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parameters of Fiber-Reinforced Polymers (FRP), as strengthening material, on a tubular T-
joint subjected to brace axial loading using Finite Element (FE) analyses. The effectiveness
of FRP materials in enhancing the fatigue life of tubular T-joints was investigated
through computing the ratio of the Stress Concentration Factors (SCFs). FRP parameters
considered here include fiber orientation, FRP thickness, effective wrapping length, and
FRP material properties. The FRP materials were modeled and applied to a basic
numerical FE model, which was validated in the past against well-known experimental
results on weld-toe SCFs. Promising results were derived from the analyses, showing that
the FRP strengthening method can effectively decrease the SCF values for tubular T-joints.

(© 2020 Sharif University of Technology. All rights reserved.

1. Introduction

Adequate structural performance of steel Circular Hol-
low Sections (CHS) against buckling, bending, and
torsion has made them the best choice for designers
of offshore structures. In addition, high strength-to-
weight ratio, high buoyancy, and lower drag coefficients
are known as another vantages [1]. Offshore CHSs are
usually connected to form joints using the butt-welding
technique. The most common and basic CHS joint
configuration is the T-joint, which is made by welding
the cross-section of one tube (brace) perpendicular
to the undisturbed exterior surface of the other tube
(chord).

Numerical studies on tubular joints using the
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Finite Element (FE) method have been done for more
than two decades. For instance, Lee [2] reviewed the
modeling techniques used in the FE analysis of tubular
joints for obtaining information on strength, stress
fields, and stress intensity factors. In this study, guid-
ance is given to model discretization, i.e., choice of ele-
ments, material curve input, weld modeling, interpreta-
tion of results, and limitations of using numerical tech-
niques. In lieu of these studies, a comprehensive FE
study of Fiber-Reinforced Polymer (FRP) parameters
of FRP strengthened tubular T-joints is carried out.

Fatigue damage in offshore steel jacket structures
is of crucial attention due to the cyclic nature of wave
loading on such structures. Thus, the prediction of
fatigue life of offshore structural joints and accurate
fatigue load resistance are necessary to ensure struc-
tural safety. A novel example of fatigue life assessment
studies is the structural stress approach presented
[3]. They improved the zero point structural stress
approach to calculating the structural stress for the
fatigue life assessment of tubular joints.

Fatigue life of offshore structures is normally
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assessed using Stress-Life (S-N) curves. In this way,
the Hot-Spot Stress Range (HSSR) is calculated from
a parameter called the Stress Concentration Factor
(SCF). According to API ([4], Part 8.3.1), “For each
tubular joint configuration and each type of brace
loading, SCF is defined as: SCF = The HSSR/nominal
brace stress fi”. Here, this research is aimed at the
estimation of SCF's at the chord. Therefore, the HSSR
is the hot spot stress range on the chord, which must
be divided by the nominal direct stress in the brace
member to attain the SCF. Having the HSSR and
using S-N curves, the number of loading cycles that the
structure can sustain before failure could be estimated.

Offshore structural members are subjected to
different kinds of loadings, such as axial load, In-Plane
Bending (IPB), and Out-of-Plane Bending (OPB)
along with their combination, so-called as multi-axial
loading. API [4] presented a conventional method
to determine the HSS. In this method, extrapolated
geometric stress at the weld toe is to sum the products
of the nominal stresses due to each load type and the
corresponding SCFs.

SCFs can be considered in unstiffened and stiff-
ened joints. In unstiffened joints, researchers have put
in many efforts since 1970s, and their main objective
has been concerned with deriving parametric equations
for the SCF calculation. More papers relevant to the
present study are reviewed hereunder.

Kuang et al. [5] presented parametric equations
for the estimation of SCF in T-, Y-, K-, and KT-
joints using shell elements in a FE program. Despite
the fact that these equations were presented four
decades ago, they are still widely used in the fatigue
design of offshore tubular joints. Wordsworth and
Smedley [6] presented equations for the SCF estimation
in T-, Y-, and X-joints under axial force, IPB and
OPB moments. A complete set of SCF equations
for T-, Y-, and K-joints was presented by Efthymiou
and Durkin [7]. Hellier et al. [8] presented semi-
empirical equations for the SCF calculation in tubular
Y- and T-joints. They performed FE analyses that
covered a wide range of joint geometries under axial
loading, IPB, and OPB. Ramachandra Murthy et
al. [9] studied the effect of geometric parameters on
SCF's in ring stiffened T- and Y-joints and presented
relevant formulae. Nwosu et al. [10] studied the
stress distribution along the ring stiffened T-joints.
In this research, the effects of geometry, location,
and number of stiffeners were studied. Parametric
equations were presented by Lloyd’s Register (LR) [11],
which were derived from fitting curves in the existing
SCF database. These equations address the SCFs in
saddle and crown positions in T-, Y-, X-, K-, and KT-
joints and are now considered as one of the most liable
references for the SCF estimation. Morgan and Lee [12]
presented a set of equations for the SCF estimation

