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9  Abstract: This paper aims to investigate the structural behaviour and static strength of high strength steel
10  circular hollow section (CHS) X-joints under axial compression in the braces. Extensive numerical
11  simulations on the CHS X-joints using S460, S700, S900 and S1100 steel were carried out. The failure
12 mode of the CHS X-joints investigated is chord plastification. Effects of heat affected zones on the initial
13  stiffness and static strength of the CHS X-joints are found to be relatively insignificant. Suitability of the
14  mean strength equation adopted by the CIDECT design guide for the CHS X-joints was evaluated against
15  results obtained from the numerical simulations in this study and experimental tests in the literature. In
16  general, the CIDECT mean strength prediction is slightly unconservative for CHS X-joints in S460 steel
17  and becomes increasingly unconservative with increasing steel grade. This is because the improved yield
18  stress of high strength steel generally could not be fully utilised in the CHS X-joints mainly due to the
19  adopted indentation limit i.e. 3% of chord diameter. The recommended ranges of chord diameter to wall
20  thickness ratio (2y) are 2y<40 for steel grades ranging from S460 to S700 and 2y<30 for steel grades
21  greater than S700 and up to S1100 to allow for more effective use of high strength steel. The suggested
22 range of brace to chord diameter ratio (f) is 0.2<<1.0 for steel grades ranging from S460 to S1100, which
23 isthe same as the current CIDECT validity range of /5 ratio. A mean strength equation was proposed for the
24  CHS X-joints with 2y and f ratios which are within the suggested ranges. The statistical analysis shows
25  that the proposed mean strength equation can produce reasonably accurate and consistent strength
26  prediction. The proposed mean strength equation was converted to a design strength equation for the
27  design of high strength steel CHS X-joints.
28
29  Keywords: Chord plastification; CHS X-joint; High strength steel; Structural behaviour; Static strength;
30  Design
31
32 1. Introduction
33
34 The popularity of high strength steel (HSS) with a nominal yield stress higher than 450 MPa, as an
35  economical and sustainable construction material, is increasing. The application of high strength steel with
36 high strength-to-weight ratio in tubular structures can reduce structural self-weight, construction costs and
37  carbon footprints because of lower consumption of steel materials. Tubular joints are critical components
38  in onshore and offshore tubular structures as failure of one or several tubular joints could lead to the
39  collapse of entire tubular structures. Thus, it is significant to provide design guidance for tubular joints.
40  Comprehensive design guidance for normal strength steel tubular joints is available in design codes and
41  guides [1-7]. In contrast, design rules for HSS tubular joints remain limited. It is therefore desirable to
42  investigate the structural behaviour and static strength of HSS tubular joints for the design of joints and
43  thus to facilitate application of HSS tubular structures in construction industry.
44 Liu and Wardenier [8] conducted finite element analysis on the static strength of rectangular hollow
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section (RHS) gap K-joints using S460 steel. It is found that the joint strength is on average 10 to 16%
lower than that of corresponding S235 joints in relative terms. Kurobane [9] carried out tests on circular
hollow section (CHS) gap K-joints in S460 steel and found that the joint strength is 18% lower compared
with the same joints using S235 steel. Noordhoek et al. [10] also reported similar findings that the joint
efficiency of CHS gap K-joints in S460 steel is lower than that of corresponding S235 joints. These early
studies exclusively on gap K-joints show that the static strength of S460 gap K-joints is lower than that of
corresponding S235 joints in relative terms. In line with the research findings, EN 1993-1-8 [1] and the
CIDECT design guides [2, 3] allow the use of steel grades beyond S355 and stipulate restrictive design
rules. Additional reduction factors of joint strength are specified to be applied to the design strength
equations of normal strength steel tubular joints for the design of all types of HSS tubular joints
indiscriminately [1-3]. EN 1993-1-8 [1] prescribes a reduction factor of 0.9 for tubular joints using steel
grades greater than S355 and up to S460. EN 1993-1-12 [11] further extends the limit of steel grades
beyond S460 and up to S700 and imposes a reduction factor of 0.8. Likewise, the CIDECT design guides
[2, 3] stipulate a reduction factor of 0.9 and specify the limitation on yield stress (fy) to 0.8 of the ultimate
stress (fu) for tubular joints using steel grades greater than S355 and up to S460. These restrictions are
imposed for tubular joints in steel grades greater than S355 due to relatively larger deformation for chord
face plastification, possibly lower deformation and rotation capacity, and required sufficient connection
ductility for chord punching shear and local yielding of braces [2, 3, 12].

These restrictive provisions in EN 1993-1-8 [1] and the CIDECT design guides [2, 3] partially eliminate
the benefits of using higher steel grades. The suitability of such design rules for all types of HSS tubular
joints remains controversial. Some recent investigations re-evaluated the design provisions. For RHS joints,
Becque and Wilkinson [13] conducted tests on RHS T- and X-joints in C450 steel with a nominal yield
stress of 450 MPa. Test strengths of the joints were compared with nominal strength predictions of the
CIDECT design guide [2]. The nominal strengths were converted from the CIDECT design strengths by
multiplying the implicit safety factors incorporated in the CIDECT design equations. The specified
reduction factor and limitation on the yield stress were not applied. It is found that the test strengths exceed
the CIDECT nominal strengths for the joints which failed by ductile modes of chord face plastification and
chord side wall buckling, provided that the joint parameters are within the validity ranges of the CIDECT
design strength equations. The test program, however, provided justification for the application of the
reduction factor and limitation on yield stress for the joints which failed by less ductile modes of chord
punching shear and effective width failure of braces. Mohan et al. [14, 15] conducted numerical
investigations on RHS T-, X-, K- and N-joints in C450 steel and found that the numerical strengths are
generally higher than the CIDECT design strengths without applying the reduction factor and limitation on
yield stress. Cheng and Becque [16] proposed a design methodology for chord side wall buckling of RHS
X-joints in steel grades up to C450 subjected to axial compression in the braces which can consider the
effect of compressive chord preload. For CHS joints, Puthli et al. [17] conducted tests on CHS X-joints
using steel grades up to S770 and numerical analysis on the reduction factors of the static strength of CHS
X-joints in S460 and S690 steel compared with the same joints using S355 steel. It is noted that the effect
of chord preload was not examined. It is found that the joint strengths obtained from tests are generally
higher than the design strengths calculated from design equations in EN 1993-1-8 [1] without applying the
reduction factors. The reduction factors of joint strength obtained from the numerical study are higher than
0.9 for CHS X-joints in S460 and larger than 0.8 for S690 joints. Lee et al. [18] carried out test and
numerical investigations on CHS X-joints using steel grades up to HSA800 with a nominal yield stress of
650 MPa and without chord preload. Similar findings that the test and numerical strengths exceed the
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design strengths of EN 1993-1-8 [1] without using the reduction factors were reported. Lan et al. [19]
compared numerical and test strengths of CHS X-joints with nominal yield stresses ranging from 650 to
1100 MPa with those calculated from mean strength equations on which design equations in EN 1993-1-8
[1] and the CIDECT design guide [3] are based. It is found that suitability of the mean strength equations
for CHS X-joints using high strength steel depends on the yield stress (fy), brace to chord diameter ratio (5),
chord diameter to wall thickness ratio (2y) and compressive chord preload ratio (n). It is noted that the
parameter ranges of CHS X-joints [17-19], however, remain limited. Comprehensive assessment of the
current design rules and design guidance for CHS X-joints using high strength steel are therefore needed.

