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10  Abstract: This paper aims to investigate the static strength of stainless steel gap and overlapped
11 K- and N-joints at elevated temperatures. A numerical parametric study was conducted on
12 circular hollow section (CHS) K- and N-joints under axial loads in the braces at different
13 temperatures ranging from 22 to 760°C. A wide range of geometric parameters and chord preload
14  ratios of CHS K- and N-joints using duplex, high strength austenitic and normal strength (AISI
15  304) stainless steel was investigated. The joint strength reduction was compared with reduction
16  factors of yield stress and elastic modulus of stainless steel materials at elevated temperatures. A
17  unified strength equation for CHS K- and N-joints at elevated temperatures was proposed by
18  adopting the reduction factor of yield stress. The statistical analysis shows that the proposed
19  strength equation is accurate for stainless steel K- and N-joints at elevated temperatures.

20

21 Keywords: Circular hollow section; Elevated temperature; K-joint; N-joint; Stainless steel;
22 Static strength

23

24 1. Introduction

25

26 Stainless steel tubular structures are increasingly popular due to their aesthetic appearance,

27  improved resistance to fire and corrosion, and superior mechanical performance. Tubular joints
28  are critical components in tubular structures because of their geometric discontinuity and high
29  stress concentration at the connections. The structural behaviours and design of stainless steel
30 tubular joints at ambient temperature have been investigated in recent years. Rasmussen and
31  Young [1] and Rasmussen and Hasham [2] conducted tests on square hollow section (SHS) and
32 circular hollow section (CHS) X- and K-joints using austenitic stainless steel 304L. Feng and
33 Young [3-6] carried out experimental, numerical and theoretical investigations on rectangular
34  hollow section (RHS) T- and X-joints using normal strength stainless steel (AISI 304) and high
35  strength stainless steel (duplex and high strength austenitic). Huang and Young [7, 8] conducted
36  experimental tests on ferritic stainless steel RHS T- and X-joints. However, mechanical
37  properties of stainless steel materials in tubular structures experience significant deterioration in
38  fire. The tubular joints are crucial for structural integrity. Therefore, it is important to investigate
39  the structural performance of stainless steel tubular joints at elevated temperatures.

40 The joint strength at steady elevated temperatures is an important aspect of structural
41  performance of tubular joints in fire. Tan et al. [9] and Shao et al. [10] conducted experimental
42  tests and finite element analysis on carbon steel CHS T-joints under axial compression in the
43 braces. It is found that design equations in EN 1993-1-8 [11], the CIDECT design guide [12] and
44  API RP 2A WSD [13] replacing the steel yield stress at room temperature with that at elevated
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temperatures may produce unconservative prediction of joint strength at elevated temperatures.
However, the strength prediction of the design code and guide [11-13] may be conservative using
the reduction factor of steel elastic modulus. Ozyurt et al. [14] carried out numerical study on
carbon steel CHS and SHS tubular joints. It is found that the strength reduction of T-, Y- and
X-joints under brace axial tension, and K- and N-joints under brace axial loads generally follows
the reduction of steel yield stress at elevated temperatures. However, the strength reduction of T-,
Y- and X-joints under brace axial compression follows more closely the reduction of steel elastic
modulus. Xu [15] developed an artificial neural network model to predict the static strength of
carbon steel CHS T-joints under brace axial compression in fire. Fung et al. [16] conducted test
and numerical studies on the failure mechanism of CHS T-joints subjected to brace in-plane
bending. It is observed that the failure mode of the joints is cracks forming along the weld toes at
high temperatures and the effect of temperatures on joint strength reduction is significant. Shao
et al. [17] presented a design method for the strength prediction of CHS K-joints at elevated
temperatures based on a deforming rate criterion. Shao et al. [18] also numerically investigated
the static strength of carbon steel CHS T-joints in fire obtained from steady and transient state
analysis. Lan et al. [19] proposed an equation for predicting the joint strength reduction of
internally ring-stiffened carbon steel CHS T-, Y- and DT-joints at elevated temperatures.
Meanwhile, some studies on the fire resistance of carbon steel tubular joints under constant
loading in fire have also been conducted. Yu et al. [20] conducted tests on carbon steel CHS
T-joints after impact loading and found that the T-joints have minor change in fire resistance
performance. Chen et al. [21] and Yang et al. [22] carried out experimental and numerical
investigations on the failure mechanism of carbon steel CHS and SHS T-joints. It is shown that
the T-joints failed by local yielding of chord wall around brace-chord intersection. He et al.
[23-25] conducted experimental and numerical studies on carbon steel CHS gap K-joints and
proposed a critical temperature method to assess the fire resistance performance of the K-joints.
Gao et al. [26, 27] experimentally and numerically investigated the fire resistance of carbon steel
CHS T-joints without and with reinforcement of collar plates and Y-joints. It is found that the fire
resistance of the joints is improved by decreasing the load ratio. Chen et al. [28] conducted
experimental and numerical studies on the fire resistance performance of internally ring-stiffened
CHS T-joints and found that the internal rings could effectively enhance the fire resistance of the
joints.

