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Abstract: In order to obtain the strength design equations for
internally ring-stiffened circular hollow section tubular DT
(double tee)-joints subjected to brace axial compression or
tension, theoretical and numerical studies on 800 stiffened
joints were conducted. Based on the failure mechanism of the
stiffened joints, four theoretical models and corresponding
equations for predicting the strength of the stiffeners are
proposed. Combined with existing unstiffened DT-joint design
equations, a design equation for the stiffened joints is
proposed. The finite element analysis shows that the failure of
the stiffened joints under brace axial loads can be characterized
by plastic hinges forming in the stiffener and chord wall
yielding in the vicinity of the brace-chord intersection. The
reliability of the proposed stiffener strength equations is
demonstrated by a reliability analysis.
achieved between the stiffened joint strength calculated from
the proposed joint strength equation and that obtained from

Good agreement is

finite element analysis.
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ubular joints are major load-carrying structural com-
T ponents in onshore and offshore tubular structures.
There is relatively extensive research on the strength of
unstiffened tubular joints'' ™. Design equations for un-
stiffened tubular joints are available in major steel struc-
ture design guides.

Tubular joints are often strengthened by internal ring
stiffeners. In spite of the significance of this type of
strengthened joints, there is relatively little research on the
determination of the strength of internally ring-stiffened tu-
bular joints. Thandavamoorthy et al. "' reported on the test
results of T- and Y-joints reinforced with triple stiffeners
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and compared the strengths with their associated unstiff-
ened joints. It is found that the strength of the stiffened
joints was almost twice that of corresponding unstiffened
joints. Lee et al. "™ reported a finite element study on the
strength of saddle-stiffened T-joints and DT-joints subjec-
ted to brace axial compression. Mei et al.'” tested three
internally ring-stiffened DT-joints. It is found that the
strength of the stiffened joints was up to 1.7 times that of
corresponding unstiffened joints. Wang et al. ©*' reported a
finite element study on the strength of crown-stiffened T-
and Y-joints subjected to brace axial compression or ten-
sion and proposed equations for predicting the strength of
the stiffened T- and Y-joints. Due to the scarcity of re-
search, design equations for internally ring-stiffened joints
are still not available in major design guides.

In this paper, finite element and theoretical studies on
the strength of stiffeners in crown- and saddle-stiffened
DT-joints (in-plane brace angle 6 = 90°) subjected to
brace axial compression or tension are carried out. Based
on the collapse mechanism identified, four theoretical
models for stiffener strength predictions are proposed. A
equation for the stiffened DT-joint strength prediction is
then proposed based on the summation of the stiffener
strength and the unstiffened joint strength.

1 Finite Element Modeling

Fig.1 shows the stiffened DT-joint configuration and
the joint geometric parameter definition. The general fi-
nite element program ABAQUS is used to carry out the fi-
nite element analysis. A four-node quadrilateral shell ele-
ment S4R is used to model the unstiffened and stiffened
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Fig.1 Internally ring-stiffened DT-joint configuration
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DT-joints. The mesh size of the joints is carefully deter-
mined by a convergence study. It is found that the mesh
size of approximately 20 mm for all joints can produce
accurate joint strength predictions with a reasonable com-
putational cost. A five-point integration through the shell
thickness is adopted.

The adopted material curve of steel Q345B which is
commonly used in the Chinese construction industry is an
elastic-perfectly plastic curve with yield stress f, = 345
MPa and yield strain g, = 0. 001 67. The value of the
Poisson’s ratio is 0. 3. The material and geometric nonlin-
earities are taken into account. The weld modeling is not
effect
Fig. 2 shows the boundary conditions and

included due to its insignificant on joint
strengths'’ .
loading modes. One end of the chord is given a fixed
boundary condition and the other end is constrained to
displace along the chord axis. The brace axial translation
and three rotations are unconstrained with the other two
translations being restricted. The brace axial compression
and tension loadings are applied by displacement at the
brace ends. The loads are applied in increments by using

the “Static” method in the ABAQUS library.
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Fig.2 Boundary conditions and loading modes

To validate the finite element ( FE) modeling of the
stiffened DT-joints adopted in this paper, the published

unstiffened and ring-stiffened DT-joint strength data in
Refs. [6 =7] (Ng,) is compared with the joint strength
obtained from the finite element analysis (Ny.). The re-
sults of this validation study are shown in Tab. 1. It can
be seen that the strengths of all six joints have been pre-
dicted to well within 10% of the literature results. This
level of accuracy confirms the validity of the finite ele-
ment modeling adopted. It should be noted that the
strength of the stiffened DT-joints is determined by the
peak load or deformation limit (0.03d) in load-displace-
ment curves. If the deformation at the peak load is smal-
ler than 0.03d, then the peak load is considered to be the
joint strength. If the deformation at the peak load is larger
than 0.03d, then the load at the deformation of 0. 03d is
considered to be the joint strength.