An extensive finite element investigation on the structural behaviour and static strength of CHS X-joints
using S460, S700, S900 and S1100 steel subjected to axial compression in the braces was conducted.
Effects of heat affected zones on high strength steel CHS X-joints were examined. The mean strength
equation on which the CIDECT design equation is based for CHS X-joints which fail by chord
plastification was evaluated against the numerical strengths obtained in this study and test strengths
reported in the literature. Design rules were proposed for CHS X-joints using steel grades ranging from
S460 to S1100.

2. Finite element investigation

2.1. Finite element model

The finite element (FE) program ABAQUS [20] was employed to conduct the numerical investigation
on CHS X-joints using high strength steel. Fig. 1 shows the joint configuration and notations. Lan et al. [19]
developed FE models for CHS X-joints using high strength steel which were validated against the reported
test results [17, 18]. The material properties measured in the tests [17, 18] were adopted. The true stress
and logarithmic plastic strain converted from engineering stress and strain were employed. Only axial
displacement at the end of two brace members was allowed while other degrees of freedom were
constrained, and the two chord ends were free to translate and rotate. The brace loading was applied in
increments by using the “Static” method in ABAQUS. The parameter (*NLGEOM) was adopted to
consider the effect of geometric nonlinearity in numerical simulations. Effects of element type and weld
modelling were examined. A mesh convergence study was carried out to determine suitable mesh sizes. It
is found that numerical results of FE models adopting a shell element i.e. S4R (four-node quadrilateral
shell element with reduced integration) which excluded weld modelling and those using solid elements (i.e.
C3D8R for the brace and chord members and C3D6 for the weld) which modelled the weld are comparable.
The von Mises yield criterion and isotropic hardening rule were used. The failure mode of chord
plastification, load-indentation curves and static strengths of CHS X-joints obtained from the numerical
analysis were compared with those in the tests [17, 18]. It is shown that the numerical predictions agree
well with the test results. The static strength of CHS X-joints is determined by the peak load or the load at
an indentation of 3% of chord dimeter (d) at the crown (see Fig. 1), which was originally proposed by Lu
et al. [21]. If the indentation at the peak load is smaller than 3%d, then the peak load is taken as the joint
strength. Otherwise, the load at the indentation of 3%d is considered to be the joint strength.

2.2. Effects of heat affected zones

The brace members are directly welded to the chord for welded CHS X-joints. A high heat input into
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base metals could lead to a phase transition in heat affected zones (HAZ) and thus result in changes in
microstructures and corresponding material properties. Microstructures and material properties of HAZ
mainly depend on the steel material, heat input, welding type and cooling time [22, 23]. Steel
manufacturing techniques e.g. quenching and tempering (QT), direct quenching (DQ), and
thermo-mechanical controlled processing (TMCP) are used to produce high strength steel [23]. Chemical
compositions and carbon equivalent values (CEV) of high strength steel manufactured using different
techniques differ which could affect the material properties of HAZ. Stroetmann et al. [22] found that the
ultimate stresses (fu) of HAZ in QT S690Q and S960Q steel and TMCP S500M steel are generally higher
than those of base metals in the cooling time ranging from 1.5 to 25 seconds. However, the ultimate
stresses of HAZ in TMCP S700M steel are lower than those of base metals. This is possibly due to lower
level of alloying in TMCP steel compared with QT steel. Javidan et al. [23] reported that the maximum
strength reduction in HAZ of TMCP steel with a measured yield stress (fy) of 772 MPa is around 8% and
that of DQ steel with a measured yield stress of 1247 MPa is around 30% while welding enhances the
ultimate stress in HAZ of mile steel with a measured yield stress of 305 MPa by around 13%. Similar
findings that the maximum strength reduction in HAZ of high strength steel with a measured yield stress of
780 MPa is around 7% and that of QT steel with a measured yield stress of 1361 MPa is around 45% were
reported by Amraei et al. [24] and Jiao et al. [25]. Siltanen et al. [26] found that the maximum reduction of
Vickers hardness in HAZ of DQ S960 steel is around 20% while that of QT S960 steel is minor. It is noted
that the yield and ultimate stresses linearly increase with increasing hardness [27]. The results indicate that
the strength reduction in HAZ could be more significant for higher steel grades and larger for TMCP and
DQ high strength steel compared with QT steel.

High heat input in welding of high strength steel could result in severe strength reduction in HAZ while
low heat input alleviates the strength reduction or even leads to higher strengths in HAZ of QT steel [23].
The heat input depends on the welding parameters e.g. the current, voltage and welding speed in traditional
gas metal arc welding (GMAW), and the applied laser power in laser welding (LW). The heat input of LW
could be lower which can result in smaller width of HAZ. Cooling conditions after welding determine the
cooling time of HAZ from 800 to 500 °C (#g5) which also strongly affects the material properties of HAZ.
Stroetmann et al. [22] found that short cooling time results in significant strength hardening in HAZ of QT
S690Q, S960Q and TMCP S500M steel, and the ultimate stresses of HAZ are closer to those of base
metals for longer cooling time of 25 seconds. The welding of high strength steel is demanding and vital,
but related research remains limited. It is therefore highly desirable to investigate the material properties of
HAZ in high strength steel and to provide comprehensive welding guidance in order to avoid excessive
material softening in HAZ.

The strength reduction in HAZ of high strength steel could occur in practice. It is therefore necessary to
examine the effect of HAZ on the static strength and stiffness of high strength steel CHS X-joints.
Numerical simulations were conducted on CHS X-joints in ultra-high steel grades of S900 and S1100
because the strength reduction in HAZ is relatively insignificant for lower steel grades [23-24]. The joint
parameters of analysed CHS X-joints are shown in Table 1. The measured geometric parameters and weld
sizes of specimens R69 and R75 in tests [17] were adopted herein for FE analysis. The geometric
parameters of specimens R69-1 and R75-1 are the same as those of specimens R69 and R75, respectively,
expect that the brace and chord walls are thinner to increase the 2y ratio up to 30.6. The FE models using
solid elements and with weld modelling developed by Lan et al. [19] were employed to examine effects of
HAZ on CHS X-joints using S900 and S1100 steel.