in K-joints using FEs analysis. Parametric equations
were presented to estimate the stress distribution along
the chord-brace intersection for T-, Y-, X-, and KT-
joints [13,14]. Karamanos et al. [15] investigated the
SCFs of multiplanar welded tubular XX-joints under
various loading conditions such as axial brace load, in-
plane and OPB, and axial and bending chord loads
using FE analysis. They presented the SCF results
in the form of parametric equations and diagrams. A
comprehensive numerical study of stress concentrations
in welded tubular steel gap K-joints was carried out by
Karamanos et al. [16]. Design guidance in the form of
graphs and equations for the reliable determination of
SCFs was proposed to be used for the fatigue design
of welded tubular K-connections. Wingerde et al. [17]
proposed a set of equations and diagrams to estimate
the SCFs in uni-planar K and multi-planar KK-joints.
SCF distributions along the intersections of a T-joint
reinforced with a doubler plate subjected to combined
loadings were investigated by Hoon et al. [18]. Myers
et al. [19] investigated the effect of three kinds of
longitudinal stiffeners in the chord member on SCFs
in jack-up platforms. SCF equations in multi-planar
welded tubular DT-joints were presented by Kara-
manos et al. [20]. Gao et al. [21-23] presented the SCF
formulae for fully overlapped K(N)-joints. Shao [24]
investigated the SCFs along the weld of the tubular
K-joints subjected to IPB load through experiments
and numerical analysis. Woghiren and Brennan [25]
presented a set of SCF equations for multi-planar
KK-joints, which were stiffened by the rack plate.
Lotfollahi-Yaghin and Ahmadi [26] and Ahmadi et
al. [27] proposed equations to predict the SCF along
the weld toe of uni-planar KT- and DKT-joints under
axial loading. Ahmadi et al. [28] investigated the effect
of SCFs on the structural integrity assessment of multi-
planar offshore tubular DKT-joints. They proposed
a fatigue limit-state function based on the fracture
mechanics and investigated its effects on the results
of reliability analysis of assigning different values to
deterministic variables involved in this limit-state func-
tion. Lotfollahi-Yaghin and Ahmadi [29] and Ahmadi
et al. [30] presented SCF distribution parametric equa-
tions along the weld toe of outer-inclined and central-
vertical braces of two-planar DKT-joints. Fatigue
design equations for internal ring-stiffened KT-joints
under axial loading were proposed [31,32]. Ahmadi and
Lotfollahi-Yaghin [33] performed a set of geometrically
parametric FE stress analyses for right-angle three pla-
nar tubular KT-joints under three different axial load-
ing conditions. A new set of SCF design equations was
established for the fatigue design of three-planar KT-
joints through nonlinear regression analysis. Ahmadi
et al. [34] carried out a set of parametric SCF analyses
for right-angle three-planar tubular KT-joints under
three different axial loading conditions. In this study,
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the effect of geometrical characteristics and loading
conditions on the SCFs at different saddle positions
on the main (outer) braces was investigated. Ahmadi
and Lotfollahi-Yaghin [35] carried out a FE analysis
of multi-planar tubular DKT-joints and proposed a
probability distribution model for SCF's along the weld
toe of the central brace under axial loads. Ahmadi and
Lotfollahi-Yaghin [36] proposed a fatigue limit-state
function for multi-planar tubular DKT-joints using the
principles of the S-N-based fatigue strength assessment.
They also investigated the effects of different variable
characteristics on the results of reliability analysis.
Yang et al. [37] investigated the SCFs of negative large
eccentricity tubular N-joints under axial compressive
loading in vertical brace through experiments and
numerical analysis. Moreover, a set of parametric
equations was proposed in order to calculate the SCF's
of negative large eccentricity tubular N-joints. The
study of stress concentration in KT-joints of offshore
platforms under OPB moments was performed by
Ahmadi and Zavvar [38], and the parametric equations
were presented.

As previously mentioned, there are some metallic-
based methods used for strengthening the CHS-joints.
A part of the most recent literature on metallic-
based strengthening methods is presented as follows.
Nassiraei et al. [39] investigated the static strength
of steel tubular T/Y-joints reinforced with a collar
plate under axially compressive loads. They found
that the ultimate strength of a collar plate reinforced
T/Y-joint could increase up to 170% of the strength
of the corresponding unreinforced joint. The para-
metric study was performed, and a new equation for
determining the ultimate strength through nonlinear
regression analysis was proposed. Nassiraei et al. [40]
numerically studied the static strength of CHS T/Y-
joints reinforced with collar plates subjected to axial
tension load. Through the analysis, the effects of
joint geometry and collar plate size on the ultimate
strength, failure mechanisms, and initial stiffness via
a parametric study were investigated. Finally, a para-
metric formula for the estimation of ultimate strength
of the static design of collar plate reinforced T/Y-joints
under brace tension was presented. Nassiraei et al. [41]
studied the static strength of collar plate reinforced
tubular T/Y-joints subjected to IPB moment through
FE analysis to evaluate the effect of joint geometry
and collar plate size on the ultimate strength and
failure modes. The results of their analysis showed
that the collar plate reinforcement method could sig-
nificantly increase the ultimate strength and improve
the failure mechanisms of tubular T/Y-joints under
IPB load. The parametric study was performed,
and a new formula was proposed through nonlinear
regression analysis. Nassiraei et al. [42] numerically
investigated the ultimate strength, initial stiffness, and