Tab.1 Results of the validation study

Joint N/ KN New/ KN Neo/Neor
DT-W(0.4,0.2)° 9 288 8 616 1.08
DT-W(0.6,0.2) 40 10 460 9 589 1.09
DT-W(0.8,0.2) ¢ 11 250 10 543 1.07

Specimen 117! 3580 3900 0.92
Specimen 2!7! 5778 5 300 1.09
Specimen 3!7! 5904 6 200 0.95

2 Strength Prediction

The stiffened joint strength can be considered as the
sum of the strengths of the unstiffened joint and of the
stiffener'®. Thus, the strength of the stiffener in each
joint analyzed ( AN,) is calculated by subtracting from
the stiffened joint strength (N,) the corresponding unstiff-
ened joint strength (N”). The ranges of parameters which
are common in joints occurring in engineering practice are
shown in Tab.2. It should be noted that for saddle-stiff-
ened DT-joints, only one stiffener is positioned at the
saddle. For crown-stiffened DT-joints, each crown posi-
tion is stiffened with one stiffener.

Tab.2 Ranges of DT-joint parameters analyzed in Cases 1 to 4 mm

Parameter range

Joint parameter
Case 1

Case 2

Case 3 Case 4

Stiffener depth b,
Stiffener thickness ¢,

80, 120, 160, 200, 240
16, 18,20,22,24
300, 350, 400, 450, 500,

Brace outer diameter d,
550, 600, 650, 700

80, 120, 160, 200, 240

16, 18,20,22,24

300, 350, 400, 450, 500,
550, 600, 650, 700

80, 120, 160, 200, 240

16, 18,20,22,24

300, 350, 400, 450, 500,
550, 600

80, 120, 160, 200, 240

16, 18,20,22,24

300, 350, 400, 450, 500,
550, 600

Note: All joints with chord outer diameter d =800 mm, chord wall thickness ¢ =20 mm, chord length / =4 800 mm, brace wall thickness #, =16

mm, brace length /; =2 400 mm, in-plane brace angle § =90° (see Fig. 1 for joint geometric parameter definition).

2.1 Failure mechanism

In this paper, four cases as shown in Tab. 3 are stud-
ied. Figs.3(a) to (d) show typical yielding patterns with-
in stiffeners in the stiffened DT-joints in Cases 1 to 4, re-
spectively. The distinct highly strained zones (in red and
green color) which become plastic indicate the existence

of plastic hinges in the stiffeners. These plastic hinges,
therefore, suggest that bending action is the main load-
carrying mechanism of the stiffeners. An area (in red col-
or) in the vicinity of the brace-chord intersection which
extends along the length of the chord wall yields in Cases
1 to 4 (see Fig.3(e)). The above observations indicate
that the stiffened DT-joints fail when the chord wall near
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the brace-chord intersection yields and plastic hinges form
in those highly strained areas within the stiffener. It is as-
sumed that the stiffener and the chord wall interact in pro-
viding strength enhancement. Thus, the cross section of
the plastic hinge is assumed to be that of a T-section ( see
Fig.4).

Tab.3 Summary of analyzed cases

Case studies Brace loading Stiffening position

Case 1 Compression Crown
Case 2 Compression Saddle
Case 3 Tension Crown
Case 4 Tension Saddle

(b) () (d)

(e)
Fig.3 Plastic zones in the stiffener and yielding area on the
chord wall in Cases 1 to 4. (a) Stiffener in Case 1; (b) Stiffener in
Case 2; (c) Stiffener in Case 3; (d) Stiffener in Case 4; (e) Yielding
area on chord wall in Cases 1 to 4
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Fig.4 T-section of the plastic hinges

2.2 Stiffener strength prediction for Case 1

2.2.1 Theoretical model

Fig.3(a) shows that the stiffened DT-joint fails when
four plastic hinges form in the stiffener. Thus, the col-
lapse of the stiffened joints in Case 1 is assumed to be by
a four-hinge failure mechanism which has both vertical
and horizontal planes of symmetry. Fig.5(a) shows the
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Fig.5 A four-hinge failure mechanism. (a) Assumed location of
plastic hinges; (b) Theoretical model

assumed location of the four plastic hinges in the theoreti-
cal model. Only the top half, above the horizontal plane
of symmetry, is shown in Fig. 5(b). The straight links
between the hinges as shown in Fig. 5(b) are used for the
purpose of calculation convenience. The virtual work

equation in Fig. 5(b) is given by
O.SPAzMP((63_0])+(62_94)) (1)

where M is the full plastic moment resistance of the T-
section (see Fig.4); P is the strength of a single stiffen-
er. Herein, the stiffened joint deformation limit (A) is
assumed to be 0. 03d. The values of §,, i =1 to 4, are
given by