The width of HAZ in the chord was taken as #;+w+12 mm as shown in Fig. 2, where #; is the brace wall
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thickness, and w is the weld leg size. The HAZ width was determined in line with the measured
micro-hardness profiles in welded ultra-high strength steel tubes with a measured yield stress of 1247 MPa
(see Fig. 15 in Javidan et al. [23] for DQ high strength steel). The reduction of yield and ultimate stresses
in HAZ near the weld which is in red colour as shown in Fig. 2 was taken as 20% and 30% for S900 and
S1100 steel, respectively. The strength reduction of HAZ far from the weld which is in blue colour as
shown in Fig. 2 equals to 10% and 15% for steel grades of S900 and S1100, respectively. The magnitudes
of strength reduction were determined in accordance with those in DQ high strength steel (see Fig. 2 in
Siltanen et al. [26] and Figs. 5-6 in Javidan et al. [23]). The ultimate strain at ultimate stress (s.) of HAZ in
S900 and S1100 steel near the weld (in red) was taken as 2.1 and 3.5 times of the ultimate strain of base
metals, respectively (see Figs. 7 in Javidan et al. [23]). The elastic modulus (£) of HAZ equals to that of
base metals. It should be noted that the HAZ was assumed to cover full chord wall thickness in HAZ of
specimens R69, R69-1 and R75-1 as the chord walls are relatively thin. The depth of HAZ from the weld
in specimen R75 was taken as 12 mm which is the same as the maximum HAZ width from the weld toe
due to the thick chord wall with /=22.0 mm. It should be noted that the heat affected zones in the brace
were not modelled as the brace cross-section capacity is higher than the joint strength and the failure mode
is chord face plastification. The material parameters of base metals of S900 and S1100 steel reported in Ma
et al. [28] and those of HAZ in CHS X-joints adopted are shown in Table 2. The value following the letter
R denotes the percentage of reduction in yield and ultimate stresses compared with the base metals. The
corresponding engineering stress-strain curves adopted which were obtained from the stress-strain curve
models proposed by Ma et al. [28] are shown in Figs. 3(b)-(c).

Fig. 4 shows the load-indentation curves of S900 and S1100 steel CHS X-joints without and with HAZ.
It is shown that effects of HAZ and steel grades on initial joint stiffness are minor due to almost constant
elastic modulus of steel. However, the HAZ reduces the static strength and stiffness of high strength steel
CHS X-joints when the brace-chord intersection region becomes plastic and inelastic deformation occurs
because of the material strength reduction in HAZ. Table 1 summarises the static strength of analysed CHS
X-joints without HAZ (Nu1) and with HAZ (Ny2). It is shown that the joint strength reduction due to HAZ
in S900 steel CHS X-joints varies from 3 to 5% and that for S1100 steel CHS X-joints ranges from 5 to 7%.
The reduction of joint strength is relatively insignificant when compared with the large reduction of
material strengths in HAZ possibly because the stress in HAZ which becomes plastic could be
redistributed to the nearby regions of base metals. Furthermore, the improved yield stress of high strength
steel is generally under-utilised in high strength steel CHS X-joints mainly because of the adopted
indentation limit, which will be discussed in Section 3.3. This also contributes to the relatively
insignificant effect of HAZ on the static strength of CHS X-joints. It is noted that the width and strength
reduction of HAZ in DQ high strength steel adopted herein could be smaller if optimised welding
parameters are used which could result in negligible strength reduction of CHS X-joints. Additionally, the
joint strength reduction of CHS X-joints using QT high strength steel because of HAZ may be smaller than
that of CHS X-joints in DQ and TMCP steel because the strength reduction in HAZ of QT steel is less
significant [22, 26]. The HAZ is therefore not explicitly modelled in the subsequent parametric study. The
strength reduction of CHS X-joints resulted from the HAZ was, however, taken into account by proposing
conservative mean strength equations for CHS X-joints using S900 and S1100 steel in Section 4.1.

2.3. Parametric study

There are totally 708 CHS X-joints using S460, S700, S900 and S1100 steel in the parametric study. For
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each steel grade, 177 specimens were modelled including 81 joint configurations without chord preload
and 96 specimens with chord preload. For CHS X-joints without chord preload, the chord diameter (d) is
480 mm. The values of chord wall thickness are 48, 32, 24, 19.2, 16, 13.7, 12, 10.7 and 9.6 mm, and the
corresponding ratios (2y) of chord diameter (d) to wall thickness (¢) are 10, 15, 20, 25, 30, 35, 40, 45 and
50. The values of brace diameter (d1) are 96, 144, 192, 240, 288, 336, 384, 432 and 480 mm with
corresponding ratios (f) of brace diameter () to chord diameter (d) of 0.2, 0.3, 0.4, 0.5, 0.6, 0.7, 0.8, 0.9
and 1.0. Among the specimens without chord preload, 12 joint configurations with 2y ratios of 10, 25 and
40, and p ratios of 0.3, 0.5, 0.7 and 0.9 were selected to examine effects of chord preload ratio (r) which
equals to the ratio of chord preload (NV,) to chord cross-section yield load (4fy). Eight values of » ratio of
-0.8, -0.6, -0.4, -0.2, 0.2, 0.4, 0.6 and 0.8 were analysed. Negative and positive values of » ratio denote
chord compression and tension, respectively. The angle between brace and chord members (#) and the ratio
(7) of brace wall thickness (#1) to chord wall thickness (¢) were set to be 90° and 1.0, respectively. This is
because these two parameters have minor effect on the strength ratio of mean strengths predicted by EN
1993-1-8 [1] and the CIDECT design guide [3] to numerical or test strengths of high strength steel CHS
X-joints [19]. The length of chord members (/) was taken as 6d and that of brace members (/1) was set to
be 3di, in accordance with those adopted by Lan et al. [19]. The investigated parameter ranges in the
parametric study are 0.2<6<1.0, 10<2y<50 and -0.8<r<0.8.

It is noted that the CHS X-joint specimens tested by Puthli et al. [17] were made of hot-finished steel
CHS tubes. The values of yield stress (fy) and ultimate stress (fu) of S460 steel in the parametric study were
taken as the average values of f; and f, of chord members of specimens R45, R60, R61, R62, R63 and R73
using S460 steel under axial compression [17]. However, elastic modulus (£), ultimate strain at ultimate
stress (eu) and stress-strain curves of the specimens [17] were not reported. Thus, the value of elastic
modulus (E) was taken as 210 GPa, in accordance with EN 1993-1-1 [29]. The ultimate strain at ultimate
stress (eu) of S460 steel was determined by the predictive equation proposed by Yun and Gardner [30]. The
bi-linear plus nonlinear hardening material model [30] for hot-finished steel was adopted for S460 steel.
The material parameters and stress-strain curve models of cold-formed CHS using S700, S900 and S1100
steel reported by Ma et al. [28] were used in the numerical analysis. Table 2 summarizes the material
parameters used for high strength steel. Fig. 3 shows the engineering stress-strain curves adopted, which
are based on the material models proposed by Yun and Gardner [30] and Ma et al. [28].

The validated FE models using the shell element S4R and without weld modelling [19] were adopted for
the parametric study. The mesh size was determined by a mesh convergence study. It is found that a mesh
size of 16 mm for the specimens in the parametric study is suitable. For CHS X-joints without chord
preload, all degrees of freedom at the end of two braces were restricted, except for axial displacement at
the two brace ends, and the two chord ends were free to translate and rotate. The axial compressive loading
at the end of brace members was applied by displacement. For CHS X-joints with chord preload, all
degrees of freedom at the brace and chord ends were constrained, except for the axial displacement. The
chord preload was firstly applied to the chord and then the brace ends were loaded by displacement.
Results of parametric analysis in this study and experimental tests [17, 18] were used to assess current
design provisions and to propose design rules for high strength steel CHS X-joints.

