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Abstract. Offshore platforms have to serve in harsh environments and hence are likely to be damaged due
to wave induced fatigue and environmental corrosion. Welded tubular joints in offshore platforms are most
vulnerable to fatigue damage. Such damages endanger the integrity of the structure. Therefore it is dl the
more essential to assess the capacity of damaged structure from the point of view of its safety. Eight internally
ring stiffened fatigue damaged tubular joints with nomina chord and brace diameter of 324 mm and 219 mm
respectively and thickness 12 mm and 8 mm respectively were tested under axia brace compression loading
to evaluate the reserve capacity of the joints. These joints had earlier been tested under fatigue loading under
corrosive environments of synthetic sea water and hence they have been cracked. The extent of the damage
varied from 35 to 50 per cent. One giffened joint was also tested under axial brace tension loading. The
residual strength of fatigue damaged stiffened joint tested under tension loading was observed to be less than
onefourth of that tested under compression loading. It was observed in this experimental investigation that in
the damaged condition, the joints possessed an in-built load-transfer mechanism. A bi-linear stress-gtrain
model was developed in this investigation to predict the reserve capacity of the joint. Thismode considered
the strain hardening effect. Close agreement was observed between the experimental and predicted results.
The paper presents in detail the experimental investigation and the development of the analytical model to
predict the reserve capacity of internally ring stiffened joints.

Key words: offshore platforms; internally ring stiffened joins, cracked; reserve capacity; experimen-
tal; analytical; bi-linear congtitutive model.

1. Introduction

Let us now briefly look at the extent of the energy challenge facing us. Forecasters agree that world
energy demand will continue to grow for the foreseeable future. OPEC’s World Energy Modd projects
growth of around two percent ayear up to 2020, with demand in developing countriesrising at three-to-
four times the rate of the industrialised countries. In absolute numbers, world commercia energy
demand is forecast to rise from close to nine hillion tonnes of oil equivalent (toe) in 2000 to more than
13 bn toe in 2020. Ninety-five per cent of the additional demand is expected to be met by fossil fudls,
which will account for 91 percent of demand in 2020 (Calderon 2003).

The efficient design of offshore hydrocarbon (cil and gas) facilities is dependent on a number of
factors: geographic location, metocean data, platform configuration, expected economic return on the
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initial investment, the accepted probability of failure and manning status, being among the most
important (Pinna et al. 2003).

Offshore platforms are large sted tubular framed structures installed on the sea bed for the
exploration and production of oil from the sea bottom. They serve as artificial bases supporting drilling
and production facilities above the elevation of waves. While avariety of platforms have been utilised
offshore for exploration and production, the most popular structure for shallow water depth of upto 200 m
is the jacket or ‘template’ platform. For offshore structures, which are subjected to fatigue by wave
loading, circular hollow sections or tubular numbers are used amost exclusively dueto their relatively
smaller hydrodynamic loads and stress concentration in joints (Bian and Lim 2003). In the past four
decades thousands of large tubular structures have been built for offshore ail drilling and production. At
present there are over 7000 offshore structures worldwide (Valdés and Ramirez 2000).

Thetypical jacket structure consists of adeck, a substructure, and foundation piles. The substructure
is a prefabricated tubular space frame, which extends from the sea floor to just above the sea surface,
and is usually fabricated in one piece onshore, transported by barge, launched at sea, and upended on
site by partia flooding. Tubular pilings are driven through the main legs to fix the structure to the sea
bottom, provide support for the deck, and resist the lateral loadings due to wind, waves, and currents
(Thandavamoorthy 2002a).

In the tubular frame, the intersection between two or more membersis called atubular connection. A
welded joint at the interface created between membersin atubular connection is called atubular joint.
The main member is denoted as chord and the secondary member as brace or branch. In tubular joints,
the hollow section members are joined together by welding the profiled ends of secondary members,
the braces, due to their complicated joint geometry. A joint without reinforcements of any sort is caled
an unstiffened joint. This kind of joint requires no additional connecting elements, makes materials
savings, and is with high load-bearing capacity. Because of these merits, there has been an ever
increasing use of this joint type in offshore structures (Chen and Wang 2003). Also, the behaviour of
these welded tubular connections, even in their simplest configuration, is complex and their analysisis
difficult (Bian and Lim 2003).

