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ABSTRACT

Underwater welding is commonly used to repair obe offshore steel structures.
Corrosion-damaged portions are covered by weldéchpalates. According to the current design
manual, a thickness of patch plate and a weld tengh be determined. However, different weld
patterns can be designed to achieve the same edquield length. In order to examine the
effectiveness of these different weld patternss tpaper first proposes a method to model
underwater welds in the finite element analysisedasn mechanical properties of fillet welds
obtained from weld strength tests. The weld mods ¥irstly validated against a theoretical shear
stress distribution in a longitudinal fillet welché then further validated against experimental
results of thickness-reduced steel pipes repaiidid welded patch plates under compression. The
proposed model was then applied to thickness-retstael pipes repaired by welded patch plates
with different weld patterns that have the minimueguired weld length. Behaviors of these
repaired pipes under a compressive load were examwith respect to stiffness, load-carrying
capacity, load share of patch plates, and failurdeas.

It was found that stiffness and load-carrying céyaof the thickness-reduced steel pipes under
compression cannot be fully recovered by the weldatth plate repair when a patch plate
thickness is the same as the thickness reductitmealamaged pipe. Among different weld patters,
the one with four slits was found to show bettefgrenance.
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1. INTRODUCTION

There are many offshore steel structures underaigveorrosive environments all over the world,
and many of them are in need of repair. Due thigh efficiency and cost effectiveness, patch plate
repair by underwater welding is one of commonlydusspair techniques. According to the current
repair design manual in Japan (Coastal Developrmetitute of Technology 2009), a required
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thickness of a patch plate and a required weldtteogn be determined when a corrosion-damaged
structure is given. However, different welding pats can be designed to provide the required weld
length in the repair design. To find out the effetivelding patterns on compressive behaviors of
repaired pipes, a comparative study was carriedrothis paper by finite element (FE) analysis
with a special attention paid to the modeling oflemvater welds. The paper begins with a brief
description and a result summary of weld strenggiist and then proposes a modeling method of
weld in the FE analysis. The proposed weld mod#ies validated against analytical solutions and
test results. By using the weld proposed modetettraseline repair designs for a thickness-reduced
steel pipe are modeled. These repaired pipes ajected to a compressive load in the FE analysis,
and mechanical behaviors of the repaired pipes aviterent welding patterns are examined.

2. MODELING PROCEDURE OF MECHANICAL BEHAVIOR OF FILLET WELD

2.1. Weld strength test

Mechanical properties of underwater fillet weldsevstudied through a series of weld strength tests
(Chen et al. 2010). The specimens were double gtiats welded by fillet welds. The specified
weld leg length was 6 mm, and a length of one vibeldd was 40 mm. Mechanical properties of
fillet welds made on STK400 steel, structural stabks specified in JIS G3444, with SM400 patch
plate, rolled steel plate for welded structure #ptin JIS G3106, are summarized in Table 1.

Table 1: Mechanical properties of fillet welds’

In-air Underwater
Parameters Transverse Longitudinal Transverse Longitudinal
Stiffnessky (KN/mm/mm) 31 14 41 14
Yielding stresss, (MPa) 433 193 443 265
Weld strengths,, (MPa) 553 324 591 393
Ductility factory, 0.15 0.32 0.10 0.16
Ductility factory; 0.16 0.41 0.12 0.19

*Note: ko is the weld stiffness in loading direction per 1 mmweld bead lengthg, is determined by 0.2%ffset
value; o, is the maximum applied load divided by weld thraata;y, is the weld deformation at the maximi
applied load divided by weld size; apds the weld deformation at weld fracture dividgdvield size.

2.2. Modeling procedure

In this study, fillet welds are modeled as a nuntdferonnectors, as shown in Figure 1. Connector
elements used are CONN3D2 for three-dimensiondiyses in the general purpose finite element
analysis software ABAQUS (Dassault Systemes Sim@kap 2008), and the connector type is
“Cartesian” with three translational componends, U,, andU;. Connector properties are defined
in the form of an applied load-relative displacetmairve for each component as shown in Figure 2,
based on mechanical properties obtained in wedthgth tests as following: (1) elastic respoBge

is characterized by linear stiffneksl xko, wherel. is the weld bead length that is represented by



one connector element; (2) plasticity onset pdints determined by and the yielding load
Py=cyxlcxa, wherea is the size of weld throat; (3) PoiBtis the maximum load point determined
by Pn=cwXlcxa, andly, is the corresponding displacement equali®1.414; (4) a power relation

is assumed between PoitsandB; (5) PointB is also referred to as the damage initiation point
with a damage indexi=0, and beyond this point, e.g. Poidt the stiffness and load-carrying
capacity of the defined component in the conneodegraded from the undamaged state
resulting in a softening post-peak response c&WE€, which is assumed to be a quarter of a sine
curve; (6) Pointr, referred to as the failure point with a damag#exkxd=1, is determined by the
fracture displacementysx1.414, where the stiffness and load-carrying capacitthefcomponent

in the connector become zero, and the connectoreglewill be removed from the analysis.