0, =6, =45°
6, =90° -0,
_oo(d+2A
0, =sin ( 2 ) (2)
[, =dsing, :/sz

The two stiffeners resist a total load of 2P. The total stiff-
ener strength, AN,, is given by

8M, (6, -6,)

AN, =2P = A

(3)

2.2.2 Deduction for M,
In Fig. 4, the depth of the centroidal axis X-X is
given by

0.5(b.f* +1t,b2) +1t,b,

4
Ve A (4)
where the area of the T-section, A, is given by
A=bt+b,t, (5)
The depth of the neutral axis is given by
A
— <
2, O<y, =t ]
T A1 2e(t, — b)) e =i (6)
o <y,sSt+b,
The plastic section modulus is given by
A
L— A O<y <t
sz{(y ) " (7
(1, =b)r +Ay, - 1.y, 1<y, <t+b,
The plastic moment of resistance is given by
M, =W,f, (8)

2.2.3 Determination of the effective flange width
If the effective flange width, b_, is determined, the to-

tal stiffener strength, AN,, can be obtained using Egs.

(2) to (8). Using the Excel VBA program, the value of
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b, is calculated by the following iterative process. Assum-
ing an initial effective flange width, the value of b_ is it-
erated until the stiffener strength calculated from Eqgs. (2)
to (8) is equal to the corresponding stiffener strength ob-
tained from finite element analysis. For the ease of calcu-
lation purpose, an equation for predicting the value of b,
is proposed by investigating the effects of non-dimension-
al geometric parameters 8 ( =d,/d), n ( =b,/d) and 7
( =t,/t) on non-dimensional parameter b_/d. Near quad-
ratic relationships between b./d and B, n as well as 7 are
found, respectively. The relationship between b /d and y
(=d2t,10=sy<30) is linear' . Based on the above ob-
servations, multiple regression analyses are carried out,
using the values of b, of 225 ring-stiffened DT-joints.
The equation for predicting the value of b, is given by

b,

5:3.318 x (77 =2.6227 +1.157) x
(7> =0.4027 +0.021) (B -0.9758 +0.284) x
(2y +63.735) (9

The validity ranges of Eq. (9) are as follows: 0.375<8<
0.875, 0.8<s7=<1.2, 0.1=79=<0.3, 10ssy=<30, §=90°.
2.2.4 Stiffener strength prediction

Given the geometric parameters of the ring-stiffened
DT-joints, the value of b_ can be obtained using Eq. (9).
This allows the determination of the plastic moment of re-
sistance, M, using Egs. (4) to (8). By substituting the
values of ¢, and M into Eq.(3), the total stiffener
strength can be readily calculated.

2.3 Stiffener strength predictions for Cases 2 to 4

Figs.3(b) to (d) show that in Cases 2 to 4, the stiff-
ened DT-joint fails when six, four and six plastic hinges
form in the stiffener, respectively. Thus, the collapse of
the stiffened joints in Cases 2 to 4 is assumed to be by a

six-, four- and six-hinge failure mechanism, respective-
ly. The postulated failure mechanisms in Cases 2 to 4 are
shown in Figs. 6 to 8, respectively. Only the top half of
the theoretical models are shown in Figs. 6 to 8 due to the
symmetry. Tab. 4 shows a brief summary of the results of
the theoretical and numerical studies on stiffener strengths
in Cases 2 to 4. The validity ranges for Case 2 are 0. 375
<B=<0.875, 0.8<s7<1.2, 0.1s9=<0.3, 10=<sy<30,
0 =90°. The validity ranges for Cases 3 and 4 are 0. 375
<B<0.75, 0.8<7<1.2, 0.1=s79<0.3, 10<y<30,
0 =90°.
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Fig.6 A six-hinge failure mechanism in Case 2. (a) Assumed
location of plastic hinges; (b) Theoretical model
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Fig.7 A four-hinge failure mechanism in Case 3. (a) Assumed
location of plastic hinges; (b) Theoretical model

Tab.4 Results of the theoretical and numerical studies on stiffener strengths in Cases 2 to 4

Case 0;

b, ANy

6, =90° 6, 6, =90° - 6,
d
zp:sin"( ' ), 6, =45° —%

= =0.046(7 +0.198) x

d . 4AM (9, - 6,)
. 2 _ _ _ p Y3 1
Case 2 [, =dcos@, = dsing, (712 03167 +0.003) x ANy =P = A
24.2338 +18. 686
. (d-d, +24 B+ B+ ) %
0, = sin (7) (2y -59.201)
21,
0, =0, =45°, 6, =90° - 6, b ,
b = —1.470(7* -2.7257 +1.115) x
. 5]
_ V2 8M, (6, -
Case 3 Ly =dsing, =">~d (m? —0.4195 +0.022) x ANy zzpzw
.y (d=2A (B* -0.4253 +0.072) x
65 =sin ( )
21 (2y —286.324)
9, =90° - 6,, 6, =90° - 9, ,
d =0 ,
¢=sin’l(7])’ 6, =450 --L- g = 7008(r 4200 x
Case 4 ¢ 2 (1% —0.3837 +0.013) x AN, = p = M0 =6:)
ase I, = dcosé, = dsing, ek e x=0= A

d-d, —2A)