failure mechanisms of doubler plate reinforced tubular
T/Y-joints under axial compressive load and derived
a new formula from a parametric study. They found
that this method could increase initial stiffness and
improve the failure modes. In addition, doubler plate
reinforcement could enhance the ultimate strength
of the T/Y-joints up to 195%. Numerical analysis
was used to investigate the geometrical effect on the
ultimate strength, initial stiffness, and failure modes in
the doubler plate reinforced tubular T/Y-joints under
axial tensile load by Nassiraei et al. [43]. Their study
indicated that the doubler plate could significantly
increase the initial stiffness and ultimate capacity and,
thus, improve failure modes considerably. Geometric
parameters were studied, and an ultimate capacity
parametric formula for the static analyses of doubler
plate reinforced tubular T/Y-joints under axial tensile
load was presented. Nassiraei et al. [44] numerically
investigated the effect of the doubler plate size and
joint geometry on the static strength of the doubler
plate strengthened tubular T/Y-joints subjected to
IPB. This study showed that the doubler plate could
significantly enhance the initial stiffness and ultimate
capacity and, also, improve failure patterns consid-
erably. They also presented the ultimate capacity
parametric formula as a result of the geometrically
parametric study. The static capacity of circular hollow
section X-joints, strengthened with collar plates, under
brace compression was experimentally and numerically
investigated by Nassiraei et al. [45]. They observed
that the collar plate could increase both of the initial
stiffness and ultimate strength of the X-joints. Some
researchers specifically carried out studies on the SCF
parameter in CHSs. Shao [46] studied the effect
of collar-plate reinforcement on the static strength
of tubular T-joints under axial loading through ex-
perimental test and FE simulation. Based on the
parametric study, it was found that the static strength
could be greatly improved by increasing the collar-
plate thickness to chord wall thickness ratio and the
collar-plate length to brace diameter ratio. Parametric
equations were also developed in this study. Ahmadi et
al. [47] performed experiments and numerical analysis
and proposed probability distribution models for SCFs
in internally ring-stiffened tubular KT-joints subjected
to axial loads. A parametric study was carried out and,
correspondingly, density histograms were generated for
a set of sample data bases for the maximum central-
and outer-brace SCFs. Probability density functions
for the probabilistic analysis of SCFs in tubular KT-
joints reinforced with internal ring stiffeners under IPB
moments were presented by Ahmadi et al. [48] based
on a FE parametric study. Ahmadi [49] developed a
probability distribution model for the SCFs in tubular
KT-joints reinforced with internal ring stiffeners sub-
jected to four types of OPB loads.
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In addition to metallic-based strengthening meth-
ods, non-metallic strengthening methods have been
investigated. For instance, Xu et al. [50] experimentally
investigated the SCFs of thin-walled circular hollow
section T-, Y-, K-, and KT-joints filled with self-
compacting concrete subjected to axial tension loading.
Chen et al. [51] investigated the SCFs of concrete-
filled circular chord and square braces in K-joints under
balanced axial loading both experimentally and numer-
ically. They observed that the SCFs of concrete-filled
circular chord and square braces K-joints were lower
than those of the corresponding hollow circular chord
and square brace K-joints. SCFs in concrete-filled
tubular Y-joints subject to IPB were experimentally
investigated by Yang et al. [52]. This strengthening
method effectively reduced the SCF value. Moreover,
SCF is evenly distributed when the value of the axial
compression ratio in the chord is increased. Jiang et
al. [53] performed experimental tests on tubular T-
joints reinforced with the grouted sleeve to investigate
their mechanical behavior. They discussed the failure
mode, ultimate load, initial stiffness, and deforma-
bility of these joint specimens. It was found that
the grouted sleeve provided strength enhancement up
to 154.3%~172.7% of the corresponding un-reinforced
joint.

In this category, external reinforcement schemes,
such as FRP-based strengthening techniques, are the
alternatives. FRP wrapping method due to its con-
venience of handling and application, corrosion resis-
tance, potentially high overall durability, light weight,
superior strength-to-weight ratio, tailorability, and
high specific performance attributes could be easier for
its application in areas whose conventional materials
may encounter durability, weight, and/or lack of design
flexibility constraints. FRP is usually applied as the
strengthening material to the structures in which one
or a few existing members could not bear the existing
design or service loads. This may result from a
probable inaccurate design, recent strict changes in
design codes, or implementation restrictions concerning
the use of stronger members.

Among a number of studies on FRP strengthened
steel structures, the research studies done by Hollaway
and Cadei [54], Zhao and Zhang [55], and Zhao [56] are
remarkable. There are many external strengthening
methods for enhancing the mechanical properties of
steel members. FRP-strengthened CHSs with four
layers of Carbon Fiber Reinforced Polymer (CFRP)
under tension loading were investigated by Jiao and
Zhao [57]. Shaat and Fam [58] experimentally inves-
tigated steel short columns strengthened with CFRP.
Zhao et al. [59] studied the load-bearing capacity of
RHSs strengthened with CFRP sheets. Bambach et
al. [60] investigated the cross-ply FRP strengthening of
thin walled steel sections. Wang et al. [61] investigated

the restraining effect of using external glass FRP
composites in steel tubes subjected to significant axial
displacement. Nishino and Furukawa [62] studied the
buckling behavior of externally reinforced steel tubes
with CFRP. According to this study, the amount of
CFRP used as a strengthening component had an
important role in avoiding buckling and, subsequently,
increasing the section capacity. Teng and Hu [63]
investigated the influence of wrapping techniques on
the deformation capacity of steel tubes under static
axial loading. Alemdar et al. [64] experimentally and
analytically investigated the fatigue performance of
cover-plate specimens with CFRP reinforced welded
connections. Lesani et al. [65] numerically investigated
the failure pattern, ultimate static strength, and de-
tailed behavior of steel tubular T-joints strengthened
by GFRP (glass/epoxy) under axial brace compressive
loading. A remarkable increase in the ultimate joint
capacity due to the combined action of steel and com-
posite against the compressive load was observed. In
addition, critical deformations and ovalization of chord
member showed a descending trend up to 50% of the
un-strengthened joint. Lesani et al. [66] experimentally
investigated the improvement of the ultimate capacity
of T-joints wrapped with GFRP (glass/vinyl ester) un-
der static compressive loading. An increase up to 50%
in the ultimate load-bearing capacity of the tubular
joint strengthened by FRP was observed. Further,
a detailed survey of failure modes in the composite
plies was performed. A numerical and experimental
research program was conducted by Lesani et al. [67]
on T- and Y-shaped CHS steel tubular connections
strengthened with GFRP. In this research, the state of
joint strength, deformation, ovalization, stresses, and
failure of T- and Y-joints under compressive loading
were investigated. This research showed that the
static strength of tubular joints could be improved
significantly by the FRP wrapping technique. Based on
the improvements observed in the static strength, the
investigation of SCF improvement and fatigue strength
enhancement using the FRP wrapping technique was
deemed necessary.