Since 1950, researchers have carried out a large amount of experimental and theoretical andyses on
the structural behaviour of unstiffened tubular joints. M ost of this research focused onissues such asthe
determination of static strength, the evaluation of stress concentration factors and also the fatigue
behaviour (UEG 1985 a, b and ¢). A new static strength numerical database of some 320 planar and
multiplanar tubular joints under axial load cases has been generated (Dexter and Lee 2001). Main
research achievements have been introduced into designing specifications or handbooks. According to
Choo et al. (2003), the strength formulations in design codes were developed using joint databases,
which have been established by internationa researchers over the last few decades.

Thejoints must be properly dimensioned during the design stage so that they perform satisfactorily in
service and achieve a reasonable balance between economy and risk of failure. The basic design
requirements of joints are that they must possess adequate static strength and satisfy fatigue endurance
requirements (UEG 19854). If the capacity of ajoint is found to be inadequate during the design stage,
it can be enhanced by introducing stiffeners to the inside of the chord as thisis an efficient method to
reduce stress concentration, increase load carrying capacity and fatigue life of joint (Bozhen 1990),
decrease the bending stress in tube walls and avoid attraction of additiona wave forces. These types of
joints are called internally ring stiffened joints (Thandavamaoorthy 2002b).

Offshore structures have to serve in harsh environments and are exposed to extreme conditions of the
environment such as wave dam, ice impact, and fatigue. They are aso subjected to environmental
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corrosion which weakens the structure beyond allowable limits. Wave induced fatigue coupled with
environmental corrosion can cause extensive damage to offshore platforms. Ocean waves, loading a
tubular structure, cause fluctuations in the stress levels at the joints. The fatigue performance of ajoint

is known to be influenced by the local stress concentrations due to weld geometry and irregularities at
the weld toe (Van Wingerde et al. 1996). Due to the cyclic nature of loading and weld effects, high
stress concentrations are induced around joint intersection at critical locations (Gowda1991), leading to
fatigue crack growth and eventual failure. Fatigue failure invariably occurs at the joints because of the
concurrence of anumber of features whichlead to poor fatigue performance. The accurate prediction of
the structural integrity of such structures requires consideration of the effect of both part and through-

thickness cracks on the static strength of tubular joints (Saad et al. 2001).

In the event of the occurrence of damage to the fixed offshore structures, it is al the more essential
that the damageis properly assessed and the member or joint is properly rehabilitated in order to ensure
the safety of the structure so that it may continue to serve itsintended functions for the specified design
life. While a number of investigations have been carried out on the assessment of the reserve capacity
of dent and bend damaged smple tubular members (Thandavamoorthy et al. 1995a, 1995b,
Thandavamoorthy et al. 1998), information on the estimation of the reserve strength of corrosion
fatigue damaged tubular joints are scarce. Lie et al. (2001) have described a new modelling procedures
for the geometrica modelling, finite element mesh generation and estimation of stress intensity factors
of ungtiffened T and Y joint containing through thickness or surface cracks. It enables cracks of any
length to be located a any point along the intersection between the weld toe and the chord member.
Thisis particularly significant asit isfound in practice that the initiation site of a surface crack does not
always start from the saddle or crown position when these tubular joints are subjected to a combination
of axia, in-plane, and out-of-plane loading. One typical T-joint containing a surface semi-elliptical
crack at the saddle position has been analysed using this new modelling approach, and the results were
used to evauate the stress intensity factor (SIF) of the crack. The SIF validation results demonstrate
that the model is reliable.

The results of ultimate strength invegtigations on cracked tubular K joints subject to balanced axial
brace loading have been reported (Cheaitani and Burdekin 1994). These studies involve using both the
non-linear finite element technique and a series of small scae experimental tests on twelve jointsat room
and low temperature on joints in both the uncracked and the through thickness cracked conditions. The
small scae tests have confirmed and agreed reasonably well with the findings of the finite eement
analyses. The chord diameter in these experiments varied from 76.2 mmto 168.4 mm and thickness from
3.2 t0 6.0 mm. The brace diameter was 60.4 mm and thickness varied from 3.2 mm to 4.9 mm.

