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Abstract

In the present research, results of buckling analysis of 384 finite element models, verified using three different test results
obtained from three separate experimental investigations, were used to study the effects of five parameters such as D/t, L/
D, imperfection, mesh size and mesh size ratio. Moreover, proposed equations by offshore structural standards concerning
global and local buckling capacity of tubular members including former APl RP 2A WSD and recent APl RP 2A LRFD,
ISO 19902, and NORSOK N-004 have been compared to FE and experimental results. One of the most crucial parts in the
estimation of the capacity curve of offshore jacket structures is the correct modeling of compressive members to properly
investigate the interaction of global and local buckling which leads to the correct estimation of performance levels and
ductility. Achievement of the proper compressive behavior of tubular members validated by experimental data is the main
purpose of this paper. Modeling of compressive braces of offshore jacket platforms by 3D shell or solid elements can
consider buckling modes and deformations due to local buckling. ABAQUS FE software is selected for FE modeling. The
scope of action of each of elastic buckling, plastic buckling, and compressive yielding for various L/r ratios is described.
Furthermore, the most affected part of each parameter on the buckling capacity curve is specified. The pushover results of
the Resalat Jacket with proper versus improper modeling of compressive members have been compared as a case study.
According to the results, applying improper mesh size for compressive members can under-predict the ductility by 33%
and under-estimate the lateral loading capacity by up to 8%. Regarding elastic stiffness and post-buckling strength, the
mesh size ratio is introduced as the most effective parameter. Besides, imperfection is significantly the most important
parameter in terms of critical buckling load.

Keywords Critical buckling load; Compressive behavior; Post-buckling strength; Local buckling; Tubular members; Jacket
type offshore platforms

Article Highlights 1 Introduction

+ Achievement of the proper buckling behavior of tubular members

considering the proper modeling requirements;

« Verification of FE modelings by three different series of buckling
experiments;

* Investigation of how critical buckling load, subsequent drop in load
carrying capacity, and remaining post-buckling strength of mem-
bers have been affected by variation of D/t, L/D, mesh size, mesh
ratio, and imperfection parameters;

» Comparison of the FE and experimental results with values derived
by proposed equations of offshore structural codes;

« Suggestion of the proper values of variables to result in the highest
accuracy of buckling and post-buckling response.
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Critical buckling loads can be calculated for tubular
members using empirical equations. These equations are
presented by design codes such as APl RP-2A WSD and
API RP 2A-LRFD (Recommended Practice for Planning,
Designing, and Constructing Fixed Offshore Platforms),
ISO 19902 and NORSOK N-004 to achieve load and resis-
tance design factors. All these codes have been checked in
order to assure that design loads do not meet critical buck-
ling loads in normal and extreme operational conditions.
Also, both global elastic buckling and inelastic buckling
are covered by design codes that prevent local buckling in
walls of tubular members by decreasing the loads. Even to
ensure that applied loads do not exceed the critical buck-
ling loads in normal operations, these codes explain the
structural configuration of members.
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Some members compress higher than their buckling lim-
it under extreme load conditions such as ductility level
earthquake (DLE) and the results of this case on the behav-
ior of the structure also need to be examined. It is possible
that the structures are designed in such a way that local
buckling occurs in some members under extreme loads.
Subsequently, in the process of analysis, it is checked that
the level of structural failure remains within acceptable
limits. In this analysis, the actual response of the structure
is obtained. For this purpose, load and capacity factors are
equal to 1. It is important that the local buckling of mem-
bers and their post-buckling behavior are detected, correct-
ly. So that the load transfer to adjacent elements is not un-
derestimated. Nonlinear finite element models with 1-D
beam elements are usually used to analyze the collapse of
jacket structures. However, the beam elements do not con-
sider the local buckling response and local deformation of
the walls of members. Local buckling often does not occur
in members with a low ratio of diameter-to-thickness (D/t).
As the diameter-to-thickness ratio increases, the local buck-
ling event leads to a further drop in post-buckling capacity
in comparison with the value predicted by using the beam
element. Also, models with beam elements cannot directly
consider radial and circumferential imperfections due to fab-
rication tolerances which reduce load-carrying capacity.
When solid elements are used to model thin-walled tubular
members, the model elements can consider global and lo-
cal buckling at solid walls simultaneously. The following
is an overview of the research that has been conducted to
investigate the buckling of the tubular members.

Xia and Hoogenboom (2011) checked the buckling of
the frame members when the buckling length was set man-
ually. Based on their estimation, 5% to 10% of the man-
hours in structural analysis of removal projects is spent on
checking and correcting buckling lengths. Using another
method is available that does not require determining
buckling lengths. In the study, the NORSOK standard for
tubular steel frame structures was used to derive this meth-
od. They concluded that this method can be successfully
applied. Karamanos and Tassoulas (1996) derived curves
concerning the capacity of tubular members using a non-
linear FE technique under the combination of external
pressure and bending. Yasseri et al. (2006) studied the
global and local buckling of and their interaction for tubu-
lar members under concentrated force and moment. They
classified the compressive members based on the diameter-
to-thickness ratio (D/t) and the ratio of length-to-gyration
radius (L/r). They proposed the suggested API curve of
elastic and non-elastic buckling based on the slenderness.
They also studied the effects of the imperfection of com-
pressive members. The modified properties of steel materi-
al which can be used for beam elements to achieve the
same response as shell elements were also presented in
that report. Wang and Shenoi (2019) performed both nu-