In contrast to the extensive studies on carbon steel tubular joints in fire, research on stainless
steel tubular joints at elevated temperatures remains limited. Feng and Young [29] carried out
numerical study on stainless steel RHS and SHS T- and X-joints, and proposed design equations
for predicting the joint strength at elevated temperatures by modifying design equations in the
CIDECT design guide [30]. Based on the comparison between the joint strength reduction and
reduction factors of yield stress and elastic modulus of stainless steel materials, Lan and Huang
[31] proposed a unified strength equation for stainless steel RHS, SHS and CHS T- and X-joints
at elevated temperatures by introducing a temperature factor. However, there is a lack of research
on stainless steel K- and N-joints at elevated temperatures.

This paper focuses on the static strength of stainless steel gap and overlapped CHS K- and
N-joints under axial loads in the braces at elevated temperatures. A wide range of geometric
parameters and different chord preload ratios of CHS K- and N-joints using duplex, high strength
austenitic and normal strength (AISI 304) stainless steel were investigated. Based on the
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comparison between the joint strength reduction and reduction factors of yield stress (0.2% proof
stress) and elastic modulus of stainless steel materials, a unified strength equation for CHS K-
and N-joints at elevated temperatures was proposed by adopting the reduction factor of yield
stress of stainless steel materials.

2. Finite element model

2.1. General

The finite element (FE) software ABAQUS [32] was used to conduct the numerical analysis. It
is noted that tests on steel tubular K- and N-joints at steady elevated temperatures are not
available in existing literature. Tan et al. [9] conducted experimental tests on carbon steel CHS
T-joints under brace axial compression at steady elevated temperatures. Lan et al. [19]
successfully developed FE models which are capable of producing reasonably accurate
predictions for the joint strengths in fire. In addition, Lan and Huang [31] also validated FE
models of stainless steel X- and T-joints against the experimental and numerical joint strengths at
room and elevated temperatures reported by Feng and Young [29]. It is also noted that tests on
stainless steel tubular K- and N-joints at room temperature remain limited. Thus, the available
test results of gap CHS K-joints using normal strength austenitic stainless steel (AISI 304) [2]
and carbon steel [33], and completely overlapped N-joints using carbon steel [34, 35] at room
temperature were used to validate the finite element models in this study. The joint parameters of
the CHS K- and N-joints specimens are shown in Tables 1-2, including brace diameter (d; and
d2), brace wall thickness (t; and t) for gap K-joints, through brace diameter (d:), through brace
wall thickness (t1), lap brace diameter (d2), lap brace wall thickness (t.) for overlapped N-joints,
chord diameter (d), chord wall thickness (t), and angle between brace and chord members (61 and
). Other joint parameters not listed in Tables 1-2 are detailed in Rasmussen and Hasham [2],
Kurobane et al. [33], Gho et al. [34] and Fung et al. [35]. The configuration and notations of the
specimens are shown in Fig. 1.

