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ARTICLE INFO ABSTRACT

This study presents the results of a numerical study to develop a method to calculate the static strength of welded
Elliptical Hollow Section (EHS) joints at elevated temperatures. Extensive numerical simulations using the non-
linear finite element package, ABAQUS v6.14-1 on EHS T- and X-joints under brace axial compression or tension
and pre-stress in chord member with different type of joint orientations at elevated temperatures over a wide
range of diameter ratio have been conducted. The adjustments required to be made to the equations of joint
resistance under ambient temperature conditions for estimating joint resistance at elevated temperature con-
ditions are investigated in this study. The FE simulation results have been compared with the calculation results
of a number of existing methods at ambient temperature. It has been found that the method proposed by Packer
et al. gives the best agreement with the authors' simulation results at ambient temperature. At elevated tem-
peratures, for T- and X- joints with braces in compression welded to the wide sides of chords, replacing the
ambient temperature yield strength of steel by the elevated temperature value in the current design method
overestimates the ultimate load carrying capacity of axially loaded EHS T- and X-joints due to inability of the
ambient temperature calculation equations to take into consideration EHS flattening at high temperatures. For
these cases, it is recommended to calculate the joint strength reduction factor at elevated temperatures according
to the Young's modulus of steel.

Keywords:

Elliptical Hollow Section (EHS)
Finite element (FE)

T-joints

X-joints

Static strength

Elevated temperatures

1. Introduction

Elliptical Hollow Sections (EHSs) have recently become more pop-
ular for architectural applications due to their favourable aesthetics and
elegant appearance. EHSs have advantages compared to circular hollow
sections (CHSs) and rectangular hollow sections (RHSs). From the ar-
chitectural point of view, EHSs give a sense of slenderness since their
minor diameter is half the major diameter and these sections do not
have distinct edges like RHSs. Therefore, EHSs allow us to build aes-
thetically pleasing structures. In terms of engineering standpoint, EHSs
have higher flexural and torsional resistance and decrease wind loading
effect due to smooth curvature [1-3]. Applications of these steel pro-
files include bridges, airports, exhibition halls, etc. (see Fig. 1). This
study focuses on elevated temperature resistance of joints which are
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generally the most critical part of the structure. The authors have
previously investigated elevated temperature resistance of welded SHS
and CHS joints [4] and this research extends the study to EHS joints.
Compared to the research existing on the welded CHS and RHS
joints, there is a paucity of research on EHS joints at either ambient or
elevated temperatures. Bortolotti et al. [5] and Pietrapertosa et al. [6]
conducted a number of tests on EHS X- and N-joints at ambient tem-
perature, however the tests were terminated before joint failure was
reached due to a lack of capacity of the loading jack. Choo et al. [7]
numerically modelled EHS X joints to examine the behaviour in various
orientations as shown in Fig. 2. They concluded that the joint capacity
decreased from type 4, 3, 2 to 1. Shen et al. [8-11], Wardenier et al.
[12] and Packer et al. [13] investigated EHS X-joints with braces
welded to either the narrow or wide side of the chord when the braces
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Notations

Achord Cross sectional area of chord member

B Smaller diameter of chord member

C; Constant

D Larger dimension of chord member

L Length of chord

N1 rd Design value of the joint capacity expressed as a brace
load

T Wall thickness of chord

Pyo Joint strength at ambient temperature

Py Joint strength at elevated temperature

Qr Function to take account of the effect of chord stress in the
connecting face

Qu Function in the design strength equations accounting for
the effect of geometric parameters

b Smaller diameter of brace member

d Larger dimension of brace member

S Buckling stress for chord side wall failure

fro Yield stress of chord member

kgo Reduction factors for modulus of elasticity at temperature
0

kyo Reduction factor for yield strength at temperature 6

l Length of brace

n Chord pre-stress parameter

t Wall thickness of brace

B Diameter ratio (=d/D)

6 Brace-to-chord intersection angle

6; Included angle between brace member i and the chord

Y Half width to thickness ratio of the chord (=D/2T)

n Brace depth d (in direction chord axis) to chord width B
ratio

er The true strain

e The engineering strain

or The true stress

o The engineering stress

a) NEO Bankside, London, UK [9]

b) Odeon Cinemas, Liverpool, UK [15]

Fig. 1. Examples of EHS applications.

were subjected to either compressive or tensile forces. They carried out
both experimental and numerical investigations on the behaviour of
welded EHS T- and X-joints at ambient temperature. They concluded
that the behaviour of EHS X-joint types 1 and 2 (see Fig. 1) were similar
to that of RHS joints, whilst EHS X-joints types 3 and 4 could be treated
as equivalent CHS joints, and proposed a new method to calculate the
joint strength. However, Haque and Packer [14] performed twelve tests
to investigate the effects of joint orientation, brace-chord angle and
brace loading on the static strength of EHS X- and T-joints. It was found
that the equivalent RHS approach was able to predict the capacity of
these joints better than the equivalent CHS approach. This may be
because an EHS joint has different behaviours in two different direc-
tions as an RHS joint and the wider side of an EHS is close to being flat.

16

Moreover, in those studies mentioned above, it was noted that the load
— displacement curves did not present a definite peak in some cases.
Hence, the joint resistance was defined as the maximum axial force in
the brace with a defined joint deformation limit. This will be explained
in detail in the next section.

Till date, limited research exists investigating the effects of chord pre-
stress (n) on tubular joint strength at elevated temperatures as per the
authors' literature review. Shao et al. [16] tested six specimens to examine
the influence of chord compressive pre-stress on maximum load carrying
capacity of CHS T-joints at elevated temperatures. Feng and Young [17]
conducted numerical simulations on T- and X-joints with compressive
pre-stress in chord members. They reached similar research findings as
Nguyen et al. [18] that chord compressive pre-stress significantly affects
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Fig. 2. EHS Joint orientations [7].

the maximum load carrying capacity of CHS T-joints at temperature
higher than 400 °C and the current Eurocode EN 1993-1-8 [19] and CI-
DECT guide No. 1 [20] design guides overestimated capacities of the
tested specimens at higher temperature. It seems that chord pre-stress can
have significant effect on EHS joint resistance at higher temperature and
this effect will be evaluated in this research.

