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Static Strength of Circular Tubular T-joints with Inner Doubler Plate
Reinforcement Subjected to Axial Compression
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Abstract: For an inner doubler plate reinforced tubular joint, the doubler plate is welded onto the inner surface of the
chord by using fillet weld, and the position of the doubler plate is placed under the brace/chord intersection. Through this
reinforcement, the radial stiffness of the chord is improved, and hence the strength is increased. Finite element model is
built by using software ABAQUS to analyze the ultimate load and failure mode of inner doubler plate reinforced tubular
T-joints. Overall 432 models with different geometrical parameters and doubler plate sizes are analyzed. The effect of all
the parameters on improving the static strength is discussed. Finally, a parametric equation for predicting the static
strength of a tubular T-joint with inner doubler plate is presented through curve fitting technique, and its accuracy and re-

liability are also evaluated by error analysis.
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INTRODUCTION

Tubular structures with hollow section are used widely in
offshore engineering due to its advantages such as light
weight, high strength and low friction coefficient to wind
and seawater. In tubular structures, brace member is welded
onto the surface of chord member to form brace/chord con-
nection which is also called tubular joint. Welded tubular
structures behave very like truss structure, in which each
tube member is mainly subjected to axial loading. Such
mechanism makes the chord member be subjected loading in
its radial direction. As it is known that the radial stiffness of
a hollow section tube is much smaller than its axial stiffness,
failure thus mostly occurs at the surface of the chord near the
brace/chord intersection. Therefore, most reinforcing meth-
ods for tubular joints are to improve the radial stiffness of
the chord member.

In the reported reinforcing methods, two types can be
classified due to the location of the reinforcement: outer re-
inforcement and inner reinforcement. Doubler plate rein-
forcement, collar-plate reinforcement and bracket reinforce-
ment are the typical outer reinforcing methods, and there are
many research studies in this field [1-5]. Accordingly, inter-
nally stiffened ring reinforcement, inner plate reinforcement
and local chord reinforcement are some representative inner
reinforcing methods. Refs. [6-10] studied tubular joints with
internally stiffened ring reinforcement through experimental
investigation and finite element analysis. The results show
that internally stiffened ring can improve the static strength
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of tubular joints efficiently. The inner plate reinforcement on
tubular joints is introduced in Refs. [11-13], and it is also
found this reinforcing method has also efficiency in increas-
ing the load bearing capacity of tubular joints. For local
chord reinforcement, Ref. [14] provided experimental study
and found an effective reinforced result can also be obtained.
Compared with outer reinforcing method, inner reinforcing
method does not affect the appearance since all the rein-
forcements are placed inside the chord member. It is hence
used by most designers in practice.

Inner doubler plate reinforcement is a similar inner rein-
forcing method compared with other inner reinforcing meth-
ods. However, its study has not been carried out although it
has been used in practical design. Due to this reason, a de-
tailed study and discuss will be conducted in this paper.
However, it should be stressed here that the doubler plate is
practically placed inside the chord tube only when the chord
diameter is relatively bigger because the welding process can
be operated in this case. When the chord diameter is smaller,
the doubler plate should be placed outside on the chord sur-
face although it is better to place the doubler plate inside the
chord to keep the appearance of the entire structure.

There are several types of joints used in welded tubular
structures in practice. For brevity, a simple tubular T-joint is
selected to study. Based on this study, similar conclusion can
be obtained in assessing the reinforcing efficiency. In addi-
tion, when a tube consisting of a tubular joint has big slen-
derness, axial load is dominant in all the loading cases.
Therefore, only axial load is considered hereby. As a tubular
joint has bigger load carrying capacity in tension than in
compression, only compression is selected as the loading
case to the tubular joint.
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Fig. (1). Geometry model of circular tubular joint with inner doubler plate.
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Fig. (2). Finite element model of reinforced T-joint.

FINITE ELEMENT MODEL

Geometrical Model of an Inner Doubler Plate Reinforced
Tubular Joint

The configuration of a tubular T-joint with inner doubler
plate reinforcement is shown in Fig. (1). The doubler plate is
placed inside the inner surface of the chord, and it is con-
nected to the chord through fillet welding. To ensure full
contact, the doubler plate is bent to a curved plate with same
curvature as the chord before welding. The position of the
doubler plate is just under the brace/chord intersection be-
cause this location is generally the failure position. For con-
structional brevity, the doubler plate can be designed as rec-
tangular or square shape. Fig. (1) shows a square doubler
plate, and this shape is also used in the finite element analy-
sis in the following sections. It is assumed all the quantities
are denoted in upper case letter for chord member and the
lower case letter is used to denote the quantities for brace
member. Lower case letter with subscript “d” is used to de-
note the corresponding quantities of the doubler plate. Some
normalized parameters for describing the geometry of a tu-
bular joint are also provided in Fig. (1).

