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Abstract

This paper presents a test programme to investigate the static joint resistances and load vs
deformation behaviour of cold-formed high strength steel (CFHSS) tubular non-90° X-joints. The
investigation presented in this study predominantly focused on the chord failure of non-90° X-joints
under brace axial compression loads. The experimental programme comprised of 26 tubular
non-90° X-joints, which were fabricated with three included angles (6;), i.e. 30°, 50° and 70°.
Circular and square hollow sections were used as braces, while chords were made up of rectangular
and square hollow sections. The nominal yield strengths of the tubular members were 900 and 960
MPa. The brace and chord members were connected using automatic gas metal arc welding process.
The measured value of brace-to-chord width ratio () ranged from 0.53 to 1, brace-to-chord
thickness ratio (7) ranged from 0.52 to 1.01, chord width-to-thickness ratio (2y) ranged from 20.5 to
38.7 and chord side wall slenderness ratio (4/ty) ranged from 15.4 to 38.9. A total of three failure
modes was observed, including chord face failure, chord side wall failure and combination of these
two failure modes. The static joint resistances obtained from the tests were compared with the
nominal joint resistances of X-joints given in the CIDECT and Eurocode 3. It is shown that the
existing design rules in these specifications are not suitable for the design of S900 and S960 steel
grades tubular non-90° X-joints. Further, the impact of the included angle (6;) on the joint
resistances of X-joints was observed by comparing the joint failure resistances of tubular non-90°
X-joints obtained in this investigation with the joint failure resistances of tubular 90° X-joints of
identical nominal tubular member dimensions and steel grades. In addition, tensile material
properties from the weld heat affected regions of S960 steel grade tubular members of different

thicknesses were also investigated.
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1. Introduction

Cold-formed structural steels are popularly used in recent years in many structural
applications around the globe. Latest technological advancements have allowed the production of
cold-formed structural steels of different shapes and sizes. One of the popular shapes is the tubular
section. The cold-formed steel tubular members are increasingly used as a primary structural
member in various onshore and offshore structures, including bridges, high-rise buildings, large
span roofs, truss girders, lattice structures, frameworks, offshore platforms and many more. The
recent growth in metallurgical and automation sectors have caused a significant increase in the
production of high strength steels (yield strength > 460 MPa). The high strength steel (HSS) hollow
section members are now used in many construction projects owing to their high strength-to-weight
ratios, improved toughness and good weldability compared to their traditional counterparts. It is
due to these merits that the production of high strength structural steel complies with the
requirements of sustainable development practice, which is now widely followed all around the
world. It is the automobile sector, which is currently being benefitted by the HSS material, whereas
the use of high strength structural steel is limited in the construction sector due to the lack of
supporting research.

The research pertaining to the behaviour and design of rectangular and square hollow section
(RHS and SHS) joints began around the mid-1960s mainly through theoretical and experimental
studies. Afterwards, a significant amount of research was carried out under the flagship of the
CIDECT and IIW in 1970s and 1980s, which led to the evolution of design rules for RHS joints.
These design recommendations are mentioned in the guidelines and reports of the CIDECT [1] and
IIW [2], and adopted by many international standards [3-7]. The design rules for tubular joints in
the first editions of the CIDECT [8] and IIW [9] specifications were initially developed for those
tubular sections which had dimensions and material properties (steel grades S355 or below) similar
to the specimens used in the corresponding experimental programme [10]. In order to increase the
applications of tubular members, the design rules in the first editions of the CIDECT [8] and ITW [9]
were then extended up to the yield strength of 460 MPa in the latest editions of the CIDECT [1] and
IIW [2]. A reduction factor ({) was applied on the joint resistance rules published in the first
editions of the CIDECT [8] and IIW [9] in order to make them applicable for HSS grades.

In the literature, only a few studies dealing with the structural performance of CFHSS tubular
joints with SHS and RHS chords are available. The static joint resistances of CFHSS — tubular
T-joints, fully chord supported tubular T-joints and tubular X-joints were experimentally
investigated by Pandey and Young [11-13]. The steel grades of hollow section members in these

studies [11-13] were S900 and S960. The fully chord supported tubular T-joints are those T-joints
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where the chord members of T-joints are fully supported along their entire length. Such structural
applications can be seen in situations where the chord members of tubular T-joints are used to
support the flooring systems. For instance, tubular T-joints supporting the floors of buildings, floors
of tubular space frameworks, floors of tubular scaffolding, topside decks of offshore structures and
many others. On the other hand, tubular X-joints are those tubular joints when the normal force
component is transmitted through the chord member and is equilibrated by a brace member on the
opposite side. The tubular X-joints can be seen at the intersection of wind bracings, bracings of
truss bridges, at truss supports, in modified Warren truss and so on. Lan et al. [14] experimentally
studied the performance of circular hollow section (CHS) T- and X-joints fabricated from Q960
steel plates. Feldmann et al. [15] conducted tests on K- and X-joints of RHS chords to assess the
appropriateness of current reduction factors given in the CIDECT [1] and EC3 [3], where the
nominal yield strengths of hollow section members were 500, 700 and 960 MPa. Havula et al. [16]
tested T-joints with SHS chords fabricated from S420, S500 and S700 steels and subjected to brace
in-plane bending. Thus, it can be noticed that there is no research available regarding the structural
behaviour of CFHSS tubular non-90° X-joints. Hence, in this paper, efforts have been made to
examine the joint resistances and load vs deformation behaviour of S900 and S960 steel grades
tubular non-90° X-joints. The investigation presented in this study predominantly focused on the
chord failure of non-90° X-joints under brace axial compression loads. The joint resistances
obtained in this experimental investigation were compared with the nominal resistances calculated
from the CIDECT [1] and EC3 [3]. Further, the impact of the included angle (6;) on the joint
resistances of CFHSS X-joints was observed by comparing the joint failure resistances of tubular
non-90° X-joints obtained in this investigation with the joint failure resistances of tubular 90°
X-joints [13] of identical nominal tubular member dimensions and steel grades. Moreover, weld
heat imparted on the parent metal during the course of welding operation has a significant influence
on the overall joint behaviour, thus, the tensile material properties from the weld heat affected
regions (WHAR) of CFHSS S960 steel tubular members of different thicknesses were also

investigated in this study.

2. Test programme
2.1. Scope and general

The tests conducted in this study were designed to investigate the joint resistances and load vs
deformation behaviour of CFHSS tubular non-90° X-joints. These joints were fabricated from CHS
and SHS braces, while chords were made up of RHS and SHS members. The RHS (hereafter,



RHS includes SHS) and CHS wused in this investigation were produced through the
thermomechanical control process (TMCP). The steel grades of the tubular members used in this
study were S900 and S960. In this test programme, two types of tubular non-90° X-joints were
investigated, i.e., RHS-RHS and CHS-RHS. In the RHS-RHS configuration, RHS members were
used as braces and chords. However, in the CHS-RHS configuration, CHS members were used as
braces and RHS members were used as chords. Out of 26 tubular non-90° X-joints investigated in
this experimental programme, 18 test specimens were made up of RHS-RHS configuration and 8
test specimens were made up of CHS-RHS configuration. The braces of tubular non-90° X-joints
were subjected to incremental axial compression, while the chord members were not subjected to
any external applied preload. As the HSS tubular members used in this investigation were
seam-welded using high-frequency induction (HFI) welding, therefore, to examine the quality of
seam-welds, all SHS chord members were such oriented that their seam-welds were located in their
respective chord webs. In order to observe the effect of included angle (6;), a total of 3 sets of
tubular non-90° X-joints, with identical nominal tubular member dimensions and steel grades, was
fabricated in this experimental programme, wherein 8; was kept as 30°, 50° and 70° for set-1, 2 and
3, respectively, as shown in Fig. 1. In this study, the brace and chord members of non-90° X-joints
had identical nominal tubular member dimensions and steel grades as used by Pandey and Young

[13] for tubular 90° X-joints.

2.2. Test specimens

The critical cross-sectional dimension ratios mainly affecting the static resistance of a tubular
joint are brace width-to-chord width ratio (f=b:/bs), brace thickness-to-chord thickness ratio
(=t1/tp), chord width-to-chord thickness ratio (2y=bo/t9) and chord side wall slenderness ratio (%o/ty).
The test specimens were carefully designed to cover a wide range of these critical geometrical
ratios in order to facilitate a comprehensive assessment of the applicability of the existing design
provisions. In this study, the value of f ratio ranged from 0.53 to 1, 7 ratio ranged from 0.52 to 1.01,
2y ratio ranged from 20.5 to 38.7 and ho/ty ratio ranged from 15.4 to 38.9. The definitions of
symbols used to represent various dimensions of tubular non-90° X-joint are detailed in Fig. 2.
Referring to Fig. 2, the overall cross-sectional width is represented by b, the overall cross-sectional
depth is represented by 4, the tube thickness is represented by ¢, outer corner radius is represented
by R, inner corner radius is represented by r, brace or chord member length is represented by L and
the angle contained between brace and chord is represented by 6;. The subscripts 0 and 1 were
respectively used to designate chord and brace members in this study. The overall flange widths (b;

and bp) and web heights (4; and 49) of the SHS and RHS members, outside diameter (d;) of the
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CHS braces and the length of brace members at heel and toe locations (Ly and L7) were measured
using a two decimal place Mitutoyo digital calliper. The thicknesses (¢; and #p) were measured using
a three decimal place Mitutoyo digital micrometre. The outer radii (R; and Ry) and inner radii (7,
and rp) were measured using Moore Wright radius gauges with a least count of 0.25 mm. The
included angles at heel and toe locations (fx and 87) were measured using a digital spirit level.

For SHS braces, b; ranged from 80 to 120 mm, /; ranged from 80 to 120 mm and ¢; were 3
and 4 mm. For CHS braces, d; was 88.9 mm and ¢; were 3 and 4 mm. For RHS and SHS chords, by
ranged from 120 to 150 mm, # ranged from 3 to 6 mm and /4y ranged from 60 to 150 mm. The
nominal chord length (Ly) was designed by taking a load distribution of 1 (vertical) to 1.5
(horizontal) from the intersection of brace and chord members at the heel location of tubular
non-90° X-joint, as shown in Fig. 2. Thus, using simple geometry, the design formula for the
nominal chord length (Ly) became 349+ ho tan (90-0;) + hi/cos (90-6;) where 6; was 30°, 50° and
70° for set-1, 2 and 3, respectively. This nominal chord length (Ly) for tubular non-90° X-joint was
designed by duly targeting that minimum length which can completely absorb the deformations of
the chord member during the whole test duration so that the stresses at the brace and chord
intersection could not be affected by the free chord ends. For brace members, the length at heel
location (Ly) was kept equal to two times the maximum of b; and 4; (i.e., Ly=2max[b;,h;]) for
RHS and two times the brace diameter d; (i.e., Ly=2d;) for CHS. This designed brace length helped
in averting the global buckling of the braces and overlapping of stresses between both ends of each
brace member. Using simple geometry, the nominal design length of the brace member from the toe
location (L7) became equal to Ly + A; tan (90-0;). The measured values of included angles at heel
(0n) and toe (O7) locations, for all the three sets, are given in Tables 1 and 2 for RHS-RHS and
CHS-RHS non-90° X-joints, respectively. The maximum deviations observed in the measured
values of 8y and 07 were within + 0.5°. The positions of seam-welds in SHS chords were located in
the chord web, while the positions of seam-welds in braces were facing the chord cross-section, as
shown in Fig. 2. In this investigation, brace ends connecting braces to chord faces were wire-cut
prior to their welding on to the chord faces using a high precision computer numerical controlled
(CNC) wire-cutting machine, which ensured a uniform load transfer during the test. The measured
average tubular member dimensions of RHS-RHS and CHS-RHS non-90° X-joints are respectively
detailed in Tables 1 and 2. It is worth noting that every tubular member dimension of non-90°
X-joints, as reported in Tables 1 and 2, was calculated by taking the mean of its respective 8
readings noted from different parts of that tubular member.