Table 1 Summarises the main investigations at ambient tempera-
ture, indicating that EHS T- and X-joints of orientations 1, 2, 3 and 4
with the brace member in tension or compression have been in-
vestigated.

The investigations in Table 1 form the basis of the current design

Table 1
Summary of research on EHS joints at ambient temperature.
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Table 3
Chord side wall failure for all EHS joint types.

Eurocode EN 1993-1-8 [19] CIDECT guide No. 3 Packer et al. [13]

[23]

Nird = fi. wasxiifsl

b,, = 2C(0.4d + 5T)
With C = 1.1 for X-joints
and 1.0 for T-joints
Q=1 —|npe
Compression: C; = 0.10
Tension: C; = 0.10

2d
sin 61

Nird =fkTQ,( + 10T)

— (1 — InhC
Compression:Qf = 1.3 — 0 Q=1 — |np*
) B Compression:

C; =0.10
Tension: C; = 0.10

Tension: Qs =1

Table 4
Chord plastification for EHS Type 3 and 4 T- and X-joints, according to Packer et al. [13].

T joints X joints

2 T2
_ 146882 g20/y0T __Cc oisho?
Nird = C(iuﬁ )}’ e & Nurd = 12027 g,

With C = 6.4 for Type 3 and 4.8 for Type With C = 6.6 for Type 3 and 5.5 for
4 Type 4
Q= —[n)®
Compression: C; = 0.20
Tension: C; = 0.15

approach for EHS joints. In Eurocode EN 1993-1-8 [19] or CIDECT
guide No. 3 [23], the current design method for calculating the ultimate
strength of EHS joints at ambient temperatures is based on the
equivalent rectangular hollow section (RHS) method. In this method, it
is assumed that the EHS is an equivalent RHS, with a RHS width and
depth equal the EHS smaller and larger diameters respectively. How-
ever, Packer et al. [24], Zhao et al. [25] and Haque et al. [22] defined
the equivalent RHS as an RHS with width equal to the EHS small dia-
meter and a depth that gives the same cross sectional area of the EHS.

Joint type  Brace loading Orientation type (see 6 Failure mode References
Fig. 2)
X and N Tension or 1 90° Chord plastification in compression, chord yielding in Bortolotti et al. [5] and Pietrapertosa
compression tension et al. [6]
Xand T Tension or 1,2, 3 and 4 90°and 45°  Chord tear-out or plastification for tension, chord Shen et al. [8,10,11,21], Packer et al.
compression plastification for compression [13] and Wardenier et al. [12]
Xand T Tension or 1,2and 3 90° and 45° Chord plastification for type 1, chord sidewall failure for Haque et al. [22]
compression type 2 and 3. Chord tear out, sidewall or brace failure for
tension
Table 2

Chord plastification for Type 1 and 2, T- and X-joints.

Eurocode EN 1993-1-8 [19]

CIDECT guide No. 3 [23]

Packer et al. [13]

fyoT?
Nird = QuQr g
2n 4
=+ — Cs 2n 4
Qu (1-p)sin6q J1-8 Qu—C*(m+ ﬁ)
With C = 0.9 for X-joints and 1.1 for T-joints
- fo _ fe
Compression:Qy = 1.3 — 0% <1 Q=0 - In[) =0 - n)
Compression: C; = 0.60-0.53 Compression: C; = 0.20

Tension: Q= 1

Tension: C; = 0.10

Tension: C; = 0.15
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Fig. 3. Typical arrangement and geometrical para-

meter definitions for EHS T-joint [13].

c) CHS T-joint

Fig. 4. Mesh layouts for T- and X-joints.
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Table 5
Packer et al. [13] and Tan et al. [28] joint test specimens used for FE model validation.

Structures 14 (2018) 15-31

Joint ID D (mm) d (mm) B (mm) b (mm) T (mm) t (mm) L (mm) 1 (mm)
T90-1C-UT 220 110 110 220 5.94 5.94 1098 1089
T90-2C-UT 220 220 110 110 5.94 5.94 1098 1042
T90-3C-UT 110 110 220 220 5.94 5.94 1100 1032
X90-1C-UT, X90-1T-UT, X45-1C-UT 220 110 110 220 5.94 5.94 2193 1089
X90-2C-UT, X90-2T-UT, X45-2C-UT 220 220 110 110 5.94 5.94 997 1043
X90-3C-UT, X90-3T-UT, X45-3C-UT 110 110 220 220 5.94 5.94 1016 989
PT1 244.5 193.7 - - 6.3 6.3 2200 1100
PT3 244.5 168.3 - - 6.3 6.3 2200 1100
PT5 244.5 114.3 - - 6.3 6.3 2200 1100

The RHS joint strength equations of RHS are then used to determine the
capacity of EHS joints. Shen et al. [8-11], Wardenier et al. [12] and
Packer et al. [13] have proposed alternative EHS joint strength calcu-
lation equations.

Tables 2-4 compare the proposed equations of Packer et al. [13]
with the CIDECT guide No. 3 [23] and Eurocode EN 1993-1-8 [19]
design guide equations for EHS T- and X-joints of different types (1, 2, 3
and 4) and joint failure modes. Q, is a design strength function without
chord axial stress, and Q; is a chord stress function (reduction factor
parameter) for reducing the connection resistance due to chord stress. A
relationship exists between the proposed equations of Packer et al. [13]
and the current design guide equations. Indeed, a modification factor in
the CIDECT guide No. 3 [23] and Eurocode EN 1993-1-8 [19] design
guide equations, which are used for calculating the ultimate strength of
RHS joints, is necessary to predict the capacity of EHS joints.

These previous research studies indicate that even at ambient
temperature, there are inconsistencies in calculating EHS joint static
strength using an equivalent RHS joint approach. This study will add
further numerical modelling results for additional assessment of the
ambient temperature design approach.