Finite Element Model

To build an accurate and reliable finite element model, a
high quality mesh is necessary as well as reasonable defini-
tion on material properties, loading application and boundary
conditions. A high quality mesh is obtained from reasonable
element selection, mesh discretizing scheme and good ele-
ment shape. In addition, refined mesh should be taken in
high stress gradient region while relatively coarse mesh can
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be used in the region far away from critical positions for
saving computing time. For a tubular joint, high stress gradi-
ent region is located at the brace/chord intersection because
high stress concentration exists here. Fig. (2) shows the mesh
of an inner doubler plate reinforced tubular T-joint. Three
layers of elements are used in tube thickness direction
around the intersection while only one layer of elements is
used in the other region. C3DS8I element is used to generate
the mesh because this type of element is advantageous in
defining contact problem. For the material properties, elas-
tic-perfect plastic model is used in the analysis and the hard-
ening process of the steel material is ignored. In the finite
element analysis, the yield stress of steel material is 235
N/mmz, and elastic modulus and Poisson’s ratio are 206,000
N/mm? and 0.3 respectively.

As contact problem exists between the inner doubler
plate and the chord inner surface, a definition on contact
must be made. Surface-to-surface contact is used in this
study, and hard contact in normal direction is defined be-
tween two contacting surfaces. In tangential direction, no-
friction is used. AS the doubler plate is bent to the same cur-
vature with the chord inner surface, the gap between the
doubler plate and the inner surface of the chord is much
smaller. A gap less than 1.0 mm is assumed in the finite ele-
ment analysis. For the boundary conditions, it is assumed
that there is no initial chord stress. In this condition, one end
of the chord is pinned while the other end is simulated as a
roller. Displacement controlling method is used in the load-
ing process. Only vertical displacement in brace axial direc-
tion is applied step by step in such loading process.
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Table 1. Geometric Dimensions of Unreinforced Tubular

. D d T T
Specimen p y
(mm) (mm) (mm) (mm)
Tl 203 50 6 6 0.246 16.91
T2 203 90 6 6 0.443 16.91
T3 180 50 8 6 0.278 11.25
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Fig. (3). Comparison of load-deformation curve between experiment and finite element model.

Verification of Finite Element Model Overall 3 T-joint specimens, as tabulated in Table 1, were

tested. Other detail be found in Ref. [15].
To verify the presented finite element model, some ex- este er details can be found in Ref. [15]

perimental results for un-reinforced tubular T-joints reported The load-deformation curves of the 3 specimens are plot-
in Ref. [15] are used to assess the above modeling method. ted in Fig. (3). The deformation is defined as the top and
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Table 2. Comparison Bearing Capacity between Experiment and Finite Element Model

Specimen Experimental Result Pe(kN) Finite Element Result P(kN) Error |Pe-Py|/Pe (%)
T1 93.04 84.57 9.10
T2 128.02 120.16 6.56
T3 134.72 133.54 1.88
Table 3. Value of Parameter
B ? % 7 lyd
0.25,0.5,0.7 16,22,28 48,12 0.8,1.2,1.6,2.0 1.5,1.75,2.0,2.25

(a) Local Buckling

Fig. (4). Different failure modes for reinforced T-joint.

bottom displacement difference of the chord at mid-span.
The peak value of the load in the curves is defined as the
static strength. Fig. (3) shows that the finite element results
agree reasonably well with experimental measurements. The
maximum value of the difference between the two results is
less than 10%. Table 2 lists the detailed difference between
the two results for the 3 specimens. From the comparison, it
is found that the presented finite element model can be used
for analyzing the static strength of tubular joints reliably.

PARAMETRIC STUDY
Values of Parameters in Parametric Study

To study the effect of different parameters on the static
strength of tubular T-joints with inner doubler plate rein-
forcement under axial compression, a parametric study has
been carried out. Overall 5 parameters are considered in the
parametric study, which include £, v, #, t, and I, /d. The
values of each parameter in parametric study are provided in
Table 3.

Additionally, the value of parameter a(2L/D) is fixed to
be 15, the brace length is fixed to be 4 times of brace diame-
ter (I = 4d), and the value of 7T is fixed to be 1.0 in parametric
analysis.

Failure Mode

From parametric study, it is found that the failure mode
of reinforced tubular T-joints is different when the values of
parameters £, T, and I; /d are different. Fig. (4). shows two
typical failure modes of the reinforced T-joint models: local
buckling (shown in Fig. (4a) and local yielding (shown in

(b) Local Yielding

Fig. (4b). The failure mode is influenced by the reinforce-
ment of inner doubler plate. To explain such effect in details,
Figs. (5a-5f) illustrate different failure modes.