3. Comparison and evaluation of design rules

3.1. Current design rules
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Design provisions for normal strength steel tubular joints specified in EN 1993-1-8 [1] and ANSI/AISC
360-10 [7] are generally in accordance with design rules proposed by Wardenier [31] and the 2nd edition
of the IIW recommendations [32]. There is no deformation limit considered and the design rules are
primarily based on test results. The CIDECT design guide [3] and ISO 14346 [4] are generally in line with
the 3rd edition of the IIW recommendations [5], and the indentation limit of 3%d is adopted. The design
equations for tubular joints [3-5] are mainly based on FE database because test data inevitably include a
certain amount of scatter while FE results could avoid such scatter [33]. API RP 2A WSD [6] employs the
Yura displacement limit which is 60df;/E for axially loaded tubular joints, and the design equations are
developed from regression analysis using the MSL screened test database, the unscreened test database
compiled by Kumamoto University and the API/EWI validated FE database [34]. The design codes and
guides [1, 3-7, 32] are applicable for hot-finished and cold-formed steel tubular joints, and the general
format of the strength equation for axially loaded CHS X-joints which fail by chord plastification is as
follows:

f t?
Ny, =Q.Q siné? @)
where the reference strength equation (Q.) is expressed as a function of y and f, and the chord stress
equation (Qr) accounts for the effect of chord longitudinal stresses on the joint strength.

It is noted that the reference strength equations (Q,) adopted for CHS X-joints using normal strength
steel [1, 3-5, 7, 32] are based on the ring model as shown in Fig. 5 [35, 36]. The ring model assumes that
most of the loads applied in the braces are transferred at the saddle (see Fig. 5(a)). It also postulates that
the brace loading is resisted by the six plastic hinges at the assumed positions, and the effects of axial and
shear stresses on the plastic moment resistance of the plastic hinge could be neglected. It is also noted that
effects of strain-hardening and membrane action in chord members are not taken into account in the ring
model. The chord plastification failure of CHS X-joints is mainly caused by the load component (V;sinf),
which is perpendicular to the chord, of the brace loading (V). In the ring model, the load component
(N1sind) is divided into two loads (0.5N;siné) at point A. The distance between the two plastic hinges at
point A as shown in Fig. 5(a) is assumed to be Bd (B<1.0). The failure mode of chord plastification could
be represented by a fourth model (see Fig. 5(b)) due to symmetry, in which the load (0.5N;siné) at each
plastic hinge is transferred by an effective length (B.) along the chord longitudinal direction as shown in
Fig. 5(c). The plastic moment capacity (M,) of each plastic hinge equals to B.f’f,/4. The reference strength
equation (Q,) for CHS X-joints can be obtained from the moment equilibrium equation in Fig. 5(b) as
follows [35]:

2B, /d
Q, = 1B )

The effective length (Bc) which is dependent on f and y ratios can be determined by regression analysis

using test or numerical database. Thus, Eq. (2) can be expressed as follows [30]:

__ A cpop
Qec=175 57 3)
A+E
Qucioect = l——Bﬂﬂ}/C @)

where 4, B, C, D and E are regression coefficients. It is noted that EN 1993-1-8 [1], ANSI/AISC 360-10 [7]
and the I[TW recommendations [32] adopt Eq. (3) for the regression analysis using test data. The CIDECT
design guide [3], ISO 14346 [4] and the ITW recommendations [5] employ Eq. (4) which simplifies the
quadratic function of f in the exponent of Eq. (3) for the regression analysis using numerical results of
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S355 CHS X-joints. It should be noted that the difference between the peak load and the load at the
indentation limit of 3%d is generally small for normal strength steel CHS X-joints under zero or
compressive chord preload [36]. This therefore indicates that in general the indentation limit is not a
governing factor limiting the joint strength and the plastic hinges could effectively form at the assumed
positions (see Fig. 5(a)) when the joint strength is controlled by the indentation limit.

The chord stress equations (Qr) in design codes and guides [1, 3-7, 32] for normal strength steel CHS
X-joints are obtained from regression analysis which generally adopts lower bounds of test or numerical
data [31, 34, 36]. It is noted that chord stress equations adopted by EN 1993-1-8 [1], API RP 2A WSD [6],
ANSI/AISC 360-10 [7] and the IIW recommendations [32] account for the detrimental effect of
compressive chord axial stresses on joint strength (i.e. 0r<1.0). However, no reduction of joint strength (i.e.
0r=1.0) is prescribed for tensile chord axial stresses. van der Vegte et al. [36] numerically examined the
effect of chord preload on the static strength of CHS X-joints in S355 steel and found that large tensile
chord axial stresses could also result in significant reduction of the joint strength. Based on the numerical
results, a new chord stress equation which can consider the effect of compressive and tensile chord axial

stresses was proposed as follows [36]:
Q = (L.0-[n[")s 5)

where F, G, H and J are regression coefficients. The CIDECT design guide [3], ISO 14346 [4] and the [ITW
recommendations [5] adopt the format of Eq. (5) to account for the effect of chord axial stresses.

It should be noted that the regression analysis of test or numerical data for the reference strength
equation (Q.) and the chord stress equation (Qr) leads to the mean strength equations for CHS X-joints
using normal strength steel. The mean strength equations can be converted to characteristic strength
equations by considering fabrication tolerances, mean values and scatter of test or numerical data and a
correction of steel yield stress [33]. The design strength equations [1, 3-5, 32] can be derived from the
characteristic strength equations divided by a safety factor which is 1.1 for CHS X-joints which fail by
chord face plastification. The commentary K3 of ANSI/AISC 360-10 [7] indicates that the available axial
strength equations specified for CHS X-joints are characteristic strength equations. Procedures of
converting mean to design strength equations are detailed in Wardenier [31] and van der Vegte et al. [33].

3.2. Comparison with numerical and test results

The failure mode of high strength steel CHS X-joints analysed in Section 2.3 and those tested by Puthli
et al. [17] and Lee et al. [18] (see Table 3) is chord plastification. The indentation limit of 3%d was
adopted in this study and experimental tests [17, 18]. It is also noted that the design rules for normal
strength steel CHS X-joints subjected to brace axial compression specified in the CIDECT design guide [3]
are the same as those in ISO 14346 [4] and the IIW recommendations [5]. The CIDECT design strength

(Ncipectrd) can be obtained from:

2
f.t
sin@

1+

NCIDECT,Rd = 2-6(1_0 78

)70.15Qf,CIDECT (6)

Qf,CIDECT =(-[n DC (7)
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0.45-0.254 for n<0
= (8)

“10.20 forn>0

where f is the ratio of brace diameter (d1) to chord diameter (d), y is the ratio of chord diameter (d) to twice
chord wall thickness (f), 8 is the angle between the brace and chord members, fy is the yield stress of the
chord, QOrcipect is the chord stress equation, and # is the chord preload ratio. Negative and positive values
of n denote compressive and tensile chord axial stresses, respectively. To allow for objective and consistent
comparison, the CIDECT mean strength equation which is based on the numerical analysis conducted by
van der Vegte [33, 36] was adopted as follows:

1+ 8 | o5 fyt2
10757 Qoo gig ©)

Neipect mean =1-215%2.6(

It is noted that an implicit safety factor of 1.215 was incorporated in the design strength equation (Eq. (6))
compared with the mean strength equation (Eq. (9)).