The nomenclature used for the labelling of test specimens was designed such that the joint
type, nominal tubular dimensions of brace and chord members and the angle contained by them at
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the heel location can easily be identified. In the labelling, the first letter means the joint type, which
is X-joint, followed by the nominal brace dimensions represented by d;xt¢; or b;xh;xt;, chord
dimensions represented by boxhoxtp and the included angle (8;), all separated through the hyphen.
In case the test was repeated with the identical test specimen, the letter “R” was then shown in the
suffix of the label. As an example, the label X-100x100%x4-120%60x4-30°-R represents a repeated
X-joint with 100, 100 and 4 as the nominal cross-sectional width, depth and thickness of the brace;
120, 60 and 4 as the nominal cross-sectional width, depth and thickness of the chord; and an

included angle of 30° between brace and chord members at heel location.

2.3. Material properties

In this study, CFHSS tubular members of 900MH and 960MH steel grades were used as the
test material. The 900MH and 960MH steel grades tubular members were obtained by cold-forming
of S900 and S960 steel grades plates followed by their high-frequency induction seam welding
[17,18]. The material properties of 900MH and 960MH steel grades tubular members meet the
requirements given in the EN [19]. The acronym ‘MH’ is based on the EN [19] designation for
structural hollow sections, where ‘M’ stands for thermomechanically rolled steel (or,
thermomechanical control processed steel) and ‘H’ stands for hollow section. In accordance with
the mill reports, carbon equivalent values (CEV) of hollow section members ranged from 0.46-0.54,
while carbon content ranged from 0.08-0.10%. In order to determine the material properties of
hollow section members, longitudinal tensile and transverse compression coupons were extracted
from different regions of tubular members. In order to minimise the heat generated during the
cutting, the coupon specimens were fabricated using a high precision coolant based CNC
wire-cutting machine, as discussed in Section 2.2 of this paper. The longitudinal tensile coupons
were extracted from the flat, corner and curved regions of tubular members, as shown in Fig. 3.
Following the recommendations given in the ASTM [20], the gauge width and gauge length of the
flat coupons were 12.5 and 50 mm, respectively. However, for the corner and curved coupons, the
gauge width and gauge length were 6 and 25 mm, respectively. In this study, the tubular non-90°
X-joints were fabricated from the identical batch of tubes used by Pandey and Young [11] for the
investigation of tubular 90° X-joints. The details regarding the tensile test-setup, test procedure and
static tensile material properties are given in Pandey and Young [11].

In addition, from the flat regions of SHS and RHS chord side walls, compression coupons
were extracted along the transverse direction of rolling. In this study, compression coupons of two
sizes were fabricated, namely large size compression coupon and small size compression coupon.
When the overall cross-sectional width (bo) or depth (ho) of SHS and RHS was less than 100 mm,
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small size compression coupon of 26 mm length (transversely) and 13 mm width (longitudinally)
was fabricated, whereas, for the other cases, large size compression coupon of 48 mm length
(transversely) and 24 mm width (longitudinally) was fabricated. Before tests, the cross-sectional
dimensions of coupons were carefully measured using Mitutoyo digital calliper, Mitutoyo digital
micrometre and Mitutoyo point micrometre. These measured cross-sectional dimensions were used
to calculate the actual cross-sectional areas of these coupons. A specially designed bracing jig was
used for the compression coupon test. In this study, two sizes of bracing jigs were used, first, for the
large size compression coupons, and second, for the small size compression coupons. The bracing
jigs were specially designed to prevent the minor axis buckling of the compression coupons. The
lengths and widths of the compression coupons were protruded by 1 mm from the bracing jig and
from all the direction of the coupon specimen. After aligning the centre of the compression coupon
with the centre of the bracing jig along both length and width direction, the bracing jig was then
hand tightened. In order to record the strain measurements under compression, two linear Tokyo
Measuring Instruments Laboratory (TML) strain gauges of type FLA-5-17-3L were attached at the
mid-height on both edges of the compression coupon. Further, in order to avoid friction between
the contact surfaces of the jig and compression coupon specimen, a thin layer of MOLYKOTE G-n
metal assembly grease was used. Finally, the bracing jig was tight enough to avoid the buckling of
compression coupon specimen along the minor axis, and at the same time, permitted unrestrained
expansion due to the Poisson’s effect.

Before the start of the compression coupon test, an initial preload of around 2 kN under load
control mode was applied on the test specimen. The upper end of the testing machine was movable
and could be adjusted to accommodate test specimens of different heights. A special ball-bearing
was attached to this movable end. Under preload, the ball-bearing would adjust itself to ensure full
contact with the upper end of the compression coupon test specimen, and thus, a uniform
compression load was then transferred on the test specimen. The alignment and position of the test
specimen were continuously adjusted until the discrepancies between the strain gauge readings
were less than 5%. A displacement control mode was then used to drive the hydraulic and to apply
axial compression loads on the compression coupon test specimens. The loading rates were 0.026
mm/min and 0.048 mm/min for the small and large size compression coupon test, respectively.
Every compression coupon test was paused twice to prevent the effect of strain rate on the obtained
material properties. Finally, static stress-strain curves were obtained from the test stress-strain
curves using the load drops observed during the pause durations. The compression coupon test
setup is shown in Fig. 4. The measured longitudinal tensile and transverse compression static
material properties are summarised in Tables 3-6. The material properties include the initial

Young’s modulus (Ej, Ec, Ecr and Ecp), 0.2% proof strength (60.21, 60.2¢, 60.2¢- and 69.2¢p) which was
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adopted as the yield strength, ultimate strength (o.s, ouc and oue) and fracture strain (gf;, & and &r).
The sub-scripts f, ¢, cr and cp respectively stand for the flat, corner, curved and compression
coupons. It should be stressed that these experimental material properties were obtained from their

respective static stress-strain curves.

2.4. Welding

The welding of tubular non-90° X-joint test specimens was conducted through the gas metal
arc welding (GMAW) process using a fully automatic welding robot controlled by certified and
experienced welders. In order to protect the fresh weld deposits from the surrounding air, a gas
mixture made up of 20% CO; and 80% Ar was purged during the welding process at the rate of
15-20 lit/min. In addition, during the welding operation, to avert the direct weld heat impact, the
distance between the weld nozzle to parent metal was kept between 10 to 15 mm. Fig. 5 presents
the photo of automatic GMAW of a tubular non-90° X-joint test specimen. The heat released during
the welding process can significantly affect the resistance, and thus, the overall behaviour of
tubular joints, therefore, it is imperative to carefully design the various welding process parameters.
Pandey and Young [11] conducted various welding trials using different welding process
parameters so as to obtain the aimed weld design by duly limiting the weld heat input. After various
trials, the final selected value of the arc voltage (V) was 16 V, current (/) was 150 A and weld
deposition speed (s) was 300 mm/min for the welding of tubular non-90° X-joint test specimens. It
is worth noting that to prevent surplus weld heat input during the welding operation, and thus, to
prevent excessive softening of the WHAR of test specimens, only a single weld pass was used in
this study along with the minimum required weld leg size for all the test specimens The
prequalified weld details of tubular joints in the CIDECT [1] and AWS [21] were used to design
welds in this study. The filler material (i.e., welding wire) used in this study was made up of a low
alloy solid carbon steel wire and conformed the ER120S-G class of the AWS [22]. The material
properties of the filler material were obtained by conducting all-weld metal tensile coupon tests, as
detailed in Pandey and Young [12]. For the filler material, the measured average values of yield
strength, ultimate strength and fracture strain were 965.2 MPa, 1023.4 MPa and 17.2%,
respectively [12]. The leg size of the fillet weld (FW) was denoted by w, the effective throat
thickness of the FW was denoted by #,, weld height for PJP groove weld (GW) was denoted by w’
and its corresponding weld reinforcement was denoted by w;,. The measured average weld sizes at
different locations, i.e., w, t,,, w’and w;, for the side welds, wy and ¢, for the toe welds and w and ¢,
for the heel welds, are summarized in Tables 7 and 8 for RHS-RHS and CHS-RHS non-90° X-joint

test specimens, respectively. The measured average weld sizes, as shown in Tables 7 and 8, were
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obtained by taking the average of their respective 20 measurements. It should be noted that the
connecting ends of the brace members at heel and toe locations were profiled as per the
recommendations given in the CIDECT [1] for tubular non-90° joints. Furthermore, for the side
welds, the outer edge of the connecting brace member end was bevelled at 45° in order to obtain a
prequalified PJP groove weld profile, which is in accordance with the AWS [21]. The side, toe and
heel locations of a tubular non-90° X-joint are shown in Fig. 2, while the typical weld profiles used
at these locations are shown in Fig. 6. For equal-width joints (f=1), the values of root gap (G)
between brace and chord members were calculated using the expression proposed by Teh and

Rasmussen [23], as shown below:

G=4(Ry+9)*+ (R, —t)* —R, (1)

In this experimental programme, the brace and chord members of all the equal-width (f=1)
tubular non-90° X-joints were tack welded without keeping any spacing between them (i.e., g=0).
Therefore, using Eq. (1), the calculated values of the root gap (G) for all the RHS-RHS equal-width
(f=1) tubular non-90° X-joints are detailed in Table 7. From Table 7, it can be noted that the values
of the root gap (G) for all the RHS-RHS equal-width (f=1) tubular non-90° X-joints are less than 3
mm, which is the upper limit mentioned in the CIDECT [24].

2.5. Weld heat affected region (WHAR) investigation

25.1. General

The HSS available in the market are mainly produced by quenched and tempered (QT) and
TMCP manufacturing processes. It should be noted that the latest editions of international standards
do not differentiate HSS by the production process. However, HSS produced via different
production processes possessed different chemical composition and microstructure, and thus, they
behave differently under welding [25]. The main factors affecting the post-weld microstructure and
WHAR material properties include welding process parameters (current, voltage and weld
deposition speed), chemical composition of the parent material, welding type and cooling rate. Due
to the large heat released during the welding process, the original phase and microstructure of the
parent material get changed. The most severe WHAR during the welding is the region where the
weld metal gets fused with the parent metal (i.e., the fusion zone, FZ) followed by the immediate
region surrounding the freshly deposited weld material (i.e., the heat affected zone, HAZ). The HSS
produced using TMCP have relatively lower carbon equivalents compared to similar quenched HSS.
Consequently, TMCP steels can be welded at lower pre-heat temperature using the identical

welding operation parameters [26]. Moreover, the original microstructure of TMCP steel, and thus,
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its material properties are due to the low-temperature thermo-rolling process. Owing to high weld
heat energy, the original microstructure and the outcome of the heat treatment process in TMCP
steel get lost. Stroetmann et al. [25] discovered a relatively higher strength reduction in the HAZ of
TMCP HSS compared to quenched HSS. Javidan et al. [27] observed around 30% strength
reduction in the HAZ region of TMCP tubular members made up of S960 steel. Therefore, during
the welding process, TMCP HSS needs careful attention so as to avoid the unwanted softening of

the WHAR.