merical and experimental studies to investigate the effects
of pitting damage on the structural performance and buck-
ling behavior of tubular members. Their paper was select-
ed by the author as one of the verification experimental
references in this paper. Marshall (1992) presented some
useful buckling curves of columns and provides good in-
sight into the buckling behavior of tubular members under
axial load for both pinned and fixed supports. Talaeitaba
et al. (2015) used solid elements in ABAQUS FE for mod-
eling columns with different circular cross-sections. They
verified the models in agreement with experimental data.
The authors reproduced some of the presented curves in
their paper. Sadowski and Rotter (2013) investigated the
structural behavior of tubular columns under the buckling
phenomenon considering Shell elements. USFOS Verifica-
tion Manual (2010) designed an experimental program to
compare the behavior of un-grouted and grouted tubular
columns subjected to compressive loading. The informa-
tion about tests was also described in two other reports by
offshore design (2000) and Haukaas and Yang (2000). The
authors of this paper focused on an un-grouted circular hol-
low section with a given external diameter, wall thickness,
and length. This experimental program was adopted by the
authors as second verification experimental reference in
this paper. Bardi and Kyriakieds (2006) and Bardi et al.
(2006) studied the plastic buckling range of thick cylindri-
cal shells. They focused on circular stainless-steel tubes in
both experimental and analytical phases. Hu et al. (1993)
investigated imperfections and their influence on the struc-
tural behavior of unstiffened, fabricated, tubular beam-col-
umns. A comparison of experimental, analytical, and finite
element analysis results has been discussed in this study.
However, the nature and magnitude of imperfections in
fabricated tubular members greatly differ from those found
in seamless circular hollow sections. Buchanan et al. (2018)
undertook a comprehensive experimental program to study
the buckling behavior of stainless-steel circular hollow sec-
tions columns. The experimental plan of their research cov-
ered a wide range of diameters, thicknesses, lengths, and ma-
terials” mechanical and chemical properties. Their paper is
the third verification experimental reference in this paper.

A sudden or gradual drop in post-buckling load capacity
is created where the interaction between the global and lo-
cal buckling is established which 2D beam elements can-
not predict. In addition, radial and circumferential imper-
fections due to manufacturing deficiencies do not directly
consider by beam elements (Karampour, 2018). These defi-
ciencies can reduce load capacity significantly.

Modeling of thin-walled tubular members with solid ele-
ments can consider local and global buckling and their in-
teraction simultaneously. Also due to the modeling of
thickness in solid elements, the effects of stress concentra-
tion are simulated on the thickness of the member. Regard-
ing the literature review and the authors’ experiences in
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studying the buckling phenomenon, the effects of local
buckling under compressive axial force do not properly in-
vestigate by shell elements without global bending mo-
ments. So, solid elements are selected to study the effects
of five different parameters on compressive members in
this paper. These five parameters include D/t, L/D, mesh
size, mesh size ratio, and imperfections. In this study, after
three levels of fundamental verification on modeling of
buckling and post-buckling behavior of tubular members
based on reliable experimental articles, the effects of five
intended parameters on different parts of buckling and
post-buckling behavior of such members have been inves-
tigated. All the main findings have been addressed in the
paper. Consequently, it has been concluded that the mesh
size along the length of a member is the most effective pa-
rameter in the occurrence of plastic local buckling. More-
over, it is shown that mesh ratio is the most effective pa-
rameter on the accuracy of elastic stiffness and post-buck-
ling strength and the imperfection is significantly the most
important factor regarding the proper estimation of the crit-
ical buckling load.

2 Finite element modeling
2.1 Range of parameters

Changes in the buckling and post-buckling behavior of
tubular members are evaluated in this paper under the in-
fluence of each of the five desired parameters which in-
clude: diameter-to-thickness (D/t), length-to-diameter (L/D),
number of mesh elements on cross-section, mesh size ratio
(aspect ratio of mesh size on length to mesh size on the
section) and imperfection. Two ratios of 30 and 80 for D/t
and four ratios of 20, 30, 50, and 70 for L/D are chosen
considering the typical dimensions of the braces of the Per-
sian Gulf jacket platforms. Four values of 8, 16, 32, and
64 for the number of mesh elements on cross-section,
three values of one-third, 1, and 3 for the mesh ratio, and
three values of L/500, L/1000, and L/2000 for the imper-
fection are considered in this paper as the variable parame-
ters. It should be noted that researchers typically use and
propose the value of L/1000 (0.1% of the length of the
member) as imperfections (Feng et al., 2004; Dhanens et al.,
1993). In this paper, in addition to the imperfection L/1 000,
half and twice this value have been checked to evaluate the
proposed value of imperfection by references (Dhanens
etal., 1993; Thai et al., 2015).

Each of the above categories is analyzed with separate
finite element models using 3D solid elements. For each
model, a distinct modal buckling analysis is performed and
eigenvalues are calculated. The imperfection is assigned as
a coefficient of the first buckling mode shape after the
modal buckling analysis of each model (Thai et al., 2015).

Totally 384 analyses were performed in this paper consid-
ering modal buckling analyses.