63:sin"( o

(B* - 1.5148 +0.330) x
(2y —133.134)
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Fig.8 A six-hinge failure mechanism in Case 4. (a) Assumed
location of plastic hinges; (b) Theoretical model

The procedure of the stiffener strength calculation in Ca-
ses 2 to 4 is similar to that described in Section 2. 2. 4.
Given the geometric parameters of the ring-stiffened DT-
joints, the value of b, can be determined using the equa-
tion of b, as shown in Tab.4. Thus, the plastic moment of
resistance, M, can be determined using Egs. (4) to (8).
By substituting the values of 6, and M, into the equation of
AN,, the total stiffener strength can be obtained.

2.4 Reliability analysis

A reliability analysis was carried out to assess the relia-
bility of the proposed stiffener strength equations in Cases
1 to 4. The reliability of the equations is measured by a
reliability index, B,. In this study, a target reliability in-
dex of 2.5 is used, according to Refs. [9 —10]. If the
value of B, is higher than 2.5, the equations are consid-
ered to be reliable. A resistance factor ¢ of 0. 65 is used
to calculate the value of B, of the proposed equations.
The load combination of 1. 2L, + 1. 6L, specified in the
ASCE Standard'"" is used in the reliability analysis. The
ratio of dead load L to live load L, is adopted as 0. 2.
The reliability index in the ASCE Standard'"" is given by

_In((M,F,P,)/(0.657¢))
Vo + Vi s C, Ve +0.21°

(10)

0

where the parameters are taken as M, =1.10, F =
1.00, V,,=0.10 and V. =0.05, which are the mean val-
ues and coefficients of variations for material and fabrica-
tion factors, respectively. The parameters P, and V, are
the mean value and coefficient of variation of the tested-
to-predicted load ratio, respectively. A correction factor
C, in the NAS Specification'” is adopted in the reliability
analysis to consider the influence of a small number of
tests. The result of statistical analysis for Cases 1 to 4 is
shown in Tab.5. Herein, the strength ratio r; is defined
as N,/N_(i=1,2,....,n).

ened joints calculated in each case; N, and N, are the nu-

n is the number of the stiff-

merical and theoretical stiffener strengths, respectively.
Tab. 5 shows that the reliability indices of the proposed

stiffener strength equations for Cases 1 to 4 are all higher

than the target value of 2. 5. Thus, the equations are able

to produce reliable limit state designs.

Tab.5 Results of statistical analysis for Cases 1 to 4

Case studies n Mean P, COV V, Bo
Case 1 225 1.04 0.11 3.74
Case 2 225 1.02 0.06 3.93
Case 3 175 1.02 0.10 3.72
Case 4 175 1.00 0.09 3.69

2.5 Ring-stiffened DT-joint strength

The total stiffener strength, AN,, can be obtained from
the proposed stiffener strength equations in Sections 2. 2
to 2.3. The strength of the unstiffened DT-joints subjec-
ted to brace axial loads, Nﬁj, can be obtained from finite
element analysis or calculated from design equations in
many design codes (e. g. CECS 280: 2010'*""). Com-
bined with existing unstiffened DT-joint design equations,
a design equation for the stiffened DT-joint is proposed as

(11)

where K is a parameter considering the effect of chord
stress. The stiffened joint strength obtained from finite el-
ement analysis (N, ) is compared with that calculated
from Eq. (11) (Ny ) as shown in Fig. 9. It can be seen
that the value of N, . has predicted to be well within
10% of Ny, in Cases 1 to 4. Therefore, it confirms the
accuracy of Eq. (11).

N, =K (N} + AN,)

—_
(=)

- Ny gq =Ny rem // A

o Case 1
o Case 2
A Case 3
v Case 4
NX,Eq =0'9NX,FEM

Ny gg/MN
— () w E Y T NN | o O
T

Ny ren/MN

Fig.9 Comparison between Ny g and Ny g,

3 Conclusion

The failure mechanism of the stiffened joints under
brace axial loads can be characterized by plastic hinges
forming in the stiffener and chord wall yielding in the vic-
inity of the brace-chord intersection.

The proposed stiffener strength equations can produce
reasonable reliable limit state designs when calibrated with
a resistance factor of 0. 65 for the stiffened joints.

In conjunction with existing unstiffened DT-joint de-
sign equations, a design equation for the stiffened DT-
joint is proposed. Good agreement is achieved between
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