2.5.2. Tensile coupon test specimens from WHAR

In order to determine the material properties from the HAZ of S960 steel grade TMCP tubular
members, three CFHSS WHAR tubular test specimens of different thicknesses (=3, 4 and 6 mm)
were fabricated in this study, as shown in Fig. 7. The tubular members were welded using the
automatic GMAW process. The details pertaining to welding fabrication procedures, weld design,
filler material and welding process parameters were kept identical to the welding of tubular non-90°
X-joint test specimens, as mentioned in Section 2.4 of this paper. It should be noted that the tubular
members investigated in this study were not subjected to any pre-heating before the welding
process due to the small thicknesses (f < 6 mm) of the parent metals. After welding, the tubular test
specimens were then allowed to cool down naturally under ambient temperature conditions.
Subsequently, from the first 24 mm distance from the fillet weld toe of these CFHSS WHAR
tubular test specimens, tensile coupon specimens of sub-size dimensions were extracted. The gauge
width of the sub-size coupon was 6 mm, while its associated gauge length was 25 mm. The subsize
coupon dimensions given in the AWS [20] were selected so as to obtain the material properties as
close as possible in the HAZ. Further, for comparison, a tensile coupon of identical dimension was
also extracted from the non-HAZ (i.e., parent metal) region. It should be noted that the brace and
chord members of each WHAR tubular test specimen, as shown in Figs. 7(a), 7(b) and 7(c), were
taken from the same tube. Thus, brace and chord members of each WHAR tubular test specimen
possessed identical thickness, cross-sectional dimensions, steel grade and belonged to the identical
batch of tubes. Therefore, when the chord members of WHAR tubular test specimens were short in
length (i.e., for test specimens with 3 and 4 mm thicknesses), the coupon specimens from the HAZ
and non-HAZ regions were extracted from its brace member. Hence, in this study, the WHAR
tensile coupon specimens of 3 and 4 mm thicknesses were extracted from the brace member, while
WHAR coupon specimens of 6 mm thickness were extracted from the chord member. These tensile
WHAR coupons were fabricated along the transverse direction of the cold-rolling and from the flat

regions of the tubular members. In order to reduce the heat generated during the fabrication of these
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coupon specimens, coolant based high precision CNC wire-cutting machine was used. Fig. 8
presents a representative photo showing the extracted location of HAZ tensile coupons in the brace
and chord members, whereas Fig. 9 presents the photo of extracted tensile coupon test specimens
from the HAZ and non-HAZ regions. The test setup and test procedure for the tensile tests of HAZ

and non-HAZ coupon specimens were similar to the details given in Section 2.3 of this paper.

25.3. Testresults and discussions

The experimentally obtained static stress-strain curves corresponding to the HAZ and
non-HAZ regions of 3, 4 and 6 mm thicknesses are shown in Figs. 10, 11 and 12, respectively.
Table 9 presents the measured material properties calculated from these curves. The residual factors
obtained by normalising the HAZ material properties with their corresponding non-HAZ material
properties are detailed in Table 10. From Table 10, it can be noticed that the ultimate strengths of
tensile coupons extracted from S960 steel grade TMCP tubular members of thicknesses 3, 4 and 6
mm were reduced as much as by 32%, 25% and 14% in their first 6 mm regions from the weld toe,
respectively. This reduction in the ultimate strength was due to the softening of the WHAR as a
result of weld heat input. The curves presenting the variations of residual factors of Young’s
modulus, yield strength (i.e., 0.2% proof stress), ultimate strength and fracture strain from the HAZ
of different investigated thicknesses are shown in Fig. 13. The residual initial Young’s modulus,
across the entire HAZ, retained more than 90% of its values obtained for the virgin parent metal, as
shown in Fig. 13(a). The variations of yield strength residual factor with distance from the weld toe
are presented in Fig. 13(b). It is evident from previous studies [28-30] that the shape of stress-strain
curves changes with the increase of temperature. As the yield strength, in this study, was
determined using the slope of initial Young’s modulus at 0.2% strain, therefore, the yield strengths
of HAZ tensile coupons change with change in the slope of the initial part of the stress-strain curves.
The variations of ultimate strength residual factors with distance from the weld toe are presented in
Fig. 13(c). The deterioration in the strengths of virgin parent metals of different thicknesses can be
best visualised from the variations of residual ultimate strength with distance from the weld toe. It
can clearly be noticed that the ultimate strength in the HAZ increased with the increase of distance
from the weld toe. In addition, the deterioration is more serious for thin-walled tubular members
compared to thick-walled tubular members. The variations of fracture strain residual factor with
distance from the weld toe are presented in Fig. 13(d). The fracture strain of weld heat exposed
specimens mainly depends on the thickness of the specimen and weld heat exposure temperature.
The specimen with a small thickness and large weld heat exposure possessed very ductile fracture

due to excessive softening of the parent metal. In addition, specimens with small thicknesses were
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more sensitive towards the weld heat exposure and possessed a large scatter compared to the thick
specimen.

It should be noted that the temperature distribution per unit length, in the WHAR, is highly
non-linear along the perpendicular direction of the weld toe edge. The behaviour of different
WHAR mainly depends on the range of weld heat exposure temperature with respect to the Aci and
Acs temperatures of the parent metal. During the heating process, when austenite started to form in
the steel material, then that particular temperature is termed as its Aci temperature. Whereas, during
heating, when the transformation to austenite from ferrite is completed, then that particular
temperature of steel is termed as its Acs temperature. Depending on whether the weld heat exposure
temperature is less than Ac; or between Aci1 and Acs or higher than Acs, the weld heat exposed steel
transformed to different phases of steels. If the weld heat exposure temperature is below the Aci
temperature of the parent metal, a mild growth of ferrite grains will occur, and thus, leads to a
minor reduction in the strength of the parent metal. When the local weld heat exposure temperature
is in between Aci and Acs, the replacement of ferrite grains with austenite grains would occur.
However, once the local weld heat exposure temperature exceeds Acs, all ferrite grains would be
replaced by the austenite grains. In addition, it is essential to note that the rate of cooling after the
welding operation has an important influence on the material properties of the WHAR. As the
temperature distribution in the WHAR 1is non-linear, thus, different WHAR cooled down with
different cooling rates. When the WHAR cooled down within a very short duration, cold cracks
could appear due to excessive hardening. Thus, the stress-strain curve of a particular region of the
WHAR could be very different compared to its adjacent region and directly depends on its local
weld heat exposure temperature and post-welding cooling rate. It is noteworthy to mention that the
HAZ strength reductions obtained in this investigation are only limited for S960 steel grade TMCP
tubular members welded by automatic GMAW process with specific welding process parameters,
as detailed in Section 2.4. It is expected that the experimental outcomes would vary depending on
the type of steel, steel grade, steel manufacturing method, welding process type, welding operation

parameters, number of weld passes, weld shape and weld size.

2.6. Non-90° X-joint test setup

Axial compression tests on tubular non-90° X-joints were conducted in 1000 and 5000 kN
servo-controlled hydraulic testing machines. Except for X-120x120%4-120x120x%4-30° and
X-88.9%x4-120%120%6-30° test specimens, all other tests were conducted in the 1000 kN testing
machine, whereas, due to capacity concerns, only these two tubular non-90° X-joints were tested in

the 5000 kN testing machine. A 0.3 mm/min displacement control rate was used to apply axial
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compression loads on all the test specimens. The schematic sketch of the tubular non-90° X-joint
test setup is shown in Fig. 14. The top supports of both the testing machines were adjustable so that
the non-90° X-joint test specimens with different overall heights could easily be tested. A specially
designed spherical ball-bearing was pre-bolted on the top support of the test rig. This specially
designed spherical ball-bearing could easily adjust itself during the initial load transfer to the top
brace end. In order to confirm complete contact with the end of the top brace member, a solid steel
plate was pre-attached on the ball-bearing, which in turn eliminated any gaps between the top solid
steel plate and top brace end during the load transfer. On the bottom side of the test specimen, a
solid steel block was placed on the solid rigid support, which in turn was bolted to the actuator ram
of the test rig.

Before the start of the test, the specially designed spherical ball-bearing was unlocked and
could freely rotate in any direction. The tubular non-90° X-joint test specimen was seated on the
bottom solid steel block after being carefully aligned along both the longitudinal and transverse
direction of the test rig. The movable ram of the test machine was slowly ramped up by duly
keeping the top support fixed until approximately 2 to 3 mm gap was left between the top brace
member and the top support of the testing machine. A 0.1 kN/sec load-control rate was used to
close this gap. During this closure, the specially designed spherical ball-bearing undertook a fixed
position as per the cutting profile of the top brace end. Subsequently, for the remaining test, the
ball-bearing was then fixed at this position to prevent its further rotation in any direction. Due to
this locking, the ball-bearing could not rotate in any direction. Thus, the support conditions at the
top and bottom brace ends can now be considered as fixed ends, thus only axial load can be applied
on the test specimen without allowing major and minor axis rotations. This meticulous test
procedure helped to apply pure axial compression load on the test specimens. Figs. 15 and 16
respectively present the photos of tubular non-90° X-joint test setups for the 1000 kN and 5000 kN
testing machine used in this investigation. During tests of all non-90° X-joint test specimens,
various deformations, including overall axial shortening of the test specimen, chord face
indentations and chord side wall deformations, were carefully measured using pre-calibrated linear
variable displacement transducers (LVDTs). In this study, indentations at toe locations of both faces
of the chord member were measured by two methods, first, by measuring indentations along the
direction of the applied axial compression load (LVDT-2 and 5), and second, by measuring
indentations perpendicular to the chord connecting faces (LVDT-3 and 6). On the other hand, due
to space limitation at the heel locations, the chord face indentations were measured only along the
direction of the applied axial compression loads (LVDT-1 and 4). The indentations at both toe and
heel locations of chord connecting faces were recorded via extended LVDT arms. In order to

measure the actual indentation, the bases of LVDTs (LVDT-1 to 6) were placed on the chord faces.
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Due to this positioning of LVDTs, the measured values of chord face indentations excluded the
contributions due to the vertical shortenings of the chord side walls. It is worthy to note that the
contribution of the vertical shortenings of the chord side walls increased with the increase of f ratio.
Thus, it was imperative to adopt a correct approach for the actual measurement of the chord face
indentations.

The chord side wall deformations were measured for both webs of the chord, using LVDTs
with Poly Methyl Methacrylate plates connected at their tips (LVDT-7 and 8). As the exact location
of the maximum chord side wall deformation was difficult to predict, thus, the use of Poly Methyl
Methacrylate plates facilitated in locating the actual maximum chord side wall deformation. Two
lateral LVDTs (i.e., one for each chord web; LVDT-7 and 8) were used when the included angles
(6m) of the test specimens were 50° and 70°, whereas four lateral LVDTs (i.e. two for each chord
web; LVDT-7a, 7b, 8a and 8b) were used when the included angles (6y) of test specimens were 30°.
The reason for using four lateral LVDTs (LVDT-7a, 7b, 8a and 8b) for test specimens with 5=30°
was due to the presence of a relatively large chord side wall region between the brace members. In
addition, two pre-calibrated inclinometers (i.e., one on each side of the brace members;
inclinometer-11 and 12) were also attached precisely at the base locations of LVDTs, which were
used to measure the chord face indentations. The in-plane rotation of the chord member was
measured with the help of these two inclinometers (inclinometer-11 and 12). Moreover, the upward
movement of the actuator ram was measured with the help of LVDTs placed at the diagonal ends of
the actuator ram (LVDT-9 and 10). After pre-loading, the rest of the test was continued using the
displacement control loading so as to obtain the test results also in the post-ultimate region.
Furthermore, the impact of loading rate from the obtained joint resistances was averted by pausing
the test twice for 120 seconds. Therefore, using the load drops obtained by pausing the tests, test
load vs deformation curves were converted into static load vs deformation curves. With the help of
an advanced data acquisition logger, the values of applied axial compression loads and LVDT
measurements were carefully recorded at a regular interval of time. In this study, for all test
specimens, trivial chord-in-plane rotation was observed. For example, Fig. 17 presents the
chord-in-plane  rotations of the test specimens X-120x120x4-120x120%x4-30° and
X-120%x120%3-150x150%6-50°.