2.2 Analysis methodology

The static Riks analysis method has been used in
ABAQUS software because the other analysis methods be-
come unstable under a sudden reduction in stiffness due to
buckling. In the Riks procedure, deformations and loads
are considered simultaneously. This means that the magni-
tude of the load is taken as a variable and the arc length
method, in static equilibrium in the load-displacement
space, is used to obtain the solution. The load-deflection
(Riks) analysis can be performed when concerned about
geometric (Nlgeom) or material nonlinearity prior to buck-
ling or unstable post-buckling response exist. Otherwise,
in other cases, the typical linear or nonlinear static analysis
may be stable. Despite all the benefits of Riks analysis,
this method is much more complex than Newton Raphson’s
static general method (Abaqus documentation, 2012). So,
the ABAQUS program is able to discover the post-buck-
ling response of the model by reducing the applied load
and solving the load-displacement equation (Priyadarsini
etal., 2012).

All of the finite element models with or without imper-
fection are analyzed by this method. Then the buckling
and post-buckling responses of all parameters are com-
pared.

2.3 Material model

The assigned material for all the compressive members
was Steel material with Young’s modulus of 210 GPa,
poisson ratio of 0.3 and yield stress of 360 MPa. Ramberg-
Osgood material properties have been used to produce the
stress-strain curve of material according to its yield stress
and elastic modulus. Von Mises yield criterion was as-
sumed. The narrowing test of the coupon bar under axial
load is used to obtain true stresses (Ramberg and Osgood,
1943). The values of true stresses and logarithmic strains
are calculated from the nominal experimental values using
the following equations.

Em =1In (1 + gnom) - anom/E Otrue = Unom(l + gnom) (1)

Initial geometric known as imperfections can be catego-
rized into two main parts. First category is local imperfec-
tion such as ovalization in section of member and the sec-
ond one is global imperfection such as out-of-straightness
of member (Tao et al., 2007). The purpose of imperfection
in this paper is initial global geometric defects which
means eccentricity from longitudinal axis of tubular mem-
ber caused by handling processes, manufacturing, and trans-
porting (Hu et al., 1993). Therefore, no ovalization (local
imperfection) has been assigned here.
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2.4 Modeling elements

As mentioned before, 384 models using 3D solid ele-
ments have been performed assuming the outer diameter
of 0.6 m. To the best of the authors” knowledge and refer-
ring to some references include Weaver and Dickenson
(2003), Harding et al. (1982), Fajuyitan et al. (2018), Sad-
owski and Rotter (2013), and Silvestre (2008), the shell el-
ements estimate of the buckling moment strength under
uniform bending for cylinders members accurately. Hence,
the use of solid continuum elements is uneconomical in
terms of global bending. However, regarding to the litera-
ture, the effects of local buckling and its interaction with
global buckling cannot be detected properly by shell ele-
ments under axial compression. Therefore, continuum 3D
solid elements have been selected for the models of this
paper with the abbreviation of C3D8R. It should be noted
that all models have two mesh elements in thickness direc-
tion as seen in Figure 1.

Figure 1 Geometry and meshing configuration of a member with
D/t=30, L/D=20, 32 number of elements on section, mesh ratio of 3

In addition to 384 main models of paper, the authors al-
so developed 192 models with one element and 192 mod-
els with four elements in thickness direction to confirm the
effects of number mesh elements on thickness. After ana-
lyzing and comparing the results of these extra 384 models
with main models it has been concluded that by applying
one mesh element on thickness, local deformations or oval-
izations during analysis in tube section cannot be evaluat-
ed correctly. So, many of the FE analysis diverged. For the
dimensions of the tubular members assumed in this paper,
regardless of the thickness of the member, at least two ele-
ments along the thickness seems to be required. Generally,
for traditional tubular members in offshore structures with
D/t ratio more than 25 and thickness value less than 4 cm,
assigning more than two mesh elements in thickness will
only increase the computational cost and no significant dif-
ference in the buckling and post-buckling strength of mem-
ber will occur. The comparison curves of buckling and
post-buckling behavior of models with different mesh
number on thickness have been achieved but not presented
here for the sake of brevity.

According to the results, only in some models with 2 el-
ements in thickness, a bit more drop in post-buckling str-
ength can be seen compared to the models with 4 elements.
However, this can lead to a bit conservative estimation of
the post-buckling capacity. So, all tubular members in this
paper have been modeled with two elements in thickness

direction.
2.5 Loading method and boundary conditions

The aim of this paper investigates the buckling behavior
of tubular steel members under only axial compression.
The purpose is to apply the axial compressive displace-
ment to one end of the tubular members and to calculate
the resultant reaction force on the other side, which is
equal to the total load applied to the member. In this way,
it is possible to achieve the load-displacement curve of the
member that can illustrate the pre-buckling elastic behav-
ior of the member, the loss of strength immediately after
buckling and the post-buckling strength. Therefore, dis-
placement-control approach was used instead of force-con-
trol. The maximum displacement of 0.5 meter has been ap-
plied to all members with different length and diameters.
This amount of displacement is large enough for all members
with various lengths and diameters to buckle. The MPC has
been used for both edges and pinned support is selected as
the boundary condition of both ends of the tube. No hydro-
static pressure was assumed in this paper. However, in the
intended case study concerning modeling of jacket frame,
hydrostatic pressure has been considered for all members.

3 Analytical equations for prediction of
buckling

The comparison of the buckling prediction approaches
of four different standards include APl WSD, API LRFD,
ISO, and NORSOK in detail have been described in this
part. All four codes provide sets of formulations for each
load type acting alone or in combination. ISO equation can
be used with a high accuracy to predict the buckling of tu-
bular sections (1SO 19902, 2007). All dimensional parame-
ters have stress dimension.

Local buckling check in ISO and NORSOK is based on
material as well as geometric properties of members whereas
in API WSD and API LRFD it depends on only geometry
parameters.