It should be noted that three components of digptent,U;, U, andUs, in the connector are
assumed to be mechanically independent until oneth&m reaches the failure. The
force-displacement relationship in the directionWsfis determined by mechanical properties of
longitudinal welds, and that olU; is determined by those of transverse welds. The
force-displacement relationship 0f, which is not available from weld strength tesgssumed to

be the same as that 0%.
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distributions
3. MODEL VALIDATION

An initial validation is carried out for shear ssedistribution in longitudinal fillet welds. Then,
experimental results of two repaired pipes subgetbtea compressive loading are used to further
validate the model.

3.1. Stressdistribution in longitudinal fillet welds

A theoretical distribution of shear stress in agitudinal fillet weld in the elastic phase can be
calculated by an existing formula (Suzuki 1982)oAgitudinal fillet weld with a weld length of 40
mm is modeled by nine connector elements uaiy2 mm. Two connector elements at the end of
weld beads, as indicated as “1” and “9” in Figufa)@), are specified with.=2.5 mm, and the
other seven connector elements are specified Wwith mm. Comparisons of shear stress



distributions at different applied load levels afeown in Figure 3. It is found that analyzed
distributions have good agreement with the thecaietbnes along the weld bead despite a small
overestimation of about 6% at the end of the welaidbin the relative location “1”.
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Figure 4: Examined pipesand repaired types

3.2. Validation against repaired pipetests

Results from compressive tests of repaired pipésifi et al. 2009) are used for further validation
on the weld model. In this paper, two specimens2&fand KW2C, with welds made in air and
underwater, respectively, are selected. These pecimens have the same dimensions, and are
indicated as Type O in Figure 4 and Table 2. Filletds are modeled by connector elements, and
groove welds which were used to joint two patchtgdaare modeled by shell elements with a
thickness of 9 mm. The vyielding stress of groovédwaés estimated to be 600 MPa by assuming
Vickers hardness of Hv200.

Table 2: FE model information (unit in mm)

Pipe Trféighréggs Pipe Pipe  Thickness Repair gggg% Groove '\cl)?' Patch
length length diameter thickness reduction type Vl\i/ﬁcled length  siits thickness
l; li D t; t i lgj n to;
Pipe 0 1,500 150 216.7 12.6 6 Type O 140 200 2 6
Typel 1,760 3,520 0 6
Pipe1 5,600 500 500 12 6 Type2 1,460 600 6
Type 3 730 600 4




A quarter of specimen is modeled taking advantdggymmetry in the structural geometry as well
as the loading condition. The size of weld thrasgdiin the analysis is the measured value in the
tests. Results from FEA are compared with thosm ftiee tests in Figure 5. Pipe shortening was
measured for a length of 1,300 mm. Weld deformatias measured in the tests by clip gauges
placed on transverse welds at the end of patckgka indicated in Figure 6(b). Applied load P and
pipe shortening are normalized by £=2,815 kN, the theoretical yielding load of theaictt pipe,
anddyp=2.32 mm, the corresponding theoretical yield shortg, respectively.
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Figure5: Comparisons of validation testson repaired pipe Type 0

It can be found that two analyzed models predietdlobal responses of two repaired pipes very
well until pipe shortening/dyo is about 8 for KW2C and 10 for KA2C. A sudden @ase in the
applied load in the test of KW2C &#5,0=8 was caused by the failure of groove welds, wiaieh
not considered to fail in the FE model. Overalhteerse weld behaviors are predicted well, but
there is an underestimation of the maximum weldwheétion by about 20%.

A contour plot of equivalent plastic strain fronetRE analysis at Py§0.8 in the post-peak region
is used to examine failure modes of KW2C as shawigure 6(c). It is found that the test and the
analysis both show that local buckling occurs atttiickness-reduced portion and that fillet welds
fail at the corner of a slit in patch plates. Araexnation on the damage indebof welds in the
analysis, as shown in Figure 7, shows that trassveveld elements #1 and #2 in the inner
transverse weld line as indicated in Figure 6(dchetheir ultimate load first a/d,0,=3.64. The
longitudinal weld #1 adjacent to them then reachesultimate load ai/dy0=4.33, followed by the
longitudinal weld #2 ab/6,,=5.95. A transverse weld bead on a patch plate lwbanstitutes a
re-entrant corner of a slit is referred to as areirtransverse weld in this paper. By comparind wit
dpmax Pipe shortening at.Ry this damage progress suggests that the repapedW2C, reaches
its maximum load when local buckling of the thickeeeduced portion of the pipe occurs at
dpma/Oy0=3.51, and that buckling causes deformation ofpipe to increase. The increased relative
deformation between the pipe and patch platesdrgythe failure of the inner transverse weld, and



the adjacent longitudinal weld then becomes theadgniront. After that, weld failure progresses
along the longitudinal weld bead, causing a tadlfe of the repaired pipe.
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Figure 6: Comparison of failure modes Figure 7: Damage progress of weldsin KW2C

