and detail modification.  All weld 

repairs were done by first arc gouging the crack out, and then welding using the SMAW process 

with E7018 electrodes.  After the repairs, the specimens were returned to testing.  Some cracks were 

repaired more than once in order to keep the test running. 

The original detail can be considered to be AASHTO Category C, if hot-spot stresses are 

used in the analysis, as they are here.  The actual test results showed the original detail to be much 

better than this, achieving Category A resistance for both specimens.  Specimen 2 actually had a 

shorter life in terms of number of cycles, however the removal of the lug plate caused the stress 
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range to increase, and thus it still plotted as Category A.  This high fatigue strength is not totally 

unexpected, however, since Category C represents a lower-bound 97.5% confidence limit.  Also the 

test specimens likely represent a higher level of quality than would be expected in an actual ship, as 

a small specimen can be constructed with a lower probability of misalignment errors, defects, etc.   

All of the cracks and their repairs for each specimen are shown on S-N curves in Figures 

3.75 and 3.76.  Every initial crack seemed to generate from the same general location.  This 

occurred at the hot spot predicted by the computer model at the weld between the longitudinal and 

the web frame.  The first crack formed in the web frame at the edge of the longitudinal on the side 

of the web frame without the flat bar stiffener (Figure 3.77).  This crack initiated at the toe of the 

weld where it wraps around the web frame cutout.  The crack propagated slowly in two directions:  

into the web frame and into the longitudinal.  After propagating roughly 15 mm into the 

longitudinal, it seemed to arrest at that point, however it continued to propagate into the web frame 

and grew to a total length of about 50 mm, after which it was repaired using a 76 mm stop hole in 

specimen 1 (Figure 3.78), and a 38 mm stop hole in specimen 2 (Figure 3.79). 

The stop hole repair was very effective, as no cracks ever reinitiated from the hole.  

According to the hole drilling equation, a 52 mm diameter hole was the minimum size required for 

specimen 1 and 150 mm for specimen 2.  Since the 76 mm diameter hole used was much more than 

required, no reinitiation ever occurred, as expected, and the repair achieved at least 100% of the life 

of the original detail.  This result is also consistent with other studies [70,71] that have suggested 

that an increased cutout size can reduce stresses in the web frame and prevent cracking.  By drilling 

such a large hole near the cutout, the cutout effectively becomes much larger.  In specimen 2 the 

stop hole was a bit undersized, however the repair did not fail.  This could further illustrate that the 

hole drilling equation is conservative (as discussed in Section 3.3) and/or that the stress range 

decreases enough away from the cutout that the smaller hole works.  Regardless of the reason, the 

stop hole repairs were effective, and lasted at least as long as the original detail. 

At the same time, another crack was propagating the length of the weld connecting the 

longitudinal to the web frame in specimen 1, similar to cracks that occurred in the simplified model 

test (Figure 3.80).  This crack initiated at the root of the longitudinal-web frame weld and grew to 

145 mm.  As in the simplified test, this crack was repaired by arc gouging the crack deep into the 

web frame and then groove welding the longitudinal to the web frame and reinforcing with an 

additional fillet weld.  This was then followed with hammer peening the weld toes (Figure 3.81).   
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Unfortunately this repair was not as successful in the complex test as it was in the simplified 

test.  The weld-repaired detail only achieved approximately 20 percent of the life of the original 

detail.  The reason for the poorer performance is likely due to the fact that in the complex test the 

longitudinals received direct loading.  In the simplified test, the only load present was shear in the 

web frame, but in the complex test, the longitudinals themselves were subject to both bending and 

torsion.  As a result, stresses along the back of the longitudinal were higher, and the groove weld 

repair alone was not sufficient.   

For the second repair of this crack, a 410 x 130 x 9.5 mm bracket was fillet welded to the 

longitudinal and web frame (Figure 3.82).  This is similar to the repair suggested by the Tanker 

Structure Co-operative Forum [43] for this type of crack.  The bracket helped to make the web 

frame more symmetric with respect to the flat bar stiffener present on the other side.  It also moved 

the critical location outward on the longitudinal, away from the site of the previous crack.  The 

resulting life of the bracket repair was much better, achieving 76% the life of the original detail (see 

Figure 3.75).  This crack did not occur on specimen 2. 

Another crack occurred at the flat bar stiffener where it connects to the longitudinal.  After 

drilling the 76 mm stop hole (described above) in specimen 1, the crack was not repaired further, 

leaving an existing crack in the center of the longitudinal.  Because of the stop hole, it could not 

propagate further into the web frame, but it was able to turn and begin propagating into the flat bar 

stiffener (Figure 3.83).  Unfortunately the crack was not low enough to clear the longitudinal, so a 

stop hole could not be drilled, and instead a weld repair was attempted (Figure 3.84).  This was 

ineffective, achieving 7 percent of the original life.   

A second weld repair was then attempted in combination with the added bracket (described 

above).  This weld repair plus detail modification was better, achieving 29 percent of the original 

life.  After the second crack formed at the flat bar stiffener, the test was allowed to continue running 

until the crack from the flat bar stiffener propagated into the added bracket, causing complete failure 

of the detail (Figures 3.85 and 3.86).   

The flat bar stiffener also cracked in specimen 2 at the same time as the initial web frame 

crack was propagating.  Two 14 mm stop hole repairs were attempted, both of which were 

ineffective (see Figure 3.87).  The hole drilling equation calls for at least a 150 mm stop hole, which 

is impossible on the 76 mm wide stiffener, and the repairs obviously did not work.  Next a weld 

repair was attempted, removing as much of the crack as possible from the stiffener and web frame.  
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The repair weld was then ground smooth to allow for a 200 x 60 x 8 mm doubler plate to be welded 

to the flat bar stiffener (Figure 3.88).  A 200 x 130 x 8 mm bracket was also welded to the opposite 

side of the web frame, connecting to the longitudinal (Figure 3.89).  This was similar to the bracket 

repair performed on specimen 1.   

Looking at the results on the S-N curves (Figures 3.75 and 3.76), the stop hole repairs in the 

web frame were most effective, achieving Category A resistance.  The detail modification involving 

the added bracket was able to achieve Category B resistance, but was very close to the Category A 

line.  The weld repairs were worse, and they can be conservatively estimated as Category D.  The 14 

mm stop holes were ineffective, achieving only Category E resistance.  If the original detail is taken 

as Category C (as it is in design), then weld repairs and grossly undersized stop holes will not be 

able to achieve the same life as the original.  However, drilling stop holes (per the equation) and/or 

adding a bracket can improve the repair to at least the same life as the original detail, possibly 

greater. 

In retrospect, something should have been done to repair the crack at the center of the 

longitudinal left after drilling the stop hole in specimen 1.  Not repairing this crack likely reduced 

the effectiveness of the repairs made at the other locations.  Leaving a crack tip intact is never a 

good idea as it does not take much of a stress range for it to continue propagating.  For the general 

case, crack tips should always be drilled out at a minimum and further repaired if necessary.  In 

specimen 2, a better job was done of removing the crack, and the resulting repair reflected that 

improved strength. 

No difference was noticed between repairs made to the two types of steel.  The fatigue life 

of the original detail constructed of the lower strength steel was significantly less than that of high 

strength steel (roughly half), but this was more likely due to the removal of the lug plate.  Adding 

the lug greatly reduces stresses at the hot spot by making the connection as a whole much stiffer.  If 

the cracked detail in question has no lug plate, it is recommended that a lug be added in conjunction 

with whatever other repair strategy is taken, in order to further prolong the detail’s life. 
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Table 3.1: Simple-attachment specimen stress comparison. 

Positive Negative
Items Calculated Measured Calculated Measured
Load Span 111 112 111 111 KN
Stress 1 55 46 -55 -50 Mpa
Stress 2 18 16 -18 -15 Mpa
Stress 3 -23 -20 23 24 Mpa
Stress 4 -55 -46 55 52 Mpa
Stress 5 55 46 -55 -44 Mpa
Stress 6 55 47 -55 51 Mpa
Stress 7 28 25 -28 -27 Mpa
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Table 3.2:  Repair information table for simple-attachment specimen 1. 

Legend
1st letter= Top or Bottom
2nd letter= Edge or Center

Specimen 1 3rd letter= East or West
Number of Stress Metal that Repair 4th letter= Web or Flange

Crack Cycles Range Cracked Metal Notes
1st BEEF 985987 100 MPa Base E7018 crack tip in web drilled out with a 14 mm hole, access hole gouged into web,
1st BCEF 985987 100 MPa Base E7018 top 3/4 of crack air-arc gouged out, gouge refilled with weld metal, set 1
1st BCWF 985987 100 MPa Base E7018 weld root and remainder of crack gouged out from bottom side of flange,
1st BEWF 985987 100 MPa Base E7018 gouge refilled with weld metal, all weld toes are hammer-peened
1st TEEF 1051537 100 MPa Base E7018 crack tip in web drilled out with a 14 mm hole, access hole gouged into web ,
1st TEEW 1051537 100 MPa Base E7018 crack gouged out through-thickness, 6 mm thick backing bar welded to bottom set 2
1st TCWW 1051537 100 MPa Base E7018 of flange, gouge filled with weld metal, backing bar removed
1st BEEW 1051537 100 MPa Base E7018 Repaired in the same manor as the 1st 4 cracks, except no hammer peening
1st BCWW 1051537 100 MPa Base E7018
1st TCEF 1100156 100 MPa Base E7018 Same repair as for the top flanges as in set 2, but the backing bars were left set 3
1st TCWF 1100156 100 MPa Base E7018 in place
1st TEWF 1100156 100 MPa Base E7018
1st TCEW 1228237 100 MPa Base E7018 Same repair as for the top flanges as in set 2, but the backing bars were left
1st TEWW 1228237 100 MPa Base E7018 in place set 4
2nd BEEW 176700 100 MPa E7018 E7018 Repaired in the same manor as the 1st 4 cracks, except no hammer peening
1st BCEW 1228237 100 MPa Base E7018
1st BEWF 1294210 100 MPa Base E7018 Repaired in the same manor as the 1st 4 cracks, except no hammer peening

2nd BEWW 343886 100 MPa E7018 E7018 set5
2nd TCEF 204102 100 MPa E7018 E7018 remove backing bar and repaired the same as set 3 set 6
2nd TEWF 234389 100 MPa E7018 E7018 repair the same as set 6 set 7
3rd BEWW 86556 100 MPa E7018 E7018 Repaired in the same manor as the 1st 4 cracks, except no hammer peening set 8
2nd BCWW 348316 100 MPa E7018 E7018 Repaired in the same manor as the 1st 4 cracks, except no hammer peening set 9
3rd BEEW 262818 100 MPa E7018 E7018 Repaired in the same manor as the 1st 4 cracks, except no hammer peening set10
2nd TEEW 448302 100 MPa E7018 E7018 Repaired in the same manor as set 6 set 11
2nd TCWF 427730 100 MPa E7018 E7018 Repaired in the same manor as set 6 set 12
3rd TEEW 80380 100 MPa E7018 E7018
2nd TCEW 351982 100 MPa E7018 E7018 Repaired in the same manor as set 6 set 13
2nd TEEF 528682 100 MPa E7018 E7018
4th TEEW 68692 100 MPa E7018 E7018 No repairs done on these cracks.  * means that failure was not reached.
3rd TEEF* 68692 100 MPa E7018 E7018 set 14
3rd TCEF* 344653 100 MPa E7018 E7018
3rd TCEW* 68692 100 MPa E7018 E7018
2nd TCWW* 597374 100 MPa E7018 E7018
3rd TCWF* 121025 100 MPa E7018 E7018
3rd TEWF* 314473 100 MPa E7018 E7018
2ndTEWW* 420674 100 MPa E7018 E7018
4th BEEW 157856 100 MPa E7018 E7018
2nd BEEF* 698587 100 MPa E7018 E7018
2nd BCEF* 698587 100 MPa E7018 E7018
2nd BCEW* 420674 100 MPa E7018 E7018
3rd BCWW* 249058 100 MPa E7018 E7018
2nd BCWF* 698587 100 MPa E7018 E7018
2nd BEWF* 354701 100 MPa E7018 E7018
4th BEWW* 268145 100 MPa E7018 E7018
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Table 3.3:  Repair information table for simple-attachment specimen 2. 