2.7. Test results
The results obtained from the tests of tubular non-90° X-joint test specimens are presented in
terms of load vs deformation curves, including load vs chord face indentation curves measured at

both heel and toe locations and load vs chord side wall deformation curves, as shown in Figs. 18-21.
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It is worth noting that the load vs deformation curves, shown in Figs. 18-21, are static curves,
which in turn were obtained from their corresponding test curves. The joint resistance of test
specimens, in this study, was determined in accordance with the recommendations given in the
CIDECT [1], where the joint failure resistance was taken as the resistance corresponding to the first
occurrence of either ultimate deformation limit load or ultimate load, which was also used by
Pandey and Young [11-13]. The recommendation laid out in the CIDECT [1] regarding the ultimate
deformation failure load criterion was adopted in this study, where the load corresponding to 0.03b¢
chord face indentation was taken as the failure load. In order to obtain conservative joint resistances
for all non-90° X-joint test specimens, out of various LVDTs measuring chord face indentations, the
load vs chord face indentation curves corresponding to maximum chord face indentation location
was selected to determine the joint failure resistance. In this investigation, the maximum chord face
indentations were observed at the toe locations (LVDT-2 and 5) of all tubular non-90° X-joint test
specimens. On the other hand, the chord face indentations measured at the heel locations (LVDT-1
and 4) of tubular non-90° X-joints were very trivial (or ignorable) and mainly composed of vertical
slips of LVDT stroke. It is worth noting that for all tubular non-90° X-joint test specimens, the
measured values of chord face indentations were always greater when recoded along the direction
of the applied loads (LVDT-2 and 5) in contrast to the measurements recorded perpendicular to the
chord connecting faces (LVDT-3 and 6). Therefore, the load vs chord face indentation curves and
subsequent data analyses and joint resistance calculations were all based on the chord face
indentations measured along the direction of the applied brace axial compression load (LVDT-2
and 5). Thus, the absence of chord face perpendicular LVDTs at the heel locations of tubular
non-90° X-joints had no effects on the joint resistance determination. Similarly, the load vs chord
side wall deformation curve was based on the chord web with maximum chord side wall
deformation. Fig. 22 graphically presents the definition of joint failure resistance adopted in this
investigation. In Fig. 22(b) and Tables 11-13, Nua represents ultimate joint resistance of tubular
non-90° X-joint, N3¢, represents the joint resistance corresponding to the ultimate deformation limit
criterion and Nyg; represents joint failure resistance corresponding to the first occurrence of Nyax
and N3e;. For those tubular non-90° X-joints where no ultimate load (or peak load) was noticed and
the load vs deformation curves were continuously increasing, the maximum test loads (Nmax) for
such test specimens were not applicable (N.A.), and thus, not reported in Tables 11 and 13. In
addition, Fig. 23 presents the definition of 0.035y deformation limit and its relationship with the
LVDTs measuring the chord face indentation («). In order to check the reliability levels of test
results, repeated tests were conducted for X-100x100x4-120x60x4-30°, X-88.9%4-120%120%6-50°
and X-88.9x3-120x60x4-70°. The joint failure resistances of X-100x100%4-120x60%4-30°-R,

X-88.9%x4-120x120%x6-50°-R and X-88.9%3-120x60x4-70°-R repeated tests differed from their
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corresponding original tests by 3.36%, 3.49% and 1.89%, respectively. The small differences in the
joint failure resistances of these non-90° X-joints affirmed the accuracy of the test results obtained
in this experimental programme. It should be stressed that, during the tests, no cracks were

observed at the chord seam-weld, chord corner and brace-chord intersection regions.

2.8. Discussion of results

On observing the load vs deformation curves, as shown in Figs. 18-21, it can be noticed that
the RHS-RHS non-90° X-joints with £=0.53 possessed no clear ultimate load, where the applied
load was continuously increasing with the increase of the chord face indentation deformation. In
addition, the post-yield stiffness, which is represented by the slope of load vs deformation curve
after the yielding of the chord connecting face, of RHS-RHS non-90° X-joints with small f ratio (8
< 0.60) decreased with the increase of the chord face indentation deformation. For such non-90°
X-joints, due to the minimal out-of-plane stiffness of the chord connecting face, the top and bottom
chord connecting faces possessed membrane action when subjected to brace axial compression
loads. Hence, due to the membrane action of the chord connecting face and strain hardening of the
material, the load vs deformation curves were continuously increasing with the increase of the
applied load. The RHS-RHS equal-width non-90° X-joints (f=1.0) possessed an evident ultimate
load in their load vs deformation curves and the joint failure resistances of all such joints were load
controlled. For such joints, the axial compression load applied through the brace members were
mainly resisted by the chord side walls. Therefore, due to the buckling of chord side walls under the
applied axial compression load, the equal-width RHS-RHS non-90° X-joints possessed a clear
ultimate (or peak) load in the load vs deformation curves, as shown in Fig. 20. Further, for
RHS-RHS equal-width non-90° X-joints, the applied loads dropped gradually in their post-ultimate
regions. It is important to note that for all RHS-RHS equal-width non-90° X-joints, the load vs
chord face indentation curves at heel locations (LVDT-1 and 4) were entirely composed of the slips
of LVDT stroke, as no chord face indentations were noticed at the heel locations of these joints.
Therefore, the load vs chord face indentation curves at the heel locations of RHS-RHS equal-width
non-90° X-joints are not presented in this paper. With regard to RHS-RHS non-90° X-joint test
specimens having £ = 0.80, 0.84 and 0.86, ultimate loads can be seen in their corresponding load vs
deformation curves. Further, for all these joints, the joint failure resistances were load controlled, as
the ultimate loads occurred before their corresponding deformation limit loads. For RHS-RHS
non-90° X-joints with large f ratio (0.80 < f < 1.0), the side walls of brace members were
positioned near the chord corner regions. The out-of-plane stiffness of the chord corner regions was

relatively large than the out-of-plane stiffness of the corresponding chord central region.
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Consequently, the applied axial compression load through the brace members was partially
transferred to the chord connecting face and partially transferred to the chord side walls. Unlike
RHS-RHS non-90° X-joints with small £ ratio, membrane action of the chord connecting faces
would be very small for RHS-RHS non-90° X-joints with large f ratio. Hence, due to these reasons,
the load vs deformation curves of RHS-RHS non-90° X-joints with large f ratio possessed gradual
ultimate loads at large values of chord face indentations.

As shown in Fig. 21, for CHS-RHS non-90° X-joints with brace thickness equal to 4 mm, the
attainment of ultimate load and the corresponding post-ultimate load drop in their respective load
vs deformation curves were very gradual. Whereas, for test specimens with brace thickness equal to
3 mm, the load vs deformation curves showed no clear ultimate loads. In general, compared to
RHS-RHS non-90° X-joints, the CHS-RHS non-90° X-joints showed improved deformation
capacity. The load vs deformation curves of all CHS-RHS non-90° X-joint test specimens showed a
nearly stagnant phase at large values of chord face indentations, thus, the joint failure resistances
(Nro1) of these test specimens were deformation controlled. From the obtained test results, it is
noted that on increasing the included angle (6;) from 30° to 50°, the joint failure resistances (Nzg1)
of tubular non-90° X-joints dropped by an average of 38.5%. However, on increasing the included
angle (6;) from 30° to 70°, the joint failure resistances (Nzg;) of tubular non-90° X-joints dropped
by an average of 48.9%. Also, on increasing the value of included angle (6;), the initial stiffness,
joint resistance and post-yield stiffness of tubular non-90° X-joints reduced. These reductions are
more serious during the initial increase of the included angle (6;). With the increase of included
angle (6;), test specimens possessed a shorten elastic response and gradual yielding transition
compared to the test specimens with 8;=30°. For test specimens with large values of included angle
(6:/=50° and 70°), the attainment of ultimate load and corresponding post-ultimate load drop was
relatively more gradual compared to the test specimens with the small value of included angle

(0:=30°).

2.9. Failure modes

For RHS X-joints, typical failure modes are elaborately mentioned in the CIDECT [1] and
EC3 [3]. For tubular non-90° X-joints, the effect of chord shear transferred through the flanges and
webs of the chord members came into effect. This effect was more dominating for test specimens
with small values of included angle (6;). Three failure modes were observed in this investigation,
which includes chord face failure (F), chord side wall failure (S) and their combination (F+S). The
after test photos of test specimens which failed in these failure modes are shown in Figs. 24 and 25

for RHS-RHS and CHS-RHS non-90° X-joints, respectively. The flanges and webs of chord
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members undergone a considerable plastic deformation in all the observed failure modes. For most
of the test specimens, no overall and local buckling was observed in the brace members. However,
for X-120x120%3-150x150%6-50° and X-120x%120x%3-150%x150%6-70°, local buckling occurred in
brace members near the brace-chord connection region soon after the ultimate loads of these joints.
In this study, the chord face failure (F) mode was defined as the mode when the joint failure
resistance of that joint was only controlled by its chord face indentation limit. The test specimens
that failed in ‘F’ mode had shown no ultimate loads in their respective load vs chord face
indentation curves. Also, in ‘F’ mode, it was observed that most of the deformations were contained
in the flat regions of the chord connecting faces with marginal participation of the corresponding
chord corner regions. On the other hand, the chord side wall failure (S) mode was defined for
equal-width tubular non-90° X-joints (f=1), as the applied loads in these joints were predominantly
resisted by the chord side walls. This definition of chord side wall failure (S) mode of equal-width
RHS-RHS non-90° X-joints is in-line with the current recommendations given in the CIDECT [1]
and EC3 [3]. In this study, the joint failure resistances (Nrg;) of equal-width RHS-RHS non-90°
X-joints were entirely strength controlled. Moreover, in this investigation, a combined failure mode
(F+S) was introduced for test specimen having f#1 and also possessed ultimate load in its
respective load vs deformation curve. The joint failure resistances (Nses) of such test specimens
were jointly controlled by ultimate load and 0.03b5y indentation criteria. This failure mode was
characterised by the combined deformations of the chord face, chord corner regions and chord side
walls. Tables 14 and 15 present the observed failure modes, measured values of chord face
indentation (u) and the chord side wall deformation (v) at the failure loads and the governing
deformation, out of u and v, at failure loads for RHS-RHS and CHS-RHS non-90° X-joints,
respectively. In addition, it should be stressed that the proposed limits of § values corresponding to
the observed failure modes of RHS-RHS and CHS-RHS non-90° X-joints are only restricted for
this study. In order to propose the general limits of /5 ratio for the observed failure modes of CFHSS
RHS-RHS and CHS-RHS non-90° X-joints, a detailed parametric study, possibly through numerical
investigation, is required. The coverage of this paper is only limited to the experimental

investigation of CFHSS RHS-RHS and CHS-RHS non-90° X-joints of S900 and S960 steel grades.

3. Reliability analysis

Using the guidelines of the AISI S100 [31], a reliability analysis was conducted to evaluate
the reliability of the design rules given in the CIDECT [1] and EC3 [3]. The equation used to
calculate the reliability index (fy) can be obtained from Pandey and Young [11]. For the calculation

of the reliability index (fo), the values My, Fn, Vi, VF and Vo were taken as 1.10, 1.0, 0.10, 0.10
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and 0.21, respectively. In order to evaluate the design rules given in the EC3 [3], a load
combination of 1.35DL+1.5LL was used in accordance with the EC [32]. However, for the
reliability evaluation of the design rules given in the CIDECT [1], a load combination of
1.2DL+1.6LL was used in accordance with the ASCE 7 [33]. In this paper, the design rules were

considered reliable when £y > 2.5.

4. Existing design rules
4.1. General

The comparisons of joint failure resistances (N ;) obtained from tests with the nominal
resistances (Néyx , Nc,x , N;X and NE,X) of the CIDECT [1] and EC3 [3] are presented in
Tables 11-13 for the observed failure modes of RHS-RHS and CHS-RHS non-90° X-joints. The
design rules of tubular X-joints in the CIDECT [1] and EC3 [3] fundamentally differ in the
definitions of HSS reduction factor ({), partial safety factor (yu) and design yield strength (f,4). The
partial safety factors associated with the observed failure modes of X-joints were used to convert
design resistances into nominal resistances. The nominal resistances of non-90° X-joints given in
the CIDECT [1] and EC3 [3] were calculated by two approaches, i.e., by with and without
incorporating the recommended reduction factors. When reduction factors were not incorporated
then the nominal resistances calculated from the CIDECT [1] and EC3 [3] were denoted by Né,x
and N;X, respectively. However, when reduction factors were incorporated, then the nominal
resistances calculated from the CIDECT [1] and EC3 [3] were denoted by Nc,x and NE,X ,
respectively. These two approaches were adopted to evaluate the appropriateness of both previous
(for mild steel) and current design rules of the CIDECT [1] and EC3 [3]. The nominal resistances
were obtained using the measured tubular member dimensions, as shown in Tables 1 and 2, and
experimentally obtained material properties [11]. It should be noted that both the CIDECT [1] and
EC3 [3] recommend a direct interpolation between joint resistances at f=0.85 and 1.0, when 0.85 <
S < 1. Furthermore, when a joint has CHS braces connected to RHS chord, both the CIDECT [1]
and EC3 [3] recommend replacing b; by d; and multiplying the design rules by n/4.

