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ARTICLE INFO ABSTRACT
Keywords: The material reduction factor of rectangular hollow section (RHS) joints in a new version of
Rectangular hollow section joints Eurocode 3 part 1-8 is validate for steel with the nominal yield strength up to 700 MPa. In this

High-strength steels
Ultimate capacity
Material reduction factor

paper, finite element simulations of gap K-joints are conducted to investigate effects of material
properties, gap size of the joint, the brace to chord width ratio and welds type on the secondary
bending stresses and the resistance. The governing failure mode considered for all the FE models
is the chord face failure followed by brace sidewall failure. The ratio of axial stresses to the
nominal stress was lower in the compressive brace made of higher strength steel grades compared
to the mild strength grades. The maximum secondary bending stresses is 0.12-0.32 yield strength.
The secondary bending stresses are increasing with the increase of the steel grade and the brace to
chord width ratio and with reducing the gap size. The level of secondary bending stresses varied
between 38% and 56% of the average normal axial stress. The secondary bending stresses of fillet-
welded joints are larger than the butt-welded joints. The yield line model is used to predict the
ultimate load and good agreement is obtained compared with FE results.

1. Introduction

The high strength steel (HSS) benefits long-span and high-rise structures in civil engineering sector, such as sports arenas and
bridges [1-5]. Tubular structures are generally recommended for such high-rise and long-span structures [6]. The safety and reliability
of HSS welded hollow section joints are very important to tubular structures [7]. The hollow section joints could be divided into
circular hollow section (CHS) joints [8-10] and rectangular hollow section (RHS) joints [13,14].

One obstacle for competitive use in engineering practice is due to uncertainties in whether current design standards of rectangular
hollow section (RHS) joints validated for mild strength steels can be used to HSSs [15]. Because of non-uniform stiffness, eccentric
forces and the large deformations in a truss girder, secondary bending stresses generally occurred in the tubular joints. In the design of
truss structures, the joints are generally simplified as pinned jointed braces and continuous chords [7]. Bjork et al. [16] showed that the
secondary bending moment is highly dependent on the joint geometry and material properties. Their results showed that the secondary
bending stresses requires additional attention if high strength steels are used. The secondary bending moment is dependent on the
plastic moment capacity of the brace member or the joints. The trilinear stress-strain relationship without softening or damage in their
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Fig. 1. Gap K-joint parameters.
Table 1
Joint geometry for the parametric study.
Joint layout b, ty b; t; g o; e B Weld Type
(mm) (mm) (mm) (mm) (mm) ©) (mm) O]
K1 120 5 80 5 40 30 -2.3 0.67 Fillet
K2 120 5 80 5 25 30 —6.6 0.67 Fillet
K3 140 6.3 70 5 40 30 —18 0.50 Fillet
K4 140 6.3 80 5 40 30 —-12.3 0.57 Fillet
K5 140 6.3 90 5 40 30 -5.5 0.67 Fillet
K6 140 6.3 70 5 40 30 -18 0.50 Butt
K7 140 6.3 80 5 40 30 —-12.3 0.57 Butt
K8 140 6.3 90 5 40 30 —6.5 0.53 Butt
Table 2
The weld width, t,, used in FEA.

Steel grade Weld size

F, < 500 MPa ty > 1.41; t

500 MPa < F, < 700 MPa ty > 1.69¢

700 MPa < F, < 960 MPa ty > 1.98¢;

—>
t,, ap

finite element simulation may lead to an unreal increase of secondary bending moment especially when the local material is in the
stage of the post necking or fracture. The European design code [15] neglects the secondary bending stresses, and is validate for the
RHS joints made of the steel with the nominal yield strength up to 460 MPa. A new draft version of European standard part 1-8 chapter
9 [17] proposes design rules for RHS joints with a yield strength up to 700 MPa. The design rules, which were originally developed by
CIDECT [18], are based on experimental, numerical and analytical analysis and validated for a range of parameters for steel grades up
to S460. The validity range gives various limitations on geometrical parameters of joints to ensure that the members and the joints have
sufficient resistance validated by the design resistance formula. An open question on what would be justified level of material factors
necessary to accept.

The behavior of hollow section joint may be different with increasing steel nomial yield strength and must be therefore checked. In
this paper an attempt is made to investigate the effect of the secondary bending stresses of RHS joints with four steel grades, two gap
size, three braces width to chord width ratios () and two types of welds. A parametric study is performed on the gap K-joint made of
square hollow sections using finite element analysis.
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Fig. 2. Finite element mesh and boundary conditions of the K joint.
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Fig. 3. Nominal and true stress-strain relationship.