Legend
1st letter= Top or Bottom
2nd letter= Edge or Center

Specimen 2 3rd letter= East or West
Number of Stress Metal that Repair 4th letter= Web or Flange

Crack Cycles Range Cracked Metal Notes
1st TEEW 2666079 100 MPa Base N/A Hammmer peened before loading.  No cracks formed
1st TEEF 2666079 100 MPa Base N/A set 1
1st TCEF 2666079 100 MPa Base N/A
1st TCEW 2666079 100 MPa Base N/A
1st TCWW 2666079 100 MPa Base N/A
1st TCWF 2666079 100 MPa Base N/A
1st TEWF 2666079 100 MPa Base N/A
1st TEWW 2666079 100 MPa Base N/A
1st BEEW 2666079 100 MPa Base N/A
1st BEEF 2666079 100 MPa Base N/A
1st BCEF 2666079 100 MPa Base N/A
1st BCEW 2666079 100 MPa Base N/A
1st BCWW 2666079 100 MPa Base N/A
1st BCWF 2666079 100 MPa Base N/A
1st BEWF 2666079 100 MPa Base N/A
1st BEWW 2666079 100 MPa Base N/A
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Table 3.4:  Repair information table for simple-attachment specimen 3. 
Legend

1st letter= Top or Bottom
2nd letter= Edge or Center

Specimen 3 3rd letter= East or West
Number of Stress Metal that Repair 4th letter= Web or Flange

Crack Cycles Range Cracked Metal Notes
1st TCEW 782049 100 MPa Base E7018 access hole gouged out, 2-sided weld repair used on the flange 1st repair
1st TCWF 782049 100 MPa Base E7018 TEWF fractured 3/4 of beam depth: repaired withcrack tip drilled out, 2-sided
1st TEWF 782049 100 MPa Base E7018 weld repair and 2, 152x203x6 mm doubler plates welded onto web
1st TEEF 945595 100 MPa Base E7018 all done with 2-sided weld repairs 2nd repair
1st BEEF 945595 100 MPa Base E7018
1st BCEW 945595 100 MPa Base E7018
1st BCWW 945595 100 MPa Base E7018
1st TCEF 1060068 100 MPa Base E7018 2-sided weld repairs w/ HP, crack in web at TCEF fixed with a 2-sided weld 3rd repair
1st BCWF 1060068 100 MPa Base E7018 repair after crack tip drilled out with a 17mm hole
1st BCEF 1102045 100 MPa Base E7018 2-sided weld repair 4th repair
2nd BEEF 287161 100 MPa E7018 E7018 2-sided weld repair, with the crack in the web at BEEF drilled out w/ a 5th repair
2nd TCEW 450707 100 MPa E7018 E7018 17mm hole
2nd BCEW 287163 100 MPa E7018 E7018 2-sided weld repair, with the crack in the web at BCEW drilled out w/ a 6th repair
2nd BCWW 287163 100 MPa E7018 E7018 17mm hole
1st TCWW 1311976 100 MPa Base E7018 2-sided weld repair 7th repair
2nd TCWW 465155 100 MPa E7018 E7018 2-sided weld repair w/ web repaired with a 2-seded weld repair 8th repair
3rd TCEW 683709 100 MPa E7018 E7018 2-sided weld repair w/ web repaired with a 2-seded weld repair 9th repair
2nd TCWF 1134416 100 MPa E7018 E7018
2nd TEEF 1368142 100 MPa E7018 E7018 2-sided weld repair 10th repair
3rd BCWW 1040006 100 MPa E7018 E7018
3rd TCWW 544566 100 MPa E7018 E7018 2-sided weld repair 11th repair
4th TCEW 621259 100 MPa E7018 E7018 2-sided weld repair 12th repair
3rd BEEF 13979744 100 MPa E7018 E7018 final crack runouts
3rd TEEF* 316993 100 MPa E7018 E7018 Runouts of repair welds
2nd TCEF* 1570662 100 MPa E7018 E7018
5th TCEW* 93006 100 MPa E7018 E7018
4th TCWW* 308649 100 MPa E7018 E7018
3rd TCWF* 714265 100 MPa E7018 E7018
2nd TEWF* 1848681 100 MPa E7018 E7018
2nd BCEF* 1528685 100 MPa E7018 E7018
3rd BCEW* 1356999 100 MPa E7018 E7018
4th BCWW* 316993 100 MPa E7018 E7018
2nd BCWF* 1570662 100 MPa E7018 E7018
1st BEWF* 2630730 100 MPa E7018 E7018 Doubler plate on web from repair #1 stiffened this so it would not crack
1st TEEW* 2630730 100 MPa E7018 E7018 Preemptively hammer peened
1st TEWW 2630730 100 MPa E7018 E7018
1st BEEW 2630730 100 MPa E7018 E7018
1st BEWW 2630730 100 MPa E7018 E7018
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Table 3.5:  Repair information table for simple-attachment specimen 4. 

 
Legend

1st letter= Top or Bottom
2nd letter= Edge or Center

Specimen 4 3rd letter= East or West
Number of Stress Metal that Repair 4th letter= Web or Flange

Crack Cycles Range Cracked Metal Notes
1st TCEF 884607 100 MPa Base E7018 17mm holes drilled to start access holes, remainder of holes gouged
1st TEWF 884607 100 MPa Base E7018 All flanges repaired with a 2-sided weld repair and then hammer peened repair 1
1st BCEF 884607 100 MPa Base E7018 TEWF web repair - 17mm hole drilled at crack tip, 2 sided weld repair, 

1st BCWW 884607 100 MPa Base E7018 24mm" hole used to remove weld termination
1st BEWF 884607 100 MPa Base E7018
1st TEEF 1041225 100 MPa Base E7018 14mm holes drilled to start access holes, remainder of holes gouged out
1st TCEW 1041225 100 MPa Base E7018 Flanges repaired with 2-sided weld repairs repair 2
1st TCWF 1041225 100 MPa Base E7018
1st BEEF 1041225 100 MPa Base E7018
1st BCEW 1041225 100 MPa Base E7018
1st BCWF 1041225 100 MPa Base E7018
1st TCWW 1163191 100 MPa Base E7018 gouge out access hole, 2 sided weld repair for flange repair 3
2nd TEEF 215768 100 MPa E7018 E7018 2-sided weld repair for flange and web repair 4
2nd TCEW 242734 100 MPa E7018 E7018 2-sided weld repair for flange repair 5
2nd BCWF 682526 100 MPa E7018 E7018 2-sided weld repair for flange , 24mm hole drill at crack tip in web repair 6
2nd BEEF 758276 100 MPa E7018 E7018 2-sided weld repair for flange repair 7
3rd TCEW 732416 100 MPa E7018 E7018 2-sided weld repair for flange and web repair 8
2nd BCEW 1077352 100 MPa E7018 E7018 2-sided weld repair for flange repair 9
3rd TEEF 913346 100 MPa E7018 E7018 2-sided weld repair for flange and web repair 10

2nd TCWW 1111081 100 MPa E7018 E7018 2-sided weld repair for flange , 24mm hole drill at crack tip in web repair 11
2nd TCWF 1277605 100 MPa E7018 E7018 2-sided weld repair for flange , 24mm hole drill at crack tip in web repair 12
3rd TCWF 381744 100 MPa E7018 E7018 2-sided weld repair for flange repair 13
3rd BCEW 581997 100 MPa E7018 E7018 BCEW had a 24mm hole drilled at the crack tip
1st TEEW* 2823612 100 MPa Base N/A preemptive hammer peening final failure
1st TEWW* 2823612 100 MPa Base N/A and 
1st BEEW* 2823612 100 MPa Base N/A runouts
1st BEWW* 2823612 100 MPa Base N/A
2nd TCEF* 1939005 100 MPa E7018 N/A hammer peened in repair number 1
2nd TEWF* 1939005 100 MPa E7018 N/A
2nd BCEF* 1939005 100 MPa E7018 N/A
2nd BCWW 1939005 100 MPa E7018 N/A
2nd BEWF* 1939005 100 MPa E7018 N/A
4th TEEF* 653273 100 MPa E7018 N/A weld repair runouts
4th TCEW* 807237 100 MPa E7018 N/A
3rd TCWW* 549340 100 MPa E7018 N/A
4th TCWF* 122911 100 MPa E7018 N/A
3rd BEEF* 1024111 100 MPa E7018 N/A
4th BCEW* 122911 100 MPa E7018 N/A
3rd BCWF* 1099861 100 MPa E7018 N/A
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Table 3.6:  Repair information table for simple-attachment specimen 5. 

 

 

Legend
1st letter= Top or Bottom
2nd letter= Edge or Center

Specimen 5 3rd letter= East or West
Number of Stress Metal that Repair 4th letter= Web or Flange

Crack Cycles Range Cracked Metal Notes
1st TEEW* 2000000 100 MPa Base N/A All attachments were preemptively hammer peened.  No cracks found.
1st TEEF* 2000000 100 MPa Base N/A repair
1st TCEF* 2000000 100 MPa Base N/A set 1
1st TCEW* 2000000 100 MPa Base N/A
1st TCWW* 2000000 100 MPa Base N/A
1st TCWF* 2000000 100 MPa Base N/A
1st TEWF* 2000000 100 MPa Base N/A
1st TEWW* 2000000 100 MPa Base N/A
1st BEEW* 2000000 100 MPa Base N/A
1st BEEF* 2000000 100 MPa Base N/A
1st BCEF* 2000000 100 MPa Base N/A
1st BCEW* 2000000 100 MPa Base N/A
1st BCWW* 2000000 100 MPa Base N/A
1st BCWF* 2000000 100 MPa Base N/A
1st BEWF* 2000000 100 MPa Base N/A
1st BEWW* 2000000 100 MPa Base N/A
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Table 3.7:  Repair information table for complex-attachment specimens. 

Full-scale repair table
Number ofStress Metal that Repair

Crack Cycles Range Cracked Metal Notes
SW #1 508810 78.4 MPa Base E71-T1 No holes drilled at the end of the crack, no shielding gas used on one side of weld.
SW #2 46420 78.4 MPa E71-T1 E7018 19 mm holes drilled at ends of weld repair to remove defects
SW #3 197190 78.4 MPa E7018 E7018 Holes at ends of crack not filled, but ground out with Dremmel tool
SW #4 88760 78.4 MPa E7018 E7018 Same as SE #2, except 13 mm backing bar was used and a 254mmx76mmx19mm 

doubler plate was welded over the repair on the outside flange
SW #5 198380 71.4 MPa E7018 N/A Same as SW #4, except that a 102mmx241mmx19mm doubler was added to the web
SW #6 263160* 71.4 MPa E7018 N/A Had an 3 mm crack that was not growing after this number of cycles
SE #1 732750 78.4 MPa Base E7018 19 mm holes drilled at ends of weld repair to remove defects
SE #2 59560 78.4 MPa E7018 E7018 25 mm holes drilled at weld termination, after previous holes were plug welded.