A finite element study on theeffect of crack extent on the static strength of atubular T-joint under the
axial tensile loading has been carried out by Saad et al. (2001) Comparisons were made with published
experimental test results for a range of crack angles. Both the finite element and experimental results
show that the strength reduction is approximately linearly dependent on the crack angle and the ratio of
crack depth to thickness. While alot of investigations have been carried out to determine the strength of
cracked ungtiffened tubular joints, little is known on the evaluation of residua strength of the fatigue
damaged internally ring stiffened tubular joints. Moreover, most of the theoretical investigations
concerning the prediction of strength of cracked unstiffened joints have mainly focussed on the finite
element studies which have their own problems in modelling the weld and the crack profile, and many
times the correlation between experimental and numerical values were found to be not so satisfactory.
Also, with the presence of crack, the joint becomes unsymmetrical and hence modelling based on
symmetry is no more valid. Development of mathematical model for the prediction of strength is
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scanty. Therefore, there is a need to develop a methodology to assess the residual strength of the
damaged tubular joints as such. This methodology has to be validated with experimental results.
Towards this goal, experimental and analytical investigations were carried out to determine the reserve
capacities of cracked internaly ring stiffened tubular T and Y joints (Thandavamoorthy 1998).

The paper presents a complete description of the experimentd investigation carried out on fatigue
cracked internally ring stiffened joints and the development of an analytical model to predict the reserve
capacity of stiffened joints.

2. Experimental investigation

The geometrica configuration of atypical internally ring stiffened damaged T joint is shown in Fig. 1a
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Table 1 Dimensions of the damaged giffened tubular T and Y joints

Dimensions of the joint (mm)

Length of the

S. No.  Specimen No. Chord Brace crack (mm)
Diameter Thickness® Diameter Thickness®
1 DT1° 320.00 12.00 219.00 8.00 365.00
2 DT2" 316.72 12.00 22154 8.00 346.00
3 DT 32054 12.00 218.68 8.00 455.00
4 DY1° 319.86 12.00 220.50 8.00 405.00
5 DY2° 320.27 12.00 221.23 8.00 395.00
6 DY3° 321.27 12.00 219.80 8.00 431.00
7 DY 4 320.68 12.00 220.00 8.00 422.00
8 DY5° 321.10 12.00 219.50 8.00 493.00

aNominal Vaues; b-1S; 226 Stedl; c-AP15L GB Sted

and aY jointin Fig. 1b. The dimensions of joints, such as outside diameter and thickness of the chord
and brace members of the T and Y joints are given in Table 1. These joints have been tested earlier
under fatigue loading under corrosive environments of sea water, synthesized according to the ASTM
Standards D 1141 (ASTM 1980). Due to the synergetic action of fatigue and corrosion, these joints
have developed through thickness crack along the circumference of the chord member. Because of the
aggressive environment, corrosion patches have been formed on the immersed portion of the chord
member. The length of the circumferential crack for each joint was measured. The crack lengths in
respect of T and Y joints are given in Table 1. The extent of the damage varied from 35 to 50 percent.

The materia quality of the joint was in conformity with APISL GB (APl RP2A 1993) and IS: 226 (IS
226, 1975) with the yield strength of 240 MPa and ultimate tensile strength 415 MPa. In al, three
fatigue damaged ring stiffened T joints and five fatigue damaged ring stiffened Y joints were tested.

Joints were fixed to the stedl pedestals by bolting. The pedestals in turn were fixed to the strong
concrete floor by means of M S bolts of 60 mm size. The entire assembly was placed under a reaction
frame (Fig. 2). On the flange of the brace member, and between the horizontal crossbeam of the reaction
frame and the flange, 22000 kN hydraulic jack and a proving ring were placed as shownin Fig. 2. The
jack was connected to the electrically operated pumping unit by means of high pressure rubber hoses.
Three dial gauges, reading to 0.01 mm, were mounted beneath the joint, one directly under the load point
and the other two approximately at the third points, to facilitate recording of the deflection readings
under load. Axia braceloading in compression was applied on the joints by means of the hydraulic jack.
Load was applied in equal increments. For each load increment, deflection readings of all the gauges
were recorded. Load was monotonically increased till the ultimate load was reached.