4.2. EC3 design provisions

The design rules for tubular joints in the EC3 [3] are valid for tubular members with yield
strengths up to 460 MPa. Using the EC3 [34], the design provisions of the EC3 [3] were extended
up to 700 MPa by multiplying the original design rules with the reduction factors. When the yield

19



strength of tubular member falls between 355 to 460 MPa (i.e. 355 < f;, <460), 0.9 should be used
as a reduction factor. However, when the yield strength of tubular member falls between 460 to 700
MPa (i.e. 460 < f, < 700), 0.8 should be used as a reduction factor. The design yield strength for
tubular joints in the EC3 [3] is defined as the actual yield strength of the tubular member and taken
as 0.2% proof stress in this study. Therefore, the measured 0.2% proof stresses were used to
calculate the nominal resistances from the EC3 [3]. Moreover, the value of the partial safety factor
for tubular joints (yas) in the EC3 [3] was equal to 1.0 for all types of failure modes and tubular
joint configurations. The design rules for chord face failure and chord side wall buckling modes,

without and with incorporating the reduction factors, are as follows:

Chord face failure (f < 0.85)

when reduction factor is not incorporated:

k. f ot 2
NE,X — ( 1 +4\/1_ﬁJ/7/M5 (2)

~(1-p)sing, (sing,

when reduction factor is incorporated:

NEYX =§[ kn fyOto ( 277 +4 ll_ﬁ]/yMsil (3)

(1-B)sing, { sing,

Chord side wall buckling (f=1)

when reduction factor is not incorporated:

k ft,( 2h,
N:, —=-nbo +10t, |/
=X sing, (sinel Oj Vms )

when reduction factor is incorporated:

NE,X ZC{@[ﬂ—l—lOtOj/yMS} (5)

sing, \ sing,

In Eqgs. (2)-(5), kx 1s the chord stress function that accounts for the effect of external chord stresses
on the joint resistance. In this study, as no external force was applied on the chord members, thus,
kn, was taken as unity in this study. In Egs. (4) and (5), the chord side wall buckling strength (f,) was
based on the buckling curve “c” for cold-formed hollow sections, as per EC3 [35]. The definitions

of other terms used in Egs. (2)-(5) are already explained in the previous sections of this paper.

4.3. CIDECT design provisions
The design rules for tubular joints in the CIDECT [1] are valid for tubular members with

yield strengths up to 460 MPa. However, when the yield strength of the tubular member exceeds
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355 MPa (i.e. f, > 355), 0.9 should be used as a reduction factor. Unlike the definition of design
yield strength in the EC3 [3], the minimum of — the yield strength and 80% of the ultimate strength
— was taken as the design yield strength in the CIDECT [1]. From Table 3, it can be noticed that for
all the tubular members, 80% of the ultimate strengths were always lower than their corresponding
0.2% proof stresses. Therefore, the measured 80% of the ultimate strengths were used to calculate
the nominal resistances for the comparisons. The partial safety factors are not explicitly mentioned
in the design equations of the CIDECT [1], however, their effects have already been incorporated
inside the design equations [1]. In this study, the nominal resistances from the CIDECT [1] were
obtained by using the partial safety factors (yx) of 1.0 for chord face failure and 1.25 for chord side
wall failure modes. For joints with f ratio ranging between 0.85 to 1, chord punching shear may
become critical. Thus, in order to obtain the nominal resistances corresponding to chord punching
shear failure, yy equal to 1.25 associated with the effective width of punching shear (b.,) was used
in this study. It should be noted that the values of partial safety factors are given in annex C of the
IIW [2] for different joint types and their corresponding different failure modes. For more details
regarding the adoption of partial safety factors for tubular joints, reference can be made to
Wardenier [36] and Pandey and Young [11,13]. The design rules for chord face plastification and
chord side wall failure modes, with and without incorporating the reduction factors, are as follows:

Chord face plastification (f < 0.85)

when reduction factor is not incorporated:

f t2 277
Ne.x Qfsm@(l ,Bsm@ _ } ©)

when reduction factor is incorporated:

f. ol 2n
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Chord side wall failure (f=1)

when reduction factor is not incorporated:

=Q

(8)

fsm@

when reduction factor is incorporated:

;[Qf e } ©)

In Egs. (6)-(9), Oris the chord stress function which considers the effect of external chord stresses
on the joint resistance and taken as unity in this study. The term f; is the chord side wall buckling

strength and calculated using the buckling curve “c” for cold-formed hollow sections as per EC3
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[35].

5.  Comparison with design strengths
5.1. General

Tables 11-13 present the comparisons of joint failure resistances (N ,,) of tubular non-90°
X-joints with the nominal resistances calculated from the EC3 [3] and CIDECT [1]. In addition, in
order to directly determine the impact of included angle (6;) on the joint resistances, the joint
failure resistances (N ,,) of tubular non-90° X-joints were also compared with the joint failure
resistances ( N, ) of tubular 90° X-joints of same nominal dimensions and steel grades obtained
from Pandey and Young [13]. The Nfﬂ1 / NE,X and Nfﬂl / NC, x ratios checked the applicability
of the latest design rules. However, the N;, / Ney and Ni, / N¢y ratios checked the
applicability of the original design rules developed for NSS tubular X-joints. Therefore,
N o / Ney and N, / Nc x comparisons checked the applicability of the latest design rules for
CFHSS tubular non-90° X-joint made up of S900 and S960 steel grades. Whereas, Nfﬂl / NE,x
and N; / Né,x comparisons facilitated in obtaining the reduction factor for CFHSS tubular
non-90° X-joint made up of S900 and S960 steel grades with respect to the original design rules
developed for NSS grades. On the other hand, the ratio Nfﬁl / N, compared the joint failure
resistances of tubular non-90° X-joints with tubular 90° X-joints of same nominal dimensions and
steel grades. The design rules were considered conservative when the values of these ratios were

greater than unity, otherwise, the design rules were considered unconservative.

5.2. RHS-RHS non-90° X-joints

The comparisons of joint failure resistances (N , ) of RHS-RHS non-90° X-joints with the
nominal resistances of tubular non-90° X-joints obtained from the CIDECT [1] and EC3 [3] as well
as with the test resistances ( N, ) of identical tubular 90° X-joints are presented in Tables 11 and 12.
It can be noticed that for unequal-width (f#1) tubular non-90° X-joints, the comparison yielded a
mixed and unclear trend, when the joint failure resistances (N, ,,) of unequal-width (f#1) test
specimens were compared with the nominal resistances obtained from the CIDECT [1] and EC3 [3],
without including the reduction factor. The mixed and unclear trend of conservative and
unconservative comparison results highlighted the early dependencies on other governing
geometric parameters (i.e. 2y, ho/tp and 7). On the other hand, when the joint failure resistances
(N 4,) of RHS-RHS non-90° X-joints were compared with the nominal resistances obtained from

the CIDECT [1] and EC3 [3], with reduction factor included the values of the ratios N , / Nc x
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and Nfﬂl/NE'X are greater than Nf,m/Né’x and Nfﬁl/N;x ratios because of the reduced
nominal resistances. The design rules of the CIDECT [1] and EC3 [3], with reduction factor
included, are mostly conservative for unequal-width (f#1) tubular non-90° X-joints, except for
X-120x120%3-140x140%4-30° and X-120x120%3-150x150%6-50°. However, for equal-width (f=1)
tubular non-90° X-joints, the comparison yielded very conservative results when the joint failure
resistances ( N; , ) of equal-width (B=1) test specimens were compared with the nominal
resistances of the CIDECT [1] and EC3 [3], with and without including the reduction factor. Further,
it can clearly be seen that the trend of over-conservatism decreased with the increase of the
included angle (0;). In addition, the joint failure resistances (N ,,) of RHS-RHS non-90° X-joints
were also compared with the test resistances (N, ) of RHS-RHS 90° X-joints of identical nominal
dimensions and steel grades. It can be calculated from Table 11 that for 8,=30°, the resistances of
RHS-RHS non-90° X-joints were enhanced by an average of 2.28 times to that of identical
RHS-RHS 90° X-joints. For 6;=50°, the resistances of RHS-RHS non-90° X-joints were enhanced
by an average of 1.41 times to that of identical RHS-RHS 90° X-joints. For 8,=70°, the resistances
of RHS-RHS non-90° X-joints were enhanced by an average of 1.16 times to that of identical
RHS-RHS 90° X-joints.

Referring to Table 12, for chord face failure mode (F) of RHS-RHS non-90° X-joints, the
mean values (Py) of ratios Nfﬂl/N;,X , Nf,el/NE,x , Nfﬂl/NC*:,X ; Nf,el/Nc,x and Nf,m/Nf
are 0.92, 1.15, 1.06, 1.18 and 1.93, respectively. The corresponding COVs are 0.094, 0.094, 0.094,
0.094 and 0.418, respectively. Using a resistance factor (¢) of 1, the corresponding values of
reliability index (fy) are 1.15, 1.81, 1.69, 2.00 and N.A., respectively. For combined failure mode
(F+S) of RHS-RHS non-90° X-joints, the mean values (Pn) of ratios Nfﬂl/N;X , Nfﬂl/NE'X ,
Nf,m/Né’x , Nf’m/NC’x and Nf'm/Nf are 0.91, 1.14, 1.00, 1.11 and 1.60, respectively. The
corresponding COVs are 0.166, 0.166, 0.144, 0.144 and 0.331, respectively. Using a resistance
factor (¢ ) of 1, the corresponding values of reliability index (fy) are 1.17, 1.86, 1.67, 2.02 and N.A.,
respectively. For chord side wall failure mode (S) of RHS-RHS non-90° X-joints, the mean values
(Pm) of ratios Nf,el/N;,x > Nf,el/NE,x > Nfﬁl/Né,X > Nf,el/Nc,x and Nf,el/Nf are 6.00,
7.57,4.88, 5.42 and 1.49, respectively. The corresponding COVs are 0.322, 0.322, 0.321, 0.321 and
0.293, respectively. Using a resistance factor (¢ ) of 1, the corresponding values of reliability index

(Po) are 4.41, 4.85, 4.08, 4.28 and N.A., respectively.

5.3. CHS-RHS non-90° X-joints

Table 13 presents the comparisons of the joint failure resistances (N ,,) of CHS-RHS

non-90° X-joints with the nominal resistances obtained from the CIDECT [1] and EC3 [3] as well
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as with the test resistances (N, ) of identical CHS-RHS 90° X-joints. From Table 13, it can be seen
that when the joint failure resistances (N , ) of CHS-RHS non-90° X-joints are compared with the
nominal resistances obtained from the EC3 [3] without using any reduction factor, the design rules
are unconservative for tubular non-90° X-joints with included angle 6;=30° and 50° and
conservative for 6,=70°. When the joint failure resistances (N ;) of CHS-RHS non-90° X-joints
are compared with the nominal resistances obtained from the EC3 [3] by including the reduction
factor, the design rules are conservative for all the included angles covered in this investigation, i.e.,
0,/=30°, 50° and 70°. Similarly, on comparing the joint failure resistances (N; ,,) of CHS-RHS
non-90° X-joints with the nominal resistances obtained from the CIDECT [1] without using any
reduction factor, the design rules are unconservative for tubular non-90° X-joints with included
angle #,=30°, and conservative when 6; increased to 50° and 70°. Also, when the joint failure
resistances (N , ) of CHS-RHS non-90° X-joints are compared with the nominal resistances of the
CIDECT [1] obtained by including the reduction factor, the design rules are in general conservative.
At large values of the included angle (6;), the increase in test resistance was significantly more than
the corresponding increase in the nominal resistance. Therefore, due to this reason, the design rules
become increasingly conservative with the increase of included angle (6;) for CHS-RHS test
specimens.