  A 6 mm thick backing bar was used
SE #3 128090 78.4 MPa E7018 E7018 Same as SE #2 
SE #4 82880 78.4 MPa E7018 E7018 Same as SW #4, except for a 76mmx229mmx19mm and a 95mmx254mmx19mm 

 doubler plates were added to the flange and web respectively. 
SE #5 359420* 71.4 MPa E7018 N/A Had an 6 mm crack that was not growing after this number of cycles
NE #1 943300 78.4 MPa Base E7018 No stop holes drilled after weld repair at end of crack.

  Cracks not through thickness when repaired.
NE #2 107480 78.4 MPa E7018 E7018 13 mm stop holes where drilled at the ends of the repair weld.
NE #3 85220 78.4 MPa E7018 E7018 13 mm stop holes where drilled at the ends of the repair weld.  6 mm backing bars 

were used for plug welding previous stop hole.  Top toe of weld was hammer peened
NE #4 71330 78.4 MPa E7018 E7018 Same as NE # 1, except for the bottom toe of the weld was hammer peened.
NE #5 97130 78.4 MPa E7018 N/A Final failure of a 267 mm crack that was not repaired
NW #1 943300 78.4 MPa Base E7018 Same as NE # 1
NW #2 121000 78.4 MPa E7018 E7018 Same as NE #2
NW #3 142610 78.4 MPa E7018 E7018 Same as NE #3, but bottom toe was also hammer peened.
NW #4 97130* 78.4 MPa E7018 N/A Still uncracked after this number of cycles
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Table 3.8:  Typical chemistry composition for steel used in web frame specimens 

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

Grade 50 0.06 1.20 0.010 0.003 0.18 0.19 0.08 0.044 0.43 0.029 0.001 0.001 

A36 0.17 0.31 0.006 0.002 0.24 0.17 0.06 0.039 0.30 0.008 0.001 0.001 

 

 

 

 

 

Table 3.9:  Typical strain gage results for simplified web frame specimens 

Gage Strain (µe) Stress (MPa) 

1 -730 -146 

2 800 160 

3 690 138 

4 -1070 -214 

5 1020 204 

6 -750 -150 

7 468 93.6 

8 840 168 

9 110 22 

10 16.6 3.32 

11 -121.5 -24.3 

12 930 186 
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Table 3.10:  Summary of cracks and repairs on simplified web frame specimen 1 
   Additional Cumulative  

  Stress Cycles to Cycles to  

Location Description Range (MPa) Failure Failure  

Webframe-longitudinal 12 mm thru-thickness 138 27,900 27,900  

     connection at cutout C       

Repair #1 14 mm stop hole   281,000 309,000  

Stiffener weld at cutout C 57 mm thru-thickness 280 300,000 300,000  

Repair #1 25 mm stop hole  100 300,100  

Repair #2 Vee-and-weld plus 2 - 6 mm   N/A 654,500 ** 

       thick welded doubler      

       plates         

Longitudinal-web frame 140 mm surface 117 300,000 300,000  

     connection at D       

Repair #1 Hammer peened     N/A 3,100,000 ** 

Bottom hull at cutout C 32 mm surface crack 165 1,400,000 1,400,000  

Repair #1 Hammer peened   1,700,000 3,100,000  

Mean Stress = half of stress range shown     
**-indicates runout      
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Table 3.11:  Summary of cracks and repairs on simplified web frame specimen 2 
      Additional Cumulative  

   Stress Cycles to Cycles to  

Location Description Range (MPa) Failure Failure  

Radius at cutout A 25 mm thru-thickness 100 71,900 71,900 * 

Repair #1 57 mm stop hole   N/A 2,000,000 ** 

Radius at cutout B 50 mm thru-thickness -165 318,900 318,900 * 

Repair #1 57 mm stop hole   N/A 2,000,000 ** 

Radius at cutout C 40 mm thru-thickness -110 584,200 584,200 * 

Repair #1 38 mm stop hole   N/A 2,000,000 ** 

Radius at cutout D 25 mm thru-thickness 155 71,900 71,900 * 

Repair #1 57 mm stop hole  1,308,100 1,380,000  

Repair #2 38 mm stop hole   691,900 2,000,000  

Lug plate at D 80 mm thru-thickness 155 1,380,000 1,380,000  

Repair #1 Vee-and-weld both sides   620,000 2,000,000  

Bottom hull at cutout C 40 mm surface 165 584,000 584,000  

Repair #1 Hammer Peened   262,000 846,000  

Longitudinal-webframe 130 mm surface 180 586,000 586,000  

     connection at D       

Repair #1 Hammer Peened   1,279,000 1,865,000  

Longitudinal-lug plate 25 mm surface 150 1,562,000 1,562,000  

     connection at D       

Repair #1 Hammer Peened   640,000 2,000,000  

Mean Stress = half of stress range shown     

*-indicates crack was initiated by saw cut     

**-indicates runout      
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Table 3.12:  Summary of cracks and repairs on simplified web frame specimen 3 

      Additional Cumulative  

   Stress Cycles to Cycles to  

Location Description Range (MPa) Failure Failure  

Radius at cutout A 22 mm thru-thickness 138 340,000 340,000 * 

Repair #1 38 mm stop hole   N/A 2,500,000 ** 

Radius at cutout B 32 mm thru-thickness -214 340,000 340,000 * 

Repair #1 38 mm stop hole   N/A 2,500,000 ** 

Radius at cutout C 19 mm thru-thickness -150 340,000 340,000 * 

Repair #1 14 mm stop hole   N/A 2,500,000 ** 

Radius at cutout D 25 mm thru-thickness 205 114,000 114,000 * 

Repair #1 76 mm stop hole  1,886,000 2,000,000  

Repair #2 Vee-and-weld plus bolted  N/A 2,500,000 ** 

       doubler plate      

Stiffener weld at cutout C 22 mm thru-thickness 160 663,000 663,000  

Repair #1 38 mm stop hole  1,337,000 2,000,000  

Repair #2 24 mm stop hole  500,000 2,500,000  

Longitudinal-webframe 89 mm surface 180 680,000 680,000  

     connection at D       

Repair #1 Hammer Peened  616,000 1,296,000  

Repair #2 Vee-and-weld  704,000 2,000,000  

Repair #3 Vee-and-weld plus    N/A 2,500,000 ** 

       hammer peening        
  

 Mean Stress = half of stress range shown        

*-indicates crack was initiated by saw cut     

**-indicates runout      
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Table 3.13:  Summary of cracks and repairs on simplified web frame specimen 4 

      Additional Cumulative  

   Stress Cycles to Cycles to  

Location Description Range (MPa) Failure Failure  

Radius at cutout A 38 mm thru-thickness 111 835,000 835,000 * 

Repair #1 14 mm stop hole   N/A 3,580,000 ** 

Radius at cutout B 32 mm thru-thickness -184 583,000 583,000 * 

Repair #1 8 mm stop hole   N/A 3,580,000 ** 

Radius at cutout C 32 mm thru-thickness -105 835,000 835,000 * 

Repair #1 6 mm stop hole   N/A 3,580,000 ** 

Radius at cutout D 44 mm thru-thickness 175 583,000 583,000 * 

Repair #1 24 mm stop hole + bolt  N/A 3,580,000 ** 
  

 Mean Stress = half of stress range shown        

*-indicates crack was initiated by saw cut     

**-indicates runout      
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Table 3.14:  Summary of cracks and repairs on simplified web frame specimen 5 

     

     

      Additional Cummulative  

   Stress Cycles to Cycles to  

Location Description Range (MPa) Failure Failure  

Radius at cutout A 92 mm thru-thickness 116 1,467,800 1,467,800 * 

Repair #1 17 mm stop hole   1,595,500 3,063,300 ** 

Radius at cutout B 70 mm thru-thickness -188 1,709,000 1,709,000 * 

Repair #1 17 mm stop hole   1,354,300 3,063,300 ** 

Radius at cutout C 70 mm thru-thickness -122 1,709,000 1,709,000 * 

Repair #1 17 mm stop hole   1,354,300 3,063,300 ** 

Radius at cutout D 48 mm thru-thickness 178 141,600 141,600 * 

Repair #1 24 mm stop hole  905,400 1,047,000  

Repair #2 32 mm stop hole  420,800 1,467,800  

Repair #3 35 mm stop hole   1,595,500 3,063,300  

Longitudinal/web frame 203 mm thru-thickness 180 1,210,500 1,210,500  

     connection at D       

Repair #1 Weld crack without   257,300 1,467,800  

       arc gouging      

Repair #2 Vee-and-weld--change from  1,595,500 3,063,300 ** 

       fillet to groove weld        

Longitudinal/web frame 203 mm thru-thickness 130 1,734,500 1,734,500  

     connection at C       

Repair #1 Vee-and-weld--change from  1,328,800 3,063,300 ** 

       fillet to groove weld plus      

       hammer peening        

Bottom hull at cutout C 32 mm thru-thickness 165 1,734,500 1,734,500  

Repair #1 17 mm stop hole   1,328,800 3,063,300 ** 

Mean stress = half of stress range shown     

*-indicates crack was initiated by sawcut     

**-indicates runout      
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Table 3.15:  Measured stress ranges in complex web frame specimens 

  Specimen 1--with lug Specimen 2--no lug 

Gage Strain (µe) Stress (MPa) Strain (µe) Stress (MPa) 
1 25.7 5.14 -- -- 
2 274  54.7 -- -- 
3 1220 244 1130 227 
4  546 109 276 55.3 
5 472 94.4  201 40.2 
6 335 67.1 14.4 2.89 
7 455 91 1220 245 
8 0.144 0.029 222 44.5 
9 0.0718 0.014 5.60 1.12 

10 170 33.9 296 59.1 
11 390 77.9 -6.80 -1.40 
12 -117 -23.4 -24.2 -4.80 
13 -49.1 -9.82 17.9 3.60 

Note:  Gages 1 and 2 not used on Specimen #2  
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Table 3.16:  Summary of cracks and repairs on copmlex web frame specimen 1 
      

      Additional Cummulative  

   Stress Cycles to Cycles to  

Location Description Range (MPa) Failure Failure  

Webframe at bottom of 50 mm thru-thickness 150 3,050,000 3,050,000  

     longitudinal connection       

Repair #1 76 mm stop hole   N/A 6,000,000 ** 

Back of Longitudinal at 145 mm thru-thickness 150 3,050,000 3,050,000  

     connection to webframe       

Repair #1 Vee-and-groove weld plus  635,000 3,685,000  

       hammer peening      

Repair #2 Weld on bracket   2,315,000 6,000,000  

Flat bar stiffener at 70 mm thru-thickness 150 3,432,000 3,432,000  

     longitudinal connection       

Repair #1 Vee-and-weld  253,000 3,685,000  

Repair #2 Vee-and-weld plus bracket  985,000 4,670,000  

       added to other side        

Mean Stress = zero      

**-indicates runout      

 

 

 

 

Table 3.17:  Summary of cracks and repairs on complex web frame specimen 2 

      Additional Cummulative  
   Stress Cycles to Cycles to  

Location Description Range (MPa) Failure Failure  
Webframe-longitudinal 35 mm thru-thickness 200 1,266,000 1,266,000  
     connection       
Repair #1 38 mm stop hole  N/A 3,000,000 ** 
Longitudinal-bar stiffener 32 mm thru-thickness 200 1,266,000 1,266,000  
     connection       
Repair #1 14 mm stop hole  71,000 1,337,000  
Repair #2 14 mm stop hole  127,000 1,464,000  
Repair #3 Vee & weld + doubler  N/A 3,000,000 ** 
       + bracket        
Mean stress = zero      
**-indicates runout      
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a: Elevation of specimen showing load and reaction points. 

 
b) Weld details of tee-section attachments. 