2. Finite element model
2.1. Geometry

Fig. 1 presented the symbols of the gap K-joint and Table 1 listed the values of each symbol. The angles between the brace and chord
are same, 0i = 30°. $ denoted the brace width to chord width ratio. Two gap size of Gy = 25 mm and G; = 40 mm, three braces to chord
width ratios of f; = 0.50, 2 = 0.57 and 3 = 0.67, fillet and butt welds are varied to investigate their effects on the secondary bending
stresses and the failure modes. The weld width ¢, of fillet welds is related to the brace thickness and the yield strength of the material,
as listed in Table 2.

2.2. Mesh and boundary conditions

C3D8 element of ABAQUS is used to model the K-joints and welds. The mesh and boundary conditions are shown in Fig. 2. As shown
in Fig. 2b, one end of the chord is pinned, and the other end is left free. One brace member is pinned, and the other brace member is
roller pinned to allow the translation in the axial direction. MPC constrain is used to transfer the load from the referemce point to the
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Fig. 4. (a) Element set and node set and (b) moment and force vector K-joint.
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Fig. 5. Load-displacement of K1 joints with different steel grades.

Table 3

Comparisions between FE results and design resistance with different steel grades.
Model Ngga (KN) Ng (kN) Ng/Ngga (-) Ng,cf/Nrga (-)
K1-S355 421.49 420.69 1.00 1.00
K1-S460 503.99 522.17 1.04 0.93
K1-S700 773.35 792.41 1.02 0.82
K1-S960 1018.81 1162.36 1.14 0.91

brace member.
2.3. Material parameters

Material data obtained from a set of coupon specimens in RUOSTE project are used in the FEA [6]. The stress-strain curves for the
steel grade varying from S355 to S960 are shown in Fig. 3 [19]. It should be noted that ratio of yield strength to tensile strength is 0.75
for S355, 0.80 for S460, 0.84 for S700, and 0.82 for S960.
2.4. Secondary bending moment

As shown in Fig. 4, the secondary bending moment is defined as the stress integration at the cross section 95 mm away from top

chord surface at the compression brace. The secondary bending stress oy, is calculated based on FE secondary bending moment and
moment inertia. The average stress or nominal stress o, is determined using the obtained FE axial force and the cross-sectional area.
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Fig. 6. Mises stresses distribution of of K1 joints with different steel grades.
3. Parametric analysis

3.1. Effects of steel grades

Fig. 5 shows the load-displacement relationship of K1 joints with different steel grades. Table 3 listed the comparisions between FE
simulation results and design resistance [17] with different steel grades. The joints presented chord face failure (CFF). The design
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Fig. 7. Secondary bending stress and the level of secondary bending stress for K1 joints with different steel grades.
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Fig. 8. Positions of cross-sections for K1 joints.

resistance without considering reduction of material factor (Cy) and the partial safety factor denoted as Ng, and the design resistance
only considering the material factor (Cy) [17] denoted as Ng cr. The load corresponding to the 3%bg (bo is the width of the chord)
deformation limit is considered as the ultimate load of the joints. The ultimate load of RHS joints made of S460, S700, and S960 is 20%,
83% and 142% larger than it of RHS joints made of S355. The ultimate load from FE is 14%, 2% and 4% larger than the recommended
design load of Eurocode [17]. Based on the FE results, the reduction factor is determined to be 1.0, 0.9, 0.8 and 0.8 for the RHS joints
made of S355, S460, S700 and S960.

The stress distribution at 3%bg deformation is shown in Fig. 6. The governing failure mode for all FE models is the chord face
failure. In the zone of welds, the stresses are higher than the nominal yield strength of base materials. The ratio of maximum mises
stress to nominal yield strength is 1.55, 143, 1.27 and 1.27 for the steel grades S355, S460, S690 and S960 respectively. That is the ratio
of maximum mises stress to nominal yield strength is lower for the joints made of high steel grades.

In terms of K1 joints with different steel grades, the relationship between the ratio 6.,/fy and the ratio 6,,/fy is shown in Fig. 7a, and
the relationship between the ratio 6,,/0, and the ratio 6,,/fy is presented in Fig. 7b. The secondary stress firstly increased and later
decreased with the increasing applied load. The ratio oy,/fy is larger with the nominal yield strength increasing. The ratio cp/cy
decreased with the increasing applied load.