Local buckling occurs at the connection of the doubler
plate and the chord when the values of § and [, /d are both
very small, as shown in Fig. (5a). The deformation of the
doubler plate is quite small, and small separation between
doubler plate and chord inner surface occurs. In case that the
value of f is very small while the value of /,/d is bigger, as
shown in Fig. (5¢), deformation of the doubler plate becomes
bigger. This means the reinforcing efficiency is influenced
by the size of the doubler plate when the value of parameter
[ is very small.

When the value of f is quite big, as shown in Figs. (5d-
5f), the value of /,/d almost does not affect the failure mode
because local yielding occurs in this case and the stiffness of
the doubler plate is big enough to resist the radial deforma-
tion of the local chord near the brace/chord intersection. It is
not efficient to improve the static strength by increasing the
size of the doubler plate in this case.

Effect of 7, and /,/d on Static Strength

In the parametric study, overall 432 T-joint models with
different geometrical parameters and sizes of doubler plate
are analyzed. For comparison, the corresponding un-
reinforced T-joint models are also analyzed. The static
strengths of the un-reinforced and the reinforced T-joints
under axial compression are denoted by N,,. ¢ and N,, respec-
tively. Figs. (6a-6¢) show the effect of 7; and [, /d on the
static strength with different values of S.



The Open Ocean Engineering Journal, 2013, Volume 6 5

Static Strength of Circular Tubular T-joints

Fig. (5). Deformed shapes of reinforced tubular with 7,=1.2.
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(c) p=0.7

Fig. (6). Effects of T, and [, / d, on static strength with different values of A.

Fig. (7). Comparison between theoretical and numerical results.

When the value of f is very small, as shown in Fig. (6a),
the effects of both 7; and /;/d have an obvious effect on the
static strength, and such effect is almost in linear. With the
increase of S, the effect of the two parameters become more
gradual, as shown in Fig. (6b). Especially when the value of
fis 0.7, as shown in Fig. (6¢), 7, and /;/d has very minor
effect on improvement of the static strength.

Parametric Equation

Based on the parametric study and the effect of geometri-
cal parameters and size of doubler plate on the static strength
of reinforced T-joints, a parametric equation for predicting
the ultimate load of a tubular T-joint with inner doubler plate
reinforcement is:

Ncr =chr,0 (1)

In Eq. (1), the value of k is determined by parameters £,

T4, 14/ d, 7, and it is expressed as follow:

k=7y"t,u )
Where:
Y =8.7055y%40 3)
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oo 00883, g9 (4)
19.9693 + 3.6338
0.22281,/d 401311 (5)

1= 159698 +6.3294

The static strength of the un-reinforced tubular T-joints
under axial compression N, o can be calculated from many
parametric equations in many design guidelines in the world.
In Chinese Code, N, is calculated from following equation

D 0.2
NCr,O = 1151(?) l//nl//dT2f:v (6)

Where ¥, is a parameter considering the initial chord
stress, ¥, is a parameter determined by f (when £ < 0.7, ¥,
=0.069+0.93 #; when £ <0.7, ¥;=25- 0.68).

Assessment of Parametric Equation

To assess the accuracy of Eq. (1) in calculating the static
strength, the results obtained from this parametric equation
are compared with finite element results. The comparison is
shown in Fig. (7). P, and Py denote the theoretical results
calculated from parametric equation and the numerical re-
sults obtained from finite element analysis respectively. It
can be seen from Fig. (7) that the two results for most mod-
els agree quite well.
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To do a detailed investigation, the relative error e;, the

average relative error e, relative standard deviation s* and
average relative standard deviation s are defined as follows

* Pﬁ _Pei
e, =——2(=1,2,3...n) (7
Py
2le:
o=l (8)
n

©)

(10)

n—1

where P; and P,; denote the finite element result and the
theoretical result of model i; » is the total model number.

The values of the above 4 errors obtained from Egs. (7)-
(10) are e = 5.71%, s*=7.16%, s = 4.32% respectively. Such
values indicate that the proposed parametric equation can
produce accurate and reliable estimation for the static
strength of a tubular T-joint with inner doubler plate rein-
forcement.

It is stressed that the validity range of the parametric
equation is below:

025<p<07,08<1,<2.0,1.5<[,/d<2.25

CONCLUSIONS

Based on the finite element analysis for static strength of
tubular T-joints with doubler plate reinforcement, the effect
of the doubler plate size on the static strength is studied. A
parametric equation for predicting the static strength is also
presented. The following conclusions can be obtained:

Inner doubler plate can improve the static strength of tu-
bular T-joints under axial compression effectively in a valid-
ity range.

The failure mode of the reinforced T-joints is mainly in-
fluenced by parameter . A smaller value of f can make lo-
cal buckling occur more easily, and the improvement on the
static strength more effective. The bigger value of f makes
local yielding occurs more easily, and the improvement on
the static strength is more ineffective.

The presented parametric equation can produce reasona-
bly accurate estimation for the static strength of a tubular T-
joint with inner doubler plate reinforcement.
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