 

Figure 3.1: Drawing of simplified-attachment model 
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Figure 3.2:  Simple-attachment specimen before testing. 

 

 
Figure 3.3:  Simple-attachment specimen in test setup. 
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Figure 3.4:  Simple-attachment specimen test setup. 
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Figure 3.5: Clamped-roller connection. 

 
Figure 3.6:  Strain-gage layout. 
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a) Actuator in compression. 

 

 

 

b) Actuator in tension. 

Figure 3.7:  Stress distribution through the depth of the beam with actuator in tension. 
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Crack

a) Typical crack at flange end of attachment. 

 

 

Crack

b) Typical crack at web end of attachment. 

 

Figure 3.8:  Typical cracks in simple-attachment specimens (enhanced by dye penetrant) at the point 

defined as “failure”. 

 

 
Hammer Peened Weld Toe

Figure 3.9:  Preemptive hammer peeneing the weld toe. 
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Drilled out crack tip 

Figure 3.10:  Access hole for backside of repairs. 

 

 
Figure 3.11:  Single sided weld repair with backing bar. 
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a) Attachment side 

 

 
b) Web side. 

Figure 3.12:  Single sided weld repair with backing bar removed. 
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Figure 3.13:  The web side of a two-sided weld repair. 

 

 

Hammer Peened Weld Toe

Figure 3.14:  The attachment side of a two-sided weld repair with hammer peening. 
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Figure 3.15:  S-N curve for original detail and preemptive hammer peening.  
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Figure 3.16:  S-N curves for simple attachment specimen repairs. 
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a) Large crack. 

 
b) Repair of crack. 

Figure 3.17: Simple attachment specimen doubler plate repair. 
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a) Top flange. 

 
b) Bottom flange. 

Figure 3.18: Area of specimen with inadequate access to attachment for weld repairs. 
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Figure 3.19:  Mean life of the logarithmic life of different repair types and original detail at 100 

MPa stress range. 
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a) Dimensions and loading. 

 
b) Detail of bracket. 

Figure 3.20:  Complex bracket attachment specimen. 
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Figure 3.21:  A complex-attachment specimen. 
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Figure 3.22:  Complex-attachment brackets. 
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Figure 3.23:  Complex-attachment test setup. 
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Figure 3.24:  Drawing of test setup. 
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Figure 3.25:  Clamped-roller support connection. 
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Figure 3.26:  Drawing of strain gage layout. 
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a):  Actuator in compression (AIC) 

 

 

 

b) Actuator in tension (AIT) 

Figure 3.27:  Strain gradient along the vertical stem of the tee. 
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a) actuator in tension. 

 

 

 

 

 

b) Actuator in compression 

Figure 3.28:  Linear strain distribution through the depth of the horizontal girder 
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Crack

Figure 3.29:  A typical crack at the top of the bracket in the complex-attachment specimen. 

 

 
Figure 3.30:  Weld repair of crack not yet through-thickness without termination holes. 

 

 92 



 
Figure 3.31:  Weld repair of typical through-thickness crack with termination holes drilled to larger 

diameter after the weld is complete. 

 

 
Figure 3.32:  Weld repair with ground termination holes. 
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Figure 3.33:  Weld ground after repair. 

 

 

Hammer Peening 

Figure 3.34:  Weld that has been hammer peened after repair. 
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Figure 3.35:  Doubler plates welded to reinforce detail. 
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Figure 3.36:  S-N curve for complex-attachment specimen. 
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Figure 3.37:  Repairs mean value of logarithmic life. 
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Figure 3.38  Simplified longitudinal/web frame connection specimen drawing 

(dimensions in mm) 
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Figure 3.39  Simplified longitudinal/web frame connection specimen drawing (side view) 
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Figure 3.40  Typical connection detail (dimensions in mm) 

 

 

 
Figure 3.41  Simplified web frame specimen test setup 
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Figure 3.42  Photo of simplified web frame specimen in test fixture 
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Figure 3.43  Strain gage layout for simplified web frame specimens 

 

Figure 3.44  Stress gradient approaching cutout radius at detail D 
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Figure 3.45  Finite element model of simplified web frame specimen 
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Figure 3.46  Finite element results for simplified web frame specimen (stress in MPa) 
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Figure 3.47  Typical saw cut and tack weld used to initiate cracks at cutouts 

 

 

 

 
Figure 3.48  Typical crack in web frame growing out of a cutout 
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Figure 3.49  Typical stop hole repair in web frame 

 

Figure 3.50  S-N curve showing the fatigue data for different sized stop hole repairs 
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Figure 3.51  Repair of a crack in the web frame using a 24 mm stop hole and fully tensioned 

 

high-strength bolt 

Figure 3.52  Stop hole performance for 25 mm cracks in 345 MPa steel 
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Figure 3.53  Performance of stop hole repairs relative to equation 

 

 
Figure 3.54  Crack forming in lug after stop hole repair 
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Figure 3.55  Repair failures at other radius at cutout C 

 

 

 

 
Figure 3.56  130 mm long crack after failure of 76 mm stop hole 
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Figure 3.57  130 mm long crack after weld repairing 

 

 
Figure 3.58  130 mm long crack repaired using bolted doubler plates after weld repairing 
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Figure 3.59  Weld repair in cracked lug plate (original crack shown in Fig. 3.54) 

Figure 3.60  S-N curve showing performance of weld repairs 
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Figure 3.61  Crack forming at web frame-longitudinal connection 
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Figure 3.62  Drawing of section through web frame at connection to longitudinal 
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Figure 3.63  Weld repair at web frame-longitudinal connection 

 

 

 
Figure 3.64  Crack forming in bottom hull at cutout 
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Figure 3.65  S-N curve showing life of original and repaired bottom hull detail at cutout 
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Figure 3.66  S-N curve comparing repairs made to different types of steel 
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Figure 3.67  Full scale longitudinal/web frame connection specimen drawing (front view) 
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Figure 3.68  Full scale test specimen (side view) 
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Figure 3.69  Full scale web frame specimen test setup (front view) 

 

 
Figure 3.70  Full scale web frame specimen test setup (side view, column partially removed) 
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Figure 3.71  Photo of full scale web frame specimen in test fixture 
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Figure 3.72  Strain gage layout for full scale web frame specimens 

 

 

 
Figure 3.73  Finite element model of full scale web frame specimen 
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Figure 3.74  Finite element results for full scale web frame specimen showing hot-spot at 

longitudinal-web frame weld 
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Figure 3.75:  S-N curve showing life of original and repaired complex specimen 1 
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Figure 3.76:  S-N curve showing life of original and repaired complex specimen 2 

 

 
Figure 3.77:  Typical crack in web frame at edge of longitudinal 
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Figure 3.78:  76 mm stop hole in web frame (specimen 1) 

 

 
Figure 3.79:  Stop hole repairs in specimen 2 
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Figure 3.80:  Crack along back of longitudinal at connection to web frame (specimen 1) 

 

 
Figure 3.81:  Vee-and-weld repair along back of longitudinal (specimen 1) 
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Figure 3.82:  Bracket added to stiffen connection (specimen 1) 

 

 
Figure 3.83:  Crack propagating from stop hole into flat bar stiffener (specimen 1) 
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Figure 3.84:  First weld repair of cracked flat bar stiffener (specimen 1) 

 

 

 
Figure 3.85:  Complete failure of flat bar stiffener (specimen 1) 
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Figure 3.86:  Failure of added bracket (specimen 1) 

 

 
Figure 3.87:  Ineffective 14 mm stop holes in flat bar stiffener (specimen 2) 
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Figure 3.88:  Doubler welded to flat bar stiffener (specimen 2) 

 

 
Figure 3.89:  Additional bracket (specimen 2)
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4  SUMMARY 
 

 

1. Four different specimen types of three different structural details were fatigue tested 

until cracking occurred, had their cracks repaired by different techniques, and were 

retested under fatigue loading until cracking occurred again.  The process was either 

continued until the specimens could not be repaired any more due to multiple cracks, 

or discontinued when a repair technique resulted in a fatigue life significantly better 

that the original detail. 

 

2. Using the nominal-stress-range approach or the hot-spot stress range approach, the 

lower-bound fatigue strength of the repaired details was related to the next lowest S-

N curve from the set of S-N curves for fatigue categories A through E and E’ used in 

the United States for bridges and other structures. These S-N curves can be 

translated to equivalent British Standard S-N curves, if desired. 

 

 

4.1  ATTACHMENTS AND BRACKET DETAILS 

 

1. Strain gage measurements show that the nominal stresses in the beams with attachments and 

the bracket detail can be accurately determined from simple bending equations.  Therefore, 

the fatigue test results for these types of details can be analyzed in terms of the nominal 

stress range.   

  

2. Non-load-bearing attachments greater than 100 mm in length are expected to be Category E 

details and the test data indicated the attachments were slightly better than this.   

 

3. Hammer peening the weld toes can increase the fatigue resistance of uncracked attachment 

details by at least one full category to Category D.   
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4. Hammer peening can be an effective repair for shallow surface cracks at attachments less 

than 3 mm deep.  

 

5. Weld repairs of through thickness cracks at attachments were made by arc-gouging a groove 

at the crack, arc-gouging an access hole in the beam web below the flange, and welding 

against a backing bar.  These weld repairs at the attachment details were a Category E’ 

detail.  The ratio of the fatigue strength of the repair to the original detail is 0.64.  The ratio 

of the life of the repaired detail to the original life is the cube of the ratio of the fatigue 

strength, or 0.27.  For example, if one of these details cracked in ten years, the repair would 

be expected to last at least 2.7 years.   

 

6. If the toes of the repair weld at an attachment detail are hammer peened, the fatigue strength 

is at least Category D.  Therefore, the ratio of the fatigue strength of the hammer-peened 

repair to the original detail is 1.25.  The ratio of the life of the repaired detail to the original 

life is 2.0.  For example, if one of these details cracked in ten years, the hammer-peened 

repair would be expected to last at least 20 years, probably enough to qualify as permanent.   

 

7. The original lap-joint bracket detail was expected to be a Category E’ detail and the test data 

were consistent with this expectation.  All of the different weld repairs came out below 

Category E’, so there is no equivalent nominal stress range category low enough to describe 

these repairs.  The ratio of the fatigue life of the repair to the original detail is 0.42 if the 

ends of the weld are drilled out and 0.30 if the weld is terminated in a tapered groove 

without holes.    

 

8. It was not possible to get access to both sides of the specimen to perform hammer peening.  

Hammer peening just one side of this lapped bracket detail improved the fatigue strength but 

not as much as one full Category, so it is considered ineffective. 

 

9. The doubler plate repair proved to be by far the best repair.  The two-doubler plate repair 

reached the category E’ life and neither repair had any noticeable crack growth.  The repair 

using just a single doubler plate on the flange of the specimen proved to be better then just a 
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weld repair, but it failed from distortional fatigue in the web.   In addition to increasing the 

life at the repair location, the doubler plates moved the critical point farther up the stem of 

the tee to a lower stress location. 