Furthermore, the joint failure resistances (N, ,,) of CHS-RHS non-90° X-joints were also
compared with the test resistances ( N, ) of CHS-RHS 90° X-joints of identical nominal dimensions
and steel grades. It can be calculated from Table 13 that for 6;,=30°, the resistances of CHS-RHS
non-90° X-joints were enhanced by an average of 2.15 times to that of identical CHS-RHS 90°
X-joints. For §;=50°, the resistances of CHS-RHS non-90° X-joints were enhanced by an average
of 1.29 times to that of identical CHS-RHS 90° X-joints. For #;=70°, the resistances of CHS-RHS
non-90° X-joints were enhanced by an average of 1.11 times to that of identical CHS-RHS 90°
X-joints. Referring to Table 13, for CHS-RHS non-90° X-joints, the mean values (P,) of ratios
Nea/Nex, Npo/Nes, Npg/Nox, Niju/Ney and Ny /Ny are 099, 1.24, 1.07, 1.19
and 1.44, respectively. The corresponding COVs are 0.146, 0.146, 0.142, 0.142 and 0.314,
respectively. Using a resistance factor (¢ ) of 1, the corresponding values of reliability index (/o)

are 1.50, 2.21, 1.88, 2.22 and N.A., respectively.

5.4. Discussion of comparison results

For tubular non-90° X-joints with small to medium £ ratio (f < 0.6), the deformation limit
criterion controlled the joint resistance, as the load vs deformation curves for such test specimens
were monotonically increasing without any clear ultimate load. The existing design rule for the
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chord face failure mode (F) of X-joint is based on a lower bound simplified yield line model. The
yield line model was developed by ignoring the effects of membrane action, strain hardening of the
material and weld leg size, i.e., the model assumed small deformations just sufficient to cause the
material yielding. Nonetheless, the model showed a convincing validation for X-joints with steel
grades up to S355 [36]. The stress-strain behaviour of S900 and S960 steel grades tubular members
significantly deviates from that of NSS grades. This change in the material behaviour could change
the response of CFHSS tubular non-90° X-joints, particularly in the deformation and propagation of
chord face yield line patterns and development of chord face membrane actions, compared to the
mild steel counterparts. For small to medium g ratio (f < 0.6), NSS X-joints are expected to
undergo relatively larger chord connecting face deformation compared to their corresponding HSS
X-joints. For CFHSS tubular non-90° X-joints with small to medium £ ratio, and particularly for
large 2y ratio (2y > 20), the current deformation limit (0.03b9) seems not sufficient to develop
plastic hinges in the chord connecting face. Therefore, the strength of HSS material from the
inelastic region to yield strength could not be effectively utilised due to the existing 0.03b¢
deformation limit criterion, and thus, the current simplified yield line model, which takes into
account of only material yield strength, becomes unconservative.

However, for equal-width (f=1) CFHSS tubular non-90° X-joints, CIDECT [1] and EC3 [3]
design rules are clearly over-conservative. The existing design rule for the chord side wall failure
mode (S) of X-joint is based on a simplified combined web bearing and buckling analytical model.
The findings of Pandey and Young [11-13] proved that the existing chord side wall failure joint
resistance expression becomes increasingly conservative with the increase of chord side wall
slenderness ratio (ho/ty) for tubular joints made up of S900 and S960 steel grades. The reason for
this observation is due to the assumption of chord side wall a pin-ended column of effective length
(ho-2tp). In this study, the trend of over-conservativism decreased with the increase of included
angle (0), as the decrease in test resistance is significantly more than the corresponding decrease in
the nominal resistance for equal-width (f=1) RHS-RHS non-90° X-joints. For all the three values
of included angle (6;), the equal-width (f=1) tubular non-90° X-joints have shown a clear peak load
at an early deformation stage in their corresponding load vs deformation curves, and thus, governed
the joints resistances. The authors are of the opinion that the behaviour of test specimens failed by
chord side wall failure mode (S) is a complex phenomenon and may involve column buckling or
plate buckling behaviour depending on the chord side wall slenderness ratio (4o/tp). By definition,
tubular X-joints are the joints where the normal component of brace member force is transmitted
through the chord member and is equilibrated by the brace member(s) on the opposite side [1].
However, for tubular non-90° X-joints, a significant portion (N;Cos8,) of the applied brace axial

force (N;) was transmitted to other brace member by the shearing of the chord member. The chord
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shearing action became more effective with the decrease of the included angle (6;) between brace
and chord members of tubular non-90° X-joints. Unlike tubular 90° X-joints, where the total brace
axial compression load (N;) contributed towards the buckling of both chord side walls, only the
N;Sin#; component of the total brace axial load (N;) contributed towards the normal buckling of
both chord side walls for tubular non-90° X-joints, and thus, responsible for the delayed chord side

wall buckling and increased static joint resistance.

6. Conclusions

A test programme on cold-formed high strength steel tubular non-90° X-joints subjected to
brace axial compression is presented in this paper to investigate the static resistances and load vs
deformation behaviour of these joints. A total of three sets of tubular non-90° X-joints were
designed, wherein the included angle (6;) between brace and chord members were kept as 30°, 50°
and 70°. Two configurations of tubular non-90° X-joints were fabricated, namely RHS-RHS and
CHS-RHS. The welding of brace and chord members was performed using the automatic gas metal
arc welding process. A total of 26 tubular non-90° X-joints, including 18 RHS-RHS and 8
CHS-RHS test specimens, were investigated in this experimental programme. The joint failure
resistances ( N; ;) of tubular non-90° X-joints were compared with the nominal resistances
obtained from the CIDECT [1] and EC3 [3], with and without including the respective
recommended reduction factors. Furthermore, material properties from the transverse compression
coupons and from the weld heat affected regions were also investigated. Following are the key
conclusions:

e The ultimate strengths of tensile coupons extracted from the weld heat affected regions of S960
steel grade TMCP tubular members of thicknesses 3, 4 and 6 mm were reduced as much as by
32%, 25% and 14% in the first 6 mm regions from the weld toe, respectively.

e For all tubular non-90° X-joints, maximum chord face indentation was observed at the toe
location, while the chord face indentation at the heel location was trivial.

¢ On increasing the value of included angle (6;), initial stiffness, joint resistance and post-yield
stiftness of tubular non-90° X-joints reduced. The reductions were sharper during the initial
increase of the included angle (6)).

e The joint failure resistances of tubular non-90° X-joints were dropped by an average of 38.5%
and 48.9% when the included angle (6;) increased from 30° to 50° and 30° to 70°, respectively.

e For RHS-RHS non-90° X-joints, the average joint resistances were enhanced by 2.28, 1.41 and
1.16 times of identical RHS-RHS 90° X-joints for the included angle (6;) of 30°, 50° and 70°,

respectively. Whereas, for CHS-RHS non-90° X-joints, the average joint resistances were
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enhanced by 2.15, 1.29 and 1.11 times of identical CHS-RHS 90° X-joints for the included
angle (6;7) of 30°, 50° and 70°, respectively.

e Three types of failure modes were observed in this investigation, namely chord face failure (F),
chord side wall failure (S) and a combination of these two failures (F+S) modes.

e The comparisons showed that the existing design rules of tubular X-joints given in the
CIDECT [1] and EC3 [3] are not capable of providing accurate and reliable predictions for
cold-formed high strength steel tubular non-90° X-joints made up of S900 and S960 steel
grades.

e For tubular non-90° X-joints with f#1, a clear conservative or unconservative trend could not
be established with the available test results. However, for equal-width (f=1) tubular non-90°
X-joints, the design rules given in the CIDECT [1] and EC3 [3] were very conservative. The
trend of over-conservativism decreased with the increase of included angle (6;) and increased

with the increase of chord side wall slenderness ratio (%o/ty).
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a. Set-1 (6,=30°)

c. Set-3 (0,=70°)
Fig. 1. Tubular non-90° X-joints for set-1, 2 and 3
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38

18



Load, N (kN)

900 X-100x100%4-120x60x4-30°

900 X-120x120%3-140%140%4-30°

X-100x100x4-120x60x4-30°

X-100x100x4-120x60x4-30°-R
800 f‘// s xX 120><l;0><:>‘3< 140x140x4-30° 800 X-100%100x4-120x60x4-30°-R
ol . eefn. X-120x120x3-150x150%6-50°
e X-120x120x 3-150x150x6-50 'l
700 5 o T 700 e
600 X-120x120x3-150150%6-70 - 600 & 120x120%3-150=150x6-70"
é X-120x120%3-150x150x6 [13]
500 S 500 % X120x120x3-140x140x4-50°
a0 Bapm g T <«—— X-120x120x3-140x140x4-50 S 400 ST e e ennns AL X100x10074-120x60>4-50°
A — + ~d—— X-120x120x3-140x140%x4-70 § ..... € ———— X-100x100x4-120x60x4-70°
300 300 ¥ X-120x120%3-140x140x4-70°
200 X-120%120x3-150x150%6 [13] 200 X-100x100~4;320>60x4 [13]
'X-100%x100% 4-120%60 x4 [13] X-120x120x3-140x140x4 [13]
100 X-120x120x3-140x140x4 [13] 100
o T T T T T T T T T T T T T T T 1 0 T T T T T T T T T T T T T T T T T T T T T T T T T T T T T 1
0 1 2 3 4 5 6 7 8 9 0 1 2 3 4 5 6 7 8 9 10 11 12 13 14 15

Chord Face Indentation at Heel, u (mm)

a. Load vs Chord face indentation curves at heel

Load, N (kN)

Chord Face Indentation at Toe, u (mm)

b. Load vs Chord face indentation curves at toe

900 X-100x100x4-120x60x4-30°-R
X-100%x100x4-120x60%4-30°

"/$/ ................ X 1204120<3-140:140<4-30°
o "u""

800

T X- 120><120X3 150X150X6 70°
X-120x120% 3- 150X1SOXG [13]

700

6003 = S0 LN
T X100:100<4 120-60:4:50
400 R S
300 :
X-100x100x4-120x60x4-70°
200 X-100x100x4-120x60x4 [13]
X-120x120x3-140x140x4-50°
100 X-120x120x3-140x140x4-70°
0 X-120x120%3-140x140x4 [13]

0123 456 7 8 91011121314151617 18192021
Chord sidewall deformation, v (mm)

¢. Load vs Chord side wall deformation curves

Fig. 19. Load vs deformation curves for RHS-RHS non-90° X-joints with combined failure mode (F+S)
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b. Load vs Chord side wall deformation curves

Fig. 20. Load vs deformation curves for RHS-RHS non-90° X-joints with chord side wall failure mode (S)
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b. Load vs Chord face indentation curves at toe
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c. Load vs Chord side wall deformation curves
Fig. 21. Load vs deformation curves for CHS-RHS non-90° X-joints with chord face failure mode (F)
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a. RHS-RHS non-90° X-joint failed by chord face failure mode (F)

b. RHS-RHS non-90° X-joint failed by chord side wall failure mode (S)

¢. RHS-RHS non-90° X-joint failed by combined failure mode (F+S)

Fig. 24. Observed failure modes of RHS-RHS non-90° X-joints
43



a. Chord face failure mode (F) of X-88.9x4-120x120x6-30°

b. Chord face failure mode (F) of X-88.9x3-120x60x4-70°-R
Fig. 25. Observed failure mode of CHS-RHS non-90° X-joints

44



Specimens Braces (mm) Chords (mm) On 67 Geometric Ratios

X-bixhyxti-boxhoxte-01 by hy t1 r R1 Ln Lt bo ho to o Ro Lo O (O p T 2y holto

X-80%x80x4-150x150%6-30° 80.2 802 3944 6.6 97 1600 2995 150.2 151.1 5893 94 128 8686 300 1499 053 0.67 255 256
X-100x100%4-120%60x4-30° 100.8 1008 3975 83 117 2000 3732 1197 612 395 66 9.7 4818 299 1501 0.84 1.00 303 155
X-100x100%x4-120x60x4-30°-R ~ 100.8 100.8 3.960 8.4 11.7 200.0 373.0 1199 608 3955 66 96 4832 299 1501 084 100 303 154
X-120x120%3-140%140x4-30° 120.3 120.0 3.098 44 6.7 239.2 4482 1403 1413 4.009 56 87 8999 298 1502 0.86 0.77 350 353
X-120%120%3-120%x120%3-30° 120.3 1201 3.101 43 6.7 240.0 4480 1202 120.6 3.103 44 6.7 8081 298 1502 100 100 38.7 389
X-120x120%4-120%120x4-30° 1210 1212 3926 6.7 9.9 240.7 4477 1215 1211 3947 67 9.6 8065 297 1500 1.00 0.99 308 307