As shown in Fig. 8, two cross-sections are selected to show the stress distribution along the brace. Figs. 9 and 10 the axial stress
distribution at the design resistance in position 2-8 and 10-16 in the middle line of both the cross sections. The compressive axial
stresses in the joint are larger than the nominal yield strength. The combination of secondary bending stress and the average stress at
3%bg deformation is also plotted in the figures The axial stress ratio between local stress and the average stress is largest for K-joints



H. Xin et al. Engineering Failure Analysis 125 (2021) 105410

G1-S355 nominal stress G1-5355 nominal stress
G1-5355 Oy +oy G1-5355 oy +oy,

-200 -200

e e aTEde TR ST n e ST TR LSS Tt TR LSS

-400 -400
G1-5355

G1-S960 nominal stress
-600

-800 -800
G1-5960
6G1-5960
-1000 -1000
G1-5960 oty

G1-S355

-600

Axial stress (N/mm?)
Axial stress (N/mm?)

-1200 -1200
2 3 4 5 6 7 8 2 3 4 5 6 7 8
Position Position
2 1 16
3 15
4 14
5 13
6 12
7 10 "

Fig. 9. Stress distribution of K1 joint in position 2-8 (a)cross-section 1 and (b) cross-section 2.

made of S355 materials and lowest for K-joints made of S960 materials.

3.2. Effects of the gap size

Fig. 11 presented the load displacement curve for the joints with different gap sizes. Table 4 shows the comparisions between FE
simulation results and design resistance [17] with different steel grades. The gap size has larger effects on the ultimate load of K-joints
made of mild steel. The joint made of S355 with lower gap size GO has 6% larger ultimate load resistance compared with the joint with
gap size G1. Similarly, above ratio is 6%, 9% and 12% respectively for the joint made of S460, S700 and S960 respectively. The ul-
timate load of K joints with larger gap size from FE is 2%-14% larger than the ultimate load N based on Eurocode [17]. The ultimate
load of K joints with smaller gap size is smaller or equal to the ultimate load Ng based on Eurocode [17].

The secondary bending stresses o, are higher for the K joints with smaller gap size with the same steel grade, as shown in Fig. 12.
The oy, for the K joints with smaller gap size is 7-15% larger. Maximum oy,/0,, ratio is around 53-56% for K-joint with larger gap size
(G1) and 50-54% for K-joint with lower gap size (G0). The ratio c,,/0;, for the joint with gap size G1 is 5% larger compared to the joint
with gap size GO. In general, the ratio 6y/c, reached the top when the average stresses is up to 0.4fy — 0.7fy.

3.3. Effects of the brace width to chord width ratio

To study the effect of the brace width to chord width ratio f§ on the high-strength hollow section joints, K-joints with three different
B value are used. p1 denoted K3 joint, 2 denoted K4 joint, and p3 denoted K5 joint in Table 1. As shown in Fig. 13 and Table 5, the
ultimate load of K-joint with ratio 3 and B3 is 15-18% and 34-40% larger than it of K-joint with ;. Generally, the ultimate load is
larger with the larger § value for the K-joint made of the same steel grade. However, the effect of the ultimate load of the p-value on
high-strength joints are lower compared to it of the joints made of mild-strength steels.

As shown in Figs. 14 and 15, the f value effect on secondary bending stresses o, of K-joints made of high-strength steel is lower than
it of K-joints made of mild strength steel. The 6y, is around 0.09fy — 0.19fy for K-joints made of high-strength steel. In general, K joints
made of high-strength steel and with larger p value will lead to a larger 6, when the force reached to the ultimate load. The ratio 6,,/0p,
of K joints with pg is 10%-13% larger than it with p;, and the ratio 6,,/0, of K joints with p3 is 20-23% larger than it with ;. For K-
joints made of high-strength steel with same steel grade, larger p-value will lead to larger op,/0;, ratio.
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Table 4

Comparisions between FE results and design resistance with different gap size.
Model Ngga (KN) Nr (kN) Ng/Ngga (-) Nrg,ct/Nrea (-)
G0-5355 44511 414.48 0.93 0.93
G0-S460 534.74 520.92 0.97 0.88
G0-S700 845.17 790.14 0.93 0.75
G0-5960 1141.92 1144.66 1.00 0.80
G1-S355 421.49 420.69 1.00 1.00
G1-S460 503.99 522.17 1.04 0.93
G1-S700 773.35 792.41 1.02 0.82
G1-5960 1018.81 1162.36 1.14 0.91

0.35
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G0-5355
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(a) (b)

Fig. 12. Secondary bending stress and the level of secondary bending stress for K1 and K2 joints with different gap sizes.
3.4. Effects of weld types