An extensive search by the authors has revealed that there is no
direct research on EHS joints at elevated temperatures. Relevant re-
search studies on welded tubular joints at elevated temperatures are
presented in [4,16,26-29]. In Ozyurt et al. [4], based on extensive
numerical simulations of different types of Circular (CHS) and Square

iLoad

a) T-joint

Hollow Section (SHS) joints, the authors proposed a design method for
calculating the static resistance of SHS and CHS joints at elevated
temperatures, by applying material modification factors to the ambient
temperature equations. For T-, Y- and X-joints with the brace member
in tension, in which joint failure is controlled by steel strength, the
elevated temperature steel yield strength reduction factor should be
applied to modify the ambient temperature calculation method. For T-,
Y- and X-joints with the brace member in compression, where excessive
ovalisation of the chord at elevated temperatures changes the joint
geometry, the ambient temperature joint strength equations should be
modified by the elevated temperature reduction factor for Young's
modulus of steel. This study will investigate whether the above outlined
method of the authors can be extended to predict the capacity of
welded EHS T- and X-joints, considering different orientation types,
joint configurations and brace loading at higher temperatures.

Due to a lack of experimental data, the results of this numerical
study are based on simulations using the commercial finite element
software ABAQUS [30]. The adopted simulation model in this study has
already been checked to be able to simulate the behavior of SHS and
CHS joints at both ambient and elevated temperatures in Ozyurt et al.
[20,26] previously. In this finite element study, validation results to
demonstrate efficacy of the simulation model adopted for replicating
the behavior of EHS joints but only at ambient temperature conditions
are reported due to lack of experimental data available for EHS joints at
elevated temperature conditions.

Load
§%>L

Pl
ﬁLoad
b) X-joint

Fig. 5. Loading and boundary conditions of Tan et al. [28] and Packer et al. [13] joint tests.
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2. Description of the finite element model and further validation
results

The experimental results of Packer et al. [13] on EHS T- and X-joints
at ambient temperature and the test results of Tan et al. [28] on CHS T-
joints at elevated temperatures, which is a special case of EHS, are used
for validation of the numerical model. Fig. 3 shows the geometric
configuration of a typical EHS T-joint. To reduce computational time,
only a quarter of T-joint, either a quarter or eighth of X-joint (de-
pending on the brace angle) will be modelled to take advantage of
symmetry in geometry and loading by applying appropriate boundary
conditions for symmetry. Fig. 4 shows typical numerical models for T-
and X-joint.

The same modelling parameters, as used by Ozyurt et al. [4,31] in
their investigations of CHS and SHS joints, were adopted to model EHS
joints. In the ABAQUS simulation models, quadrilateral thick shell
(S8R) elements were used for both the chord and brace members for
accuracy and computational efficiency; quadratic wedge solid elements
(C3D20) were used for welds for accurate meshing. The ABAQUS sweep
function was used to model the weld geometry.

For the EHS T- and X-joints tested by Packer et al. [13], the steel

Structures 14 (2018) 15-31

Fig. 6. Comparison for load—displacement curves.
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= PT3-550 [28]
=== FE results PT3-550
e PT5-550 [28]
=== FE results PT5-550

5 10 15
Joint displacement (mm)

20 25

d) PT1, PT3 and PT5

grade was S355 with a nominal yield strength = 402N/mm? and an
ultimate strength = 517 N/mm? from their coupon test results. The
elastic modulus of steel was assumed to be 210 GPa.

For the CHS T-joints tests performed by Tan et al. [28], the nominal
yield strength, the ultimate yield strength and the elastic modulus of
steel were 380.3N/mm? 519.1 N/mm? and 201.2 GPa respectively.
This study also used the material properties at elevated temperatures
were also used from the test results of Tan et al. [28].

In the ABAQUS simulation model, the true stress—strain curve was
input after converting the engineering stress—strain curve into the true
stress and logarithmic strain curve [32].

g =In(1 + ¢) (€]

or=0.(1+¢) 2

where

er, is the true strain
g, is the engineering strain
or, is the true stress
o, is the engineering stress
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g) X90-3T-UT simulation

In all numerical analyses, the Von-Misses yield surface criterion and
isotropic strain hardening rules were used.

A mesh convergence study, based on test T90-1C-UT of Packer et al.
[13] was carried out to determine a suitable FE mesh size which was
then applied to all models. Mesh sizes of 10 mm and 5 mm were found
to be suitable for the tubular members and the weld. Outside the joint
zone, a coarse mesh (20 mm) can be used.

The brace and chord members were tied with the weld elements
using the ABAQUS “tie” function. Discretization method was defined as
surface to surface contact. The brace and chord members at the con-
nection region were chosen as a master surface, while the weld ele-
ments were slave surface.

There are two methods to apply the mechanical loads in ABAQUS:
Static and Riks methods. In order to examine the effects of large de-
formations in joints after reaching the maximum load, the Riks method
was chosen.

Three different orientations of EHS T- and X-joints of Packer et al.

d) T90-1C-UT test [13]
o =

—

h) X90-3T-UT test [13]

21
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Fig. 7. Deformed shapes of selected X- and T-
joints at ambient temperature.

[13]and three specimens of CHS T-joints of Tan et al. [28] were si-
mulated. The EHS T-joints are Tests T90-1C-UT, T90-2C-UT and T90-
3C-UT under compressive brace member. For EHS X-joints, type 1, 2
and 3 configurations had two different angles between the brace and
chord members (45° and 90°). For the CHS T-joints, PT1, PT3 and PT5
were modelled with compressive brace member. Unfortunately, there
were no test results for EHS joints with chord pre-stress (pre-load).
However, Ozyurt et al. [26] has presented validation study on CHS
joints under elevated temperature conditions with chord pre-stress
previously. Table 5 summarises the simulated joints and their dimen-
sions and Fig. 5(a) and (b) show their loading and boundary conditions.
Since imperfections have negligible effects on joint strength [13], the
joints were modelled with the dimensions in Table 5 without im-
perfections. Only the behaviour of the joints prior to crack initiation
and fracture is simulated in the current finite element study.

The behaviour of tubular joints primarily depends on the local de-
formation of the connection area when premature failure at brace
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Table 6

Comparison between numerical results and the test data of both Packer et al. [13] and

Tan et al. [28] for the strength of T- and X-joints.