A typica load-midspan relation for fatigue damaged T joint, tested under monotonic axial brace
loading, is shown in Fig. 3. It has been observed that initial yielding occurs first at the cracked section
(Fig. 3). The observed load corresponding to the initial yielding of the cracked section for various joints
aregiven in Table 2. The uncracked full cross section yielded later. Load corresponding to the yielding
of the full cross section is given in Table 2 for each tested joint. In the case of Y joint, the relation for
the load-midspan deflection is shown in Fig. 4. It has been observed from the load-deflection
behaviours of these damaged joints that they display strain-hardening characteristics (Figs. 3 and 4).
The ultimate loads measured in the experimental investigation for different tested joints are given in
Table 2.
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Fig. 2 Typical test set-up for axia brace compression loading
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Fig. 3 Typica load-midspan deflection for damaged T joint



Reserve capacity of fatigue damaged internally ring stiffened tubular joints

Table 2 Measured and predicted results of damaged joints

155

Strength at yielding of

Strength at yielding of full

Ultimate Strength (kN)

S.No.  Specimen No. cracked section (kN) section (kN)

Exptl.? Analytl. Exptl.2 Analytl. Exptl. Analytl.
1 DT1 300.00 366.65 700.00 953.68 900.00" 1819.28
2 DT2 415.10 406.80 850.00 957.02 1822.70 1780.74
3 DT3 350.00 29751 850.00 957.02 1740.90 1825.66
4 DY1 500.00 374.97 1040.00 952.81 1859.10 1817.62
5 DY2 330.00 395.18 750.00 955.35 1677.30 1822.47
6 DY3 415.10 334.92 740.00 961.56 1600.00 1834.31
7 DY4 415.10 345.48 1000.00 957.90 1759.10 1827.32
8 DY5 250.00 244.25 840.00 960.50 1781.80 1832.30

Note: 1- Limited due to the lower capacity of the actuator
2. Extracted from the load-deflection curve of appropriate joint
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Fig. 4 Typica load-midspan deflection curve for damaged Y joint

Joint DT1 alone was also tested under axial brace tension loading using Instron servo-hydraulic
dynamic testing system (Fig. 5) to assess the strength of this cracked joint under this type of
loading. As before, load on the joint was applied in increments. For each load increment, the mid-
span deflection was measured by a dial gauge mounted underneath the chord member. The width
of the pre-existing crack started increasing at the load of 40 kN. At the load of 160 kN, the crack
started propagating along the circumference. At 400 kN, the brace was severed from the chord
by fracturing of the weld. The load-midspan deflection relation for this tension loading is shown

in Fig. 6.
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Fig. 5 Typical test set-up for axial brace tension loading
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Fig. 6 Load-midspan deflection curve for damaged T joint under tension loading-typical
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3. Development of an analytical model
3.1. Cracked section strength

An analytical model was developed to assess the strength of the internally ring stiffened fatigue
damaged joints. As stated before, the experimental 1oad-deflection relation of the typical tested T joint
(Fig. 3) clearly displays the strain hardening characteristics of the materid of the joint. The
conventiona linear elastic-perfectly plastic model, therefore, cannot be a suitable proposition for this
type of behaviour. Therefore the strain hardening property was taken into consideration in modelling
the joint. According to the proposed mode, linear elastic behaviour upto the yield was assumed. After
yielding, linear strain hardening behaviour upto the ultimate strength was considered. This moddl is
illustrated in Fig. 7. The strain energy represented by the area under the stress-strain curve of the
proposed model (Fig. 7) was computed and was compared with the work done of the joint represented
by the area under the load-deflection curve of atypicd T joint (Fig. 3) and was found that both the
values were equal.