 

 

4.2  LONGITUDINAL/WEB-FRAME CONNECTION 

 

1. Cracks at the longitudinal/web-frame connection typically occur at the cutout in the web 

frame, at the vertical weld between the longitudinal and the web frame, at the lug plate 

lap weld, and at the weld toe where the hull connects to web frame at a cutout.  The 

stresses are very complex at these locations and therefore the hot-spot stress range 

approach is used to analyze fatigue life.  In the hot-spot-stress-range approach, the lower-

bound fatigue strength will be related to the Category C S-N curve, since this is the S-N 

curve for a short attachment or butt weld with little stress concentration other than that 

associated with the weld toe.  This S-N curve is approximately equivalent to the “T” hot-

spot stress range S-N curve used in the British Standards. 

 

2. Finite-element analyses were performed and the predicted hot-spot stress ranges at key 

locations were verified by strain-gage measurements on the specimens. 

 

3. Stop holes were found to be an effective retrofitting technique for cracks occurring in this 

connection.  An equation relating the diameter of the hole required to arrest a crack to the 

initial crack length and the stress range was found to be conservative but not excessively 

conservative.  Stop holes alone are much less expensive than weld repairs.  All details 

repaired with stop holes survived more cycles without failure than the original detail or 

longer than Category C.  The addition of a fully-tensioned high strength bolt in the stop 

hole increases the fatigue resistance even more.   

 

4. Cracks that occur at the one-sided fillet weld between the longitudinal and web frame are 

caused by a lack of fusion defect inherent in the connection.  These can best be repaired 

by arc gouging through the fillet weld into the web frame and replacing with a full-
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penetration groove weld.  This should be followed by hammer peening the weld toes.  If 

this is done, the ratio of the fatigue strength of the repaired detail to the original detail can 

be expected to be about 0.95, and the ratio of the life of the repair to the original would 

be 0.86. 

 

5. Surface cracks up to 3 mm deep at the hull where it meets a cutout can be repaired by 

hammer peening.  Hammer peening this detail prior to cracking can improve it by 

approximately one fatigue category.  Peening is not effective for cracks originating at the 

weld root. 
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5  CONCLUSIONS  
1. When a detail is cracked and repaired by any of the techniques presented in this 

report, the residual life after repair is independent of the number of cycles 

before the repair.  Thus the repairs essentially reset the fatigue life.   

 

2. The fatigue strength of various repair techniques was characterized in terms of 

S-N curves and also in terms of the ratio of the residual fatigue life to the life of 

the original detail.  If the future loading can be assumed to be the same as the 

past loading, the ratio of the repair life to the original life allows rapid 

assessment of the residual life of repaired details without explicit estimates of 

the future loading.   

 

3. Vee-and-weld repairs made at locations of butt welds and access holes usually 

restore the fatigue life of these details to that of the original detail.  However, 

vee-and-weld repairs made in base metal or in fillet-welded attachments 

typically reduce the fatigue strength of structural details by one fatigue strength 

category, so that repair welds will typically have an expected life after repair 

that is only about half of the time until the detail cracked originally.   

 

4. Doubler plate repairs are a poor fatigue strength (Category E’) detail, however 

many original details on ships are also Category E’ details or worse.  These 

poor details may be restored top their original fatigue strength by application of 

welded doubler plates.   

 

5. Repair of cracks with stop holes, where the geometry of the detail permits, will 

make the fatigue strength of the repaired structural detail as good as, if not 

better than the original detail. 

 

6. Use of fatigue life improvement techniques such as hammer peening will 

restore the fatigue life of a weld repair to the original fatigue strength of the 

structural detail, and may even increase the fatigue life. 
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6  RECOMMENDATIONS 
 

1. The draft ASTM procedure Standard Practice for Repair of Fatigue Cracks in 

Steel Ship Structure given as Appendix A of this report should be published as 

an ASTM Guide for use in the repair of ship structures. 

 

2. The ratios of the lives of repairs to the lives of the original details presented in 

this report can be easily used by non-specialists to assess the residual life of 

various repair options to choose the most efficient options with the required 

residual life.   

.   

3. Whenever practical, repair welds to cracked structural details in ship structure 

should be followed by a fatigue life improvement technique such as hammer 

peening. 

 

4. A more systematic study of the effects of repair weld quality and use of fatigue 

life improvement techniques on repair welds should be made. 

 

 

5. The studies made in this project should be expanded to include a wider range of 

structural details so that even better guidance will be available for repair of 

cracks in ship structures. 

. 
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APPENDIX A 

Standard Practice for Repair of Fatigue Cracks in Steel Ship Structure 
 

1. Scope 

 

1.1 This practice describes methods for evaluation of the most suitable repair technique for 

various types of cracks in steel ships resulting from fatigue and guidelines for the design 

and execution of the most effective repair techniques.  

1.2 The values stated in SI units are to be regarded as the standard. 

1.3 This standard does not purport to address all of the safety concerns, if any, associated 

with its use.  It is the responsibility of the user of this standard to establish appropriate 

safety and health practices and determine the applicability of regulatory limitations prior 

to use. 

 

2. Referenced Documents 

 

2.1 ASTM Standards: 

A131/A131M  Standard Specification for Structural Steel for Ships 

A320/A320M Specification for Alloy Steel Bolting Materials for Low-Temperature 

Service 

F436  Standard Specification for Hardened Steel Washers 

2.2 American Welding Society Standards: 

D1.1  Structural Welding Code—Steel  

D3.5  Guide for Steel Hull Welding 

2.3 Other Standards: 

ABS International, Rules for Building and Classing Steel Vessels 

American Institute of Steel Construction (AISC),  Manual for Steel Construction 
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3. Application 

 

3.1 This standard is intended to be a guide for repairing typical fatigue cracks that occur at 

four types of ship structural details.  These details are 1) butt welds, 2) fillet-welded 

attachments, 3) bracket connections, and 4) intersections of longitudinal stiffeners with 

transverse web frames.     

3.2 The primary methods used to repair fatigue cracks include:  1) air arc-gouging and 

welding, 2) hole drilling at the crack tip, 3) hammer peening of the crack, 4) modifying 

the detail design by adding a doubler plate, stiffener, or rounded corner bracket to reduce 

the local stress, or 5) some combination of the above techniques. 

3.3 The fatigue “Categories” discussed below refer to the fatigue design S-N curves in the 

AISC Manual of Steel Construction (Figure 1).  The S-N curves are of the form:  

 

   N = C⋅S-3       (A-1) 

  or    logN = logC – 3 logS 

       where:   N = number of cycles to failure, 

          C = constant dependent on detail category (Table 1) 

     and   S = applied constant amplitude stress range  

   or effective stress range for variable-amplitude loading.. 

The S-N curves or Categories can be converted to equivalent Categories for other 

specifications using the cross reference data in Table 2. 
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Figure 1:  Nominal stress S-N curves used in AISC specifications 

 

 

Table 1:  Parameters for AISC S-N curves  

AISC Coefficient C 
times 1011  
(MPa3) 

Threshold or 

Fatigue Limit 

(MPa) 

A 82 165 

B 39 110 

B’ 20 83 

C 14 69 

D 7.2 48 

E 3.6 31 

E’ 1.3 18 
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Table 2:  Cross-reference for S-N curves (nearest curve at 2 x 106 cycles) 

AISC Eurocode 3 BS 7608 

A 160 B 

B 125 C 

B’ 100 D 

C 90 D 

D 71 F 

E 56 G 

E’ 40 W 

 

 

3.4 When calculating the residual life of repaired details, it is not necessary to take into 

account the prior fatigue loading experienced by the metal immediately adjacent to the 

repair, i.e. the repair may be considered a new detail as far as estimating the residual life.    

However, if there are other details in the connection that were not treated or repaired (e.g. 

a weld access hole adjacent to a repaired butt weld), the fatigue lives of these other 

details are not affected by the repair and shall be considered as partially used up.   

 

3.5 When the residual life of a repaired detail is compared to the life of the original detail in 

this section, it will be assumed that the loading will remain approximately the same in the 

future as it was in the past.  If this is not the case, then the effective stress range must be 

calculated for the future loading and the life determined from the S-N curve.     
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3.6 Butt welds in hull plate or stiffeners (including insert plates), access holes and drain 

holes - (Figure 2).  Butt welds are Category D details when new, regardless of the type of 

complete-joint-penetration weld detail.  Access holes and drain holes are also Category D 

details, with the cracks likely to form at the weld terminations (usually a wrap-around 

weld or boxing weld) or sometimes at the apex of the holes, particularly when the flame 

cutting of the hole is very poor.   

Shallow cracks, less than 3 mm deep, at the toes of the butt weld or at the toes of 

the wrap-around weld at the weld access hole or drain hole, may be repaired by hammer 

peening.  Surface cracks at butt weld toes with a total length less than 30 mm will 

typically be less than 3 mm deep, while surface cracks at the weld terminations at access 

holes or drain holes may be 3 mm deep when they have a total length greater than 12 

mm.  The crack length should be verified using dye-penetrant testing (PT) or magnetic 

particle testing (MT) and it should be verified that there are no cracks on the other side of 

the plate.  If there is sufficient concern about the depth of the crack, the depth can often 

be determined using the shear-wave ultrasonic-testing (UT) technique.  Hammer peening 

should be applied to both weld toes of a butt weld and to both wrap-around welds at 

access holes or drain holes and will create a Category C detail at these locations.  The life 

of the hammer peened welds will typically be at least twice the life of the original detail 

If a hole may be drilled, cracks can either be completely removed with a hole saw 

or the tips of the crack may be drilled.  For example, small cracks around the perimeter of 

the weld access hole or drain hole can be removed simply by enlarging the hole.  Holes 

up to 200 mm in diameter may be practically cut with a hole saw.  In large redundant 

structures there should not be any concern for the loss of section due to the hole.  The 

stop hole repair will create a Category C detail and the life will typically be at least twice 

the life of the original detail.     

Deeper surface cracks and through-thickness cracks may also be repaired 

effectively using air arc-gouging and welding.  Usually, the repair butt weld is made at 

one of the toes of the original butt weld, leaving the other toe of the original weld 

untreated.  Test data have shown that the other weld toe is effectively renewed as well, 

and that the entire original weld and the repair may be considered as a new Category D 
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detail, regardless of the detail, i.e. either two-sided or one-sided complete joint penetration 

welds, with and without backing, and with and without the edges ground flush.  This same 

Category D applies to insert plates that are complete-joint-penetration groove welded to 

surrounding structure.   

Cracks at access holes or drain holes that are too large to stop by drilling holes may 

be repaired as follows.  A 25 mm hole is used to temporarily stop the crack.  The crack is 

then arc-gouged between the weld-access hole and the stop-hole and welded (Figure 3).  

The best repair is a U-preparation with the weld made from one side and then backgouged 

and rewelded from the other side. After welding, the edge of the weld at the access hole 

should be ground flush and a slightly larger stop hole, 38 mm in diameter, should be drilled 

to remove the edge condition of the weld. This repair will restore the access hole to a 

Category D detail.  

In the case of repairs at butt welds and access holes or drain holes, the fatigue 

strength of the repair weld is approximately the same as the original detail, so the residual 

life should be approximately the same as the life until the cracking occurred under similar 

loading.   In the case of insert plates, the original fatigue strength in an open part of the 

hull plate is Category A, so the installation of an insert plate (Category D) will shorten 

the life considerably.  However, it is likely that there are other Category D or worse 

details nearby, so the practical consequences of introducing another D detail are not 

significant.   

If this estimated residual life of these weld repair details is not satisfactory, 

hammer peening of the original weld toes and the repair weld toes may be performed and 

this will increase fatigue strength to Category C.  In this case, the residual life would be 

expected to be about twice the original life of the detail.   