Obviously, a considerable effort has been devoted
to studying SCFs in various unstiffened joints, yet
not as much to stiffened joints during the past years.
In all of these stiffened joints, metallic-based schemes
were used as the strengthening technique. Numerous
advantages of non-metallic schemes, such as the FRP-
wrapping technique, in enhancing the static load-
bearing capacity of CHSs along with the increasing
interest in using such reinforcing schemes substantiated
this study to investigate the SCFs in FRP-strengthened
joints to confirm the efficacy of this option. The present
research has focused on investigations not addressed
in previously published literature. In this paper, the
results of numerical analyses of 58 FRP-strengthened
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steel tubular T-joints were used to present the effect
of FRP wrapping parameters including fiber orienta-
tion, layup thickness, strengthening length, and FRP
material type on the SCF distribution along the weld
toe under brace axial load. The FE models were
verified against the experimental results [11] and the
predictions of Lloyd’s Register (LR) [11] and APT [4]
equations. The FE models cover the most substantial
FRP wrapping parameters, which could be helpful in
the fatigue design of FRP strengthened T-joints under
brace axial load.

2. FE modeling and analysis

Due to the complexity associated with the geometry of
tubular joints, it is difficult to use closed-form solutions
for capturing the relative strains and stresses. The
FE method verified with experimental investigations
is among the reliable alternatives. In this study, a
FE model has been developed, and a relative linear
elastic numerical analysis has been carried out using
ABAQUS [68] software package. The geometry of
the unstiffened joint was chosen from the experimental
models [11]. The geometric parameters of the joint are
presented in Table 1.

Details of the numerical modeling and analysis are
presented in the following subsections.

2.1. Characteristics of analyzed models

To study the distribution of SCFs along the weld toe
in FRP-strengthened tubular T-joints, 58 FE models
were generated and analyzed. All of the joints are of
un-stiffened geometry, which was chosen from elastic
stress concentration factor tests on tubular steel joints-
JISSP project [11], with different FRP layups. They
were subjected to axial load exerted on top of the
brace member. The aim of this study is to investigate
the effect of FRP parameters on the stress distribution
along the weld toe. The parametric studies were carried
out on three different layup configurations related to
the chord, brace, and the connection zone (chord
and brace intersection). These models investigate
the effects of fiber orientation orientation of FRP
layup (0° ,£30° ,£45° ,£60°, and 90° ply angles),
FRP layup thickness (0.08 to 0.80 times the member
thickness), length of FRP reinforcement (0.25 to 1.5
times the chord diameter and 2 times the brace diam-
eter), and different types of FRP material including

Table 1. The geometric parameters of the T-joint.

Reference D (mm) o (3 ¥ T
JISSP1.3 508 10 0.8 20.3 0.99
Note: D is the chord diameter; = 2L/D, L is the chord
length; 8 = d/D, d is the brace diameter; v = D/2T, T is

the chord thickness; 7 = ¢/T', t is the brace thickness.

glass/vinyl ester, glass/epoxy (Scotch ply 1002), and
carbon/epoxy (T300-5208).

2.2. Modeling of the weld profile

In order to achieve accurate stresses along the chord-
brace intersection, the weld profile should be modeled
accurately. AWS [69] presented recommendations for
weld profile modeling. In this study, the weld profile
along brace-chord intersection satisfies the criteria
recommended by AWS [69]. Weld profile was modeled
using 20-node solid elements, and the weld properties
conform to the chord and brace materials. Besides,
some simplifications were made to conceive a smooth
and adequate weld profile based on the techniques
utilized by Lee [70] and Chiew et al. [71]. Lie et al. [72]
well elaborated on the weld profile modeling.

2.3. FRP Properties

FRP are composed of two distinguishable parts: fibers
and matrices. Applying different fibers and matrixes as
the constituents, one could make various compositions.
In this study, glass/vinyl ester composite was used as
the reference FRP material in the parametric study.
Two other FRP materials namely glass/epoxy (Scotch
ply 1002) and carbon /epoxy (T300-5208) were used for
a parametric study in comparison to glass/vinyl ester.
The properties and, also, advantages and disadvantages
of carbon and glass fibers and vinyl ester and epoxy
matrixes have been previously addressed [73].

GFRPs behave classically with short fatigue life-
times at high stress amplitudes, and an increasing
lifetime as the stress amplitude is lowered, whereas
carbon appears unaffected by fatigue until the cycling
stress approaches static strength values [74]. Never-
theless, CFRP cyclic behavior depends on the type of
CFRP material. Here, this research aimed to show how
different types of FRP wrapping materials and their
properties could affect the SCF values in a tubular T-
joint. Therefore, due to its novelty, it has been per-
formed with the assumption that the FRP properties
remain intact during the loading, and the perfect bond
state between FRP and the steel remains valid until
the initiation of a fatigue crack on the tube surface.
This is the primary research study that investigates
the effect of FRP wrapping on SCFs. Further research
on the behavior of FRP and its bond to steel needs to
be performed numerically and experimentally to reach
a firm conclusion about the FRP wrapping effect on
SCF's. Thus, it is evident that the application of CFRP
to structures, which are susceptible to high-stress
amplitude fatigue loading, would be a wiser choice;
however, since the fatigue loading is usually of low
stress amplitudes in offshore jacket joints, GFRPs can
also be a potential alternative. Table 2 demonstrates
the properties of the FRPs used in the analyses [75]. In
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Table 2. Fiber Reinforced Polymer (FRP) properties [75].

Engineering Glass/vinyl Glass/epoxy Carbon/epoxy
constants ester (Scotch ply 1002) (T300-5208)
E1 (MPa) 28000 38600 132000
E> (MPa) 7000 8270 10800

V12 0.29 0.26 0.24
Gr2 (MPa) 4500 4140 5700
Ghs (MPa) 4500 4140 5700

Note: E: Modulus of elasticity; v: Poisson’s ratio; G: Shear modulus.

this table, Subscripts “1” and “2” stand for the fiber
longitudinal and transverse directions, respectively.