2.2. Material properties

The adopted elastic modulus (Eo), yield stress (0.2% proof stress, fy), ultimate stress (f,) and
ultimate strain at ultimate stress (e,) for the specimens [2, 33-35] are summarized in Table 3. The
values of Eo, fy and f, reported by Rasmussen and Hasham [2] are adopted in developing the
finite element models of stainless steel specimens KC48-30, KC48-45 and KC76-30. The values
of &, and the corresponding stress-strain curves for specimens KC48-30, KC48-45 and KC76-30
are not reported in Rasmussen and Hasham [2], and thus they were obtained from the predictive
equations for stainless steel materials proposed by Rasmussen [36]. The other three specimens
(G2C [33], N-joint [34] and N-joint [35]) are in carbon steel materials. The values of fy and f, of
specimen G2C are reported by Kurobane et al. [33], and thus adopted in developing the finite
element model in this study. However, the values of Eo and &, are not reported [33]. The adopted
values of Eg and ¢, in the FEM of specimen G2C were taken as 210 GPa and 10%, respectively,
in accordance with those in Fleischer et al. [37] in which the adopted value of &, for S355, S460
and S690 steel is 10%. Only the values of Eo, fy and f, are reported in Gho et al. [34], and thus
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the value of &, for N-joint [34] is also taken as 10% in this study. As the stress-strain curve was
not reported in Kurobane et al. [33] and Gho et al. [34], a bi-linear stress-strain curve for carbon
steel materials of specimens G2C [33] and N-joints [34] was adopted. Fung et al. [35] reported
the values of Eo, fy and fy, and stress-strain curves, and therefore the reported material properties
and stress-strain curves were adopted. It is noted that the measured value of ¢, for specimen
N-joint [35] is also 10%. It is reasonable to assume that the value of &, for N-joint [34] is the
same as those measured values of N-joint [35] as the steel materials used for N-joints in Gho et
al. [34] and Fung et al. [35] are the same (API 5L Grade B steel). The Poisson’s ratio of all steel
materials equals to 0.3. The true stress (o) and logarithmic plastic strain (e,) were converted
from engineering stress (o) and engineering strain (¢), and input in the FE models according to
the recommendations of ABAQUS user’s manual [32] as follows:

or=0(l+¢) D

&, =In(l+&)-0o; I E, 2)

where ot and o are true and engineering stress, respectively, ¢ is logarithmic plastic strain, ¢ is
engineering strain, and Eg is elastic modulus.

2.3. Element type and mesh size

A four-node shell element S4R from ABAQUS library was adopted to model the brace and
chord members. A five-point integration through the shell thickness was adopted. The mesh sizes
of the brace and chord members were carefully determined by a mesh convergence study
(sensitivity analysis). The adopted suitable mesh sizes for the gap K-joints [2, 33] and the
intersection region between brace and chord members of the overlapped N-joints [34, 35] are
shown in Table 4. A coarse mesh size of four times of the mesh size listed in Table 4 was used for
regions near the end of brace and chord members of N-joints [34, 35].

Lee [38] points out that the gap size between brace members of CHS K-joints could have
appreciable effect on the static strength of K-joints. EN 1993-1-8 [11], the CIDECT design guide
[12] and APl RP 2A WSD [13] adopt gap size functions, which are expressed as a function of
ratio (g/t) of gap size (g) to chord wall thickness (t), to take such effect into account. It is noted
that the static strength of CHS K-joints decreases with increasing gap size [11-13]. The effect of
weld modelling on joint strengths largely depends on the discrepancy between the actual
projected gap between the brace toes and the clear gap between the weld toes of CHS K-joints
[38]. Thus, it is necessary to include weld modelling for CHS K-joints with a small gap size and
a large weld size, as the large weld could significantly reduce the small gap size. It is noted that
minimum ratios (g/t) for K-joints in Rasmussen and Hasham [2], and Kurobane et al. [33] is 8.6
and 3.8, respectively. Meanwhile the maximum ratio of weld size (tw) to chord wall thickness (t)
for K-joints in Rasmussen and Hasham [2] is 2.4. The weld size is not reported in Kurobane et al.
[33]. The gap size is relatively large while the weld size is relatively small for the K-joints.
Therefore, the weld modelling of the K-joints was not included in this study as discrepancy
between the actual projected gap between the brace toes and the clear gap between the weld toes
is not large. It is expected that the influence of excluding weld modelling on the joint strength
will be minor according to the estimation from gap size functions [11-13]. The weld of CHS

M4/29



173
174
175
176
177
178
179
180
181
182
183
184
185
186
187
188
189
190
191
192
193
194
195
196
197
198
199
200
201
202
203
204
205
206
207
208
209
210
211
212
213
214
215
216

N-joints was also excluded. The FE models without weld modelling adopted herein generally
produce reasonably accurate and conservative predictions of joint strengths, as shown in Section
2.5.

2.4. Boundary condition and loading mode

For CHS K-joints, all degrees of freedom at the end of one brace of K-joints were restrained,
except for the brace axial displacement and rotations in three directions, and the other brace end
was fixed. One chord end was free to translate and rotate, and the other chord end was fixed. For
CHS N-joints, all degrees of freedom at two brace ends were restricted, except for the brace axial
displacement and three rotations at the end of the lap brace member. The two chord ends were
fixed. The brace axial compression loading was applied by displacement at the brace end. The
loads were applied in increments by using the “Static” method in ABAQUS library. Fig. 2 shows
the adopted boundary condition and loading mode. The parameter of nonlinear geometry
(*NLGEOM) was used to consider the effect of large displacement in the FE analysis.