Joint name Simulation results (kN)  Test results (kN)  Simulation/test
T90-1C-UT 205.6 216.5 0.95
T90-2C-UT 359.7 353.0 1.02
T90-3C-UT 602.1 593.8 1.05
X90-1C-UT 145.3 150.5 0.95
X90-2C-UT 547.8 539.7 1.03
X90-3C-UT 561.2 555.1 1.03
X90-1T-UT 194.0 187.9 1.05
X90-2T-UT 581.3 567.0 1.03
X90-3T-UT 1205.5 1188.8 1.04
X45-1C-UT 269.0 258.5 1.04
X45-2C-UT 645.5 627.8 1.03
X45-3C-UT 743.3 701.0 1.06
PT1 215.5 216.5 1.00
PT3 179.6 180.9 0.99
PT5 137.8 133.7 1.03
Mean N/A N/A 1.02
Standard deviation = N/A N/A 3%
600
—20°C
500 - = -200°C
400 ¢ eeee2300°C
E —%—400°C
é 300
=3 —¥—500°C
wv
g 200 —e—600°C
&
100 —©—700°C
—A—3800°C
0
0.05 0.1 0.15 0.2
Strain (g)

Fig. 8. Engineering stress-strain relationships of S355 grade steel at elevated tempera-
tures (according to EN 1993-1-2 [36]).

Table 7
Geometrical parameters for T- and X-joints, Types 1, 2, 3 and 4.

Joint dimension D B T d b t L 1 B 0
identifier

(mm) @n) ©
1 250 125 8 150 75 5 1500 600 0.60 90
2 250 125 8 120 60 5 1500 600 0.48 90
3 300 150 10 250 125 10 2000 1000 0.83 90
4 300 150 8 150 75 6.3 1800 600 0.50 90
5 300 150 8 120 60 5 1800 600 0.40 90
6 400 200 10 200 100 10 2500 1000 0.50 90
7 400 200 10 150 75 6.3 2500 1000 0.38 90
8 400 200 8 120 60 8 2500 1000 0.30 90
9 250 125 8 120 60 5 1500 600 0.48 30
10 250 125 8 120 60 5 1500 600 0.48 45
11 250 125 8 120 60 5 1500 600 0.48 60

member and weld is prevented. Therefore, a deformation limit should
be based on the local deformations of the chord at the intersection
between brace and chord members. The resistance of EHS joints (also
referred to as joint strength) corresponds to the load at the maximum
deformation limit of 3%D (0.03D), as defined by Lu et al. [33] and

22
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Fig. 9. Comparison for joint strength between numerical simulation results and different
design methods at ambient temperature

adopted by various researchers [8,9,12,13,16,26] for tubular joint
strength calculation, or the maximum load, whichever occurs first.
Fig. 6 shows a comparison between selected experimental load-
displacement curves of Packer et al. [13] and Tan et al. [28] with nu-
merical simulation results of the finite element analyses carried out in
the validation study herein. The maximum deformation limit is
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Fig. 10. Comparison for load-displacement curves at
different temperatures.
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indicated in Fig. 6(a—c). Joint displacement in Fig. 6 refers to local
indentation of the chord face, which is the vertical axial displacement
of the brace with respect to the chord centre and load refers to that
applied in the brace as shown in Fig. 3. Fig. 7 compares typical de-
formed shapes between numerical simulation and test of Packer et al.
[13] for representative cases, showing close matching of the results.
Table 6 compares the ultimate capacity of the joints between simulation
and test results. The numerical simulation results are in good agreement
with the test results, with an average simulation result/test result ratio
of 1.02 and a standard deviation of 3%. Since there are no available test
results for EHS joints at elevated temperatures, it is not possible to di-
rectly validate the numerical simulation model. However, the valida-
tion results presented here for EHS joints at ambient temperature
conditions combined with validity of the CHS joints at elevated tem-
peratures, which is a special case for EHS joints, suggest that the
adopted finite element model is considered suitable for simulating the
behavior of EHS joints further in this study at elevated temperature
conditions.

3. Parametric study and results

The validated FE model was used to investigate the behaviour and

b) T90-2C-1

23

strength of axially loaded EHS T- and X-joints for the four different
orientations shown in Fig. 2 at different temperature levels. A total of
four hundred sixteen simulations were performed to evaluate the effects
of elevated temperatures. First, the numerical simulation results at
ambient temperatures are used to assess the current design equations of
CIDECT guide No. 3 [23] and Eurocode 3 EN-1993-1-8 [19] and the
alternative design equations of Packer et al. [13] to identify a more
suitable one as the basis for calculating elevated temperature joint re-
sistance. Afterwards, elevated temperature simulation results are used
to assess how to modify the ambient temperature calculation method
for elevated temperature applications, following the suggestion of
Ozyurt et al. [4]. Fig. 5 shows boundary conditions of FE models.
Previous studies [8-13] have shown that the chord end restraint con-
ditions have limited effect on joint strength as long as the length of the
chord member is at least six times longer than the external width of the
EHS section. Although there is no research on whether this assumption
remains acceptable for EHS joints at elevated temperatures, previous
studies [27,34,35]suggests that chord end effects are minimal provided
the chord length is at least 6D at elevated temperatures too. Where, D is
the wider dimension of EHS chord.

For elevated temperature simulations, steady state condition was
assumed for convenience, in which temperatures of the structure were
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Fig. 11. Comparison for EHS T- and X-joint strength reduction at elevated temperatures
for different joint orientations.

raised to the required level and mechanical loading was then applied.
Ozyurt et al. [4] previously confirmed that the static and transient si-
mulation results were very close. Both geometry and material non-lin-
earities were included. In order to examine large deformation beha-
viour, the RIKS method was chosen. When the arc length increments
were within the maximum and minimum limitations of 0.1 and 1E-08
respectively, numerical convergence was considered to have been
achieved.

For the weld material, the same material properties of chord and
brace members were used (Fig. 8). Uniform temperature distribution
was assumed for both the chord and brace members. However, Lan
et al. [29] suggested that the weld is having insignificant effect on joint
strength. As this study is focused on chord face plastification, the heat
affected zone is not considered critical.