4. WELDING PATTERNSIN THE REPAIR DESIGN

In the repair design by welding patch plates, theeme be different welding patterns as long as a
total length of longitudinal welds meets the desigquirements by the current repair manual.
Moreover, transverse welds are not considereddeigie any strength in the current design practice.
In this study, three possible weld patterns areméxed for repairing a thickness-reduced pipe pile.
The pipe and its three repair designs are illustiath Figure 4 as Pipe 1 and Type 1, 2, and 3. The
size of pipe pile is selected from JIS A5525, amel grade is SKK400, which is a typical type of
piles used in offshore structures in Japan. It khdae¢ noted that these three repair types are
baseline designs where a thickness of patch @ateeisame as the thickness reduction in the pipe,
and the total length of longitudinal welds is jastove the minimum required length according to
the design manual. Their basic dimensions arallistd able 2,

4.1. Examined weld patterns

Type 1 design uses two patch plates fillet-weldedaipe pile, and two patch plates are welded
together with groove welds. Longitudinal welds lnmsttype are made not only on the intact pipe
portion but also on the thickness-reduced porti@roove welds overlap two longitudinal weld
beads and are modeled as shell elements withknttss of 3 mm and a yielding stress of 600 MPa.
Type 2 design uses two slits in patch plates, atchpplates are fillet-welded to the pipe alontgsli
Two patch plates are groove-welded over the thiskmeduced portion. Type 3 design uses four
slits in patch plates, and each longitudinal weklitts in a half length of Type 2.

In Type 1, the length of longitudinal welds at tickness-reduced portion is not counted in the
design because the quality of longitudinal weldy mat be as good as those at the intact portion.
Therefore, Type 1 has longer longitudinal weldsntAgpe 2 because of the extra length at the



thickness-reduced portion. However, all longitutlinelds of Type 1 are modeled in the same
manner regardless of their locations, represerimgpper bound condition.

Underwater fillet welds are modeled by the proposetd model using=4.2 mm and.=10 mm.
To study the effect of transverse welds on compredsehaviors of repaired pipes, another set of
these three models without transverse welds aoeeai@mined.

4.2. Resaults and discussions

Applied load and pipe shortening relationshipsegaired pipes under compression are plotted in
Figure 8. Applied load P and pipe shortenigf a total pipe length are normalized by the
theoretical yielding load of the intact pipg:#6,660 kN and the corresponding theoretical yield
shorteningy1=9.99 mm, respectively. Results are summarizedalsler3.
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Figure 8: Global responses between different repaired types

Table3: Summary of results’

) Stiffness Load-carrying capacity Load share ratio of patch )
Pipe Weld failure
Kr/ Kryl Pma>J l:)yl Ppatct(P
Unrepaired 0.49 0.50 - -
Type 1 0.82 (0.80) 0.88 (0.87) 0.44 (0.41) Nonern®o
Type 2 0.79 (0.72) 0.88 (0.82) 0.44 (0.39) Innemd L (L)
Type 3 0.86 (0.81) 0.89 (0.84) 0.45 (0.42) InnéL)r

*Note: K; is the axial stiffness of the thickness-reducedipo at 0.8R.. Ky (=7,465kN/mm) is the axial stiffness of
intact Pipe 1 with a length of 500 mm,Ris the maximum load.,P(=6,660kN) is the yielding load of the intact Pipe
1. RacdP is a load share ratio of patch plates at Q,8®alues in “( )" denote the cases without transeewrelds.

It can be found that the stiffness of the thickaeskiced portion and load-carrying capacity of
repaired pipes for all types cannot be fully recedeto those of an intact pipe, and the recovery
rates range from 72% to 86% and from 82% to 89%sfdfness and load-carrying capacity,



respectively. The load share ratio of patch plaaeges from 0.39 to 0.45, meaning more load are
carried by the thickness-reduced pipe piles raten patch plates even though a wall thickness of
the thickness-reduced portion is the same as tblenigss of the patch plate.

Among three weld patterns, it is found that TypghB8ws a better performance in terms of strength
and load-carrying capacity, while Type 2 appearddothe worst regardless of the existence of
transverse welds. For the cases without transweedds, it is obvious that both stiffness and

load-carrying capacity are decreased for all typ@®paring to those with transverse welds. The
reduction is found to be not so significant in Typedue to its continuous longitudinal weld beads
along patch plates, which would decrease the velaleformation between the pipe and patch
plates, and thus relieve shear stresses in longéldelds and eventually in transverse welds. For
the same reason, there is no weld failure fount@lyjpe 1, although there are some in both Type 2
and Type 3. It deserves to note that if the qualityongitudinal welds at the thickness-reduced

portion cannot be guaranteed, and if no longitudivelds over the thickness-reduced portion can
provide strength, behaviors of Type 1 under congioaeswould be very similar to Type 2.

5. CONCLUSIONS

Using the proposed weld model, this paper studhesl effect of different weld patterns on
compressive behavior of a thickness-reduced pifee rppaired with welded patch plates in the
underwater environment by using the FE analysisvds found that a baseline design where a
thickness of patch plate is the same as the theskmeduction of the pipe cannot fully recover
stiffness and load-carrying capacity under compoessip to those of an intact pipe, and the
recovery rates are about 80% and 86%, respectid@inng three examined designs, Type 3 with
four slits in patch plates shows the best perfocaamhile Type 2 with two slits is the worst.
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