2.5. Validation results

Fig. 3 shows the comparison of failure modes predicted by FE analysis with those observed in
experimental tests [2, 34]. It is shown that the predicted failure modes of specimens KC48-30 [2]
and N-joint [34] are chord face plastification and through brace face plastification, respectively,
which are consistent with the test observations [2, 34, 39]. The comparison of load-displacement
curves of specimens KC48-45 [2], G2C [14, 33] and N-joints [34, 35] obtained from
experimental tests and FE analysis is shown in Fig. 4. The load and displacement denote the
compression load applied at the brace end and corresponding brace axial displacement,
respectively, except that the displacement for specimen KC48-45 refers to the relative
displacement in the brace axial direction between positions near the brace end and in the middle
line of chord side wall (see Fig. 6 in Rasmussen and Hasham [2] for details). It is shown that the
adopted FE models could produce reasonably accurate prediction of load-displacement curves.
The load-displacement curves of specimens KC48-30 and KC76-30 are not shown in Fig. 4, as
the curves are not readily available (see Fig. 7(a) in Rasmussen and Hasham [2] for details).
Table 4 shows the first peak loads obtained from FE analysis (Nrg) and experimental tests (Nrest).
It is shown that the predicted loads agree with the test results well with maximum discrepancy of
10% of test loads [2, 33-35]. The mean value and coefficient of variation (COV) of the Nre/Nrest
ratio equal to 0.96 and 0.056, respectively. Thus, the FE models provide accurate and slightly
conservative prediction for the peak loads of K- and N-joints in this study.

The validation study shows that the adopted FE models could produce reasonably accurate
predictions of the failure mode, load-displacement curve and peak load of CHS K- and N-joints
using stainless steel and carbon steel materials. Thus, the validated FE models will be used in the
subsequent parametric investigation on CHS K- and N-joints at room and steady elevated
temperatures by carefully incorporating the material properties of stainless steel materials at
different temperatures.

3. Parametric study
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3.1. General

An extensive numerical investigation on CHS K- and N-joints using duplex, high strength
austenitic and normal strength (AISI 304) stainless steel at room and elevated temperatures was
carried out. There are totally 400 specimens in parametric study, including 50 different joint
configurations at 8 different temperatures ranging from 22 to 760°C. Static strengths of stainless
steel K- and N-joints at eight different temperatures (i.e. 22, 80, 180, 320, 450, 550, 660 and
760°C) were obtained for each joint configuration. The joint parameters of gap K-joints (Fig.
5(@)), gap N-joints (Fig. 5(b)), and completely overlapped N-joints (Fig. 5(c)) are shown in
Tables 5-6, including brace diameter (d; and d), brace wall thickness (t1 and ty), gap size
between two brace members (g) for gap K- and N-joints, through brace diameter (d1), through
brace wall thickness (t1), lap brace diameter (d), lap brace wall thickness (t2), gap size between
chord and lap brace (g) for completely overlapped N-joints, chord diameter (d), chord wall
thickness (t), angle between brace and chord members (61 and 6,) and chord preload ratio (n).
The notations for the joint parameters are shown in Fig 1. For gap K-joints, 61 is equal to 6,, and
61 equals to 90° for gap and overlapped N-joints. The chord preload ratio (n) equals to the ratio
of compressive chord preload (Np) to chord yield load (AofyT, where Aq is chord cross-section
area, and fyt is steel yield stress at elevated temperatures).