2.4. Element type and mesh generation process
In a FE analysis, both shell and 3D brick elements
could be used. Depending on the modeled geometry
and model outputs, the type of element for the analysis
could be chosen. It was important to compromise
between model precision and the computational time
required to analyze the model [14]. In this study,
ABAQUS 3D element type C3D20, which is a 20-node
quadratic brick, was used to model the joint geometry
and weld profile in order to achieve a more accurate
and detailed stress distribution at the joint intersection
zone.

FRP material was modeled using shell elements
that were defined as a skin layer covering the tube
surfaces by sharing interface nodes. Here, a perfect
bond state was considered, and no cohesive/adhesive
element was modeled at the FRP and the steel sub-
strate interface [65]. ABAQUS element type S4R,
which is a 4-node doubly curved thin or thick shell with
reduced integration, was used to model the FRP layers.
The mesh generation process and mesh dimensions
highly depend on the geometrical complexity of the
model. Different sub-zone mesh generation methods
were used for weld profile, HSS region, FRP wrapping
area, and other regions of the joint, which were far
away from the weld. In this method, the mesh in the
HSS region was much finer than that in the other zones
due to the demand for high computational accuracy.
FRP wrapping areas had coarser meshes, but were fine
enough to sustain accuracy. The highly coarse meshes
were attributable to regions far away from the weld
in which the mesh quality did not have a remarkable
effect on the FE results and, in particular, on the stress
distribution along the weld toe. Figure 1 shows the
mesh generated for the tubular T-joint.

Prior to the generation of the 58 FE models for
analysis, the optimum mesh pattern was obtained by
sensitivity analyses with different mesh densities in
order to balance the accuracy of the results through
the computational effort with emphasis on the accuracy
of the predictions. As shown in Figure 1(a), by

(a) Isometric view

(b) Mesh enlargement

Figure 1. The mesh generated for the T-joint using the
sub-zone method.

approaching chord ends from the joint intersection
area, in which the stresses must be calculated and
read with high delicacy, average element dimensions
increased to 30 mm. Average element sizes in the areas
in which the FRP was applied to the joint were around
10 mm.

2.5. Boundary conditions

As previously mentioned, the tubular T-joint in this
study was modeled based on the JISSP project, joint
ref. 1-3. Although the joint geometry is symmetric
with respect to x-z and y-z planes, the entire joint was
modeled because of the non-symmetric nature of FRP,
as well as arbitrary fiber orientations and ply stacking.
The chord end fixity of joints in offshore structures
ranges from ‘almost fixed’ to ‘almost pinned’, which is
generally closer to ‘almost fixed’ [76]. In this research,
chord ends are assumed to be fixed in order to represent
the actual conditions of the experiments.

2.6. Analysis and extrapolation method

In order to determine the SCFs in a tubular joint,
linear elastic numerical analysis is required [77]. Here,
a load controlled static analysis was conducted such
that the maximum strains in the tubular joint stayed in
the linear elastic part of the stress-strain relationship.
The axial load applied at the top of the brace member
varies linearly from zero to the maximum selected load.
Young’s modulus and Poisson’s ratio of steel were taken
to be 207 GPa and 0.3, respectively [11]. In order to
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Table 3. Comparison of Finite Element (FE) results and experimental data and predictions of Lioyd’s Register (LR) [11]

and APT [4] equations.

Position Test LR equation API equation FEM?* e; (%) ex (%) es (%)
Crown 5.4 3.94 3.85 5.3 27.0 28.7 1.9
Saddle 11.4 10.54 12.13 11.1 7.5 6.4 2.6

2FEM: Finite Element Model.

estimate the SCFs, the method introduced by ITW-XV-
E [78] was used. In this method, the peak stress at the
weld toe was calculated by extrapolating the von Mises
stresses linearly at distances of 0.47 and 1.4T from the
weld toe, respectively, where T is the thickness of the
chord member.

SCFs can also be calculated by normal stresses,
i.e., stresses perpendicular to the weld toe. Generally,
it is understood that the differences between SCF's
calculated from either primary stress or normal stress
are negligible such that, for K-joints, they were found
to be less than 10% [16]. Lotfollahi-Yaghin and
Ahmadi [26] and Ahmadi et al. [27] used von Mises
stresses to calculate the SCFs according to ITW-XV-
E [78] method, too.

Owing to the complex shape of the spatial curve
of the weld toe, it was necessary to mesh the SCF
zone (from weld toe to 1.5 T from weld toe) sepa-
rately. There were 15 meshed elements perpendicular
to the weld toe; therefore, every mesh element had a
dimension equal to 0.1 T. Von Mises stresses in the
fourth and fourteenth elements corresponding to the
above-mentioned distances from the weld toe were ex-
tracted, and the stress at the weld toe was extrapolated
accordingly. SCF was then reckoned by dividing the
calculated stress by the nominal stress at the brace.

2.7. Un-stiffened model validation

In order to validate the FE model, Lloyd’s Register
equations [11], API [4] equations, and test results [11]
for JISSP joint ref. 1.3 were compared with the numeri-

(a) Chord strengthening

(b) Brace strengthening

cal analysis results. Table 3 summarizes the verification
results in saddle and crown positions separately. In this
table, e; and ey show the percentage of the relative
difference of the Lloyd’s Register (LR) [11] and API [4]
equations prediction from test results, respectively, and
e3 denotes the percentage of relative difference between
the results of the FE model and experimental results.

According to Table 3, the FE model predicts the
SCFs at crown and saddle positions with excellent
accuracy.