For identification of the simulated cases, the designation is LIN1-
N2L2-N3: The first letter (L1 = T or X) indicates joint type. The first
number (N1 = 30, 45, 60 or 90) represents the angle between the brace
and chord members. The second number (N2 = 1, 2, 3 or 4) indicates
the joint orientation as shown in Fig. 2. The next letter (L2 = T or C)
represents the brace loading direction (Tension or Compression). The
last number (N3) identifies the geometrical parameters from Table 7.
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For example, T90-1C-1 means T-joint type 1 with the brace - chord
angle 90 degree under brace axial compression load for joint 1 di-
mensions according to Table 7. The joint dimensions in Table 7 cover
practical ranges of brace to chord diameter ratio (), half width to
thickness ratio of the chord (y = D/2T) and connection angle.

3.1. Assessment of calculation methods for strength of EHS joints at ambient
temperature

Fig. 9 summarises the comparison between simulation results with
predictions of three different analytical methods: the CIDECT guide No.
3 [23] equivalent RHS method, the Eurocode 3 EN-1993-1-8 [19]
equivalent RHS method and the method of Packer et al. [13], details of
which are presented in Tables 2-4. Detailed results are provided in
Appendix Tables A.1-A.4. Fig. 9(a) and (b) indicate that both the CI-
DECT guide No. 3 [23] and Eurocode 3 EN-1993-1-8 [19] equivalent
RHS member approaches can give grossly inaccurate results for Type 3
and 4 EHS joints, with the design equations generally overestimating
joint strength, while these methods give better accuracy for Type 1 and
2 EHS joints. However, the proposed method of Packer et al. [13] gives
the most satisfactory results in all cases. These results are in accordance
with the proposals of [8-11,13] that the strength equations of EHS T-
and X-joints can be adapted from those of CHS and RHS joints, but
modification factors, as suggested by Packer et al. [13] should be
adopted.

3.2. Effects of elevated temperatures, brace in compression

Eighty cases were generated at various temperatures (20, 200, 300,
400, 500, 600, 700 and 800 °C) to evaluate the effects of elevated
temperatures. As at ambient temperature, the strength of EHS joints is
based on the maximum displacement limit of 3%D (0.03D), as defined
by Lu et al. [33]. Fig. 10 illustrates selective load-displacement curves
at different temperatures for one EHS T-joint. As shown in Fig. 10, the
peak load of EHS joint was either reached before the displacement limit
or the joint load changed little after the 3% displacement limit.

Fig. 11 compares the ratios of elevated temperature joint strength,
Py to ambient temperature joint strength, P,, with steel yield strength
or Young's modulus reduction factors at elevated temperatures. From
Fig. 11(b), it can be seen that for Type 3 and 4 joint orientations, using
the elevated temperature reduction factors for steel yield strength to
modify the ambient temperature equation of Packer et al. [13] gives
accurate calculations of elevated temperature joint strength. For Type 1
and 2 joints, using the reduction factors for steel yield strength would
give higher, and hence the results are unsafe as illustrated in Fig. 11(a).
Using the elevated temperature reduction factors for steel Young's
modulus produces much better agreement with the simulation results.

This can be explained by the effects of changing geometry of EHS
joints of different orientations at higher temperatures, similar to the
phenomena observed by Ozyurt et al. [4] for CHS and SHS joints at
elevated temperatures. For EHS orientations 1 and 2 where the larger
diameter (flatter) side of the EHS is loaded under a compressive force in
the brace, the chord wall experiences large local deformations as shown
in Fig. 12, thus (i) imposing an extra bending moment due to the local
P- § effect and (ii) flattening of the chord surface causing the yield line
capacity of the chord face to decrease compared to the undeformed
chord face. Since this phenomenon is a result of large deformation,
using the reduction factor for steel Young's modulus is appropriate, as
confirmed by the results in Fig. 11(a).

In contrast, for EHS joint configurations 3 and 4, because the nar-
rower side of the chord is loaded, the chord is rigid and hence experi-
ences very small local deformations and flattening, as shown in Fig. 13.
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Fig. 12. Deformed shape of T- and X-joints (Orientations 1 and 2) at ambient and elevated temperatures.

Therefore, the joint failure mode at elevated temperatures is the same
as at ambient temperature. Hence, the steel yield strength reduction
factor should be used as the modification factor for calculating joint
strength, as supported by the results in Fig. 11(b).

In consideration of various geometrical parameters, which are
summarised in Table 7, the effects of connection angle and half width to
thickness ratio of the chord (y) on joint strength ratio are investigated.
Fig. 11 reveals that there is a similar trend in the joint strength ratios for
different connection angles and y at elevated temperatures. These re-
sults are consistent with the findings of Tan et al. [28] which show that
the influence of chord thickness on joint strength ratios is independent
of temperature.

3.3. Brace in tension

For all EHS joints with the brace members in tension, the de-
formation behavior and failure mode at elevated temperatures are the
same as at ambient temperature. When the brace is in tension, the local
P-3 and chord face flattening effects disappear. Therefore, when cal-
culating the elevated temperature joint strength, it is acceptable to use
the elevated temperature steel yield strength reduction factor to modify
the ambient temperature calculation equation. This is confirmed by the
results in Fig. 14.
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3.4. Effects of pre-stress in chord member

In this section, the effects of chord pre-stress on EHS joint strength
at different temperatures, ranging from 20 °C to 700 °C are investigated.
The chord pre-stress ratio (n, tension position) is defined as chord stress
at the connection divided by the chord yield stress. The chord pre-stress
ratio (n) was * 0.2, = 0.4, = 0.6 and * 0.8. The chord member was
subjected to either a compression or tension force prior to loading the
brace member. Therefore, two loading steps were generated in ABAQUS
for X-joints. In the first step, loads were applied to the ends of the chord
member. In the second step, the chord loads were kept constant and a
load was applied to end of the brace member. For T-joints, the axial
load in the brace induces in-plane bending moments in the chord
member. In order to investigate actual chord stress ratio (n), EHS T-
joints were applied compensating bending moments at the chord ends
as shown Fig. 15(a) [13]. For this purpose, the magnitude of the chord
end moments was dependent on the load applied at the loading ends of
the brace member. The details of the numerical model for EHS T-joints
with compensating bending moments are presented in Appendix B.