The load-displacement curves with different weld types are plotted in Figs. 16-18. In terms of joints with the ratio $; (K3 and K6
joints in Table 1 coresponds to fillet and butt welds respectively), the K joint with fillet-welds result in 37%, 28%, 20% and 18% larger
ultimate load when compared with K joint with butt-welds for S960, S700, S460 and S355 steel grades respectively. In terms of joints
with the ratio f, (K4 and K7 joints in Table 1 coresponds to fillet and butt welds respectively), the K joint with fillet-welds result in
33%, 26%, 17% and 17% larger ultimate load when compared with K joint with butt-welds for S960, S700, S460 and S355 steel grades
respectively. In terms of joints with the ratio 2 (K4 and K7 joints in Table 1 coresponds to fillet and butt welds respectively), the K joint
with fillet-welds result in 30%, 26%, 18% and 16% larger ultimate load when compared with K joint with butt-welds for S960, S700,
$460 and S355 steel grades respectively.

As show in Figs. 19-21, the secondary bending stresses of K-joint made of fillet-welds are larger than it of K-joint made of butt-welds
in terms of same steel grade. In detail, 37%, 38%,46% and 60% larger maximum secondary bending stress is observed for the K-joint
made of $355, $460, S700 and S960 respectively. The maximum 6y,/6y, ratio in the fillet-welded joints is 5-8% larger when compared
to the butt-welded joints.

4. Yield line model

In this section, an attempt is done to predict the join resistance with the help of yield line mechanism analysis. This is done by
equating the internal work and the external work. Deformation pattern of joint at ultimate load resistance are used to access the yield
lines. The governing failure mode for the square hollow section joints is the chord face plastification, therefore the axial stress dis-
tribution in the chord are evaluated. It is observed that the stress at the chord face is non-uniformly distributed and along the brace
perimeter the largest. Along the yield lines in the chord face, stresses are equal to the yield strength as shown in Fig. 22. As shown in
Fig. 23, yield lines are assumed to be straight and generally appear at the brace toe and heel. The length of the yield lines is measured
using the tool “path”. The external work is equal to the joint resistance multiplied by a small deflection of the chord face. The displaced,
rotated yield lines and the plastic moment are used to determine the internal work. The joint resistance is determined by dividing the



H. Xin et al. Engineering Failure Analysis 125 (2021) 105410

800 |
600 ST6kNL --B3-5355
.................;.’.._.,_-w.’.........[. * B3-5355 N, 698_'1N_L-_E3-'§-4§9—
0 S O L I T LR
L PPy B3-5460 Ny
s asskn| . — p2-s3ss e B2.5460 N
_—— s — — _I__ —p2-5355 Ny 00 |+ = v e R il
1 - 4 — — TE87KN
/7 413 kN p1-s355 ;= | BL-sa60 N,
400 .. e — el o I -+ — - B1-5355 N, — el i — — .. . .
= z
= =3
=3 | = 400
b | 3
o )
3 | 82-5460
200 | B1-5460
| 200
0 I 0
0 1 2 3 4 0 1 5 3 4
Displacement (%bo) Displacement (%bo)
1200 | 1600 I
1093 kN
- kN
-== T T T == B3-S0 L7 | 3-5960 N
- 1400 feeccesssessccssscscccnse ;-_-,ﬂ .................. B.. R
1000 N“.““N“““/.“““““.'“g.z.é‘lglijl“”““““ #3-S700 N /«
’ == — — pas700 BNy paseson,
——— = T — .~ B5700 N, 1200 7 P
800 /' s 787 kN | B1-5700 S | B1-5960
T T B1-S700 Ng
z | z
> 600 | 3
3 8
- | -
400 I
-
200 |
o | 3%b,
0 1 2 3 4
Displacement (%bo) Displacement (%bo)
Fig. 13. Load displacement curve with different p for (a) S960, (b) S700, (c) S460 and (d) S355.
Table 5
Comparisions between FE results and design resistance with different § parameter.
Model Ngga (KN) Ng (kN) Ngr/Ngea () Nr.ct/Nrga (-)
K3-S355 413.03 402.25 0.97 0.97
K3-5460 499.99 514.92 1.03 0.93
K3-8700 786.92 759.20 0.96 0.77
K3-5960 1061.02 1067.22 1.01 0.80
K4-S355 486.35 470.87 0.97 0.97
K4-S460 587.24 602.69 1.03 0.92
K4-S700 925.00 881.43 0.95 0.76
K4-5960 1223.20 1226.50 1.00 0.80
K5-S355 576.15 561.48 0.97 0.97
K5-5460 697.57 681.49 0.98 0.88
K5-S700 1092.94 999.57 0.91 0.73
K5-5960 1427.38 1407.28 0.99 0.79

10
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Fig. 14. Secondary bending stress with different § parameter for (a) S355, (b) S460, (c) S700 and (d) S960.
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Fig. 17. Load displacement curve with different weld types for FE models with f,.

internal work by the displacement of the chord face. As listed in Table 6, the joint resistance obtained by the yield line mechanism is
2%-16% lower compared to the ultimate load resistance obtained by the FEA.