NORSOK code in the terms of local buckling strength
has the similar approach to the 1SO equation. There is only
a slight difference in limitation. Contrary to 1SO 19902
and NORSOK N-004, as it can be seen in Table 1, API
WSD and LRFD codes, distinguish between elastic and in-
elastic buckling stresses.

According to the above local buckling equations, the
maximum value of D/t ratio is limited to 120 in 1SO and
NORSOK codes, whereas the API increases the upper
limit of D/t ratio to 300 which means that NORSOK is
significantly more conservative.

The three APl LRFD, 1SO, and NORSOK codes have
proposed same formulae form for column global buckling
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Table 1

Comparison of common offshore structural standards regarding axial and bending strength of tubes
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Table 1 (continued)
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Notes: D: outer diameter; t: wall thickness of pipe; L: unbraced length; E: Young’s modulus of elasticity; k: effective length factor; I: bending
moment of inertia; P: axial force; C_: reduction factors; A: cross-sectional area; F_: compressive stress; r: radius of gyration; Z,: elastic section
modulus; 4: column slenderness parameter; F :Inelastic local buckling strength; F,: characteristic bending stress; F.: Euler buckling stress; Z:

plastic section modulus; o yield stress

but have employed different coefficients. The overall col-
umn buckling formula in AP1 WSD uses the AISC formu-
lation, while APl LRFD, ISO and NORSOK are LSD or
LRFD based. The recommended equation of NORSOK
code gives lower capacity than APl LRFD and ISO. Un-
like the other three standards, NORSOK code assumes
that the platform is manned even during extreme environ-
mental events, so in calculation of both local and overall
buckling strength, NORSOK is more conservative.

The bending formulae of all four codes are the same but
the APlI WSD has different coefficients. According to
above equations, elastic section modulus (Z,), plastic sec-
tion modulus (Z,), and yield strength (f,) can be seen in for-

mulae because LSD and LRFD approaches consider full
plasticity and yielding in the section, whereas because of
WSD methodology which limits the stress to a fraction of
the yield, only the yield strength exist in API WSD equa-
tions. Also in evaluation of bending capacity NORSOK is
more conservative than three others.

Reduction factors (C,) corresponding to the cross-sec-
tion directions are functions of the end moments, compres-
sive stress and Euler buckling stresses.

Concerning the simultaneous effects of compression
and bending on tubular members, the APl1 WSD, 1SO and
NORSOK codes formulae have the same linear form with
some partial differences, while APl LRFD recommends a
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cosine form equation.

In Table 1,

r=Jva=g [D-(0-207) @

4 Experimental results

In this paper, the verification of the effects of the de-
sired parameters is made based on the results of three dif-
ferent series of validated experiments. The selected experi-
ments are well adapted to the requirement of present pa-
per. Also, these experiments have been published in reputa-
ble journals and frequently cited. Therefore, the authors
reasonably decided to refer to these three experiments for
verification of modellings. This part describes each of these
experiments. Table 2 contains stress-strain data of steel
material applied in FE modellings of all three verification
experiments as derived from the related papers.

4.1 Experiment 1

Wang and Shenoi (2019) performed both numerical and
experimental studies to investigate the effects of pitting
damage on the structural performance and buckling behav-
ior of tubular members. For this purpose, both intact and
pitted members were tested. Experimental results of intact
tubular members are addressed in this paper. The experi-
mental setup in that paper is shown in Figure 2.

The members had an external diameter of 54 mm, D/t
ratio of 7.83, length of 460 mm, and were made from a
seamless circular steel tube. Fixed-ended boundary condi-
tion was selected for both two ends. Two material tensile
coupon tests and 14 member tests under compressive loads
were included in the experimental program of their paper.
Regarding to stress-strain curves of the two tensile speci-
men tests which is shown in Figure 3, the Young’s modu-
lus, E, yield stress, o, and ultimate stress, g, of the select-
ed steel material were 125 GPa, 311 MPa and 463 MPa, re-
spectively.

The true stress and true strain data applied in numerical
modeling of this section of paper and derived from the ten-
sile tests can be seen in Figure 4.

4.2 Experiment 2

This experimental program was designed to compare the
behavior of un-grouted and grouted tubular columns sub-
jected to compressive loading. The information about tests
was described in three reports by offshore design (2000),
Haukaas and Yang (2000), and USFOS verification manu-
al (2010). This paper focuses on an un-grouted circular

hollow section with external diameter of 160 mm, wall
thickness of 4.5 mm, and length of 2 500 mm. Roller bear-
ings located eccentrically to the pipe axis act as pinned-
supports of both two ends. The schematic diagram and a
view of test set-up and a buckled member have been
shown in Figure 5. The circular hollow sections tested for
this purpose were made of two types of high and low yield
stress steel materials. The tests were carried out using high
yield stress considered for FE analysis in this paper.

4.3 Experiment 3

Buchanan et al. (2018) undertake a comprehensive ex-
perimental program to study the buckling behavior of
stainless steel circular hollow sections columns. The exper-
imental plan of their research covered both “stub column
tests” and “flexural buckling tests”. So, a wide range of di-
ameters, thicknesses, lengths and materials mechanical
and chemical properties were examined. Numerical model-
ing of this paper performs based on external diameter of
105.67 mm, thickness of 2.7 mm, and length of 3 083.0 mm
with regard to reported results in their paper. Figure 6 illus-
trates set-up of flexural buckling tests. According to the
test set-up pinned-end boundary condition in one direction
as well as MPC constraint have been applied to both ends
of tubular members. Both tensile and compressive coupon
tests were carried out to extract mechanical properties of
material. Young’s modulus of 226.6 GPa, g,, of 250 MPa
and g, of 614 MPa for tensile behavior and Young’s modu-
lus of 188.7 GPa, g,, of 276 MPa and ¢, , of 315 MPa for
compressive behavior of material properties were import-
ed in FE modeling. Ramberg-Osgood material properties
have been used to produce the tensile and compressive stress-
strain relationships from the tensile coupons and compres-
sive stub column responses.