The joint dimension identifier 2 in Table 7 with four different or-
ientations (from Type 1 to 4) was used for T- and X-joints in the
parametric study. Fig. 15 illustrates the loading conditions when the
chord member is in compression.
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Fig. 14. Variations of EHS joint strength under brace in tension at different temperatures

Fig. 16 presents variations of chord pre-stress parameter (n) with
the reduction factor (Qy), defined as the ratio of joint strength with
chord pre-stress in the connecting face to that without chord pre-stress
in the intersection area for 20 °C and 700 °C, among the plots of nu-
merical simulation outcomes, calculations using the CIDECT guide No.
3 [23], Eurocode 3 EN-1993-1-8 [19] design guides and the alternative
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Fig. 13. Deformed shape of X-joints (Orientations 3 and 4) at
ambient and elevated temperatures.

b) X90-3C-2 at 700 °C

d) X90-4C-2 at 700 °C

approach of Packer et al. [13]. Appendix C provides further tabulated
details. Detailed results of T- and X-joints with n = 0.0 and —0.4 for
each orientation at 20 °C and 700 °C are provided in Appendix Tables
C.1-C.2. With compressive pre-stress in the chord member, the results
in Fig. 16(a), (b) and (c) show that the predictions of Packer et al. [13]
are accurate, while using either CIDECT guide No. 3 [23] or Eurocode 3
EN-1993-1-8 [19] generally gives much lower joint resistance results as
shown in Fig. 16(a) and (b). For Type 4 EHS joints (see Fig. 16(c)), both
CIDECT guide No. 3 [23] and Packer et al. [13] calculation results are
close to simulation results, with the Packer et al. [13] calculation results
erring slightly on the safe side. Eurocode 3 [19] results are much higher
than simulation results. These suggest that the CIDECT guide No. 3 [23]
and Eurocode 3 EN-1993-1-8 [19] methods are inconsistent for dif-
ferent orientation types. When the chord is under tensile pre-stress, the
simulation results indicate a detrimental effect of chord pre-stress,
which is in accordance with the CIDECT guide No. 3 [23] and Packer
et al. [13]. In contrast, Eurocode 3 EN-1993-1-8 [19] suggests that there
is no substantial reductions in joint strength as shown in Fig. 16(a), (b)
and (c). Furthermore, temperature has a negligible effect on the re-
duction factors for EHS T- and X-joints.

Therefore, the authors recommend to use the reduction factors of
Packer et al. [13] when the chord member is subjected to either com-
pressive or tensile pre-stress, as this method consistently gives accurate
and safe predictions compared to simulation results.
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b) X90-1C-2

Fig. 15. Loading conditions of T- and X-joints with the chord member in compression.

4. Conclusions

This study has presented the results of an extensive parametric study
on the strength of welded steel EHS joints at various temperatures.
Finite element (FE) simulations of axially loaded elliptical tubular T-
and X-joints at ambient temperature were first validated against
available test results. The effects of different joint types, joint orienta-
tions, and chord pre-stress on EHS joint strength at both ambient and
elevated temperatures were investigated to first identify a suitable
ambient temperature design method and then to use the method as the
basis for developing a design approach for elevated temperature ap-
plications.

Based on the numerical simulation results of this study, the fol-
lowing design recommendations are given:

(1) The modified equations suggested in Packer et al. [13] give more
accurate results than those of CIDECT guide No. 3 [23] and EN
19931-8 [19].
Furthermore, when the chord member is under a tensile pre-stress,
it is not suitable to use the EN-1993-1-8 [19] equation - the joint
strength decreases considerably as predicted by the proposed
equations of CIDECT guide No. 3 [23] and Packer et al. [13]. When
the chord pre-stress is compressive, the CIDECT guide No. 3 [23]
and EN 1993-1-8 [19] design equations generally calculate much
higher reduction factors except for type 4 joint orientation (con-
nection to the EHS narrower face) compared to the simulation re-
sults. In contrast, the Packer et al. [13] method consistently gives
accurate reduction factors for each joint orientation and is re-
commended to be used.

(3) For Type 1 or 2 joint orientations with brace in compression
(connection to the EHS wider face) at elevated temperatures, the
ambient temperature joint strength equation should be modified by
the reduction factor of Young's modulus of steel.

(4) For Type 3 or 4 joint orientations with brace in compression
(connection to the EHS narrower face) at elevated temperatures, the
ambient temperature joint strength equation can be modified by the
reduction factor of yield strength of steel.

(5) For all joint configurations with brace in tension at elevated tem-
peratures, the ambient temperature joint calculation equation can
be used, by changing the yield strength of steel at ambient tem-
perature to that at elevated temperatures.

(2

—
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Table A.1

Comparison of strength for EHS T and X joints Type 1 (Unit in kN).
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Joint name Simulation results EN 19931-8 [19] (strength, CIDECT guide No. 3 [23] (strength, Packer et al. [13] (strength,
calculation/simulation ratio) calculation/simulation ratio) calculation/simulation ratio)

T90-1C-1 183.8 147.6 0.80 135.8 0.74 156.3 0.85
T90-1C-2 168.2 132.9 0.79 116.5 0.69 141.2 0.84
T90-1C-3 379.0 287.3 0.76 241.5 0.64 297.6 0.79
T90-1C-4 166.4 135.2 0.81 120.9 0.73 145.3 0.87
T90-1C-5 141.2 124.3 0.88 111.9 0.79 134.2 0.95
T90-1C-6 262.1 211.3 0.81 190.0 0.72 226.2 0.86
T90-1C-7 203.4 190.3 0.94 171.8 0.84 205.0 1.01
T90-1C-8 204.5 179.1 0.88 114.6 0.56 194.1 0.95
T30-1C-9 355.7 326.0 0.92 290.5 0.82 347.9 0.98
T45-1C-10 222.6 204.9 0.92 184.3 0.83 219.7 0.99
T60-1C-11 169.2 158.3 0.94 147.8 0.87 168.2 0.99
X90-1C-1 155.5 147.6 0.95 142.9 0.92 132.8 0.85
X90-1C-2 145.3 132.9 0.91 132.3 0.91 119.7 0.82
X90-1C-3 307.0 287.4 0.94 289.1 0.94 258.6 0.84
X90-1C-4 145.3 135.2 0.93 135.2 0.93 121.7 0.84
X90-1C-5 127.6 124.3 0.97 124.3 0.97 111.9 0.88
X90-1C-6 236.4 211.3 0.89 211.2 0.89 190.1 0.80
X90-1C-7 188.5 190.3 1.01 191.1 1.01 171.3 0.91
X90-1C-8 170.1 179.1 1.05 131.4 0.77 161.2 0.95
X30-1C-9 303.1 326.0 1.08 322.8 1.06 293.4 0.97
X45-1C-10 186.1 204.9 1.10 204.7 1.10 184.4 0.99
X60-1C-11 141.8 158.3 1.12 164.2 1.16 142.5 1.00
Average N/A N/A 0.93 N/A 0.86 N/A 0.91
Standard deviation N/A N/A 10% N/A 15% N/A 7%