X-80%x80x4-150x150%6-50° 80.3 802 3952 64 96 1602 2268 1501 1513 5944 92 130 6783 499 1305 053 066 253 254
X-120x120%3-150%150x6-50° 1205 1200 3.088 44 6.8 2409 3409 1499 1513 5902 9.1 129 709.7 500 1298 0.80 052 254 256
X-100%100%4-120x60x4-50° 100.8 100.8 3.979 85 119 200.2 2840 1200 611 3953 65 9.7 3613 496 1301 084 101 304 155
X-120x120%3-140%x140x4-50° 1204 1199 3118 45 6.9 2402 3411 1400 1413 3999 56 84 6915 498 1301 086 0.78 350 353
X-120%120%3-120%x120%3-50° 120.7 120.0 3.111 48 7.2 2405 3408 1202 1206 3.116 44 7.0 6155 497 1297 100 100 38.6 38.7
X-120x120%4-120%120x4-50° 1209 1212 3938 65 95 2407 3412 1215 1213 3954 66 9.7 6152 497 1302 100 1.00 30.7 30.7

X-80%80x4-150x150%6-70° 80.2 800 391 6.2 93 1591 1881 1501 151.3 5940 9.1 13.0 5885 69.7 1098 053 067 253 255
X-120%120%3-150%150%6-70° 1205 1199 3.093 44 6.7 2402 2836 1499 1514 5911 92 130 6049 698 1095 080 052 254 256
X-100x100%4-120%60x4-70° 101.1 1010 4.000 86 125 1996 2355 1199 610 3969 64 9.6 3085 69.0 1095 084 1.01 302 154
X-120%120%3-140%x140%4-70° 1205 120.0 3.129 46 7.0 2408 2837 1399 1412 4021 54 84 5975 696 1096 086 0.78 348 351
X-120x120%3-120%120x3-70° 1205 1200 3118 43 65 2394 2835 1203 1205 3111 44 6.7 5303 696 1091 100 1.00 387 387
X-120%120%4-120%120%4-70° 1209 1211 3938 69 97 2394 2842 1218 1213 3939 68 99 5306 695 1095 100 100 309 308

Table 1. Measured average member dimensions for RHS-RHS non-90° X-joints
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Specimens Braces (mm) Chords (mm) On o7 Geometric Ratios

X-d1xt1-boxhoxto-61 ds t1 Ln Lt bo ho to rn Ro Lo O (O p T 2y holt
X-88.9x3-120x60%4-30° 88.8 3.079 177.6 331.8 1199 613 3958 65 9.6 4628 30.0 150.1 0.74 0.78 303 155
X-88.9x4-120x120x6-30°  89.0 3.972 177.8 331.7 122.0 122.0 5938 7.6 117 7459 30.0 150.0 0.73 0.67 206 20.5
X-88.9x3-120x60%4-50° 89.2 2974 1788 251.9 1198 610 3960 6.5 9.6 3465 496 1299 0.74 075 302 154
X-88.9x4-120x120x6-50°  89.1 3.971 177.4 2514 1223 1219 5949 75 118 5746 499 1296 0.73 0.67 206 205
X-88.9x4-120x120%x6-50°-R  89.2 3.938 177.3 252.4 1223 1218 5965 7.2 121 5820 50.1 129.7 0.73 0.66 205 204
X-88.9x3-120x60%4-70° 89.0 2968 177.8 209.9 1200 61.1 3958 64 9.8 2967 699 1099 0.74 075 303 154
X-88.9x3-120x60%4-70°-R  89.3 2.967 177.3 210.1 1199 610 3936 6.3 9.7 2965 694 1098 0.74 0.75 305 155
X-88.9x4-120x120x6-70°  89.1 3.950 177.1 210.3 1222 1219 5974 7.3 118 4965 70.0 1095 0.73 0.66 205 204

Table 2.

Table 3. Measured material properties obtained from flat regions of tubular members [11]

Measured average member dimensions for CHS-RHS non-90° X-joints

Sections  Nominal Measured properties
(bxhxt) 00.2 E¢ 00.2 ouf 0.80us &ff

(MPa) (GPa) (MPa) (MPa) (MPa) (%)
80x80x4 960 212.2 1003.8 11805 944.4 7.91
120x120%3 960 212.0 1038.2 1160.1 928.1 6.63
120x120x4 960 209.4 9714 11379 9104 7.99
140x140x4 960 208.9 1008.0 11164 893.1 7.50
150x150%6 960 208.5 1059.1 11457 916.6 9.37
100x100x4 900 207.2 967.0 1092.2 873.8 7.60
120x60x4 900 200.8 910.4 1064.6 851.7 8.03
120x120%6 900 205.6 9452 10855 868.4 9.71
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Sections  Nominal Measured properties
(bxhxt) 00.2 E. 00.2¢ Ouc 0.80uc &fc
(MPa) (GPa) (MPa) (MPa) (MPa) (%)
80x80x4 960 2117 11256 12494 9995  9.12
120x120x3 960 2142 10882 12114 969.1  10.40
120x120x4 960 2136 10995 12312 9849 1289
140x140x4 960 219.9 10679 11809 9447 12.86
150x150%6 960 2099 11024 1233.1 986.5 15.57
100x100x4 900 2111 10759 11474 918.0 1221
120x60x4 900 209.4 10772 11455 9164 1258
120x120x6 900 219.9 10781 11494 9195 15.80
Table 4. Measured material properties obtained from corner regions of tubular members [11]

Sections  Nominal Measured properties
(dxt) 00.2 Ecr 00.2cr Oucr 0.80ucr Efcr
(MPa) (GPa) (MPa) (MPa) (MPa) (%)
88.9%x3 900 206.5 978.6 10973 8779 10.11
88.9x4 900 208.5 1006.7 11053 8843 12.26

Table 5. Measured material properties obtained from curved regions of tubular members [11]

Sections Nominal Measured properties
(bxhxt) 002 Ecp 00.2cp €0.2cp
(MPa) (GPa) (MPa) (%)
80x80x4 960 220.4 1170.4 0.73
120%x120x3 960 222.9 1101.4 0.69
120x120x4 960 212.4 1121.1 0.73
140x140x4 960 217.9 990.8 0.65
150%150x6 960 210.6 1033.2 0.69
100x100x4 900 214.9 1040.6 0.68
120%60x4 900 220.5 1034.6 0.67
120%x120x6 900 216.1 1078.2 0.70

Table 6. Measured material properties obtained from compression coupons
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B Weld Weld Passes ro Ro g G Side Welds (mm) Toe Welds (mm) Heel Welds (mm)

Specimens e
(bi/bg)  Types FW  GW (mm) w tw W W Wo tw w tw

X-80%80%4-150x150%6-30° 0.53 FW 1 --- 94 128 0 --- 6.61 453 --- --- 10.00 5.00 14.00 11.02
X-100%100%4-120x60x4-30° 0.84 FW 1 --- 6.6 9.7 0o --- 727 446 --- --- 9.61 4.81 12.00 9.09
X-100x100%4-120x60x4-30°-R 0.84 FW 1 --- 6.6 9.6 0o --- 730 460 ---  --- 11.18 5.59 1200 9.21
X-120%x120%3-140x140x%4-30° 0.86 FW 1 --- 56 8.7 0o --- 6.76 472 --- --- 11.75 5.88 1421 10.89
X-120x120%3-120x120%3-30° 1.00 FW+GW 1 44 6.7 0 091 ---  --- 1781 3.03 1150 5.75 17.00 13.92
X-120%x120%4-120x120x%4-30° 1.00 FW+GW 1 6.7 9.6 0 154 ---  --- 1896 3.23 11.50 5.75 16.75 13.43

X-80%80%4-150x150%6-50° 0.53 FW 1 --- 92 130 0 --- 6.57 460 --- --- 12.75  9.77 9.31 6.34
X-120%x120%3-150x150%6-50° 0.80 FW 1 --- 91 129 0 --- 6.34 414 --- --- 9.17 7.02 1093 8.59
X-100x100%4-120x60x4-50° 0.84 FW 1 --- 6.5 9.7 0 --- 693 387 --- --- 9.35 7.16 9.48 7.34
X-120%x120%3-140x140x%4-50° 0.86 FW 1 --- 56 84 0o --- 659 430 --- --- 9.78 7.49 10.16 7.31
X-120x120%3-120x120%3-50° 1.00 FW+GW 1 44 7.0 0 1.00 --- --- 1655 3.14 7.42 5.68 9.60 7.22
X-120x120%4-120x120x%4-50° 1.00 FW+GW 1 6.6 9.7 0 159 ---  --- 1990 252 1273  9.75 10.00 7.62

X-80x80%4-150%150%6-70° 0.53 FW 1 --- 91 130 0 --- 1220 861 --- --- 11.04 6.52 12.19 9.98
X-120x120%3-150x150%6-70° 0.80 FW 1 --- 92 130 0 --- 818 478 --- --- 4.79 3.57 7.85 6.34
X-100x100%4-120x60%x4-70° 0.84 FW 1 --- 6.4 9.6 0o --- 1069 671 --- --- 8.22 4.88 10.24  8.39
X-120x120%3-140x140%4-70° 0.86 FW 1 --- 54 84 0o --- 833 409 --- --- 6.58 3.98 7.82 6.39
X-120%120%3-120x120x%3-70° 1.00 FW+GW 1 1 44 6.7 0 0.90 ---  --- 1592 275 7.24 4.46 9.16 7.04
X-120x120%4-120x120%4-70° 1.00 FW+GW 1 1 6.8 9.9 0 1.67 --- --- 1595 3.69 8.15 5.26 8.12 6.30
Note: “- - -” denotes not applicable; FW- Fillet weld; GW — Partial joint penetration flare bevel groove weld.

Table 7. Measured average weld dimensions for RHS-RHS non-90° X-joints
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B Weld Weld Passes Side Welds (mm)  Toe Welds (mm)  Heel Welds (mm)

Specimens (di/bg)  Types FW w t Wo t w tw
X-88.9x3-120x60x4-30° 0.7 FW 1 582 3.90 775 388 1200 9.10
X-88.9x4-120x120x6-30° 0.73 Fw 1 660  4.48 805 403 1450 11.37
X-88.9x3-120x60x4-50° 0.74 Fw 1 647 440 592 453 555  3.72
X-88.9x4-120x120x6-50° 0.73 Fw 1 672 437 1122 860 816 6.1

X-88.9x4-120x120x6-50°-R  0.73 Fw 1 681 446 1272 974 941 711
X-88.9%3-120x60x4-70° 0.74 Fw 1 791 555 678 437 856  7.00
X-88.9x3-120x60x4-70°-R  0.74 Fw 1 791 555 864 511 775 607
X-88.9%4-120x120x6-70° 0.73 Fw 1 601 405 610 401 674 527

Note: FW- Fillet weld.
Table 8. Measured average weld dimensions for CHS-RHS non-90° X-joints

Tubular section Regions Nominal Measured properties
thicknesses Strengths E 002 ou &
(mm) (mm) (MPa) (GPa) (MPa) (MPa) (%)
HAZ-0to 6 960 196.3 614.8 724.8 11.99
HAZ - 6to 12 960 198.5 873.2 873.9 8.18
3 HAZ - 1210 18 960 205.2 916.5 961.6 9.16
HAZ - 1810 24 960 201.9 855.3 1008.6 10.69
Non-HAZ (Parent Metal) 960 200.6 910.0 1064.6 7.44
HAZ-0to 6 960 196.6 755.4 835.0 8.03
HAZ - 6to0 12 960 199.7 881.6 884.7 11.00
4 HAZ - 120 18 960 232.6 925.4 976.1 4.85
HAZ - 1810 24 960 204.6 608.9 1062.0 11.42
Non-HAZ (Parent Metal) 960 211.8 836.6 11205 11.82
HAZ-0to 6 960 208.4 700.5 974.4 7.29
HAZ - 6to0 12 960 207.9 1004.1 1003.4 7.25
6 HAZ - 120 18 960 2145 901.5 1061.0 6.88
HAZ - 1810 24 960 199.2 625.9 1098.1 8.65
Non-HAZ (Parent Metal) 960 205.0 770.6 1134.1 9.97