5 Verification results

In this section results of verification of models against
three main experimental data have been explained. Since
changes in mesh size, mesh ratio and imperfection have
been also applied in level of verification of models, the
provided results can be adopted to achieve further accura-
cy in final conclusion of the paper.

5.1 Results of experiment 1

As the first step of verification, the bucked shape of the
member obtained from FE analysis along with its experi-
mental failure mode is illustrated in Figure 7, where close
correlation may be observed. Also contours of stress val-
ues and plastic strain values are shown in Figure 7.

The differences between FE models and experiments
have been categorized in two phases including critical
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Table 2 Stress-Strain data applied in all numerical analyses

Plastic behavior of steel material-First Plastic behavior of steel material-Second Plastic behavior of steel material-Third
validation (Wang and Shenoi, 2019) validation (Haukaas and Yang, 2000) validation (Buchanan et al., 2018)
Yield stress (Pa) Plastic strain Yield stress (Pa) Plastic strain Yield stress (Pa) Plastic strain

311177 000 0.000 000 320 000 000 0.0000 224 616 865.7 0.000 000
314 568 000 0.000 126 325000 000 0.001 6 243 489 908.1 0.000 318
324 460 000 0.001 686 415 000 000 0.002 8 259 531 367.7 0.002 745
330961 000 0.004 481 424 000 000 0.004 6 2774317775 0.006 729
332657 000 0.006 745 435 000 000 0.009 1 294 886 902.5 0.011 012
334 635 000 0.010 216 565 000 000 0.022 8 313 456 226.5 0.016 205
338592 000 0.011 324 721 000 000 0.0535 336 456 768.4 0.023 818
347919 000 0.013 599 820 000 000 0.104 1 358 613 441.9 0.031 990
364 594 000 0.017 170 825 000 000 0.304 0 381323533.4 0.040 699
370 812 000 0.018 758 412 686 754.3 0.054 084
382 682 000 0.022 010 447 962 471.5 0.069 626
395 683 000 0.026 036 487879 393.1 0.088 085
404 728 000 0.029 167 514 248 156.9 0.100 869
416 881 000 0.033 627 544 165 584.9 0.116 284
427903 000 0.038 237 573418 353.4 0.133 126
439 774 000 0.043 694 604 164 602 0.151 033
450 231 000 0.048 949 629 579 396.7 0.167 852
459 841 000 0.054 638 654 521 877.1 0.184 127
468 037 000 0.060 195 686 867 828.9 0.207 819
475 951 000 0.065 470 728 507 956.7 0.239 136
483 299 000 0.071 745 763 323 579.8 0.265 905
490 365 000 0.077 809 789 983 600 0.287 526
496 583 000 0.083 879 809 295 222.6 0.304 780
504 496 000 0.092 782 838 216 221.3 0.328 518
510 714 000 0.100 275 865 668 271.5 0.351 706
517 497 000 0.109 899 902 182 313.9 0.385 096
522 867 000 0.117 897 925472 813.5 0.409 338
526 542 000 0.124 770 953217 812.1 0.435 423
529 085 000 0.129 943 981 041 996.6 0.464 013
531 064 000 0.136 473 1005 181 254 0.491 438
530 216 000 0.144 875 1011 213 354 0.501 763
527 390 000 0.150 234 1 006 988 842 0.508 641
523 715 000 0.155 384 999 588 657.3 0.512 475
520 606 000 0.158 752 981 785 642.4 0.516 174
950 863 875.2 0.519 383

901 228 957.4 0.521 019

847903 471.1 0.522 491

778 299 691 0.523 692

3399 326.515 0.528 924

buckling loads and post-buckling strengths. In each catego- Other diagrams representing the error percentage changes
ry, one clustered column diagram has been drawn which versus imperfection and number of mesh elements on sec-
represent error percentage changes versus mesh size ratio. tion have been drawn for other two experiments and have



M. H. Erfani: Structural Integrity Assessment of Offshore Jackets by Proper Modeling of Buckling—a Case Study of Resalat Jacket 153

Figure 2 Schematic diagram of test setup (Wang and Shenoi, 2019)

Figure 3  Stress-strain curve of the two tensile specimen tests
(Wang and Shenoi, 2019)

Figure 4  Stress-strain relationship applied in numerical analysis
(Wang and Shenoi, 2019)

been omitted for this experiment for the sake of brevity.
Figure 8 and 9 clearly illustrate the effects of number of
mesh elements on section, mesh size ratio, and imperfec-
tion on the accuracy of critical buckling load results and
post-buckling strength, respectively. Two pushover curves of

Figure 5 Schematic diagram of test setup-up and column in post-
buckled condition (USFOS verification manual, 2010)

Figure 6 Long column test set-up (Buchanan et al., 2018)

buckled and non-buckled (compressive yielding before
buckling occurrence) models have been depicted in both
diagrams.