Table A.2

Comparison of strength for EHS T and X joints Type 2 (Unit in kN).

Joint name Simulation results EN 19931-8 [19] (strength, CIDECT guide No. 3 [23] (strength, Packer et al. [13] (strength,
calculation/simulation ratio) calculation/simulation ratio) calculation/simulation ratio)

T90-2C-1 230.3 177.8 0.77 157.6 0.68 186.5 0.81
T90-2C-2 196.1 147.0 0.75 130.6 0.67 155.4 0.79
T90-2C-3 551.0 525.3 0.95 460.2 0.84 525.2 0.95
T90-2C-4 199.8 151.2 0.76 134.8 0.67 161.8 0.81
T90-2C-5 159.8 132.5 0.83 118.7 0.74 142.7 0.89
T90-2C-6 311.9 236.3 0.76 210.6 0.68 251.6 0.81
T90-2C-7 228.8 200.9 0.88 184.4 0.81 215.9 0.94
T90-2C-8 222.4 184.9 0.83 164.3 0.74 200.0 0.90
T30-2C-9 396.4 338.6 0.85 302.3 0.76 360.5 0.91
T45-2C-10 238.7 220.3 0.92 204.8 0.86 232.8 0.98
T60-2C-11 187.2 173.2 0.93 166.3 0.89 183.9 0.98
X90-2C-1 190.4 177.8 0.93 177.8 0.93 160.0 0.84
X90-2C-2 171.2 147.0 0.86 147.0 0.86 132.3 0.77
X90-2C-3 474.1 525.3 1.11 541.3 1.14 472.8 1.00
X90-2C-4 175.1 151.2 0.86 151.2 0.86 136.1 0.78
X90-2C-5 118.8 132.5 1.12 132.5 1.12 119.2 1.00
X90-2C-6 279.0 236.3 0.85 236.3 0.85 212.7 0.76
X90-2C-7 214.3 200.9 0.94 202.1 0.94 180.8 0.84
X90-2C-8 167.6 184.9 1.10 184.9 1.10 166.4 0.99
X30-2C-9 314.5 338.6 1.08 335.9 1.07 304.7 0.97
X45-2C-10 213.6 220.3 1.03 220.2 1.03 198.2 0.93
X60-2C-11 175.4 173.2 0.99 173.2 0.99 155.8 0.89
Average N/A N/A 0.91 N/A 0.87 N/A 0.89
Standard deviation N/A N/A 12% N/A 15% N/A 8%
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Table A.3
Comparison of strength for EHS T and X joints Type 3 (Unit in kN).

Joint name Simulation results EN 19931-8 [19] (strength, CIDECT guide No. 3 [23] (strength, Packer et al. [13] (strength,
calculation/simulation ratio) calculation/simulation ratio) calculation/simulation ratio)
T90-3C-1 526.8 280.0 0.53 242.5 0.46 446.0 0.85
T90-3C-2 467.9 209.9 0.45 182.7 0.39 375.4 0.80
T90-3C-3 1005.1 1057.8 1.05 899.1 0.89 968.8 0.96
T90-3C-4 490.0 342.8 0.70 305.1 0.62 395.6 0.81
T90-3C-5 385.4 278.0 0.72 249.1 0.65 330.4 0.86
T90-3C-6 735.3 342.8 0.47 305.6 0.42 623.2 0.85
T90-3C-7 559.5 264.8 0.47 237.9 0.43 497.6 0.89
T90-3C-8 319.7 230.6 0.72 212.0 0.66 292.8 0.92
T30-3C-9 805.5 593.4 0.74 551.8 0.69 750.8 0.93
T45-3C-10 524.3 346.2 0.66 311.6 0.59 508.1 0.97
T60-3C-11 340.0 256.8 0.76 245.0 0.72 325.1 0.96
X90-3C-1 407.7 280.0 0.69 280.0 0.69 351.8 0.86
X90-3C-2 381.1 209.9 0.55 209.9 0.55 315.9 0.83
X90-3C-3 965.1 1057.8 1.10 1057.8 1.10 765.5 0.79
X90-3C-4 380.7 342.8 0.90 342.8 0.90 322.7 0.85
X90-3C-5 345.9 278.0 0.80 278.0 0.80 291.3 0.84
X90-3C-6 601.5 342.8 0.57 342.8 0.57 509.1 0.85
X90-3C-7 519.5 264.8 0.51 264.8 0.51 448.8 0.86
X90-3C-8 308.1 230.6 0.75 230.6 0.75 277.2 0.90
X30-3C-9 640.6 593.4 0.93 593.4 0.93 631.8 0.99
X45-3C-10 495.8 346.2 0.70 346.2 0.70 446.8 0.90
X60-3C-11 389.5 256.8 0.66 256.8 0.66 364.8 0.94
Average N/A N/A 0.70 N/A 0.67 N/A 0.88
Standard deviation N/A N/A 18% N/A 18% N/A 6%
Table A.4

Comparison of strength for EHS T and X joints Type 4 (Unit in kN).