Based on this proposed model, the moment capacity of the fatigue damaged internally ring stiffened
tubular joints was derived from the first principles. As the joints had developed circumferentid and
through thickness cracks, the area of the cross section of thejoint has been reduced to some extent and
the resulting effective section is shown in Fig. 8. Due to cracking, the cross section has become
unsymmetrical. So the C.G. of the section was shifted from its original position by a quantity ey. It was
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Fig. 7 Proposed anaytical model
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Fig. 8 Strain and stress distributions across a cracked section
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observed during testing of damaged joint that the cracked section yielded first. Then a redistribution of
loads took place. As a result of this, the uncracked full cross section a mid-span yielded next. After
this, strain hardening occurred and the behaviour became non-linear as is evident from Fig. 3. In
consonance with this observation, it is assumed that the extreme fibre on the compression side of the
cracked section yields first. As the joint had already been subjected to fatigue loading and as
consequence of thisit had been cracked, there is a possibility that the yield strength of the steel would
have increased beyond 240 MPa. Therefore, a higher vaue of the yield strength, even upto ultimate
strength depending upon the extent of cracking, was assumed in the assessment of the residual strength
of the damaged joints.

The strain and stress distributions across the cracked section is shown in Fig. 8. The stressdistribution
is linear because of initial yielding. For this particular distribution of stresses, forces in various
segments were computed. The depth of the neutral axis ey, from the centre of the circle, was determined
by considering the equilibrium of forces by iterative technique. The value of the neutral axis, ey, thus
determined, was used to compute the moments in various segments.

The angle ¢, of segment 1 of zone | and angle ¢ of segment 2 of zone | corresponding to the cracked
lengths are calculated first. From the known values of these two angles, @, and ¢, angles ; and (i,
corresponding to the compression area in zone | are determined. For a known value of gy, angle ¢ in
zone Il is given in EqQ. (1) and angle d of zone Il in Eq. (2):

v, = s HiE ®
5=90"-y, 2

For the derivation of the forces in different segments, an elemental area da was considered at an
angle a from the gppropriate axis. The compressive force in segment 1 of zone | above the neutra
axisis givenin Eq. (3):

0,1 —Oyq

O - . 0
Far = Rt E]]Uynwn + (_)(;T(plu(l - 3'”‘[’1)%]] (©)

where

., = —y_O' %}OS(R‘_ + ej] (4)

R
€0
%;osq;z + o
and
o,
Oy = —H—o g?g )
+ &0
%03([11 =0

where gy is the yield strength of the steel.
The compressive force in segment 2 of zone | above the neutral axisis given in Eq. (6):

= (0,—0y),. . O
Few = RtE]]UynLl’yu"'—y(Epz&(l—smfpz)E] (6)
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The compressive force in zone Il is given in Eq. (7):
Feo = ZR—taLl‘(QUzS'nwz"‘COSLl’z 1)
sny,
The total compression is given by Eqg. (8):
Fc= Fen + Fea+ Feo
The tensile force in the zone Il below the neutral axis is given in Eq. (9):

2Rtg;

Fi = —————=(sind-4&c
t (1_C036)(sm 0S0)
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(")

(8)

(9)

The moment of resistance of the cracked section was derived by taking moment of al the above
forces about the neutral axis. The moment of the compressive force in segment 1 of zonel isgivenin

Eq. (10):

1(a, 11)
y11E11 sing, + dL»U:ID-'- _yéo_S(ply_

Mey, = ROt

0 . 4e . 0
(24— SN2y + =41 -singy)]
- D D -~

The moment of the compressive force in segment 2 of zone | is given in Eq. (11):

1(0y1 — 0y11)
SN + Ly + —LL
2 y11Dl » 4’121] COS,

0 . 4e . 0
(24— SN2, + (1 -Sng,)]
0 0

The moment of the compressive force in zone Il is given in Eq. (12):

O

Lsin + COoS +

=2R 01,0 4’2|:R4’2 W, - ]D
C2 Sinlllz Eb

O

O

O

D
Dﬁ(coswz 1)+= (24’2—3”124’2)[]
O O
The moment of the tensile force in zone 11 is given in Eq. (13):

2R’to,

M, = ——
' (1-cosd)L4

[(25 sin 26) — (sin5—5cos§)}

The total moment of resistance of the cracked section is given in Eq. (14)
M = Mcny + Mcz + Mz + My

(10)

(11)

(12)

(13)

(14)