Fig. 6 shows the comparison of CIDECT mean strengths (NcipecTMean) calculated from Eq. (9) with
numerical strengths obtained in Section 2.3 (NVrg) and test strengths summarized in Table 3 (Ntes) for CHS
X-joints without chord preload. Figs. 7-10 show the comparison of the joint strength reduction predicted
by Eq. (7) (Orcmect) with that obtained from finite element simulations in this study (Qrre) for CHS
X-joints subjected to chord preload. It should be noted that the reduction of joint strength (Qr) is defined as
the ratio of the static strength of tubular joints to that of the same joints without chord preload.

3.3. Assessment of the CIDECT design rules
3.3.1. CHS X-joints without chord preload

This subsection evaluates the applicability of the CIDECT mean strength equation (Eq. (9)) for high
strength steel CHS X-joints without chord preload, in which Qrcmrcr=1.0. Fig. 6 shows that
NcmecTMean/ NFE and NcrpecT,Mean/NTest Tatios generally increase with increasing yield stress (fy). Table 4
summarizes mean values and coefficients of variation (COV) of Ncipect,Mean/NrE ratio for CHS X-joints
without chord preload. The mean values of Ncipectmean/NrE ratio for steel grades S460, S700, S900 and
S1100 are 1.01, 1.17, 1.35 and 1.40 with corresponding COV of 0.073, 0.085, 0.128 and 0.156. The mean
value of NcipEcTMean/NTest Tatio (see Table 3) for steel grades ranging from S460 to S770 is 1.15 with
corresponding COV of 0.080. It is shown that the CIDECT mean strength prediction is slightly
unconservative and consistent for S460 CHS X-joints without chord preload. However, the CIDECT mean
strength equation (Eq. (9)) which is dependent on f; and ratios of f, y and n generally produces
increasingly unconservative and scattered strength prediction for steel grades greater than S460.

Fig. 11 examines effects of f and 2y ratios on NcipecTMean/NrE Tatio of CHS X-joints without chord
preload. It should be noted that the validity ranges of § and 2y ratios for the CIDECT design and mean
strength equations (Egs. (6-9)) are 0.2<6<1.0 and 2y<40. Fig. 11(a) shows that in general NcipecTMean/ NFE
ratio of CHS X-joints using S460 steel slightly decreases and then increases with increasing £ ratio up to
0.9 and decreases for f=1.0. The NcmectMean/ NFE Tatio increases with increasing 2y ratio for f=0.2 and
with decreasing 2y ratio for =1.0. The effect of 2y ratio on NcipecTMean/VFE 1atio is relatively insignificant
for 0.3<6<0.9. It is shown that the CIDECT mean strength prediction is, in general, reasonably accurate
and slightly unconservative for S460 CHS X-joints with § and 2y ratios which are within the CIDECT
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validity ranges. Fig. 11(b) shows that Ncipectmean/NrE ratio of CHS X-joints using S700 steel generally
decreases and then slightly increases with increasing £ ratio up to 0.9 and decreases for f=1.0. The
NcipECTMean/ VFE Tatio increases with increasing 2y ratio for 0.2<6<0.5 and with decreasing 2y ratio for
p=1.0. The effect of 2y ratio on NcmEcTMean/NrE Tatio is relatively insignificant for 0.6<6<0.9. It is noted
that the CIDECT mean strength prediction is relatively accurate for f=1.0, except that the prediction for
the CHS X-joint with 2y=10 is relatively unconservative. In general, the CIDECT mean strength prediction
is unconservative for S700 CHS X-joints. Figs. 11(c)-(d) show that NcipecTMean/NrE Tatio of CHS X-joints
using S900 and S1100 steel generally decreases with increasing S ratio. The NcipecTMean/NFE ratio
generally increases with increasing 2y ratio for 0.2<6<0.9 and with decreasing 2y ratio for f=1.0. It is also
noted that the CIDECT mean strength prediction is relatively accurate for f=1.0, except that the prediction
for the CHS X-joint with 2y=10 is relatively unconservative. It is shown that the CIDECT mean strength
prediction is generally unconservative for CHS X-joints using S900 and S1100 steel.

The load applied in the braces is primarily resisted by the bending action of the chord of the CHS
X-joints with small to medium f ratio, and thus the joint deformation is mainly concentrated in the vicinity
of the brace perimeter. The corresponding joint strength is generally determined by the load at the
indentation limit of 3%d instead of the peak load (i.e. deformation-controlled). The deformation of CHS
X-joints using the same steel depends on the joint axial stiffness, which increases with increasing f ratio
and with decreasing 2y ratio [37]. Consequently, the CHS X-joints with larger § ratio and lower 2y ratio
could be subjected to larger brace loadings and thus higher stresses before the violation of the indentation
limit because of larger joint stiffness, and therefore the increased yield stress of high strength steel could be
utilised more effectively. The ring model on which the CIDECT mean strength equation is based assumes
that the stresses in the region of the plastic hinges could reach the yield stress (fy) as discussed in Section
3.1. The CIDECT mean strength prediction is therefore generally more accurate and consistent for the CHS
X-joints with larger S ratio and lower 2y ratio. In contrast, the axial compression in the braces of the CHS
X-joints with /8 ratio approaching or equal to 1.0 is mainly transferred through the compressive axial stress
in the chord wall between the two braces. The corresponding joint strength is generally determined by the
peak load which is controlled by the cross-section yielding of the chord wall between the two braces. Thus,
the increased yield stress of high strength steel could be used more effectively, and the CIDECT mean
strength prediction is generally accurate for the CHS X-joints with £=1.0.

Fig. 12 further compares representative load-indentation curves of CHS X-joints without chord preload
to investigate the effect of steel grade on NcmecT,Mean/VrE 1atio. Fig. 13 shows typical yielding patterns of
CHS X-joints with =0.5 and 2y=25 at the determined joint strengths. The highly strained areas in the
brace-chord intersection regions (in red and green colours) and the middle of the chord (in light blue)
became plastic. Figs. 12(a)-(b) show that large inelastic deformation occurs in S460 CHS X-joints with
low and medium f ratios (i.e. 0.2 and 0.5) and 2y=25 when the indentation exceeds the indentation limit of
3%d. Fig. 13(a) demonstrates that the onset of plasticity has taken place, and the plastic hinges assumed in
the ring model (see Fig. 5(a)) is in the process of developing at the indentation limit. This indicates that the
CIDECT mean strength equation which is based on the ring model is generally applicable for S460 CHS
X-joints. Thus, the CIDECT strength prediction is, in general, reasonably accurate and slightly
unconservative as shown in Fig. 11(a). The slightly unconservative prediction is possibly due to the plastic
hinges which were not fully developed at the indentation limit. However, the CHS X-joints using higher
steel grades S700, S900 and S1100 could be subjected to increasingly higher elastic stresses before stresses
within the joints reach the corresponding yield stresses. It is noted that the initial stiffness of the same
joints using different steel grades is almost the same as shown in Fig. 12 due to nearly constant elastic
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modulus of normal and high strength steel. Therefore, only small inelastic deformation could take place for
the CHS X-joints using steel grade S700, and the deformation of the CHS X-joints using steel grades S900
and S1100 is largely elastic as shown in Figs. 12(a)-(b). The corresponding yielding patterns are shown in
Figs. 13(b)-(d). It is shown that the plastic hinges in the middle of the chord could not fully develop for
steel grades S700, S900 and S1100, and the effective length (B.) along the chord longitudinal direction of
the plastic hinge (see Fig. 5(c)) is increasingly short with increasing steel grade. Thus, the CIDECT mean
strength equation produces increasing unconservative and scattered strength prediction for the CHS
X-joints using steel grades S700, S900 and S1100 (see Figs. 11(b)-(d)). Fig. 12(c) shows that large
inelastic deformation occurs at the indentation limit for CHS X-joints using steel grades S460, S700, S900
and S1100 when $=1.0 and 2y=25. It is noted that the corresponding joint strengths were determined by the
peak loads and thus the indentation limit is not a governing factor limiting the joint strengths. This
indicates that the plastic hinges could fully develop and thus the CIDECT mean strength equation is
relatively accurate (see Fig. 11). Fig. 12(d) shows that large inelastic deformation takes place at the
indentation limit for CHS X-joints using steel grades S460, S700, S900 and S1100 when £=1.0 and 2y=10
while the joint strength is deformation-controlled. This is similar to the cases of S460 CHS X-joints with
low and medium p ratios and 2y=25. The corresponding CIDECT mean strength prediction is, therefore,