The specimens were carefully designed to cover a wide range of joint parameters, including £
(=dy/d), pb (=da/dy), 2y (=dft), 2yp (=di/ty), 8 (61 and &) and n (=Np/AcfyT). The ranges of joint
parameter are 0.3<4<0.9, 10<2y<50 and 0<n<0.6 for gap K- and N-joints, 0.3<4,<0.9, 10<2y,<50
and 0<n<0.6 for completely overlapped N-joints, 30°<6:<90° and 30°<#,<60°. It should be noted
that the geometric parameters of the chord members of completely overlapped N-joints with
sufficiently large gap sizes only have minor effect on the structural behaviour of the overlapped
N-joints which fail by the most common failure mode i.e. through brace plastification [34, 35]. It
is because the applied load in the lap brace is predominately transferred between the through
brace and lap brace, and the failure occurs in the through brace members instead of the chord
members. Thus, only chord preload ratio (n) of the chord members and geometric parameters (5o,
2y, and @) of the through brace members were investigated for the overlapped N-joints in this
study. The chord length (I) is equal to 8 times of chord diameter (I=8d) to ensure that the stresses
at the brace-chord intersection are not influenced by the chord ends [25]. The length of the
through brace member is also equal to 8 times of through brace diameter (1:=8d;). The lengths of
other brace members (I; and 1) equal to 3 times of the brace diameter (1:=1,=3d;) to avoid overall
buckling of brace members, which could not reveal the true static strength of tubular joints. The
specimen label of each tubular joint consists of three letters and one number. The first two letters
(GK, GN or ON) indicate the joint type (gap K-joint, gap N-joint or overlapped N-joint). The
third letter (D, H or N) refers to the stainless steel type, namely duplex, high strength austenitic
and normal strength stainless steel, respectively. The number denotes the corresponding joint
parameters, as shown in Tables 5-6. For example, OND1 represents completely overlapped
N-joints using duplex stainless steel. The joint parameters of OND1 are listed in Table 6.

Material properties and stress-strain curves of stainless steel duplex, high strength austenitic
(HSA), and normal strength (AISI 304) stainless steel at room and elevated temperatures [3, 4,
31, 40] were used in the finite element analysis. Table 7 shows the adopted material parameters
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of stainless steel materials at room temperature, including elastic modulus (Eo), stress at plastic
strain of 0.01% (fp), yield stress (0.2% proof stress fy), ultimate stress (f), and ultimate strain at
ultimate stress (eu). The Poisson’s ratio (v) equals to 0.3. It should be noted that the value of
ultimate strain at ultimate stress at room temperature was obtained from the predictive equation
proposed by Rasmussen [36]. The material parameters and stress-strain curves for duplex, high
strength austenitic (HSA) and normal strength (AISI 304) stainless steel at different temperatures
were obtained from the equations proposed by Chen and Young [40]. The true stress-strain curve
converted from the engineering stress-strain curve was input in the FE models. A shell element
S4R was used. A similar mesh sensitivity analysis as described in Section 2.3 for the K- and
N-joints listed in Tables 5-6 was conducted. Suitable mesh sizes of 8 mm for the gap K- and
N-joints, and 5 mm for the completely overlapped N-joints were adopted.

The boundary condition and loading mode of K- and N-joints for the parametric study are
shown in Fig. 5. All degrees of freedom at the end of brace members were restrained, except for
three rotations and brace axial displacement at the brace end under axial compression. The two
ends of chord members were restrained from all degrees of freedom, except for axial
displacement along chord member at one chord end. For K- and N-joints without chord preload,
the axial compression in the brace was applied by displacement. For K- and N-joints with chord
preload, the chord member was firstly preloaded, and then the brace end was loaded by
displacement. It should be noted that the static strength of K- and N-joints is determined by the
peak load or the load at a 3% indentation (i.e. indentation limit up to 3%d) in load-indentation
curves. If the indentation at the peak load is smaller than the indentation limit, the peak load is
considered to be the joint strength. If the indentation at the peak load is larger than the
indentation limit, the load at the indentation limit is considered to be the joint strength. The
indentation is defined as the difference of displacements at the crown position and point A on the
chord side wall (Fig. 1), in order to exclude the global bending deformation of the chord member
and to obtain localized deformation.