160 T. S. Thandavamoorthy

3.2. Exclusively cracked section

When cracking is extensive and the angle ¢ in segment 1 of zone | is greater than 90°, the stress
distribution for this caseisillustrated in Fig. 9. As before, the area of the cross section corresponding to
the compressive force in segment 1 of zone | isnot available in this case. The area of cross section for
the compression in zone |1 above the neutral axis also gets modified as shown in Fig. 9 in contrast to
that shown in Fig. 8 for the case of less cracked section. Therefore, Eq. (3) cannot be used in this case.
The compressive force in segment 1 of zone Il is given by Eq. (15):

Rto, e
Fea = —L[Ed Wy + €OS(Wpy + Y1) — Coswn} (15)
EE’—si ny O
R el
The compressive force in segment 2 of zone Il is given by Eg. (16):

Fez = (V2) Fe (16)

In this case the total compressive force is given by Eq. (17) as against Eqg. (8) given above for the
case of less cracked section:

Fc=Fcio + Fcor + Fex (17)

The moment of resistance of the cracked section in which the cracking is extensive with the result the
compression areain segment 1 of zone | not being available and segment | of zone Il correspondingly
being reduced is given in Eq. (18) as against that given by Eg. (10) given above for the other case:

Frect & (costin, + Uy, -
R’to. EEED Y + 2Ed(cos4111 t¥n- COSL’UH)JF%
Mey = —L‘E]l E]] (18)
%—Sinll/n%%(zwgl—gnzwn*— L:U21_Sin2w11) a
a

The moment of the compressive force in segment 2 of zone Il is obtained from Eq. (12) and is
given as

Mcz = (1/2) Mc: (19)
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Fig. 9 Strain and stress distributions of an extensively cracked section
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The moment of resistance of the extensively cracked section, with the absence of compression area
in segment 1 of zone | and with the reduced area of segment 1 of zone Il is given in Eq. (20).

M = Mci2+ M1 + Mco + My (20)

As the procedure for the calculation of forces involves iteration and laborious too, a computer
programme in FORTRAN language was devel oped for the computation of the forces. With an assumed
initial value of ey, different forces were calculated. Total compression was equated to the total tension.
Equilibrium was checked. If equilibrium was not satisfied, then the calculations were repeated with
another value of ey. The iteration stops when the compression and total tension are equal and the force
equilibrium was achieved. The vaue of e corresponding to the force equilibrium was used to compute
various moments. All the individual moments were added up to arrive a the final moment of resistance
of the cracked section.

3.3. Strength of uncracked full section at initial yielding

The strain and stress distributions for an uncracked full cross section isshownin Fig. 10. Asthecross
section is symmetrical, the C.G. lies at the centre of the circle. In this case, the areas of the compression
and tension are equal and hence the forces are in equilibrium because the stresses are also equal.
Therefore, moments of forces about the C.G. are calculated directly. An elemental areada of at angle a
about the vertical axis is considered for the derivation of the moment. The moment of resistance of the
full section at initial yidding is given as

M = 1?0, (22)

3.4. Strength of full section considering strain hardening effect
The strain and stress distributions for the ultimate strength of the full section in a cracked joint,
considering the strain hardening effect, are shown in Fig. 11. The moments of the different forces about

the C.G. are taken as the section and the stresses are symmetrical. The moment of forcesin zonel is
given as

Ey Ty

Ey ay

Strain Stress

Fig. 10 Strain and stress distributions of an uncracked section at initia yielding
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Fig. 11 Strain and stress distributions of an uncracked section at ultimate load
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The moment of forcesin zone Il is given as
O —d O
M, = co, R 2 SRRt | (23
0 sin2y, 0

The moment of resistance of the section is given by:
M= M| + M|| (24)

The moment capacity of the uncracked section derived above was also included in the computer
programme developed for cracked section to make it a full pledged programme.

4. Discussion of test results

The conventional procedure for the design and analysis of offshore structures assume that the joints
are completely rigid. In other words, it is supposed that no local distortion of the chords in circular
cross-section occurs and hence there are no tilt, compressive or tensile deformation in the direction of
brace members within the joint zone of chord member. As a matter of fact, most unstiffened tubular
joints are not completely rigid and the loaded braces always cause local distortion of the chord cross-
section. (Chen and Wang 2003). The author has also observed during testing of unstiffened tubular
joints that ovaling of chord member occurred under axial brace compression loading and at ultimate
load the brace punched into the chord (Thandavamoorthy 2003).