relatively accurate and somewhat unconservative as shown in Fig. 11.

3.3.2. CHS X-joints with chord preload

The suitability of CIDECT chord stress equation (Eq. (7)) for high strength steel CHS X-joints subjected
to chord preload was assessed. Figs. 7-10 show that the CIDECT prediction of joint strength reduction
(QrcmEcr) 1s increasingly conservative with increasing chord preload ratio (n). Table 5 summarizes mean
values and COV of the ratio (Qrcmect/QOrre) of joint strength reduction predicted by the CIDECT chord
stress equation (Eq. (7)) (QOrcipect) to that obtained in numerical analysis (Qrre) for CHS X-joints
subjected to chord preload. The mean values of QOrcipect/Qxre ratio for steel grades S460, S700, S900 and
S1100 are 0.93, 0.91, 0.89 and 0.88 with corresponding COV of 0.059, 0.056, 0.065 and 0.076. It is shown
that the CIDECT chord stress equation is increasingly conservative with increasing steel grade. This is
because the increased yield stress of high strength steel generally could not be fully utilised for CHS
X-joints without chord preload, and thus the effect of chord preload on the joint strength becomes
increasingly insignificant with increasing steel grade. It should be noted that the CIDECT chord stress
equation is obtained from regression analysis using FE database of CHS X-joints using S355 steel, and the
corresponding joint strength is generally determined by the load at the indentation limit for tensile chord
preload and the peak load for zero or compressive chord preload [36]. Figs. 7-10 also show that the effect
of chord preload ratio (n) is dependent on f and 2y ratios. For the CHS X-joints with small to medium f
ratio (e.g. f=0.3, 0.5 and 0.7), when the chord wall bends, the membrane action develops resulting in
tensile chord axial stresses which can resist the compressive brace loading and thus enhance the joint
strength. Small enhancement of the joint strength (i.e. QOrre>1.0) is, therefore, observed in Figs. 7-10 for
small tensile chord preload while the compressive chord preload generally reduces the joint strength (i.e.
Orre<1.0). For the CHS X-joints with large £ ratio (e.g. =0.9), the brace loading is mainly transferred in
the chord wall between the two braces. The compressive chord preload slightly increases the joint strength
for small compressive chord preload while the tensile chord preload lowers the joint strength. This is
because a combination of compressive stresses in perpendicular directions results in a higher yield stress
than a combination of compressive and tensile stresses according to the von Mises yield criterion. The
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value of Qrre generally decreases with increasing 2y ratio when n<0 and with decreasing of 2y ratio when
n>0. The effect of 2y ratio is relatively insignificant for relatively small chord preload ratio.

4. Proposed design rules for high strength steel CHS X-joints

4.1. Proposed mean strength equation

The mean strength equation for high strength steel CHS X-joints was proposed by modifying the
CIDECT mean strength equation (Eq. (9)). The analysis described in Section 3.3 shows that in general the
increased yield stress of high strength steel could not be fully utilised for CHS X-joints with large 2y ratio,
and thus the CIDECT mean strength prediction is generally unconservative and scattered. It is therefore
proposed to limit the range of 2y ratio to avoid applying small reduction factors of joint strength to the
CIDECT mean strength equation for high strength steel CHS X-joints which largely eliminate the benefits
of using high strength steel. It is suggested that the 2y ratio should not be greater than 40 for steel grades
ranging from S460 to S700, which is consistent with the validity range of 2y ratio for CHS X-joints using
steel grades up to S460 specified in the CIDECT design guide [3]. For steel grades greater than S700 and
up to S1100, the range of 2y ratio is recommended to be within 30. The proposed recommendation is also
in line with the design philosophy of the CIDECT design guide [3] which suggests choosing relatively
stocky cross-sections for chord members to avoid local buckling of the chord in compression and to reduce
the painting for fire and corrosion protection. The CIDECT design guide [3] stipulates that the chord of
CHS X-joints under compression should be Class 1 or 2. The proposed limits of 2y ratio for CHS X-joints
using steel grades ranging from S460 to S1100 are also within the plastic slenderness limits of CHS
cross-sections proposed by Ma et al. [38] which are 54, 44, 37 and 35 for steel grades S460, S700, S900
and S1100, respectively. The effect of f ratio on NcmpecTMean/NVFE Tatio becomes less significant when 2y
ratio is within the suggested limits (see Fig. 11). Therefore, the suggested range of f ratio for CHS X-joints
using steel grades ranging from S460 to S1100 is 0.2<<1.0, which is the same as the current CIDECT
validity range of f ratio.

In general, the CIDECT mean strength prediction is unconservative for CHS X-joints without chord
preload and the joint strength reduction predicted by Eq. (7) (Qrcipect) is conservative for CHS X-joints
under chord preload when f and 2y ratios are within the proposed limits (see Figs. 7-11). Regression
analysis of numerical results obtained in this study was conducted to propose mean strength equation for
CHS X-joints using steel grades ranging from S460 to S1100 as follows:

N = 316702270, Qu Lt (10)
Q =-62f /E+11 (11)
Qupegues = -0 (12
=841 |E+10 (13)

The proposed reduction factor of joint strength (Qy) which decreases with increasing yield stress (fy) and
with decreasing elastic modulus (F) accounts for the under-utilisation of the increased yield stress of high
strength steel. The proposed reduction factors for steel grades S460, S700, S900 and S1100 investigated in
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this study are 0.95, 0.88, 0.79 and 0.75, respectively. It should be noted that the proposed reduction factor
of joint strength (Qy) may be conservative for the mean strength prediction of CHS X-joints with large f
and 2y ratios (see Fig. (11)). The deformation capacity of CHS X-joints with large f and 2y ratios is,
however, relatively low (see Fig. 12 (c)), and thus application of the conservative reduction factors of joint
strength could limit the joint deformation occurring in practice. It should be noted that Kurobane et al.
conducted regression analysis of test results and proposed a mean strength equation for CHS X-joints in
which the function of yield ratio (fy/f,) of yield stress (fy) to ultimate stress (f.) is as follows [31]:
f

fo (f_y)fo.m (14)

u

The yield ratio of high strength steel analysed in the numerical study and experimental tests [17, 18] varies
from 0.74 to 0.98 with corresponding f value ranging from 1.05 to 1.00. This indicates that the effect of
yield ratio on the static strength of CHS X-joints is insignificant. Thus, the effect of yield ratio was not
explicitly considered in the proposed mean strength equation (Eq. (10)).