3.2. Results and analysis

The parametric study covered a wide range of geometric parameters (0.3<4<0.9, 10<2y<50,
0.356p<0.9, 10<2yp<50, 30°<61<90° and 30°<6,<60°) and chord preload ratios (0<n<0.6).
Different joint types (gap K-joint, gap N-joint and overlapped N-joint) and stainless steel types
(duplex, high strength austenitic and normal strength stainless steel) were also studied. The ratio
(RT) of joint strength at elevated temperatures (N7) to that at room temperature (No) was used to
evaluate the effect of elevated temperatures on the static strength of K- and N-joints. The ratios
(Rt) of specimens analysed in the parametric study are shown in Figs. 6-8. It should be noted that
the investigated gap K- and N-joints failed by chord plastification and the failure mode of the
overlapped N-joints was through brace plastification. Fig. 9 shows the failure modes (chord
plastification and through brace plastification) of representative K- and N-joints at 760°C. The
intersection regions in red became plastic. The comparison between ONN2 without chord
preload (Fig. 9(c)) and ONN12 with chord preload ratio of 0.6 (Fig. 9(d)) indicates that the effect
of chord preload on the structural behaviour of the overlapped N-joints is insignificant. It is
because the chord remained intact under the axial loads in the chord and brace members, and the
chord preload has minor effect on the failure occurring in the through brace members.
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In general, the geometric parameters, chord preload ratios and stainless steel types have minor
effect on the joint strength reduction (Ry) at elevated temperatures. However, the reduction of
yield stress (ky,) and elastic modulus (ke1) of stainless steel at elevated temperatures has larger
influence on the joint strength reduction. Similar findings that the effect of joint parameters on
the joint strength reduction at elevated temperatures falls in a narrow range were reported by
Ozyurt et al. [14] for carbon steel X-, T-, Y-, gap K- and N-joints, Lan et al. [19] for internally
ring-stiffened carbon steel DT, T- and Y-joints, and Lan and Huang [31] for stainless steel X- and
T-joints. Ozyurt et al. [14] also found that the joint strength reduction of carbon steel gap K- and
N-joints generally follows the reduction of steel yield stress at elevated temperatures. Thus, the
joint strength reduction (Rt) was compared with the reduction factors of yield stress (kyr) and
elastic modulus (ket) of duplex, high strength austenitic and normal strength stainless steel at
elevated temperatures [40]. The equations proposed by Chen and Young [40] for ky,t and ke T are
as follows:

f (T-b)"
k =Xl—g->~ 7 3
y,T fyo c ()
E (T -b)"
P P U )
=TT, c (4)

where fyr and fyo are the yield stress at temperature T (°C) and room temperature, respectively,
Er and Eo are the elastic modulus at temperature T and room temperature, respectively. The
values of coefficients (a, b, ¢ and n) in Egs. (3-4) could be found in Chen and Young [40].

The comparison between the joint strength reduction and reduction factors of yield stress and
elastic modulus of stainless steel at elevated temperatures for gap K-joints, gap N-joints and
completely overlapped N-joints are shown in Figs. 6-8, respectively. The comparison shows that
the reduction factors of yield stress (kyr) and elastic modulus (ke 1) are generally the lower and
upper bounds of the joint strength reduction (Rt), respectively, when the specimen temperature is
lower than or equal to 350°C. The reduction factor of yield stress (kyr) is generally the lower
bound of the joint strength reduction (Rt) of specimens at elevated temperatures ranging from
350 to 760°C. The joint strength reduction (Rt) generally follows the reduction of yield stress at
elevated temperatures more closely.

4. Proposed design method

Based on the above observations, the reduction factor of stainless steel yield stress (kyT) is
adopted to predict the joint strength reduction at different elevated temperatures. A unified
strength equation for gap and overlapped CHS K- and N-joints using duplex, high strength
austenitic and normal strength (AISI 304) stainless steel at elevated temperatures up to 760°C is
proposed as follow:

5
N, =k, ;N ©)

where ky is the reduction factor of yield stress of stainless steel, Nt is the joint strength at
elevated temperatures, No is the joint strength at room temperature. The validity ranges of
proposed strength equation are 0.3<$<0.9, 10<2y<50, 0.3<fp<0.9, 10<2y,<50, 30°<01<90°,
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30°<6,<60° and 0<n<0.6. Figs. 6-8 show that the value of ky,t is generally the lower bound of the
joint strength reduction when the temperature is lower than or equal to 350°C and thus the
proposed strength equation (Eg. (5)) could produce lower and safe strength predictions for
specimens at temperatures lower than or equal to 350°C. The value of ky,1 is reasonably accurate
for predicting the joint strength reduction (Ry) when the temperature ranges from 350 to 760°C
and thus Eq. (5) could produce reasonably accurate prediction of the joint strength at elevated
temperatures ranging from 350 to 760°C. The proposed unified strength equation is independent
of geometric parameters, chord preload ratios and stainless steel types of CHS K- and N-joints at
different elevated temperatures and only needs the calculation of the reduction factor of steel
yield stress. Thus, the proposed design method is simple and convenient to be used by engineers,
and it is also applicable for various types of steel tubular joints using different steel materials.