Doubler plates may be added to reinforce the structure near a cracked butt weld 

and reduce the stress ranges locally. Usually the butt welds are weld repaired first and 

then must be ground flush to accept the flat doubler plate.  A bolted doubler plate (Figure 

4) will be a Category D detail while a welded doubler plate will be a Category E detail if 

both the doubler and the underlying plate are less than 20 mm thick and a Category E’ 

detail if either of the plates is 20 mm or thicker. The critical stress range for the doubler 

plate will be the nominal stress range in the underlying plate at the perimeter of the 
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doubler.  Since these doubler plates will be the same or worse fatigue resistance than the 

original detail, the only way adding a doubler plate will be an improvement is if the 

doubler plate perimeters can be extended to areas of the panel with lower stress ranges.     

Regardless of the approach to repair, the remaining parts of the butt weld and any 

neighboring butt welds or access holes will remain Category D details.  If one of these 

butt weld details or access holes cracked, then similar details in neighboring areas are 

also likely in the verge of cracking.  If it is necessary to have a residual life of these 

remaining parts of the weld or weld access holes, then they should be retrofit by hammer 

peening both weld toes.  Access holes may be improved by grinding the perimeter of the 

access hole and hammer peening the part of the fillet weld that wraps around the end of 

the access hole.  These operations should improve the details to Category C, and the 

residual life should be twice the life at which one of the details cracked.   

Side Shell

Transverse Web Frame

Welded Butt
Cracked

Welded Butt
Fractured

CompletelyCracks at Cope
Hole Opening

Erection Butt
Weld

 

Figure 2: Crack locations at various butt weld details 

 

 

 A-7 



 
             
 Sketch of Damage Sketch of Repair 
 

Figure 3:  Cracks and repairs at butt welds and access holes. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 4: Bolted cover plate repair at a butt weld 
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3.7 Fillet welded attachments – The original details are typically Category E when they are 

new.  Shallow cracks, less than 3 mm deep, may be repaired by hammer peening (Figure 

5).  Surface cracks along weld toes with a total length less than 30 mm will typically be 

less than 3 mm deep, while surface cracks at wrap-around welds on the nose of stiffeners 

may exceed 3 mm in depth when they have a total length greater than 12 mm.  Hammer 

peening should be applied to all weld toes where the weld axis is perpendicular to the 

principal stress range, usually the weld toes parallel to the crack that formed.  The 

hammer peening will create a Category D detail.  The life of the hammer peened welds 

will typically be at least twice the life of the original detail 

Deeper cracks may be repaired effectively using air arc-gouging and welding (Figure 

6). If a crack is nearly all the way across the flange of a stiffener or other element, it is 

preferred to gouge a groove across the whole element so the weld may be terminated at the 

edges by cascading the weld beads.  If a weld is in a continuous plate or is much less than 

the width of the plate, it is preferred that the weld repairs be made between drilled holes at 

least 25 mm diameter at the crack tips, and that after welding the holes are enlarged to 38 

mm to clean up the weld ends.  It is recognized that this is not always possible, and the test 

data show it is acceptable to terminate the weld in a gradually tapered groove.   

Weld repairs at attachments may be considered as a new Category E’ detail, regardless 

of the weld type, i.e. either two-sided or one-sided complete joint penetration welds, with 

and without backing, and with and without holes at the edges or with the edges ground 

flush.  The ratio of the life of the repaired detail to the original life is 0.27.  .   

If this estimated residual life is not satisfactory, hammer peening of the original 

weld toes and the repair weld toes may be performed and this will increase fatigue 

strength to Category D.  In this case, the residual life would be expected to be about twice 

the original life of the detail.   

In addition to the weld repair, small stiffeners may be added to reinforce the 

structure and reduce the stress ranges locally.  The terminations of these stiffeners will 

usually be a Category E detail, so this should give a residual life equal to the life of the 

original detail. This reinforcement may be useful when a detail has been repaired multiple 

times and the weld quality is very questionable.  The reinforcement will effectively move 
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the critical location to a new location, the termination of the stiffener, so future cracking 

will not take place at the previous repair locations.       

Regardless of the approach to repair, if one detail has cracked the remaining parts 

of the attachment and any neighboring similar attachments will remain on the verge of 

cracking.  It is recommended that any nearby similar attachment details be hammer 

peened at the weld toes to restore the fatigue strength to Category D, and the residual life 

should be twice the life at which the detail cracked.   

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 5: Peened weld that had a surface crack at fillet welded attachment 
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Sketch of Damage     Sketch of Repair 

 

Figure 6:  Crack and repair at attachment detail 

 

3.8 Bracket connections – Bracket connections with lap welded connections are typically 

Category E’ when they are new.  Brackets that are attached to a flange or other transverse 

elements are usually Category E details.   

Shallow cracks, less than 3 mm deep, at the welds of such brackets may be 

repaired by hammer peening (Figure 5).  Surface cracks along weld toes with a total 

length less than 30 mm will typically be less than 3 mm deep, while surface cracks at the 

wraparound welds on the nose of stiffeners may be 3 mm deep when they have a total 

length greater than 12 mm.  Hammer peening should be applied to all weld toes where 

the weld axis is perpendicular to the principal stress range, usually the weld toes parallel 

to the crack that formed.  The hammer peening will create a Category E detail at lap 

welds and a Category D detail at the termination of brackets normal to a flange or other 

surface.  The life of the hammer peened welds will typically be at least twice the life of 

the original detail 

Deeper cracks may be repaired effectively using air arc-gouging and welding (Figure 

7).  The weld repair may be considered as a new Category E’ detail, regardless of the weld 

type, i.e. either two-sided or one-sided complete joint penetration welds, with and without 
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backing, and with and without the edges ground flush.  The ratio of the life of the repaired 

detail to the original life is 0.27.  .   

If this estimated residual life is not satisfactory, hammer peening of the original 

weld toes and the repair weld toes may be performed and this will increase fatigue 

strength to Category D.  In this case, the residual life would be expected to be about twice 

the original life of the detail.   

In addition to the weld repair, small doubler plates may be welded on to reinforce 

the structure and reduce the stress ranges locally (Figure 8).  The terminations of these 

doublers will usually be a Category E detail, so this should give a residual life equal to 

the life of the original detail.  This reinforcement may be useful when a detail has been 

repaired multiple times and the weld quality is very questionable.  It will effectively 

move the critical location to a new location, the termination of the doubler, so future 

cracking will not take place at the old repair locations.       

Regardless of the approach to repair, the remaining parts of the attachment and 

any neighboring similar attachments will remain on the verge of cracking.  It is 

recommended that any nearby similar attachment details be hammer peened at the weld 

toes to restore the fatigue strength to Category D, and the residual life should be twice the 

life at which one of the details cracked.   
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 Sketch of Damage Sketch of Repair 
 

Figure 7:  Crack and repair at bracket detail. 

 

 
Sketch of Damage    Sketch of Repair 

 

Figure 8:  Crack and doubler plate repair at bracket detail 

 

3.9 Intersection of longitudinal stiffeners and transverse web frames – This original 

detail is typically Category E when it is new.  Cracking can occur in several ways at this 

detail, as shown in Figures 9-12.   

Most often, cracks occur in the web frame at the cutout where the longitudinal 

passes through (Figure 9).  These cracks commonly initiate at the curved radii of the 
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cutout and propagate into the web frame.  Cracks such as these can best be repaired using 

hole drilling.  The properly executed stop hole repair will create a Category C detail and 

the life will typically be at least four times the life of the original detail.  Again, in large 

redundant ship structures there is no concern for loss of section due to the hole(s).  If 

cracks at this location are large (greater than 300 mm), then they should be weld repaired 

and can be considered Category D.  Doubler plates may be added after grinding the repair 

weld smooth to reinforce the structure and reduce the stress range locally, however the 

repair will still be Category D with the critical location moving to the outer edges of the 

doubler plate.  As described above, the only way the doubler plate will be beneficial is if 

it is large enough to extend to areas of lower stress range. 

Cracks may also occur at the root of the weld connecting the long leg of the 

longitudinal stiffener to the webframe (Figure 10).  These cracks are best repaired by arc-

gouging and replacing the fillet weld with a groove weld.  An additional fillet weld 

should be added on top of the groove weld for reinforcement.  Once this is complete, the 

toes of the repair weld should be hammer peened.  This repair will increase the fatigue 

strength to Category C, approximately four times the original life of the detail. 

Cracks occurring at the toe of the wrap-around weld at the web frame cutout 

(Figure 11) may be repaired by hammer peening if their depth is 3 mm or less.  Surface 

cracks at this location will typically be less than 3 mm deep if they have a total length 

less than 12 mm.  The crack length should be verified using dye penetrant testing (PT) or 

magnetic particle testing (MT).  If there is sufficient concern about the depth of the crack, 

the depth can often be determined using the shear-wave ultrasonic-testing (UT) 

technique.  Hammer peeing should be applied all the way around the toe of this wrap-

around weld and will create a Category C detail, making the repair life four times the life 

of the original detail.  This repair should be reinspected regularly, however, to make sure 

that the initial crack was removed by the peening operation. 

Cracks occurring in the lug plate that connects the longitudinal to the web frame 

(Figure 12) can be repaired using either air arc-gouging and welding, for short cracks, or 

replacing the lug plate, for longer cracks and fractures.  If the crack does not extend the 

entire width of the lug (i.e. the lug is not completely fractured), it is preferred to first drill 

a 13 mm hole, then gouge a groove along the length of the crack and weld.  After 
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welding, the hole should be enlarged to 19 mm to clean up the weld ends and the weld 

toes should be hammer peened.  If the lug is completely fractured, then hole drilling is 

not necessary and the gouging and welding can be performed over the width of the lug 

plate, terminating at the edges by cascading the weld beads.  Weld repairing this crack 

and hammer peening may be considered a new Category E’ detail regardless of the weld 

type.  The ratio of the repaired detail to the original life is then 0.5. 

If this estimated residual life is not satisfactory, an additional lug plate of the 

same dimensions can be added to the opposite side of the web frame in addition to the 

weld repairs described above.  This will improve the repair to Category E, the same as the 

original detail, but will cut the stress range in half, thus improving the life by a factor of 

eight. 

Regardless of the approach to repair and regardless of which type of crack is 

repaired, if one detail or one part of a detail has cracked, the remaining parts and 

neighboring details will still be Category E and will remain on the verge of cracking. 
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Figure 9:  Cracks and repairs in the web frame occurring at the cutout 
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Figure 10:  Crack and repair for failed weld connecting longitudinal to web frame 
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Figure 11:  Crack and repair in sideshell at wrap-around weld at web frame cutout 
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Figure 12:  Crack and repair in lug plate 
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4. Materials and Equipment 

 

4.1 Weld Repairs 

 

Arc gouging:  Air arc gouging can be done using standard equipment.  Consumables 

ranging from 4.8 to 6.4 mm in diameter can be used depending on the thickness of 

base metal. 

Weld process:  Repairs can be made using the shielded metal arc welding (SMAW) 

process or the flux-cored arc welding (FCAW) process.   

Consumables:  All-position consumables should be chosen so that repairs can be made at 

any angle.  Since the deformation of the repair weld will be constrained by 

surrounding structure, the strength of the finished repair weld is not an important 

issue.   The lower the consumable strength the better to reduce welding residual 

stress, which can be a major concern in these highly restrained repair welds.  The 

certified nominal minimum ultimate tensile strength shall not exceed 490 MPa 

(E70XX)  Undermatched welding consumables with ultimate tensile strength less 

than 420 MPa (E60XX and less) are available and should be used if possible.   A low-

hydrogen SMAW electrode such as E6018 or E7018 is recommended to help prevent 

hydrogen cracking.  If using the FCAW process, gas shielding is preferred to keep the 

diffusible hydrogen to a minimum, although suitable self-shielded consumables may 

also be used.  The consumable should have a minimum Charpy V-notch value of at 

least 34 Joules at –29 degrees C.   