In contrast to this, it was observed in the present experimental investigations that the predominant
mode of deformation in the case of al tested internally ring stiffened damaged T joints was bending of
the chord member as awhole. Absolutely no ovaling and consequent punching of chord occurred in the
vicinity of the welded intersection.

The load computed, based on the analytical model developed for the initial yielding of the cracked
section along with the measured values are given in Table 2. Similarly load at the initial yielding and at
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ultimate stage of the full cross section, both measured and cal culated based on the proposed analytical
model are also given in Table 2. Inthe caseof joint DT1, it was not possible to go upto the ultimate load
because the loading system has the capacity to load upto 900 kKN only. Since the brace of joint DY 3 was
dightly tilted, load could not be continued beyond 1600 kN. In the case of joint DY 4 during test, the
crack widened and one portion of the crack pierced through the other half. Therefore, test was
terminated at aload of 1759.10 kN. On the whole, the predicted loadsin all the cases arein reasonable
agreement with the measured values.

The distinct advantage of the ring stiffened tubular joint was clearly visible in this experimental
investigation in that, as soon as the cracked section was yielded, a redistribution of load occurred and
the uncracked full section was able to carry on the load till the ultimate stage. This could be possible
only because of the flexural bending of the chord member. This could not have been possiblein the case
of ungtiffened joint which normally would have failed by ovaling and punching and could not have
taken further load because local punching and ovaling of the chord wall cannot transfer load to the
adjoining uncracked section.

During the test, it was observed that in joints DT2 and DY 1, due to the stiffener being welded away
from the brace face, the chord wall between the stiffener and the brace face deflected near ultimate | oad,
perhaps affecting the load carrying capacity of the joints to some extent. However, no ovaling of chord
member occurred. This brings out to the fore the influence of improper fabrication methods which
defeats the purpose for which the stiffeners have been welded to the chord wall. In the case of joint
DY 4, at the cracked section, one part of the chord wall in the compression side pierced through the
other part telescopically at the ultimate load.

2000

1800

T

1600

T

1400

1200

1000 L

Load, kN

800 - o0—o—=o UNDAMAGED JOINT

oo DAMAGED JOINT
600 - !

400

200 |-

0 1 L i 1 I} 1 L
0 5 10 15 20 25 30 35 40
Deflection, mm

Fig. 12 Load deflection relations of undamaged and damaged joints-typical comparison



164 T. S. Thandavamoorthy

In the case of al tested internally ring stiffened Y joints, bending of chord member was observed to
be the dominant mode of deformation. In contrast to the case of stiffened T joint, the bending
deformation in case of Y joints was mainly due to the component of the load normal to the chord axis
because in Y joint the brace isinclined at an angle of 60° to the chord-axis.

The author had earlier carried out experimental investigation on undamaged internally ring stiffened
tubular joints and had published the results elsewhere (Thandavamaoorthy 2000). A comparison of
typical load-deflection behaviour of an undamaged (Thandavamoorthy 1998) and a fatigue damaged
internally ring stiffened tubular T joints has been made in Fig. 12. There is substantial degradation of
gtiffness of damaged tubular joint when compared to the undamaged joint of the same dimensions. The
load corresponding to the initial yielding of the full section of the cracked joint has been reduced to a
greater extent, i.e., from aload of 1070 kN for an undamaged joint it has been lowered to 850 kN in the
case of the damaged joint. After this load of 850 kN, the damaged joint had undergone a larger
deflection under loading. This is due to cracking of the cross section and consequent reduction in
gtiffness of the joint. As the crack had been formed in some portion of the circumference and had
penetrated through the chord wall thickness, the joint seems to rotate about the crack under loading. In
al the joints, the circumferential crack widened considerably at ultimate load which seems to be the
governing factor for the capacity of the joint.

Typica load-deflection behaviours of the damaged T and Y joints were compared and the same is
illustrated in Fig. 13. The behaviours of both the joints were the same upto the yielding of the
uncracked full section. After this stage, the T joint, with lesser degree of cracking when compared to the
Y joint, has undergone alarger deflection than the Y joint, eventhough the reserve capacity of both the
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joints were almost the same. This is because, in the case of Y joint, the axial component of the load
along the chord member stiffens the member considerably with the result the deflection of the joint is
reduced to a great extent.