All of the errors above the red dashed line in the dia-
grams indicate that the desired model has not buckled with
its mesh and imperfection conditions and compressive yield-
ing has occurred.

Good agreement in predicting the initial stiffness can be
observed in pushover curves which have been depicted in
all diagrams for all three experimental verifications.

5.2 Results of experiment 2

The failure modes of the FE models show excellent agree-
ment with those derived from the tests, as shown in Figure 10.
The stress and equivalent plastic strain contours shown in
Figure 10 confirm the presence of stress concentration in
the middle of the member.

As previous section, for this experiment two parameters
of critical buckling load and post-buckling strength have
been represented to indicate the differences between FE
models and experiments in such a way that the error per-
centage of different models results have been presented as
clustered column diagrams with respect to changes in im-
perfection values. These diagrams have been depicted in
Figures 12 and 13. The pushover curves of two models
have been randomly depicted in both diagrams.
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Figure 7 Failure mode of typical experimental and numerical results, along with stress and plastic strain contours (Wang and Shenoi, 2019)

Figure 8 The error changes of the results of critical buckling loads versus mesh size ratio-derived from models with different mesh number on

section and different imperfections

As can be seen obviously, changing the mesh size ratio
has almost no effect on the accuracy of critical buckling
load and has no negligible effect on the accuracy of esti-
mating the post-buckling strength, especially when the
mesh size along the length of member is fine.

Imperfection value greatly affects the critical buckling
load (Godat et al., 2012) but as is demonstrated later in
this paper, changing the imperfection is almost ineffective
in the post-buckling strength. Number of mesh elements
on section is also an influential parameter either in critical
buckling load or post-buckling strength in case of low
number of mesh elements on section.

5.3 Results of experiment 3

There is an excellent agreement between experimental

failure mode and FE result of this paper which are shown
in Figure 11. The stress and equivalent plastic strain con-
tours are seen in Figure 11 as well.

The differences between FE models and experimental
results of this experiment have also been studied in two
parts of accuracy of critical buckling load and accuracy of
post-buckling strength. The clustered column diagrams
which represent error percentage changes versus number
of mesh elements on section have been shown in Figures 14
and 15. The pushover curves of two models have been ran-
domly depicted in both diagrams. As clearly shown in the
figures, imperfection has the greatest effect on critical
buckling load, whereas the major effectiveness parameter
on post-buckling strength is number of mesh elements on
section. The same results have been concluded in the rest
of this article.
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Figure 9 The error changes of the results of post-buckling strengths versus mesh size ratio-derived from models with different mesh number

on section and different imperfections

Figure 10 Experimental post-buckled condition along with deformed shape of FE analysis and stress and equivalent plastic strain contours

(USFOS verification manual, 2010)

6 Results

In this part, some of the results of 384 models all with
the same outer diameter of 0.6 m contain four different
lengths, two different thicknesses, three different imperfec-
tions, four different number of mesh elements on section,
and three different mesh size ratios on length relative to
cross-section have been presented.

The differences between the critical buckling load ob-
tained from the model results and its corresponding value

calculated by the 1SO equation for some models have been
shown in Figure 16 to Figure 21. Also, the effect of each
of the desired parameters on accuracy of critical buckling
load, post-buckling strength and elastic stiffness results of
tubular members with different D/t and L/r ratio can be
seen in these figures. Desired parameters are mesh size ra-
tio along the length to the cross-section, imperfection val-
ue and mesh numbers on tube section. These figures are se-
lected in such a way all combinations of D/t and L/D ratios
are covered.
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Figure 11

Experimental and FE failure modes including stress and equivalent plastic strain contours (Buchanan et al., 2018)

Figure 12 The error changes of the results of critical buckling loads versus imperfection-derived from models with different mesh number on

section and different mesh size ratio

According to the cluster column diagram of Figure 17
the mesh ratio parameter shows considerable effect on crit-
ical buckling load when the ratio of mesh size along the
length to the section of a member is high. In other words,
when the mesh size on length of member is sufficiently
fine, decreasing the mesh ratio does not improve the accu-
racy of results.

It should be noted that the results of all 384 models and
all the values of the differences between ISO equation and
model results have been used to achieve the final conclu-
sion of this paper. But for the sake of brevity, some of the

figures are illustrated in this part and the rest are omitted.

Figure 16 clearly shows that the effect of imperfection
on critical buckling load is higher than that of the number
of mesh elements. However, it should be noted that imper-
fection has no effect on post-buckling strength while num-
ber of mesh element will certainly be effective. On the oth-
er hand, as can be found from Figure 17, the mesh ratio
has more impact on accuracy of critical buckling load than
number of mesh elements.

The phrase of “Not-Buckled” in some of the above clus-
ter column diagrams means that due to insufficient imper-
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Figure 13 The error changes of the results of post-buckling strengths versus imperfection-derived from models with different mesh number on

section and different mesh size ratio

Figure 14 The error changes of the results of critical buckling loads versus mesh number on section-derived from models with different

imperfection and different mesh size ratio

fection or improper mesh size in member, compressive
yield of material occurred earlier than the buckling under
axial load. For this reason, some models have buckling
non-occurrence conditions and therefore their results have
not been considered in the study of the effects of five de-
sire parameters.

Based on Figures 18 and 19, imperfection affects the ac-
curacy of critical buckling load more than number of mesh
elements. Also, it can be stated that mesh ratio does not
have a significant effect on the accuracy of critical buck-
ling load when it reduces from 1 to 1/3.