High-strength steel:  There is a high risk of hydrogen cracking when repair welding high-

strength steel (yield strength 480 MPa or greater).  Weld repairs should only be used 

for high-strength steel if other types of repairs such as bolted doubler plates are not 

possible.  Undermatched consumables shall be used when welding high-strength steel 

in order to reduce the residual stresses caused by welding.  Also minimum preheat 

requirements per AWS D3.5 (at least 120 degrees C) must be met for welding high 

strength steel to reduce the possibility of hydrogen cracking. 
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4.2  Hole Drilling 

4.2.1 Drill bits:  A titanium-coated high speed steel drill bit is recommended for drilling 

holes 15 mm and smaller.  

4.2.2 Hole saws:   Holes larger than 15 mm should be cut using a cobalt-alloy hole saw. 

4.2.3 Drill:  A portable drill with an electromagnetic base is recommended.  Refer to 

manufacturer’s recommendations to determine optimum type of drill, motor, etc.   

Note:  Flame-cut holes are not permitted 

 

4.3 Hammer Peening 

 

4.3.1 Tool:  A pneumatic or hydraulic impact hammer can be used with a chisel bit.  

See manufacturer’s recommendations for further information. 

 

4.4 Detail Modifications 

 

4.4.1 Material:  Any type of steel that meets ASTM A131 standards may be used for 

detail modifications.  Weld metal should be the same as described in 4.1.  If bolts 

are used, then all bolting materials should conform to ASTM 320 standards.  

Washers should conform to ASTM F436. 

4.4.2 Workmanship:  Brackets, plates, and stiffeners may be flame cut, however, if a 

radiused corner is used, it must be ground smooth or saw cut. 

 

 

 

 

 

 

 

 A-20 



 

5. Procedures 

 

5.1 Weld Repairs 

 

5.1.1 Weld consumables and welding procedure should be prequalified or qualified in 

accordance with the applicable codes and specifications.  In general, weld 

procedures that are acceptable for new construction should be acceptable for 

repair welds with the following additional requirements.   

5.1.2 To ensure reasonable fatigue life, repair welds should meet the workmanship and 

weld quality standards in the applicable codes and specifications, including as a 

minimum the standards for repair welds given in AWS D3.5. 

5.1.3 Visually locate the crack tip (or tips for two-ended or multi-ended cracks).  It is 

recommended but not required that dye-penetrant testing (PT) or magnetic 

particle testing (MT) be used to enhance the visual location of the crack tips.  The 

crack tip should be located on both sides of a member if the crack is through-

thickness and if access is possible.  Mark a point about 6mm past the visually 

identified crack tips in the direction of the crack propagation.     

5.1.4 Determine if crack tip can be drilled out, depending on potential leakage or lack 

of access.  Skip to 5.1.6 if holes cannot be drilled. 

5.1.5 Drill a 12 to 13 mm hole centered on the marked locations. 

Note:  If the location of the crack tip is marked on both sides of a member with a 

through-thickness crack, the hole shall be drilled at the location furthest from the 

crack origin in the direction of crack propagation.   

5.1.6 Clean the area around the crack.  Contamination in the weld area will lead to poor 

weld quality and must be removed prior to welding using solvents.  It is 

sometimes useful to spray on a vegetable oil solvent such as WD-40® and preheat 

to at least 120 degrees C to burn off moisture and contaminants.     

5.1.7 Air-arc gouge out the crack between the holes or marked points to ¾ the thickness 

of the member.  The root opening and groove angle should be in accordance with 

the welding procedure specification (WPS).  See Figure 13. 
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Note:  Make sure to remove all of the crack for a partial-thickness crack Often the 

crack can be seen by the gouger or welder and may appear to propagate during 

gouging or welding. Gouger and welder should be trained to report this and to 

take appropriate measures to locate the ends of the crack again and  increase the 

extent of the repair if necessary.  

5.1.8 Clean and remove slag from the vee-gouged area. 

5.1.9 Fill the gouged area with small stringer weld beads.  This completes the repair for 

a partial-thickness repair.  See Figure 14. 

Note:  Make sure to fill in the whole area of the vee-gouge. 

5.1.10 Clean around the crack on the opposite side of the member. 

5.1.11 Air-arc gouge out the crack between the holes or marked points to ½ the thickness 

of the member. 

Note:  Make sure to remove the entire crack when air-arc gouging. 

5.1.12 Repeat steps 5.1.7 and 5.1.8 to complete repair.  See Figure 15. 
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Figure 13:  Gouge and access hole at attachment detail 

 
Figure 14:  Weld repair of crack not yet through-thickness without termination holes. 
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Figure 15:  Weld repair of typical through-thickness crack with termination holes drilled to larger 

diameter after the weld is complete. 
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 5.2  Hole Drilling 

 

5.2.1 Hole drilling should not be performed on cracks located in inner or outer hull 

plates or in bulkheads where leakage would be unacceptable. 

5.2.2 Measure the length of the crack in millimeters.  Locate the approximate crack tip 

and mark with a steel punch.  For two-ended cracks, do this for each crack tip. 

5.2.3 Choose a minimum hole size based on the following equation: 

 

      
y

R aSD
σ18

2

≥      A-2 

D = hole diameter (mm) 

SR = approximate stress range at the crack location.  If this is unknown, 150 MPa 

may be used. 

a = crack length measured in 5.2.2 for one-ended cracks.  For two-ended cracks, 

divide the measured length by 2 and use that value for a.  

σy = yield strength of the steel containing the crack (MPa) 

 

5.2.4 Clean the area around and ahead of the crack tip, removing as much corrosion 

product as possible. 

5.2.5 Position the drill bit or hole saw such that the visually detected crack tip is located 

at the perimeter of the hole to be cut.  See Figure 16. 

5.2.6 Drill using appropriate coolant in accordance with manufacturer’s 

recommendations.  See Figure 17. 
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Figure 16:  Drilling a stop hole using a magnetic base drill 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 17:  Stop holes at a cracked stiffener detail
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5.3 Hammer Peening 

 

5.3.1 Determine if the crack is through-thickness.  If so, hammer peening should not be 

used. 

5.3.2 Position the tool directly over the crack and apply heavy pressure.  Peen along the 

entire length of the crack and at least 10 mm beyond each tip, moving the tool 

slowly.  Repeat 3 times.  See Figures 18-20. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 18:  Schematic of peening tool applied to toe of transverse fillet weld 
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Figure 19:  Photo of hammer peening operation 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 20:  Hammer peened toe of a fillet weld 
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5.4 Detail Modifications 

 

5.4.1 Detail Modifications can vary greatly between situations.  General guidelines 

given here for typical modifications.  See Appendix B for further guidance. 

5.4.2 Doubler Plates 

All doubler plate repair designs should be in accordance with ABS rules. 

5.4.2.1 Bolted:  Select plate dimensions to cover the crack plus clearance for 

bolts.  Bolt spacing should be 75 mm with 40 mm edge distance.  Position 

bolts at least 40 mm from crack edge.  Select a plate thickness greater than 

or equal to the thickness of the cracked plate.  Select bolt sizes based on 

strength requirements of the cracked section.  See Figure 21. 

 
Figure 21:  Bolted doubler plate 

 

5.4.2.2 Welded:  Drill holes at crack tips in accordance with section 5.2.  Select 

plate dimensions to cover the crack plus at least 50 mm edge distance on 

all sides of the crack.  Weld to cracked plate using 8 mm fillet welds on all 
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sides.  Weld in accordance with procedures in 5.1.  Hammer peen the toes 

of these fillet welds for improved fatigue strength as per 5.3.  See Figure 

22. 

 
Figure 22:  Welded doubler plate 

 

5.4.3  Radius Corners: 

 At the intersection of 90 degree inside corners, fatigue strength can be improved 

by welding on a rounded bracket.  The bracket should not be thicker than the 

connected parts.  The radius on the bracket must be at least 51 mm, and preferably 

at least 153 mm.  Attach using full penetration groove welds. 

 

5.5 Re-inspection 

 

5.5.1 All repairs must be re-inspected and effectiveness re-evaluated on a regular basis. 
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APPENDIX B 
DESIGN EXAMPLES 

 

This appendix contains eight detailed examples of repair designs and procedures for typical 

cracks occurring in: 

 

A) Butt welds and weld access holes 

B) Fillet-welded attachments 

C) Bracket details 

D) Connections between longitudinal stiffeners and transverse web frames 

 

These examples can be used along with procedures given in Appendix A to determine the 

optimum repair strategy for a given crack.  The examples also include a simple method for 

calculating the expected life of the repair, to aid in inspection and maintenance scheduling. 
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Repair Design Example #1 
 
Cracks at butt welds and weld access holes in longitudinal stiffeners and girders. 
 
            

 
 Sketch of Damage Sketch of Repair 
 
 
Repair: 
 

1. Locate crack tips using dye penetrant testing.  Mark 6 mm past the crack tips using a 
permenant marker or paint stick. 

2. Clean the area around the crack, especially at tips, removing as much corrosion product 
as possible. 

3. If the crack is less than 3 mm deep, hammer peen the crack along its length and 10 mm 
beyond each crack tip.  

4. If the crack is greater than 3 mm deep, air-arc gouge out the entire crack using a 3 to 6 
mm copper gouging rod and extending between the two marks from step 1. 

5. Chip out slag and clean gouged area of debris. 
6. Fill the vee-gouged area with stringer welds, using either the shielded metal arc welding 

(SMAW) or flux-core arc welding (FCAW) processes with a low hydrogen all position 
fill material. 

7. For cracks in the web coming out of the access hole, drill a stop hole sized according to 
equation A-1. 
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Residual life calculation: 
 

1. The original detail can be considered Category D, regardless of the type of complete joint 
penetration weld detail.  Access holes and drain holes are also Category D.  A successful 
hammer peening repair can be considered Category C.  The weld repaired detail can be 
considered Category D.  The stop hole repair can be considered Category C. 

2. Expected ratio of fatigue strength of repair to fatigue strength of original detail is: 
a. Hammer peening repair:  2.0 
b. Gouge and weld repair:  1.0 
c. Stop hole repair in web:  2.0 

3. Expected ratio of life of repaired detail to life of original detail is:  
a. Hammer peening repair:  8.0 
b. Gouge and weld repair:  1.0 
c. Stop hole repair in web:  8.0 

These repairs probably can be considered permanent. 
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Repair Design Example #2 
 
Cracks initiate from the weld toe at the end of a bracket and propagated into girders and web 
frames.  They are repaired before they reach through thickness. 
 
            

 
 Sketch of Damage Sketch of Repair 
 
 
 
Repair: 
 

8. Locate crack tips using dye penetrant testing.  Mark 6 mm past the crack tips using a 
permenant marker or paint stick. 

9. Clean the area around the crack, especially at tips, removing as much corrosion product 
as possible. 

10. Air-arc gouge out the entire crack using a 3 to 6 mm copper gouging rod and extending 
between the two marks from step 1. 

11. Chip out slag and clean gouged area of debris. 
12. Fill the vee-gouged area with stringer welds, using either the shielded metal arc welding 

(SMAW) or flux-core arc welding (FCAW) processes with a low hydrogen all position 
fill material. 

 
 
Residual life calculation: 
 

4. The original detail can be considered an AASHTO Category E’.  The repaired detail can 
be considered lower then an AASHTO Category E’. 