3. Parametric study of FRP effects on the
SCFs

This section presents the results of the numerical
parametric study carried out to investigate the effect
of parameters related to the FRP addressed in the
above paragraphs. Analyses were carried out in three
phases. Firstly, the chord alone was strengthened in
order to investigate the effects of strengthening the
chord member on SCFs. Secondly, FRP was applied
only to the brace to study the same effects on the
brace member; finally, in the third phase, chord and
brace members were strengthened altogether. Figure 2
presents the FRP wrapping schemes in the numerical
models.

Due to the symmetry of stress distributions in a
T-joint, results are presented along a 90° polar angle (a
quarter of chord-brace intersection zone), which starts
from the crown point and ends at the saddle point.
Figure 3 shows this 90° polar angle.

(c) Chord and brace strengthening

Figure 2. A typical Fiber-Reinforced Polymer (FRP) wrapped T-joint.
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L ® Brace Chord

Figure 3. Definition of the 90° polar angle between the
crown and saddle points (plan view of the T-joint).

3.1. Effect of the fiber orientation

In an FRP system, fibers are the dominant constituent,
and because the load-carrying capacity of a composite
system highly depends on its fibers direction, one of
the main objectives of FRP strengthening design is to
place the fibers in such a way that they are able to
contribute efficiently to load-carrying capability [73].
In this section, the effect of fiber orientation (87) on
the SCFs is investigated. Figure 4 shows the applied
FRP reinforcement directions. It should be noted that,
according to Figure 4, the 0° fiber orientation on the
brace member was along its longitudinal axis, while
this orientation on the chord member was along the
transverse (hoop) direction.

Figure 5(a) illustrates the relative values of
SCFs (SCF in strengthened joints, SCF, against un-
strengthened joints, SC'F,,) in phase 1 for various fiber
orientations of a 1 mm thick GFRP (glass/vinyl ester)
composite covering the chord member at a length of
1 D (in which, D is the chord diameter) in a quarter
portion of the length of the chord-brace intersection
curve. According to Figure 5(a), using fibers in 0° and
90° orientations had the most decreasing effect near the

Figure 4. Directions of the Fiber-Reinforced Polymer
(FRP) plies (6y).

1.000

0.095 FBrE

0.990

0.985.

0.980-

SCF,/SCPF,

0.975-

0.970-

0.965

0 15 30 45 60 75 90
Polar angle (degree)

(a) Chord strengthening

SCF./SCPF,

30 45 60
Polar angle (degree)

(b) Brace strengthening

Figure 5. Ratio of Stress Concentration Factor (SCF')
distributions in the FRP-strengthened tubular T-joint to
SCF distribution in un-strengthened joint with different
fiber orientations.

crown point (polar angle = 0°). Circulating from the
crown point, fibers with —45° orientation reduced the
SCF more effectively than the other orientations. From
45° to almost 75° , —30° orientation had the highest
decreasing effect; from 75° to the saddle point (polar
angle = 90°), 0° orientation of fibers caused the most
significant drop in the SCF. According to Figure 5(a),
the maximum decrease of SCF values for a 1 mm thick
FRP ply was observed for 0° fiber orientation at the
saddle position, which was about 3%.

Figure 6(a) presents the effect of fiber orientations
on SCF reduction at crown and saddle points of the
T-joint. It is evident that 0° and 90° orientations
had the most decreasing effect and, in turn, fibers
with 45° orientation had the lowest effect on SCF
values. According to this figure, similar effects on SCF
at the crown position for both positive and negative
orientations were observed. The continuous line in
Figure 6(a), which shows the relative SCF values at the
saddle point, indicates that, apart from 0° orientation,
FRP effectiveness in decreasing SCF values at the
saddle position had a descending manner.

Figure 5(b) represents the second phase of the
analysis as how brace reinforcement affects the SCF
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Figure 6. Ratio of Stress Concentration Factor (SCF) in
the FRP-strengthened tubular T-joint with different fiber
orientations to SCF in un-stiffened joint for crown and
saddle points.

values along the chord-brace intersection curve (one
quarter portion). It is shown that, regardless of the
fiber orientation, for polar angles between 0° (crown
point) and 20° , brace wrapping decreased the SCF
values very slightly, in which the most effective orien-
tation was 0° . In contrast, for polar angles higher
than 20° up to 90° , brace reinforcement had a slight
increasing effect on SCF values. As Figure 5(b) shows,
the least decreasing effect of brace strengthening on
SCF values was observed at the saddle point, where
FRP layers with 0° fibers were used. This amount was
around 0.35%, which is negligible.

Figure 6(b) illustrates the change in relative
SCFs at crown and saddle positions for different fiber
orientations. For the crown point, it is indicated that
increasing the orientation angle from 0° to 90° scales
down the decreasing effect of FRP reinforcement on the
SCF values. This effect was similar for negative values
of fiber orientation angle. The relative SCF values
at the saddle position for different fiber orientations
are presented with a continuous line in Figure 6(b).
Accordingly, changing the fiber orientation from 0°
decreased the effectiveness of the FRP wrapping in
reducing the SCF values at the saddle point.

1.000
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N
. 0.990 \'\-\i\
&
S
£ 0.985 :
%‘ ) 3
$ 0.980
\\4
——05=0°
09751 77 7 500 —
-0y =45°
0.970] \[

0 15 30 45 60 75 90
Polar angle (degree)

Figure 7. Ratio of Stress Concentration Factor (SCF')
distributions in the FRP-strengthened tubular T-joint
with different fiber orientations to SCF distribution in
un-strengthened joint.

In order to examine the effect of fiber orientation
on an FRP-wrapped joint (chord and brace simultane-
ously), three different FRP layups with 0° , 30° , and
45° fiber orientations were applied to the T-joint, and
the pertinent results are shown in Figure 7.