Joint name Simulation results EN 19931-8 [19] (strength, CIDECT guide No. 3 [23] (strength, Packer et al. [13] (strength,
calculation/simulation ratio) calculation/simulation ratio) calculation/simulation ratio)
T90-4C-2 614.4 568.0 0.92 525.5 0.86 598.8 0.97
T90-4C-5 514.1 459.5 0.89 418.9 0.81 489.2 0.95
T90-4C-7 777.5 390.5 0.50 356.8 0.46 714.2 0.92
T90-4C-8 414.4 277.8 0.67 257.8 0.62 376.6 0.91
T30-4C-9 1255.0 909.5 0.72 845.8 0.67 1197.6 0.95
T45-4C-10 887.4 709.4 0.80 638.5 0.72 846.8 0.95
T60-4C-11 704.5 620.8 0.88 595.0 0.84 691.4 0.98
X90-4C-2 643.0 568.0 0.88 568.0 0.88 533.0 0.83
X90-4C-5 465.0 459.5 0.99 459.5 0.99 397.3 0.85
X90-4C-7 715.7 390.5 0.55 390.5 0.55 580.6 0.81
X90-4C-8 342.1 277.8 0.81 277.8 0.81 314.7 0.92
X30-4C-9 1184.4 909.5 0.77 909.5 0.77 1066.0 0.90
X45-4C-10 817.5 709.4 0.87 709.4 0.87 753.8 0.92
X60-4C-11 653.9 620.8 0.95 620.8 0.95 615.5 0.94
Average N/A N/A 0.80 N/A 0.77 N/A 0.91
Standard deviation N/A N/A 15% N/A 15% N/A 5%

Appendix B. Numerical modelling strategy for EHS T-joints with compensating bending moments
The joint dimension identifier 2 in Table 7 with type 1 orientation of T-joint was used as an example to illustrate modelling the procedure in

ABAQUS. A rigid end plate was attached to the chord end as shown in Fig. B.1. The reference point on the rigid plate was used for applying boundary
conditions and loads.
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Fig. B.1. Chord end restraints for T90-1C-2.

Two loading steps were implemented in ABAQUS. Fig. B.2 illustrates typical loading conditions of EHS T-joints with chord pre-stress. In order to
include the chord pre-stress, the concentrated force (P;) was applied to the reference point at the end of the chord member in the first step. P; can be
calculated using Eq. (B.1).

P = fyo *A chord ¥ (B.1)

Assume the chord pre-stress ratio to be (n=)— 0.4. The cross sectional area of the chord member was 45.1 cm?. Hence, the concentrated load (P;)
was 640.4 kN.

In the second loading step, an axial load in the brace (P,) and compensating bending moments (Mo chora) at the chord ends were applied together.
The magnitude of the compensating bending moments (Mg chora) is €qual but opposite to the maximum bending moment in the chord generated by
the axial force P, in the brace, as calculated as follows:

_BE-d
Mo, chord = 2 (B.2)
P2
Crown
! f\ /7\7
M 0,chor
0,chord
Fig. B.2. Typical loading condition for EHS T-joints with chord pre-stress.

Appendix C
Table C.1

Comparison of strengths for EHS T and X joints with n = 0.0 or —0.4 at ambient temperature, between numerical simulation results and various
analytical methods (Unit in kN).

Joint name  CIDECT guide No. 3 [23] EN 19931-8 [19] Packer et al. [13] Simulation results
n=0 n=-04 1nr=04 n=0 n=-04 nr=04 p=0 n=-04 1n=-04 n=0 n=-04 n=-04
n=0 n=0 n=0 n=0
T90-1C-2 132.9 103.7 0.78 132.9 84.2 0.63 146.2 131.5 0.95 173.2 161.3 0.93
X90-1C-2 1329 103.7 0.78 1329 84.2 0.63 104.8 94.3 0.90 145.3 138.5 0.95
T90-2C-2 147.0 122.0 0.83 147.0 142.6 0.97 161.7 145.5 0.90 205.9 189.4 0.92
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X90-2C-2 147.0 122.0 0.83 147.0 142.6 0.97 132.3  119.1 0.90 171.2  162.6 0.95

T90-3C-2 2099 174.2 0.83 2099 203.6 0.97 380.3 3423 0.90 470.0 437.8 0.93

X90-3C-2 209.9 174.2 0.83 209.9 203.6 0.97 377.4 339.6 0.90 381.1 366.0 0.96

T90-4C-2 568.0 539.6 0.95 568.0 568.0 1.00 609.7 548.8 0.90 620.5 595.7 0.96

X90-4C-2 568.0 539.6 0.95 568.0 568.0 1.00 636.7 573.0 0.90 643.0 610.8 0.95
Table C.2

Comparison of strengths for EHS T and X joints with n = 0.0 or —0.4 at 700 °C, between numerical simulation results and various analytical methods
(Unit in kN).

Joint name  CIDECT guide No. 3 [23] EN 19931-8 [19] Packer et al. [13] Simulation results
n=0 n=-04 =04 p=0 n=-04 1nr=-04 pn=0 n=-04 nr=-04 n=0 n=-04
n=0 n=0 n=0
T90-1C-2 30.6 23.9 0.78 30.6 19.4 0.63 33.6 30.2 0.95 27.7 24.9 0.90
X90-1C-2 30.6 23.9 0.78 30.6 19.4 0.63 241 21.7 0.95 24.7 22.7 0.92
T90-2C-2 33.8 28.1 0.83 33.8 32.8 0.97 37.2 33.5 0.90 33.0 30.0 0.91
X90-2C-2 33.8 28.1 0.83 33.8 32.8 0.97 30.4 27.4 0.90 25.7 23.9 0.93
T90-3C-2 48.3 40.1 0.83 48.3 46.8 0.97 87.5 78.7 0.90 98.7 90.0 0.91
X90-3C-2 48.3 40.1 0.83 48.3 46.8 0.97 86.8 78.1 0.90 83.8 78.8 0.94
T90-4C-2 130.6 124.1 0.95 130.6 130.6 1.00 140.2 126.2 0.90 136.2 127.0 0.93
X90-4C-2 130.6 124.1 0.95 130.6 130.6 1.00 146.4 131.8 0.90 141.5 131.6 0.93
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