5. Expected ratio of fatigue strength of repair to fatigue strength of original detail is 0.661. 
6. Expected ratio of life of repaired detail to life of original detail is (0.661)3 = 0.289.  This 

repair probably cannot be considered permanent. 
7. This is the quickest repair to do and may prove to be cost effective. 
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Repair Design Example #3 

 
Cracks occur at the weld toe connecting a bracket to a girder or web frame.  The crack has 
propagated to a through-thickness crack that extends away from the bracket into the girder or 
web frame. 
 

            
 Sketch of Damage                                      Sketch of Repair 

 
 
Repair: 
 

1. Locate crack tips using dye penetrant testing.  Mark about 6 mm past the crack tips using 
a steel punch. 

2. Clean the area around the crack, especially at tips, removing as much corrosion product 
as possible. 

3. Drill a 12 mm diameter hole centered on each punch mark. 
4. On one side of the member air-arc gouge out the crack between the holes to ¾ of the 

thickness of cracked plate. 
5. Chip out slag and clean gouged area of debris. 
6. Fill the vee-gouged area and holes with stringer welds, using either the shielded metal arc 

welding (SMAW) or flux-core arc welding (FCAW) processes with a low hydrogen all 
position fill material. 

7. Clean the other side of the cracked member as done in step 2. 
8. On the cracked side of the member air-arc gouge out the crack and weld root to ½ of the 

thickness of the cracked section. 
9. Repeat steps 5 and 6 for this side of the repair. 
10. Grind the last 50 to 80 mm of the weld at each end, on each side flush with the base 

metal. 
11. Mark the ends of the welded area with a steel punch and drill 25 mm diameter holes at 

the marks. 
12. Grind a notch for the bracket into one doubler plate of about the same thickness as the 

cracked section, and at least 75 mm wide by 225 mm tall.  Make sure that the bracket 
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does not touch the plate when place on the flange of the girder or web frame over the 
weld repair termination hole. 

13.  Weld the doubler plate to the flange using the same welding process as in step 6.  The 
weld will run all of the way around the doubler except for half of one the long sides 
where the bracket is in the way. 

14. Weld the second doubler plate to the web in the same manor, but weld all of the way 
around this one if possible. 

 
Residual life calculation: 
 

1. The original detail can be considered an AASHTO Category E’.  Repaired detail can also 
be considered an AASHTO Category E’. 

2. Expected ratio of fatigue strength of repair to fatigue strength of original detail is 0.997. 
3. Expected ratio of life of repaired detail to life of original detail is (0.997)3 = 0.992.  This 

repair can probably be considered permanent. 
4. These repairs never cracked so the life was cut short by other repairs failing.  They can 

probably be considered to have at least equal life if not better due to the increase in cross-
sectional area and the reduced stress at the critical area. 
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Repair Design Example #4 
 
Cracks occur at the weld toe connecting an attachment to a girder or web frame.  The crack has 
propigated to a through thickness crack that extends through the flange and into the web. 
 
 

 
 Sketch of Damage Sketch of Repair 
 
 
Repair: 
 

1. Locate crack tips using dye penetrant testing.  Mark 6 mm past the crack tips using a 
permenant marker or paint stick. 

2. Clean the area around the crack, especially at the tips, removing as much corrosion 
product as possible. 

3. Mark 6 mm past the crack tip in web with a steel punch, and drill a 12 mm diameter hole 
at this mark. 

4. Gouge out an adequate oval access hole using an air-arc gouger and hole at the crack tip 
as a start point. 

5. Air-arc gouge out the crack on one side of the flange to ¾ of the flange thickness.  The 
marks from step 1 mark to the start and stop points for gouging. 

6. Chip out slag and clean vee-gouged area. 
7. Fill the vee-gouged area with stringer welds, using either the shielded metal arc welding 

(SMAW) or flux-core arc welding (FCAW) processes with a low hydrogen all position 
weld material. 

8. Air-arc gouge out the crack and weld toe from the other side of the flange to about ½ of 
the flange thickness.  Again using the marks from step 1 as boundaries. 

9. Repeat steps 6 and 7 for this side of the crack. 
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Residual life calculation: 
 

1. The original detail can be considered an AASHTO Category E detail, while the repair can 
be considered an AASHTO Category E’ detail. 

2. Expected ratio of fatigue strength of repair to fatigue strength of original detail is 1.05. 
3. Expected ratio of life of repaired detail to life of original detail is (1.05)3 = 1.16.  This 

repair can probably be considered permanent. 
4. This repair can be improved by hammer peeening the repair, making the expected ratio of 

life 2.0.  The life for the hammer peened repairs were all runouts in the test, so this 
should have a longer life yet and can probably be considered permanent. 

 
 
 
 

 B-8 



 

 

Repair Design Example #5 
 
Fractures in way of a cutout for the passage of a longitudinal through a transverse primary 
member.  These may occur at connections to the inner or outer bottom or side shells. 
 
 

Fracture

Fracture

            

Stop HoleStop Hole

 
 Sketch of Damage Sketch of Repair 
 
 
 
Repair: 
 

5. Locate crack tip using dye penetrant testing.  Mark the crack tip using a steel punch. 
6. Clean the area around the crack, especially at tip, removing as much corrosion product as 

possible. 
7. Measure crack length and determine diameter of hole to drill using equation A-1. 
8. Drill hole such that visible crack tip is located at the edge of the stop hole. 

 
 
Residual life calculation: 
 

9. Original detail can be considered BS 7608 Category F2.  Repaired detail can be 
considered BS 7608 Category D. 

10. Expected ratio of fatigue strength of repair to fatigue strength of original detail is 1.43. 
11. Expected ratio of life of repaired detail to life of original detail is (1.43)3 = 2.92.  This 

repair can probably be considered permanent. 
 
 

 
 
 
 

 B-9 



 

Repair Design Example #6 
 
Fractures at the passage of a longitudinal through a transverse primary member.  Fracture occurs 
at the root of the weld connecting the longitudinal to the transverse member.  These may occur at 
connections to the inner or outer bottoms or side shells. 
 
 

Fracture

Groove
Weld

 
Sketch of Damage Sketch of Repair 

 
 
 

Repair: 
 

1. Locate entire length of crack using dye penetrant testing.   
2. Clean the area around the crack removing as much corrosion product as possible.   
3. Using an air arc-gouger, cut away the weld and base metal in the web frame along the 

entire length of the crack, and beyond each crack tip approximately 10 mm.  Cut so that a 
vee-shaped edge preparation is achieved in the transverse member where it connects to 
the longitudinal.  Clean out any slag with a chipping hammer. 

4. Groove weld the transverse member to the longitudinal using SMAW or FCAW and low 
hydrogen, all-position fill material.  Fill the edge preparation and add a few extra passes 
of fillet weld on top of the groove weld for reinforcement.   

5. Hammer peen the toes of the repair weld in accordance with procedures given in 5.3. 
 
Residual Life Calculation: 
 

1. Original detail can be considered BS 7608 Category F2.  Repaired detail can be 
considered BS 7608 Category D. 

2. Expected ratio of fatigue strength of repair to fatigue strength of original detail is 1.43. 
3. Expected ratio of life of repaired detail to life of original detail is (1.43)3 = 2.92.  This 

repair can probably be considered permanent. 
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Repair Design Example #7 

 
 
Fractures occuring in inner or outer bottom or sideshell at a cutout in a transverse web frame 
where a longitudinal passes through.   
 
 
 

A

 

Crack

Sect A-A
(lug removed for clarity)

 
Sketch of Damage 

 
 

 
Repair: 
 

1. Clean the area around the crack, removing as much corrosion product as possible.   
2. Locate the entire crack length using dye penetrant testing.   
3. If the crack is not through-thickness and 3 mm deep or less, perform hammer peening 

along the entire length of the crack.  Use at least four (4) passes. 
4. For through-thickness cracks and partial thickness cracks deeper than 3 mm, perform a 

one-sided weld repair without a backing bar as described below. 
a. Air arc-gouge a vee-shaped groove along the length of the crack and 

approximately 10 mm beyond each crack tip.  The depth of the vee-shaped groove 
should be approximately 90 percent of the plate thickness. 

b. Remove any slag with a chipping hammer. 
c. Weld the gouged area using SMAW or FCAW with low hydrogen all position fill 

material.  Use sufficient voltage to penetrate the last 10 percent of the plate 
thickness.  Use enough passes to provide reinforcement above the plate surface. 

d. Hammer peen the toes of the repair weld using at least four passes. 
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Sect A-A
(lug removed for clarity)

Weld Repair or
Hammer Peening

 
 

Sketch of Repair 
 
 
 

Residual Life Calculation: 
 

1. The original detail can be considered BS 7608 Category F2.  For the surface crack, the 
hammer peening repair can be expected to be BS 7608 Category F.  For the through-
thickness crack, the one-sided weld repair without a backing bar and with hammer 
peening can be expected to be BS 7608 Category D.   

2. The ratio of the fatigue strength of the repaired to original detail is 1.13 for hammer-
peened surface cracks.  For weld-repaired cracks with hammer peening, this ratio is 1.43. 

3. For hammer-peened surface cracks, the ratio of the remaining life of the repaired vs. 
original detail is (1.13)3 = 1.44.  For weld-repaired cracks, this ratio is (1.43)3 = 2.92.  
Both repairs, if executed properly, can be considered to be permanent. 
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Repair Design Example #8 
 
 
Fracture in a lug plate at the connection between transverse web frames and longitudinals. 
 

 

Fracture
A

   
            Sketch of Damage 

 
 
 
 

Groove Weld

Drill Weld Termination

 
Sketch of Repair 
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Repair 1: 
 

1. Clean the area around the crack, removing as much corrosion product as possible. 
2. Locate the entire crack length using dye penetrant testing.  
3. Repair using a two-sided weld repair as follows:  

a. Air arc-gouge a vee-shaped groove along the length of the crack and 
approximately 10 mm beyond each crack tip.  The depth of the vee-shaped groove 
should be approximately 75 percent of the plate thickness. 

b. Remove any slag with a chipping hammer. 
c. Weld the gouged area using SMAW or FCAW with low hydrogen all position fill 

material.  Use enough passes to provide reinforcement above the plate surface. 
d. Back-gouge a vee-shaped groove along the other side of the crack, penetrating 

deep enough to reach the first repair weld and completely remove the crack. 
e. Weld this second groove in the same manner. 
f. Grind the weld termination area smooth and drill a 19 mm diameter hole to 

remove weld termination defects.   
g. Hammer peen the toes of the repair weld using at least four passes. 

4. (Optional)  The fatigue strength can be improved by modifying the detail and adding a 
second lug plate on the opposite side of the transverse web frame.  This would cut the 
stress range at this location in half, thus giving an increase in life by a factor of eight 
compared to the original.  The second lug should be fillet-welded to the web frame and 
groove welded to the longitudinal.  (See below.) 

 
 
Residual Life Calculation: 
 

1. The original detail can be considered BS 7608 Category F2.  The two-sided weld repair 
with hammer peening can be expected to be Category W.  Adding a second lug restores 
the detail to Category F2, but cuts the stress range in half. 

2. The ratio of the fatigue strength of the repaired to original detail is 0.57 for the weld 
repair alone.  For the modified detail this ratio is 2.0. 

3. The ratio of the remaining life of the repaired vs. original detail is (0.57)3 = 0.19 for the 
weld repair plus hammer peening.  This detail will likely need to be reinspected 
frequently if this repair strategy is used.  If the detail is modified as described above, the 
ratio becomes (2.0)3 = 8.0, and the repair can be considered permanent. 
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Sect A-A

Additional
Lug

 
 

Sketch of Modified Detail 
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