The joint strengths calculated from the proposed mean strength equation (NproposedMean) Were compared
with the test strengths (Ntest) and numerical strengths (NVeg) for CHS X-joints without chord preload. It
should be noted that values of elastic modulus of the high strength steel [17, 18] summarized in Table 3
were not reported, and thus the value was taken as 210 GPa in accordance with EN 1993-1-1 [29]. Tables
3-4 show results of statistical analysis for Nproposed Mean/NTest and Nproposed Mean/NFE ratios. The mean value of
Nproposed Mean/NTest Tatio is 1.01 with corresponding COV of 0.067. The mean values of Nproposed,Mean/NFE
ratio for steel grades S460, S700, S900 and S1100 are 0.97, 1.02, 1.01 and 0.98 with corresponding COV
of 0.065, 0.074, 0.085 and 0.107. It is shown that the proposed mean strength equation (Eq. (10)) can
produce accurate and consistent strength prediction for high strength steel CHS X-joints. The curves of the
proposed chord stress equation (Eq. (12)) are shown in Figs. 7-10. It is shown that the joint strength
reduction predicted by Eq. (12) (Qtproposed) is more accurate than that obtained from the CIDECT chord
stress equation (Eq. (7)) (Qrcmect) when compared with the FE results (Qrrge). Table 5 shows results of
statistical analysis for Qfproposed/OtrE ratio. The mean values of Orproposed/ OrFE ratio for steel grades S460,
S700, S900 and S1100 are 0.96, 0.99, 0.99 and 0.98 with corresponding COV of 0.052, 0.059, 0.043 and
0.036. It is shown that the proposed chord stress equation (Eq. (12)) is reasonably accurate and slightly
conservative. Table 6 summarizes results of statistical analysis for CHS X-joints without and with chord
preload investigated in Section 2.2. It is shown that in general the CIDECT mean strength prediction is
unconservative and scattered with mean value and COV of 1.17 and 0.176, respectively, and the strength
prediction produced by the proposed mean strength equation (Eq. (10)) is relatively accurate and consistent
with mean value and COV of 0.98 and 0.126, respectively. It should be noted that the proposed mean
strength equation is conservative for CHS X-joints using steel grades of S900 and S1100 to consider the
joint strength reduction resulted from the HAZ as discussed in Section 2.2. Data of CHS X-joints with
n=-0.8 were not included in the statistical analysis for NcmrecTMean/VFE and Nproposed Mean/ NFE Tatios in Table
6 as such data points may exhibit large errors in percentage terms, in accordance with van der Vegte et al.
[36]. CHS X-joints with 2y ratio greater than the suggested limits were also excluded in the statistical

analysis for Nproposed,Mean/IVFE and Qrproposed/ OrrE ratios in Tables 4-6.
4.2. Determination of design strengths

Procedures of converting mean to design strengths employed by the I[IW recommendations [5, 32] are
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described in Wardenier [31] and van der Vegte et al. [33]. The same procedure was adopted herein. The
characteristic strength (N, k) converted from mean strength (Num) is determined by considering fabrication
tolerances, mean values and scatter of data, and a correction factor of yield stress. The characteristic
strength (V) for a large number of data with 5% probability of lower strengths is as follows [31, 33]:

f
Nu,k = Nu,m (1—1.64VNU) fy'm (15)
v,k
VAR(N )]
o, -l 0
2 Sfy 2 Siv2 | Ssv2
VAR(N,)=N; (f_) +(1.85T) +(E) a7

y

where the ratio of mean to design yield stresses (fy,m/fyx) Was taken as 1/0.85, and the values of standard
deviation of yield stress (sg/fy) and chord wall thickness (s¢/f) were taken as 0.075 and 0.05, respectively, in
accordance with van der Vegte et al. [33]. The highest mean and COV values of 216 CHS X-joints without
chord preload in Table 4 and 320 CHS X-joints under chord preload in Table 5 were adopted (i.e.
mean=0.99 and s5/0=0.084). The characteristic strength (N,x) can be obtained by substituting Egs. (16-17)
into Eq. (15) followed by a correction of the mean value as follows [33]:
1 1
0.85X@=0'90N“’m (18)

It is noted that CHS X-joints investigated in this study failed by ductile failure mode of chord plastification,

Ny =N, x(1-1.64x0.15)x

and thus a safety factor (ym) could be taken as 1.1 [31, 33]. The design strength can be obtained from:

Nuk
Nyro = - =0.82N,, (19)

Thus, the proposed design strength equation for CHS X-joints using steel grades ranging from S460 to
S1100 which fail by chord plastification is as follows:

1+ p
1-0.7p8

f,t?
0.15
)7/ Qny,Proposed Slyﬁ (20)

N Proposed,Rd = 26(

The validity range of 2y ratio is 2y<40 for steel grades ranging from S460 to S700 and 2y<30 for steel
grades greater than S700 and up to S1100, and that of f ratio is 0.2<$<1.0 for steel grades ranging from
S460 to S1100. It is noted that the CIDECT design strength equation (Eq. (6)) modified by the proposed
reduction factor of joint strength (Eq. (11)) and chord stress function (Eq. (12)) is the same as the proposed
design strength equation (Eq. (20)).

It should be noted that the proposed mean and design strength equations for high strength steel CHS
X-joints which failed by chord plastification implicitly incorporated the indentation limit i.e. 3% of chord
diameter (d). Adopting the indentation limit originally proposed by Lu et al. [21] for normal strength steel
tubular joints is the longstanding CIDECT practice. Such indentation limit serves to control joint
deformations at ultimate and serviceability limit states because of the high flexibility of some CHS joints
[3]. It is noted that in general the indentation limit is not a governing factor limiting the joint strength for
normal strength steel CHS X-joints under zero or compressive chord load [36]. In general, the static
strength of the majority of high strength steel CHS X-joints analysed in this study was, however,
determined by the load at the indentation limit, and thus the increased yield stress of high strength steel
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could not be effectively utilised. It is significant to investigate whether the indentation limit could be
further relaxed for high strength steel tubular joints to allow for more effective use of high strength steel.
This therefore necessitates studies to examine the joint deformation occurring at the ultimate and
serviceability limit states of high strength steel tubular structures in practice. It is also noted that the
increased yield ratio and low ductility of high strength steel may affect the redistribution of stresses and
thus secondary bending moments in tubular structures which are usually neglected in structural analysis.
Therefore, in addition to the investigation on isolated tubular joints herein, comparative research on the
structural behaviour of high strength steel tubular joints in tubular structures is needed. Indeed, there are
commercially available high strength steel CHS tubes with 2y ratio which falls outside the suggested limits.
Various reinforcing methods could be adopted to enhance the joint stiffness of CHS joints with large 2y
ratios and thus to utilise high strength steel more effectively such as internal ring stiffeners [39, 40],
external stiffeners [41], collar plates [42], doubler plates [43] and grouting concrete [44, 45]. Further
research on high strength steel reinforced tubular joints is needed.