Table 9. Measured average material properties from HAZ and Non-HAZ regions
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Regions Nominal

Tubular section E.ny Co2haz Oumaz €1 haz

thicknesses (mm) (mm) St(rl\e/lr;ggl S E o o, &

HAZ-0to 6 960 098  0.68 0.68 1.61

HAZ-6to 12 960 0.99  0.96 0.82 1.10

. HAZ-12t0 18 960 1.02  1.01 0.90 1.23
HAZ - 18 to 24 960 1.01 0.94 0.95 1.44

HAZ-0to 6 960 093  0.90 0.75 0.68

HAZ -61to0 12 960 0.94 1.05 0.79 0.93

! HAZ-12t0 18 960 .10 1.11 0.87 041
HAZ - 18 to 24 960 0.97 0.73 0.95 0.97

HAZ-0to 6 960 1.02 0.91 0.86 0.73

6 HAZ-6to 12 960 .01 1.30 0.88  0.73
HAZ -12t0 18 960 1.05 1.17 0.94 0.69

HAZ - 18t0 24 960 097 0.81 097  0.87

Table 10. Residual factors for material properties obtained from the HAZ regions
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Specimens Test Resistances (kN) Nominal Resistances (kN) Resistance Comparisons

N N N N N
X-blxhlxtl-boxhoxto-el ﬂ Nmax N3% nym Nf N; ) NE ) N; ) NC ) 1,51 f,01 i,ﬁl f,01 f,01
NE,X NE‘X NC‘X NC‘X Nf
X-80x80x4-150x150x6-30° 053  --- 6857 6857 239.4 767.9 6143 6646 5981 089 112 103 115 286

X-100x100%4-120%x60x4-30° 0.84 765.6 763.6 7656 359.3 898.1 7185 840.2 756.2 0.85 1.07 0.91 1.01 2.13
X-100x100%4-120%60x4-30°-R  0.84 791.3 789.0 7913 359.3 8923 713.8 8348 751.3 0.89 1.11 0.95 1.05 2.20
X-120x120x3-140%x140x4-30°  0.86 7774 7759 7774 3108 10419 8335 9251 8326  0.75 0.93 0.84 0.93 2.50
X-120%120%3-120%x120%3-30° 1.00 690.8 6904 690.8 3168 727 582 903 813 9.50 11.87 7.65 8.50 2.18
X-120x120%4-120%120x4-30° 1.00 1036.9 1034.6 1036.9 566.8 148.9 119.2 1852 166.7 6.96 8.70 5.60 6.22 1.83

X-80x%80x4-150x150%6-50° 0.53 --- 3673 367.3 239.4 433.7 3469 3753 3378 085 1.06 0.98 1.09 1.53
X-120x120%3-150%150%6-50°  0.80 7220 718.0 722.0 506.3 947.8 758.2 820.3 738.2 0.76 0.95 0.88 0.98 1.43
X-100x100x4-120%x60x4-50° 0.84 475.0 459.7 475.0 359.3 4458 356.7 417.1 3754  1.07 1.33 1.14 1.27 1.32
X-120%120%3-140x140x4-50°  0.86 442.6 4399 4426 310.8 506.4 405.1 4514 406.2 0.87 1.09 0.98 1.09 1.42
X-120x120%3-120%120x3-50° 1.00 436.7 4009 436.7 3168 739 591 916 824 591 7.39 4.77 5.30 1.38
X-120%x120%4-120x120%4-50° 1.00 763.3 688.3 763.3 566.8 1494 1195 1855 1669 511 6.39 412 4.57 1.35

X-80x%80x4-150x150%6-70° 0.53 --- 3356 3356 2394 3308 264.6 286.3 2576 1.01 1.27 1.17 1.30 1.40
X-120%x120%3-150x150x6-70°  0.80 571.2 567.0 571.2 506.3 698.2 558.6 604.3 543.8 0.82 1.02 0.95 1.05 1.13
X-100x100%4-120%60x4-70° 0.84 403.3 380.5 403.3 359.3 3321 2657 310.7 2796 121 1.52 1.30 1.44 1.12
X-120%120%3-140x140x4-70°  0.86 356.8 352.8 356.8 310.8 3721 297.7 332.7 299.4  0.96 1.20 1.07 1.19 1.15
X-120x120%3-120%120x3-70° 1.00 3480 --- 3480 3168 739 591 915 823 471 5.89 3.80 4.23 1.10
X-120%120%4-120%120%4-70° 1.00 613.1 --- 613.1 566.8 147.8 118.3 183.3 165.0 4.15 5.18 3.34 3.72 1.08

Mean (Pm) 2.63 3.28 2.30 2.56 1.62

COV (Vp) 1.033 1.033 0.894 0.894 0.332
Resistance factor (¢) 1.00 1.00 1.00 1.00 ---
Reliability index (o) 1.24 1.44 1.34 1.44 ---

Note: “- - -” denotes not applicable; Nyobtained from Pandey and Young [13].
Table 11. Comparison of test resistances with nominal resistances for RHS-RHS non-90° X-joints
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Chord face failure (F) Combined failure (F+S) Chord side wall failure (S)
ParamEterS f.01 N f,01 N f,01 N f,01 N f.01 N f,01 N f.01 N f,01 N f.01 N f,01 N f.01 N f,01 N f.01 N f,01 N f.01
N;,X NE‘X N;,X NC‘X Nf N;,X NE‘X N;,X NC‘X Nf N;,X NE‘X N(Z,X NC‘X Nf
No. of Specimens 3 3 3 3 3 9 9 9 9 9 6 6 6 6 6
Mean (Pm) 092 115 106 118 193|091 114 100 111 160|6.06 757 488 542 149
COV (Vyp) 0.094 0.094 0.094 0.094 0.418/0.166 0.166 0.144 0.144 0.331]0.322 0.322 0.321 0.321 0.293
Resistance factor () | 1.00 100 1.00 100 ---|100 1.00 100 100 ~---]100 100 1100 100 ---
Reliability index (f0) | 1.15 181 169 200 ~---|117 186 167 202 ~--- 441 485 408 428 ---
Note: “- - -” denotes not applicable; Nrobtained from Pandey and Young [13].

Table 12. Summarized comparison of test resistances with nominal resistances for RHS-RHS non-90° X-joints

Specimens Test Resistances (kN) Nominal Resistances (kN) Resistance Comparisons

E.X E.X C,X C,X f
X-88.9x3-120x60%x4-30° 0.74 --- 3613 361.3 176.7 432.6 346.1 404.8 3643 0.84 1.04 0.89 0.99 2.04
X-88.9x4-120%120x6-30° 0.73 910.6 817.7 817.7 3616 969.4 7755 890.7 801.6 0.84 1.05 0.92 1.02 2.26
X-88.9x3-120x60%4-50° 0.74 --- 2193 2193 176.7 229.3 183.4 2145 1931 0.96 1.20 1.02 1.14 1.24
X-88.9x4-120%120x6-50° 0.73 571.0 486.1 486.1 361.6 505.1 404.1 464.1 417.7 0.96 1.20 1.05 1.16 1.34
X-88.9x4-120x120x6-50°-R  0.73  562.5 469.1 469.1 361.6 507.3 405.9 466.1 4195 0.92 1.16 1.01 1.12 1.30
X-88.9%3-120x60x4-70° 0.74 --- 200.3 200.3 176.7 167.0 133.6 156.2 1406 1.20 1.50 1.28 1.42 1.13
X-88.9x3-120%60%4-70°-R 0.74 --- 2041 204.1 176.7 167.5 134.0 156.7 141.0 1.22 1.52 1.30 1.45 1.16
X-88.9%4-120x120%6-70° 0.73 4316 379.4 3794 3616 378.3 302.7 347.6 3128 1.00 1.25 1.09 1.21 1.05
Mean (P) 099 124 107 119 144
COV (Vy) 0.146 0.146 0.142 0.142 0.314
Resistance factor (¢) 1.00 1.00 1.00 1.00 ---
Reliability index (50) 1.50 2.21 1.88 2.22 ---

Note: “- - -” denotes not applicable; Nyobtained from Pandey and Young [13].

Table 13. Comparison of test resistances with nominal resistances for CHS-RHS non-90° X-joints
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Specimens Geometric Ratios At Failure Loads

Failure Governi_ng
X-bxhyxts-bexhoxty-0s 5 . 2 hofty Modes u v Deformations
(mm) (mm) (uorv)
X-80x80x4-150x150x6-30° 053 0.67 255 256 F 451 4.70 v
X-100x%100x4-120%60%4-30° 0.84 1.00 30.3 155 F+S 3.21 2.20 u
X-100x100x4-120%60%4-30°-R 0.84 1.00 303 154 F+S 3.06 2.53 u
X-120%120x3-140%140x4-30° 0.86 0.77 350 353 F+S 3.35 9.56 v
X-120x120x3-120%120%3-30° 1.00 1.00 38.7 389 S 3.57 8.30 v
X-120%120%4-120%120x4-30° 1.00 0.99 30.8 30.7 S 3.22 5.31 v
X-80x80x4-150x150x6-50° 053 0.66 253 254 F 4.50 5.14 v
X-120%120x3-150%150%6-50° 0.80 0.52 254 25.6 F+S 3.44 9.70 v
X-100%100%4-120x60x4-50° 0.84 1.01 304 155 F+S 1.90 3.02 v
X-120%120x3-140%140x4-50° 0.86 0.78 350 353 F+S 2.36 12.73 v
X-120%120%3-120x120x3-50° 1.00 1.00 38.6 38.7 S 1.80 6.01 v
X-120%120%4-120%120x4-50° 1.00 1.00 30.7 30.7 S 1.27 4.01 v
X-80x80x4-150x150x6-70° 053 0.67 253 255 F 4.50 6.48 v
X-120%120%3-150%150x%6-70° 0.80 0.52 254 25.6 F+S 3.77 12.50 v
X-100%100%4-120x60x4-70° 0.84 1.01 302 154 F+S 141 2.42 v
X-120%120x3-140%140x4-70° 0.86 0.78 348 351 F+S 1.96 13.20 v
X-120%120%3-120x120x3-70° 1.00 1.00 38.7 387 S 0.76 4.98 v
X-120x%120%4-120%120x4-70° 1.00 1.00 30.9 30.8 S 0.83 3.46 v

Note: F — Chord face failure mode; F+S — Combined failure mode; S — Chord side wall failure mode; u — Chord face indentation; v —
Chord side wall deformation.

Table 14. Summary of failure modes for RHS-RHS non-90° X-joints

Specimens Geometric Ratios Eailure At Failure Loads Governing
Y-y xXt,-byxhoxto-0 5 . 2 holt Modes u v Deformations
(mm) (mm) (uorv)
X-88.9%3-120%60x4-30° 0.74 0.78 30.3 155 F 3.60 1.48 u
X-88.9%4-120%120x6-30° 0.73 0.67 20.6 205 F 3.66 4.02 v
X-88.9%3-120%60x4-50° 0.74 0.75 302 154 F 3.59 2.03 u
X-88.9%4-120%120x6-50° 0.73 0.67 20.6 205 F 3.67 3.80 v
X-88.9x4-120x120x6-50°-R  0.73 0.66 205 204 F 3.67 3.54 u
X-88.9%3-120%60x4-70° 0.74 0.75 303 154 F 3.60 3.55 u
X-88.9x3-120x60x4-70°-R ~ 0.74 0.75 30,5 155 F 3.60 3.64 v
X-88.9%4-120%120x6-70° 0.73 0.66 205 204 F 3.67 4.40 v

Note: F — Chord face failure mode; u — Chord face indentation; v — Chord side wall deformation.

Table 15. Summary of failure modes for CHS-RHS non-90° X-joints
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