According to this figure, 0° orientation had the
highest decreasing effect on the SCF values. Of note,
due to the adverse effect of brace wrapping on SCF
reduction, the relative values of SCFs in a joint in which
both chord and brace members were strengthened were
higher than those of a joint with only a strengthened
chord. In this case, the decreasing effect of the
reinforcement was 2.5%.

3.2. Effect of the FRP thickness

This section presents the effect of FRP ply thickness on
the values of SCFs. Although it is already known that,
owing to the improvement of mechanical properties,
increasing the FRP layup thickness up to a certain
level decreases the level of stresses and, hence, reduces
the values of SCFs. The numerical investigations
performed in this section evaluate the performance and
effectiveness of the FRP reinforcement. These analyses
were performed for six different FRP thicknesses (i.e.,
1, 2, 4, 6, 8, and 10 mm). The relative thicknesses
(the thickness of FRP layer divided by the member
thickness) were used to illustrate the effect of FRP
thickness on SCF values in Figure 8(a).

Figure 8(a) presents the results of numerical
analysis on FRP-strengthened chord of a T-joint with
different layup thicknesses along the chord-brace inter-
section. According to this figure, increasing the FRP
thickness on the chord member reduced the SCF values
and, subsequently, enhanced the fatigue life of the joint.
As evident from this figure, the decreasing effect of
wrapping the chord member on the SCFs increased by
moving from 0° (crown) to 90° (saddle), which reached
up to 27%. It must be noted that all FRPs had a fiber
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Figure 8. Ratio of Stress Concentration Factor (SCF)
distributions in the FRP-strengthened tubular T-joint

with different FRP thicknesses to SCF distribution in

un-strengthened joint.

orientation of 0° and were made of glass/vinyl ester
composite.

FPR strengthening of the chord member of a T-
joint at crown and saddle positions is illustrated in
Figure 9(a) with dashed and continuous lines, respec-
tively. This figure shows the effectiveness of FRP in
decreasing the SCFs with a linear trend for different
FRP thicknesses (i.e., higher FRP thickness leads to
lower SCFs at crown and saddle positions). It is worth
noting that, for parametric study purposes, FRP thick-
nesses of 1 mm up to 10 mm were utilized theoretically.
In practical applications, FRP wrapping thicknesses
should be selected with care, since a different behavior
is exhibited when a thick layer of composite is applied,
making it not cost effective at all.

Figure 8(b) shows how the FRP relative thickness
on the brace member could affect the SCF values at the
chord-brace intersection.

As demonstrated in this figure, by circulating
from the crown point (0°) to almost 25° at the polar
angle along the intersection curve, the decreasing effect
of FRP thickness was scaled down, and by moving
from 20° to 90° (saddle point), the reverse effect was
observed. The reverse effect of brace strengthening on
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(b) Brace strengthening
Figure 9. Ratio of Stress Concentration Factor (SCF) in
the FRP-strengthened tubular T-joint with different FRP
thicknesses to SCF in un-strengthened joint for crown and
saddle points.

SCFs could be seen at the saddle point (polar angle:
90°) for the maximum relative thickness, which was
about 2.8%. Strengthening the brace member only
decreased the SCF values at the crown position, while
it had an increasing effect on SCFs at the saddle point
(Figure 9(b)).

According to this figure, the effect of brace FRP
thickness had an almost linear, yet adverse, trend in
the case of crown and saddle positions.

Figure 10 presents the relative SCF values for
three different relative FRP thicknesses in one quarter
of the chord-brace intersection, respectively. The
effectiveness of FRP thickness increment was scaled up
by moving from the crown position (2.5% decrease) to
the saddle point (9% decrease).

3.3. Length of FRP wrapping

According to Lesani et al. [66], the prime function of
FRP wrapping length, especially on the chord member,
was to cover the entire the chord surface area influenced
by the brace loading to balance the state of stresses
and deformations. The effect of this parameter is
investigated in this section. Figure 11 shows the
relative wrapping lengths (Ls) for chord and brace
schematically. The first analysis was carried out for a
relative length of 0.5 times the member diameter. The
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Figure 10. Ratio of Stress Concentration Factor (SCF)
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Factor(SCF) distribution in un-strengthened joint (¢,:
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.0.25 D
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Figure 11. Schematic of strengthening length (L) for
chord and brace members.

rest of the analyses were performed by increasing the
wrapping length by 0.25 times the member diameter.
Relative SCF values for five different relative
lengths (length of FRP wrapping to chord diameter)
used for strengthening the chord member are presented
in Figure 12(a). All FRPs had a fiber orientation of 0°
and were made of glass/vinyl ester composite. Focusing
on this figure reveals that increasing the FRP wrapping
length led to a very slight decrease in the SCF values.
According to Figure 13(a), at the crown position
of a wrapped chord member, a change in FRP wrapping
length had almost no effect on the SCFs. Chord
member wrapping length had a slight effect on the
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Figure 12. Ratio of Stress Concentration Factor (SCF)
distribution in the FRP-strengthened tubular T-joint with
different FRP wrapping lengths (L,: FRP length on
Chord, I5: FRP length on brace) to SCF distribution in
un-strengthened joint (D: chord diameter, d: brace
diameter).

saddle position with a linear trend. According to
this figure, regardless of the FRP wrapping length,
if the hot spot stress area was covered by a 1 mm
thick glass/vinyl ester FRP composite, the SCF values
dropped by 0.5 and 3% at the crown and saddle
positions, respectively.

The effect of FRP wrapping length on the brace
member only was also investigated, and the relevant
results are presented in Figure 12(b) at a 90° polar
angle along the chord-brace intersection. It is clearly
seen from this figure that brace strengthening had
almost no effect on the SCF values.

Figure 13(b) shows the effectiveness of FRP wrap-
ping of brace member in the SCFs at the crown and
saddle positions.