5. Conclusions

The structural behaviour and static strength of CHS X-joints using steel grades ranging from S460 to
S1100 under axial compression in the braces were studied. Numerical simulations covering a wide range of
geometric parameters and chord preload ratios were carried out. The investigated failure mode of the CHS
X-joints is chord plastification. Effects of heat affected zones (HAZ) on the CHS X-joints were examined.
Suitability of the mean strength equation adopted by the CIDECT design guide for the CHS X-joints was
evaluated against results obtained from the numerical simulations in this study and experimental tests in
the literature. Influences of the steel grade, brace to chord diameter ratio (f), chord diameter to wall
thickness ratio (2y) and chord preload ratio (n) on the applicability of the CIDECT mean strength equation
for the CHS X-joints were assessed. Design rules were proposed for the CHS X-joints. The conclusions are

summarized as follows:

(1) The effect of HAZ on the initial stiffness of the CHS X-joints is minor and the HAZ could lower the
static strength of the CHS X-joints. However, the joint strength reduction resulted from the HAZ is
relatively insignificant.

(2) The CIDECT mean strength prediction, in general, is slightly unconservative for steel grade S460 and
becomes increasingly unconservative with increasing steel grade, and is increasingly unconservative
with decreasing f ratio and with increasing 2y ratio. The CIDECT prediction of joint strength
reduction resulted from the chord preload is increasingly conservative with increasing n ratio and steel
grade.

(3) The improved yield stress of high strength steel generally could not be fully utilised which results in
the unconservative CIDECT mean strength prediction for the CHS X-joints. The under-utilisation of
high strength steel is mainly due to the adopted indentation limit i.e. 3% of chord diameter.

(4) The recommended ranges of 2y ratio are 2y<40 for steel grades ranging from S460 to S700 and 2y<30
for steel grades greater than S700 and up to S1100 to allow for more effective use of high strength
steel. The suggested range of £ ratio is 0.2<f<1.0 for steel grades ranging from S460 to S1100.

(5) A mean strength equation was proposed for the CHS X-joints with 2y and f ratios which are within the
suggested ranges. The proposed mean strength equation can produce reasonably accurate and
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consistent strength prediction. The proposed mean strength equation was converted to a design
strength equation for the design of high strength steel CHS X-joints.
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Table 1
Effects of heat affected zones on CHS X-joints using S900 and S1100 steel.

Specimen d (mm) t (mm) d1 (mm) t1 (mm) s 2y Steel Nuz (KN) Nuz (KN) Nu2/Nuz
R69 159.2 9.2 60.6 5.2 0.38 17.3 S900 623 594 0.95
$1100 657 613 0.93
R69-1 159.2 5.2 60.6 5.2 0.38 30.6 S900 196 188 0.96
$1100 200 189 0.95
R75 244.7 22.0 194.6 16.0 0.80 11.1 S900 6619 6407 0.97
$1100 7473 7075 0.95
R75-1 244.7 8.0 194.6 8.0 0.80 30.6 S900 1002 961 0.96
$1100 1080 1013 0.94

Note: Mur and N2 denote static strengths of CHS X-joints without and with HAZ, respectively.
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Table 2

Material parameters adopted for high strength steel.

Steel E (GPa) fy (MPa) fu (MPa) eu (%)
S460 210 505 616 10.81
S700 214 772 816 4.64
S900 210 1054 1116 2.26
S900-R10 210 949 1004 2.26
S900-R20 210 843 893 4.75
S1100 207 1152 1317 2.20
S1100-R15 207 979 1119 2.20
S1100-R30 207 806 922 7.70

Note: The value following the letter R denotes the percentage of strength reduction compared with the base metals of S900 and S1100 steel.
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Table 3

Comparison of CIDECT mean strengths with test strengths for CHS X-joints without chord preload.

Specimen S 2y Steel fy(MPa)  fu(MPa) Ntest (KN)  NcIDECTMean/NTest  NProposed,Mean/NTest
R45 [17] 1.00 223 S460 485 659 1016 0.92 0.88
R60 [17] 0.44 31.5 S460 535 587 781 1.13 1.06
R61 [17] 0.39 313 S460 535 587 725 1.14 1.07
R62 [17] 0.57 22.0 S460 485 659 374 1.01 0.97
R73 [17] 0.81 26.5 S460 486 589 544 1.20 1.15
R32[17] 0.55 21.9 S690 734 802 1774 1.03 0.91
R33[17] 0.55 17.0 S690 739 798 2531 1.17 1.03
R42 [17] 1.00 21.5 S690 727 793 1399 1.07 0.95
R68 [17] 0.62 17.2 S770 904 946 314 1.26 1.05
R69 [17] 0.38 17.3 S770 858 879 519 1.15 0.97
R70[17] 0.77 15.2 S770 847 892 968 1.23 1.05
R71[17] 0.72 19.2 S770 854 900 1095 1.23 1.04
R72[17] 0.53 18.9 S770 894 937 1868 1.29 1.08
R74 [17] 0.65 11.1 S770 811 863 4143 1.17 1.01
R75[17] 0.80 11.1 S770 811 863 5298 1.23 1.06
X90-650-0.75-16 [18] 0.75 16.0 HSA800 764 905 6965 1.09 0.95
X90-650-0.62-26 [18] 0.62 26.0 HSA800 798 914 5612 1.17 1.01
Mean 1.15 1.01
cov 0.080 0.067

Note: The nominal yield stress and ultimate stress of HSA800 steel are 650 and 800 MPa, respectively.
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Table 4

Results of statistical analysis for CHS X-joints without chord preload.

Steel NcipecT Mean/NFe NPproposed,Mean/NFE

No. of data Mean cov No. of data Mean cov
S460 81 1.01 0.073 63 0.97 0.065
S700 81 1.17 0.085 63 1.02 0.074
5900 81 1.35 0.128 45 1.01 0.085
S1100 81 1.40 0.156 45 0.98 0.107
Total 324 1.23 0.175 216 0.99 0.084
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Table 5

Results of statistical analysis for CHS X-joints subjected to chord preload.

Steel Qr.cipecT/QfFE Qft proposed/ Qf,FE

No. of data Mean cov No. of data Mean cov
S460 96 0.93 0.059 96 0.96 0.052
S700 96 0.91 0.056 96 0.99 0.059
5900 96 0.89 0.065 64 0.99 0.043
S1100 96 0.88 0.076 64 0.98 0.036
Total 384 0.90 0.067 320 0.98 0.051
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Table 6

Results of statistical analysis for CHS X-joints without and with chord preload.

Steel NcipecT,Mean/NFe NPproposed,Mean/NFE

No. of data Mean cov No. of data Mean cov
S460 165 1.03 0.150 147 1.01 0.163
S700 165 1.10 0.111 147 0.99 0.092
5900 165 1.26 0.149 101 0.98 0.098
S1100 165 1.29 0.177 101 0.94 0.118
Total 660 117 0.176 496 0.98 0.126
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Fig. 1. Configuration and notations of CHS X-joints.
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Fig. 2. Heat affected zones in CHS X-joints (dimensions in mm).
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