Another noteworthy point in Figures 18 and 19 is that

imperfection only changes the critical buckling load value
and does not affect post-buckling strength and elastic stiff-
ness at all. Even the shapes of buckled members with dif-
ferent imperfections are quite similar.

Local buckling in the middle of the compressive mem-
ber length known as kneeling occurs due to stress concen-
tration in two side points of the tubular section wall. Con-
trary to popular belief, this phenomenon is formed by re-
ducing D/t ratio. Since no global buckling is observed in
tubular members with higher thickness due to the greater
bending stiffness of them, which prevents the occurrence
of overall deformation. Local buckling Occurrence can al-
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Figure 15 The error changes of the results of post-buckling strengths versus mesh number on section-derived from models with different

imperfection and different mesh size ratio

Figure 16 The effect of number of tube section mesh elements on critical buckling load and post-buckling strength of a tubular member with

D/t=30, L/D=30 and mesh ratio=1/3

so affect the post-buckling strength. This fact can be clear-
ly seen in the Figures 16, 17, 20 and 21.

A closer look at Figures 20 and 21 reveals that the lower
mesh size ratio which means finer mesh along the length
of the member is required to achieve more accurate estima-
tion of the critical buckling load and post-buckling

strength of the member. Since the mesh size ratio indicates
the ratio of the mesh size along the length to the mesh size
along the cross-section, so for a given member, the 1/3
mesh size ratio and 16 mesh elements on section results in
a finer mesh along the length of member than the 3 mesh
size ratio and 64 mesh elements on section.
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Figure 17 The effect of number of tube section mesh elements on critical buckling load and post-buckling strength of a tubular member with
D/t=30, L/D=30 and Imp=L/500

Figure 18 The effect of imperfection value on critical buckling load and post-buckling strength of a tubular member with D/t=80, L/D=30 and
mesh ratio=1/3
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Figure 19 The effect of imperfection value on critical buckling load and post-buckling strength of a tubular member with D/t=80, L/D=20 and

mesh number=64

As can be seen, kneeling phenomenon due to plastic
buckling does not appear in members with coarse mesh
along the length. So considering its effect on post-buck-
ling behavior, proper mesh size along the length of com-
pressive members seems necessary. It should be noted that
coarse mesh size along the length also affects the critical
buckling load and reduce its accuracy. This point is also
well illustrated in Figures 20 and 21.

By increasing the D/t ratio the bending stiffness of tubu-
lar wall decreases with a power of 3 (Yasseri and Skinner,
2006). After occurrence of the buckling, the tubular mem-
ber walls start to swing and ultimately the member bends.
Local bending moments due to deformation of the tube
wall quickly result a local plastic zone. Finally, the local
buckling which reduces the capacity of member leads to
global buckling. Increasing the L/r ratio concludes further
plastic zone and fewer critical buckling load.

The enlarged plastic area causes a sudden collapse if the
local buckling occurs in this state (Yasseri et al., 2006).

In general, the Figure 22 can represent the boundary of
elastic and plastic buckling. Also, considering to all the re-
sults, both in the experimental validation section and in the
FE modeling section, Figure 23 can be extracted as the ef-
fect area of each parameter on the buckling behavior of tu-
bular members. Figure 24 exhibits the percentage of effect
of each parameter including mesh size ratio, number of
mesh elements on section, and imperfection on three main

part of capacity curve of tubular members. These three
main parts are accuracy of estimation of initial elastic stiff-
ness, critical buckling load, and post-buckling strength.

According to Figure 24 the mesh ratio (the mesh size
along the length of member to the mesh size on the cross-
section) is the most effective parameter on the accuracy of
elastic stiffness and post-buckling strength. Similarly, as
shown in Figure 24 the imperfection parameter is signifi-
cantly the most important factor regarding to calculation
of the critical buckling load (Godat et al., 2012).

7 Case study

A four-leg Resalat jacket platform of Persian Gulf was
selected as case study to investigate the effect of desired
parameters on buckling behavior of compressive members.
The schematic geometry and dimensions of the jacket and
model are shown in Figure 25. A 3-Dimensional model of one
frame of jacket was provided. All of the joint cans and the princi-
pal details have been taken into account in FE modeling.

Regarding to aspect ratios of sections used in the model,
the maximum and minimum L/r ratio of the compressive
braces are 126.01 and 118.63, respectively.

The FE modeling of jacket is categorized into two main
steps. On the first step, the jacket was modeled using com-
mon 3D solid elements which were meshed with the com-
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Figure 20 The effect of mesh ratio on critical buckling load and post-buckling strength of a tubular member with D/t=30, L/D=30 and mesh number=32

Figure 21 The effect of mesh size ratio on critical buckling load and post-buckling strength of a tubular member with D/t=80, L/D=30 and
imperfection=L/500
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Figure 25 Schematic geometry of one row of Resalat jacket and FE model include global geometry of model, geometry of piles driven into
legs, transition piece, tubular connections, and cross-sections - All quantities have dimensions of cm

mon and traditional mesh size. The mesh size selected in
this step is extensively applied in FE modeling of wide
range of papers. Afterwards, in the second step the opti-
mized mesh size including mesh ratio and number of mesh
elements on section -based on the findings of this paper-
were applied on the compressive braces of the platform.
The mesh sizes applied in the second step can properly
predict the buckling occurrence and post-buckling strength
of braces. Changes in the structural behavior of the jacket
were considered at this step and represented below. Push-
over analysis was executed as an approach to distinguish
variations of results.