In the case of joint DT1, which was also tested under axial brace tension loading, theinitia yielding
of the cracked section occurred at 62.5 kN. The uncracked full section yielded at 220 kN. The measured
ultimate strength of the joint under tension loading was 400 kN. In this type of loading, the
circumferential crack was positioned on the tension side. The area of cross section available for the
tensile forceis aso very small. Therefore there was adrastic reduction in the strength of the joint. Even
in axid brace tension loading also, as observed in the case of joint DT1, the predominant deformation
of theinternally ring stiffened joint was bending only. No ovaling of the chord wall was observed in this
case also.

The reduction in strength of the damaged joints under axial brace tension loading is quite substantial
asis evident from the residua strength of the joint DT1 tested in tension loading. The capacity of the
cracked joint under tension loading is less than one-fourth the capacity of the undamaged joints of the
same dimensions under compressive loading. As wave loading fals in the category of reversal of
loading, with the presence of such cracked jointsin the structure, the tensile nature of the loading may
serioudy impair the strength of the structure thus jeopardizing its integrity.

5. Conclusions

From the experimental and analytical investigations carried out on corrosion fatigue damaged
internally ring stiffened tubular joints, the following conclusions have been drawn.

It was observed in the case of al tested internaly ring stiffened fatigue damaged joints that the
predominant mode of deformation was bending of the chord member aong its longitudina axis.
Absolutely no ovaing and consequent punching of chord occurred in the vicinity of the welded
intersection. The distinct advantage of the ring stiffened tubular joint was clearly visible in this
experimental investigation. As soon as the cracked section yielded, a re-distribution of load occurred
and the uncracked full section was able to carry the load till the ultimate stage. This could be possible
only because of the flexura bending of the chord member. Therefore, employment of theinternally ring
gtiffened tubular joints in the construction of offshore structures has the great advantage. Structures
provided with internaly ring stiffened joints are equipped with necessary in-built load transfer
mechanism in the event of being damaged under fatigue loading.

It was observed in this experimental investigation that local bending of the chord wall between the
gtiffener and the brace face occurred in joints in which the stiffeners were welded away from the brace
face. This has affected the load carrying capacity of the joints to some extent. However, no ovaling of
chord member occurred. This brings out to the fore, the importance of tolerances and accuracy in
welding. Fabrication defects may defeat the purpose for which stiffeners have been welded to the chord
wall. This observation assumes significance because such defects may affect thefatigue performance of
the structures.

The reduction in strength of the damaged joints under axia brace tension loading is quite substantial .
The capacity of the cracked joint under tension loading is less than one-fourth the capacity of the
undamaged joints of the same dimensions under compressive loading. Wave loading fals in the
category of reversal of loading. With the presence of such cracked joints in the structure, the tensile
nature of the loading may seriously impair the strength of the structure thus jeopardizing its integrity.



166 T. S. Thandavamoorthy

Experimental investigations carried out on damaged internaly ring stiffened tubular joints disclosed
that there was substantial degradation of stiffness of the joints vis-avis the undamaged joints. The
degradation of the stiffness of the damaged joint may lead to large deflection of the structure under
loading and perhaps beyond permissible limits too. This may seriously hamper various other functions.
The reduction in stiffness of the damaged joint may affect the fundamental frequency of the structure.
This may increase the amplitudes of vibration of the structure under wave excitation.

The bi-linear stress-strain model developed for the fatigue damaged internally ring stiffened joints
was able to predict their residual strengths fairly close to the experimentally observed values. It has
been vdidated with the experimenta results. Equilibrium of forces based on Euler bending theory was
first established before the equations necessary to calculate the moment capacity of the damaged joints
were derived. This approach is of very general nature and hence the proposed model can be used to
assess rationally the residua strength of fatigue damaged internally ring stiffened joints. This model
can be incorporated in the codes as design guidelines for the assessment of the residual strengths of
fatigue damaged internally ring stiffened tubular joints are hardly available.
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