An error analysis was carried out to further assess the accuracy of the proposed strength
equation (Eqg. (5)). The strength ratio (rs) of the joint strength calculated from the proposed
strength equation (Ne) to that obtained from finite element analysis (Nfi) was statistically
analysed for all specimens at elevated temperatures. The result of statistical analysis of rs (=
Nei/Nsi, i =1 to N, where N is the number of specimens at elevated temperatures analysed in each
case) is summarised in Table 8. The relative error (ej), the average relative error (e) and relative
standard deviation (s) are as follows:

e =M(i=1,2,3,...,|\|) (6)

i
fi

N
Tl 0

(8)

Table 8 shows that the mean value of the strength ratio (rs;) is close to unity (i.e. 0.98 for gap
K- and N-joints, and 0.96 for overlapped N-joints), and the values of e and s are lower than
4.58% and 5.39%, respectively, for K- and N-joints. Such values therefore indicate that the
proposed strength equation could produce reasonably accurate and conservative prediction of the
joint strength at elevated temperatures.

A unified equation for predicting the static strength of gap and overlapped stainless steel CHS
K- and N-joints (Nt) at elevated temperatures was proposed by introducing the reduction factor
of steel yield stress (kyr) to the joint strength at room temperature (No). The joint strength at
room temperature was obtained from numerical simulations in this study, as there are no accurate
strength equations for stainless steel K- and N-joints at room temperature in the literature.
Therefore, further research is needed to propose design rules for the determination of static
strength of stainless steel K- and N-joints at room temperature (No). Furthermore, the failure
modes investigated in this study were chord plastification for the gap K- and N-joints and
through brace plastification for the overlapped N-joints. The failure mode of local buckling of
brace members under axial compression was not investigated as such failure could be prevented
by adopting Class 1 or 2 cross-sections [11-13]. Chord punching shear failure was also not
included in this study as such failure mode could not be well simulated by the adopted finite
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element models. Further investigation is needed to examine whether the proposed design method
is also applicable for the failure mode of punching shear.

5. Conclusions

This paper presents a numerical parametric study on the static strength of gap and overlapped
CHS K- and N-joints using duplex, high strength austenitic and normal strength stainless steel
under axial loads in the braces at elevated temperatures. The parametric study covered a wide
range of parameters including the geometric parameter, chord preload ratio, and stainless steel
type. The joint strength reduction was compared with the reduction factors of yield stress and
elastic modulus of stainless steel at elevated temperatures. The major findings are as follows:

(1) The joint geometric parameter, chord preload ratio and stainless steel type have minor effect
on the joint strength reduction of stainless steel CHS K- and N-joints at elevated
temperatures. The joint strength reduction generally follows closely the reduction of yield
stress of stainless steel at elevated temperatures.

(2) A unified strength equation for stainless steel CHS K- and N-joints at elevated temperatures
was proposed by adopting the reduction factor of yield stress of stainless steel materials. The
statistical analysis shows that the proposed strength equation (Eqg. (5)) is reasonably accurate.
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Table 1
Gap K-joints used for validating FE models.

. Chord Brace 1 Brace 2
Specimen
d(mm) t(mm) di (mm) ti (mm) d2(mm) t2(mm) g(mm) 6.(°) 62(°
KC48-30[2] 1015 2.80 48.0 2.92 48.0 2.92 87 29.2 300
KC48-45[2] 103.0 284 48.2 2.92 48.2 2.92 29 440 445
KC76-30[2] 101.0 2.79 72.3 2.94 72.3 2.94 24 295 300
G2C [33] 2164  7.82 165.0 5.28 165.0 5.28 29.5 60 60
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Table 2

Overlapped N-joints used for validating FE models.

. Chord Through brace Lap brace
Specimen
d(mm) t(mm) di (mm)  t1 (mm) d2(mm) t2(mm) g(mm) 6(°) 62(°)
N-joint [34] 219.1 7.9 168.3 7.1 88.9 55 1430 90 30
N-joint [35] 457.2 12.7 273.1 9.3 168.3 7.1 85 90 45
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Table 3

Material properties of specimens for validation study.

Specimen Member Eo (GPa) fy (MPa) fu (MPa) eu (%)
KC48-30 [2] Chord/Brace 190 395 640 38.3
KC48-45 [2] Chord/Brace 190 395 640 38.3
KC76-30 [2] Chord/Brace 190 395 640 38.3
G2C [33] Chord 210 480 532 10.0
Brace 210 363 436 10.0
N-joint [34] Chord 199 361 462 10.0
Through brace 201 403 519 10.0
Lap brace 193 380 469 10.0
N-joint [35] Chord 191 377 472 10.0
Through brace 197 374 457 10.0
Lap brace 205 386 477 10.0
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Table 4

Comparison of peak loads.