The main deck was simulated on the upper end of the
piles in the form of a rigid connection between pile heads.
Two concentrated masses were applied on pile heads. Each
of them was assumed equal to 25% of the total mass of the

platform deck, i.e., 2 500 t. Jackets and piles were mod-
eled separately and the cylindrical connection was defined
between them so that the piles can drive freely into the
legs in rotational and translational degrees of freedom. In
all the models, the Pile Stub technique was used and the
fixed end point of the piles was set at a depth equal to 10
times its diameter.

The purpose is to draw the pushover curve of the struc-
ture by enforcing lateral displacement and extracting the
base shear. This lateral displacement can be imposed on
solitary node placed on highest deck of jacket or distribut-
ed to all nodes at different levels of the platform along the
height. In each case the reaction forces at the level of the
fixed supports at the bottom of piles, which is the base
shear and equal to the total load applied to the platform,
were calculated. Therefore, the approach of displacement-
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control was adopted here. So, ductile behavior of structure
can be observed correctly in load-displacement curve ob-
tained from pushover analysis. Figure 26 illustrates two
distributions of lateral displacement applied in this paper.

30—> o 30—> o

24 —>» @
21—> @
15 —>» @

09 >

Figure 26 Two types of distribution of lateral displacement applied
in FE models

Almost all the elements were defined by yield stress of
355 MPa and ultimate strength of 535 MPa at a plastic
strain of 0.144. The values of true stresses and logarithmic
strains are calculated from the nominal experimental val-
ues.

Figures 27 and 28 present the results of the pushover
analysis performed on the two separate steps explained be-
fore. In Figure 27 the distribution of lateral displacement
which defined in FE model is triangular and has ascending
order in height with a maximum displacement of 3 m in

the main deck. While Figure 28 illustrates the results of
pushover analyzes with a point-centered lateral displace-
ment of 3 m at the level of main deck. Both of distribu-
tions are in accordance with pictures shown in Figure 26.

The order of buckling occurrence in braces is displayed
in the Figure 27. The buckling of the compressive brace
positioned at the lowest level of the jacket causes immedi-
ate drop and severe loses of global capacity throughout the
structure. The buckling of this brace did not observe when
proper mesh was assigned to all braces. Therefore, a sharp
drop in pushover capacity curve has not occurred in mod-
els with proper mesh. According to the Figure 27 applying
improper mesh size for compressive members can under-
predict the ductility by 33% and under-estimate the lateral
loading capacity up to 8%.

As seen in Figure 28 the point-centered lateral push of
jacket, did not actuate the compressive capacity of braces
and no buckling can be seen in the braces of jacket. Final-
ly, only damage occurrence in the pile at top level causes
immediate resistance loss and global collapse of the struc-
ture. So, at this loading distribution, results of models with
proper and improper mesh size are almost similar and can-
not be distinguished from each other.

Furthermore, below diagrams have been addressed to
distinguish how other parameters influence the pushover
results in this case study of a jacket structure.

As shown in above diagrams of Figures 29 and 30, the
critical buckling load has been affected by imperfection
and the element types and mesh size have a great influence
on the occurrence of local buckling and the amount of
strength reduction after buckling.

Figure 27 Results of Pushover analysis of models with improper and proper mesh for push distribution type 1
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Figure 28 Results of Pushover analysis of models with improper and proper mesh for push distribution type 2

Figure 29 Comparison of Pushover results of models provided with various effective parameters including imperfection and element type for
push distribution type 1

Figure 30 Comparison of Pushover results of models provided with various effective parameters including imperfection and element type for
push distribution type 2
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Figure 31

Also, the local stresses contours on deformed plots of
compressive beams and braces of jacket have been illus-
trated bellow.

8 Conclusion

In summary, the following points can be mentioned ac-
cording to the results derived from three experimental veri-
fications, results of models, and one case study of a jacket
frame. Some of these outcomes were obtained from FE
models, but their accuracy was confirmed by comparing
with experimental results.

1) If the buckling occurs the most accurate buckling
load can be estimated by the least imperfection.

2) As the D/t ratio increases in short members, the dis-
agreement rate between model results and the true critical
buckling load increases significantly but in greater lengths
(L/D ratio higher than 30), the rate is not significant.

3) The interaction between local and global buckling

Local stresses contours in braces and beams at the end of the pushover analysis

can lead to a drop in load carrying capacity and according
to experimental results, this interaction can occur in D/t ra-
tios of 60 and above.

4) Concerning the kneeling phenomenon (plastic local
buckling occurrence) resulting drop in load carrying capac-
ity immediately after buckling, the mesh size along the
length of member is much more effective than the number
of mesh elements on the cross-section.

5) Mesh element size on cross-section does not affect
the elastic stiffness in compressive behavior of a tubular
member.

6) Increasing the mesh size ratio can lead to more dis-
agreement between model results and the 1SO equation.

7) Adopting more than 32 mesh elements will only in-
crease the computational cost and the run time and no sig-
nificant changes in the buckling and post-buckling results
will occur.

8) According to comparison of FE models by experi-
mental result, it can be concluded that the mesh size ratio
(diameter-to-thickness ratio) alone has no effect on buckling
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of member. But choosing values greater than 1/3 for it may
cause no local buckling occurrence in the member and conse-
quently the post-buckling strength may increases incorrectly.

9) Mesh ratio is introduced as the most effective param-
eter on the accuracy of elastic stiffness and post-buckling
strength. Similarly, the imperfection parameter is signifi-
cantly the most important factor regarding to calculation
of the critical buckling load.
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