5. Comparisons between fe results and design proposals

Fig. 24 shows material reduction factor Cs distribution for various steel grades. EN1993-1-8-DRAFT V4.2 recommended that Cf =
1.0 when F), < 355 MPa, and Cy= 0.9 when 355 < F, < 460 MPa, and Cy= 0.8 when 460 < F), < 700 MPa. Based on the results presented
in the paper, Cris proposed as 1.0 when Fy, < 355 MPa, 0.9 when 355 < F;, < 700 MPa, and 0.8 when 700 < F;, < 960 MPa. Note the
assumption that material properties of welds and HAZ are same as the base material may affect the value of Cy. The values of reduction
factor Cy need to be further improved.

6. Conclusion

A parametric study on the gap K joints is performed using “traditional” assumptions such as the same material properties for weld
and base material and J2 plasticity model. Investigation of the material characteristics, gap size, the brace to chord width ratio and
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Fig. 19. Different weld type with f; (a) Secondary bending stress and (b) level of secondary bending stress.

welds type effects on the secondary bending stresses were performed and following could be emphasized:

(1) The secondary bending stress is larger for joints made of higher steel grades. The secondary bending stresses increases with
increasing applied load but decreases later due to material softening. Note that the material models still need to be improved
to better consider post necking behavior and multiaxial damage of the joints using HSS. These improvements may influence the
ultimate resistance and failure mode. The material model used in this model underestimates the true stress magnitu-
de after necking, and also did not consider the fracture effects. Joints with lower gap size, exhibit larger secondary bending
stresses and lower ratio between secondary bending stress to average axial stress than joint with larger gap size.

(2) For each steel grade, larger p-values result in larger secondary bending stresses. Influence of the larger p-values for higher
strength hollow section joints are lower when compared to mild-strength hollow section joints. For each steel grade, the sec-
ondary bending stresses in the fillet-welded joints are larger than that of the butt-welded joints.

(3) Based on the results presented in the paper, Cris proposed 1.0 when F, < 355 MPa, 0.9 when 355 < F, <700 MPa, and 0.8 when
700 < F, < 960 MPa. Note that the material properties assumptions may affect the value of Cs. The values of reduction factor Cy
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Fig. 22. Plastic moment at ultimate load resistance for K3 joints made of S355 materials.
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(a) K5-5355-B (b) K3-S355-F

(c) K4-S355-F

Fig. 23. Typical yiled line pattern of K-joints made of S355 materials.
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Table 6
Resistance ratio between yield line methods and FE results (Ny;/Ngga).
Model Ultimate load resistance FEA Ngga Ultimate load resistance using yield lines Ny;, Ny1/Nrga
(kN) (kN) ©)
Ks-S355-B 351.16 319.28 0.91
Ks-S460-B 418.20 381.84 0.91
Ks-S700-B 629.60 552.46 0.88
Ks-S960-B 789.08 698.33 0.88
K7S355-B 420.20 432.54 0.91
K>S460-B 503.63 432.54 0.86
K»-S700-B 730.79 661.93 0.91
K7S960-B 917.18 903.06 0.98
K3 -S355-F 416.03 352.96 0.85
K3-S460-F 416.03 383.61 0.92
K3-S700-F 786.92 697.46 0.89
K3-S960-F 1059.50 933.45 0.88
K4S355-F 486.3498 424.50 0.87
K4-S460-F 586.8166 516.24 0.88
K4S700-F 926.1824 819.71 0.89
K4S960-F 1223.199 1030.74 0.84

06 o KiI o0 K2 A K3 v K4
O K5 4 K6 P K7 O K8
——EN1993-1-8 - — Proposed

04 T T T T T T T T
300 400 500 600 700 800 900 1000
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Fig. 24. Material reduction factor Cy distribution along yield strength.

will be further investigated by improved material models including distinction between HAZ, the filler material and base
material.
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