Specimen Mesh size (mm) Nee (KN) Nest (KN) NFe/Nest
KC48-30 [2] 4 99.0 110.0 0.90
KC48-45 [2] 4 84.6 84.8 1.00
KC76-30 [2] 4 156.4 172.0 0.91
G2C [33] 8 799.9 830.8 0.96
N-joint [34] 5 360.3 380.5 0.95
N-joint [35] 8 1023.3 980.0 1.04
Mean 0.96
cov 0.056

M16/29



Table 5

Parameters for gap K- and N-joints.

Joint number Chord Brace 1 Brace 2

d(mm) t(mm) di (mm) ti (mm) d2(mm) t(mm) g(mm) 62(°) n
1 200 10 60 10 60 10 50 45 0
2 200 10 100 10 100 10 50 45 0
3 200 10 140 10 140 10 50 45 0
4 200 10 180 10 180 10 50 45 0
5 200 20 100 20 100 20 50 45 0
6 200 7 100 7 100 7 50 45 0
7 200 100 100 50 45 0
8 200 4 100 4 100 4 50 45 0
9 200 10 100 10 100 10 50 30 0
10 200 10 100 10 100 10 50 60 0
11 200 10 100 10 100 10 50 45 0.2
12 200 10 100 10 100 10 50 45 0.4
13 200 10 100 10 100 10 50 45 0.6
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Table 6

Parameters for completely overlapped N-joints.

Chord Through brace Lap brace
Joint number
d(mm) t(mm) di (mm) t1 (mm) d2(mm) t2o(mm) g(mm) 62(°) n
1 200 10 160 8 48 8 100 45 0
2 200 10 160 8 80 8 100 45 0
3 200 10 160 8 112 8 100 45 0
4 200 10 160 8 144 8 100 45 0
5 200 20 160 16 80 16 100 45 0
6 200 7 160 5.6 80 5.6 100 45 0
7 200 160 4 80 4 100 45 0
8 200 4 160 3.2 80 3.2 100 45 0
9 200 10 160 8 80 8 100 30 0
10 200 10 160 8 80 8 100 60 0
11 200 10 160 8 80 8 100 45 0.3
12 200 10 160 8 80 8 100 45 0.6
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Table 7

Material parameters for stainless steel at room temperature (Feng and Young [3, 4]).

Steel type Eo (GPa) fo (MPa) fy (MPa) fu (MPa) eu (%)
Duplex 208 167 536 766 30.0
HSA 194 147 497 761 34.7
AISI 304 200 140 392 696 43.7

Note: HSA denotes high strength austenitic.
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Table 8

Statistical analysis of rs;.

Case studies Gap K-joints Gap N-joints Overlapped N-joints

N 119 119 112

Max. 1.05 1.05 1.04

Min. 0.89 0.89 0.87

Mean 0.98 0.98 0.96

cov 0.04 0.04 0.04
e 3.70% 3.58% 4.58%
s 4.39% 4.30% 5.39%

Note: The values of rsi at T=22°C were excluded in the calculation of the values of Mean, COV, e and s.
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(b) Overlapped N-joints

Fig. 1. Configuration and notations of K- and N-joints.
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(a) Gap K-joints (b) Overlapped N-joints
Fig. 2. Boundary condition and loading mode for validation study.

M22/29

777



(a) KC48-30 [2, 39] (b) N-joint [34]
Fig. 3. Comparison of failure modes.
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Fig. 4. Comparison of load-displacement curves.
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Fig. 5. Boundary condition and loading mode for parametric study.
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Fig. 6. Comparison for stainless steel gap K-joints.
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Fig. 7. Comparison for stainless steel gap N-joints.

M27/29



ONN1
ONN2
ONN3
ONN4
ONNS5
ONN6
ONN7
ONN8
ONN9
ONN10
ONN11
ONN12
OND1
OND2
ONH1
ONH2
T T T T —kyT
0 200 400 600 800 =---kET

<4 > oo

oO% O0VAO

B - 1 ¥ X +

0.0

Temperature

Fig. 8. Comparison for stainless steel overlapped N-joints.
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(a) GKD1 (b) GNH4

(c) ONN2 (d) ONN12
Fig. 9. Failure modes of K- and N-joints.
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