It could be envisaged from the values in the figure
that the wrapping length had almost no effect on the
SCFs.

Figure 14(a) demonstrates the effect of change in
FRP wrapping length of the chord member when both
chord and brace members were strengthened. In this
figure, the length of FRP wrapping at brace was equal
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Figure 13. Ratio of Stress Concentration Factor (SCF)
in the FRP-strengthened tubular T-joint with different
FRP wrapping lengths to SCF in un-strengthened joint for
crown and saddle points.

to 1d (d is the brace member diameter) and remained
constant for the brace member.

Figure 14(b) presents the effect of changing brace
wrapping length when chord member wrapping length
remained constant at 1D (D is the chord member
diameter) for the similar case. According to this figure,
the increase of FRP wrapping length of the chord
member had a slight decreasing effect on the SCFs,
while almost no effect on SCF values was recorded for
the brace member.

3.4. Effect of the FRP material

Change in fiber and/or matrix material properties
corresponds to a change in FRP mechanical properties.
This strongly affects the joint stress distributions and,
subsequently, the SCF values. As mentioned earlier,
in this study, two kinds of fibers (glass and carbon)
with two different matrices (epoxy and vinyl ester)
were used as the strengthening materials, and their
effects on SCF distribution along the chord-brace
intersection were investigated. Three kinds of FRP
materials, namely glass-vinyl ester, glass-epoxy, and
carbon-epoxy, were used as the strengthening materials
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Figure 14. Ratio of Stress Concentration Factor (SCF)
distribution in the FRP-strengthened tubular T-joint with
different FRP wrapping lengths to SCF distribution in
un-strengthened joint.
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Figure 15. Ratio of Stress Concentration Factor (SCF)
distribution in the FRP-strengthened tubular T-joint
chord with different FRP materials to Stress
Concentration Factor (SCF) distribution in
un-strengthened joint.

with 0° orientation fibers having a thickness of 1 mm
and a wrapping length equal to one times the diameter
of the relative strengthened member. The effects of
changing FRP material when only the chord member
was strengthened are presented in Figure 15.
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Stiffer FRP material (higher mechanical proper-
ties) showed greater effectiveness in decreasing the SCF
values. As clearly envisaged from this figure, the appli-
cation of carbon-epoxy material had the effectiveness
degree of about three times the GFRP material in
SCF reduction, which was about 12% at the saddle
point. As previously stated, strengthening the brace
member had an increasing effect on SCFs for polar
angles between 20° and 90° (saddle point) and an
adverse effect for 0° (crown point) to 20°. These effects
were amplified by increasing the mechanical properties
of the FRP materials (Figure 16).

The adverse effect of using higher modulus mate-
rials on brace member only was about maximum 1.6%
at the saddle point. Figure 17 presents the effect of
different FRP material on SCF values when the chord
and brace were both strengthened in a T-joint.

Based on this figure, adverse effects from chord
and brace strengthening compromise each other at var-
ious polar angles. Thus, the maximum effectiveness of
the 1 mm thick FRP with carbon-epoxy material and a
0° fiber orientation was about 10% at the saddle point.
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Figure 17. Ratio of Stress Concentration Factor (SCF)
distribution in the FRP-strengthened tubular T-joint with
different FRP materials to SCF distribution in
un-strengthened joint.

4. Conclusion

In this research, Stress Concentration Factor (SCF)
values at a 90° polar angle in one quarter of the chord-
brace intersection area in an axially loaded tubular T-
joint strengthened by Fiber-Reinforced Polymer (FRP)
wrapping were investigated. The effect of various FRP
parameters such as fiber orientation, wrapping thick-
ness, length of wrapping, and different FRP materials
was studied. In this way, SCF estimations for the fa-
tigue design of FRP-strengthened three-planar T-joints
under brace axial loading could be justifiable. Analyses
were carried out in three phases: the chord alone was
strengthened; FRP was applied only to the brace; both
chord and brace members were strengthened.

As a general rule, the FRP wrapping technique
decreased the SCF values in a tubular T-joint. How-
ever, each FRP-related parameter had its particular
effect on the SCFs.

From the analyses performed, the following im-
portant conclusions can be drawn:

o The effect of fiber orientations using fibers at 0°
and 90° orientations on the chord member had the
most decreasing effect near the crown point (polar
angle=0). For both of the positive and negative
fiber orientations, moving towards the saddle point
from the 0° orientation scaled down the FRP ef-
fectiveness in decreasing SCF values at the saddle
position. Fiber orientation in FRP, which was used
for brace strengthening, regardless of the utilized
fiber orientation, had a slightly increasing effect on
SCF values;

e Increasing the FRP thickness on the chord member
reduced the SCF values. The effectiveness of FRP
wrapping of the chord member in decreasing the
SCFs was increased by moving from 0° (crown)
towards 90° (saddle). Increasing the thickness of
FRP wrapping used for strengthening the chord
member of a T-joint at the crown and saddle
positions decreased the SCFs with a linear trend.
Strengthening the brace member only decreased the
SCF values at the crown position, while it had an
increasing effect on SCFs at the saddle point;

e Change in FRP wrapping length for a chord or
brace strengthened T-joint had almost no effect on
SCFs. Chord member wrapping length is much
more effective in the saddle position, which had
almost a linear trend;

e Change of fiber and/or matrix material properties
corresponds to that in FRP mechanical properties.
The application of FRP material with higher values
of mechanical properties showed more effectiveness
in decreasing the SCF values. Among the common
composite material, carbon-epoxy had the effective-
ness of about three times GFRP in SCF reduction;
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Due to the better fatigue performance of CFRP
materials in comparison to other composite mate-
rials such as GFRP and based on the findings of
this study, it is highly recommended to use CFRP
composites as wrapping and strengthening material
for fatigue life extension of tubular joints.
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