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Abstract 10 

Finite element (FE) modelling was performed to extend the results of a recently completed experimental test 11 

program to evaluate the static strength of fillet welds in X-connections between circular hollow sections (CHS). 12 

Non-linear FE models with weld fracture were validated by comparison of spot strains, load-deformation response, 13 

and fracture load with 12 experimental tests. Two hundred and fifty-six FE weld-critical CHS-to-CHS X-14 

connections, with varied branch-to-chord diameter ratio, chord wall slenderness, branch inclination angle, and 15 

branch-to-chord thickness ratio, were analysed under quasi-static branch tension. The effect of these parameters on 16 

fillet weld strength is illustrated, and the structural reliability (or safety index) of North American specification 17 

provisions for weld effective lengths is confirmed. An alternative method for estimating fillet weld strength, with 18 

specific weld effective lengths, is proposed. Recommendations for a new design approach that meets the minimum 19 

target safety index in North America are made. 20 
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1. Introduction 23 

To date, only one experimental study has been conducted to evaluate the performance of welds in hollow 24 

structural section (HSS) connections to a circular hollow section (CHS) chord [1]. Without experimental evidence, 25 

specifications have been reluctant to provide a “fit-for-purpose” approach to weld design that takes into account the 26 

non-uniform contribution of the weld perimeter by using weld effective lengths. Currently, only AWS D1.1 27 

“Structural Welding Code – Steel” [2] gives such a method, in Clause 9.6.1.3(4), but it is badly defined. Instead, 28 

welds in connections to a CHS chord are routinely sized to develop the yield capacity of the connected branch 29 

member. This is done by meeting prescriptive requirements for the weld throat dimension (tw) as a function of the 30 

branch thickness (tb). In rare cases, it is suggested that welds be designed for the connection capacity, instead of the 31 

yield capacity of the branch [2]. According to ISO [3], this approach is not common. 32 

In the lone experimental study that evaluated the performance of welds in CHS-to-CHS X-connections (Fig. 1), 33 

linear strain gauge (SG) measurements adjacent to the weld showed that load transfer was highly non-uniform, and 34 

peaked in the saddle position. This indicates that a weld effective length phenomenon exists in CHS connections. 35 

A reliability analysis of the experimental results determined that the weld effective length provisions given by 36 

Clause 9.6.1.3(4) of AWS [2] are highly conservative. For the range of parameters studied, the AWS [2], AISC [4], 37 

and CSA [5] provisions for fillet weld design exceeded the minimum safety index in North America (β+ > 4.0), 38 

even without weld effective lengths [1].  39 

 

 
 

Fig. 1. CHS X-connection general configuration and non-dimensional parameters 

 40 

This paper presents a parametric modelling study that was performed, using finite element (FE) methods, to 41 

determine: (a) the effect of key connection parameters on weld strength in CHS X-connections; (b) if these findings 42 
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are applicable to a wider range of fillet-welded CHS X-connections; and (c) a better method for estimating fillet 43 

weld strength, using weld effective lengths.  44 

2. Fillet Weld Design for CHS X-Connections 45 

2.1. AWS D1.1-15 46 

The definitive guidance on weld design for CHS-to-CHS connections in North America is given by AWS D1.1 47 

[2]. AWS uses the term “T-, Y-, and K-connections” generically to describe welded connections between CHS, and 48 

also refers to X-connections as double-tee connections (Clause 9.6.1.5). For such connections, AWS D1.1 Clause 49 

9.6.1.3 points out that “…due to differences in the relative flexibilities of the main member loaded normal to its 50 

surface, and the branch member carrying membrane stresses parallel to its surface, transfer of load across the weld 51 

is highly non-uniform, and local yielding can be expected before the connection reaches its design load”. AWS 52 

gives two possible methods to proportion fillet welds in CHS connections: a fit-for-purpose approach, using a weld 53 

effective length, and a prequalified weld size approach.  54 

2.1.1. Weld effective length design approach 55 

AWS [2] Clause 9.5.3 permits the nominal strength (Pn) of fillet welds to be calculated according to Eqs. (1) 56 

and (2): 57 

𝑃𝑛 = 𝑄𝑤𝑙𝑒 (1) 

𝑄𝑤 = 0.60𝑡𝑤𝐹𝐸𝑋𝑋 (2) 

where le = weld effective length, and FEXX = ultimate strength of weld metal (a minimum specified tensile strength 58 

is used). An LRFD resistance factor for fillet welds, ϕ, equal to 0.80, is then applied to determine the design strength 59 

of the fillet weld (ϕPn). 60 

Equations for the total weld length (lw) are given in AWS [2] Clause 9.5.4, in the following form:  61 

𝑙𝑤 = 𝜋𝐷𝑏𝐾𝑎 (3) 

where Db = diameter of the CHS branch, and Ka = weld length factor, giving the ratio of the total weld length (taken 62 

along the weld root) to the branch circumference. The simplest Ka factor used by AWS is: 63 

𝐾𝑎 =
1 + 1/ sin𝜃

2
 (4) 
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where θ = branch inclination angle. 64 

The effective weld length (le) in AWS [2] is implied by a branch stress/load factor of 1.5 specified in Clause 65 

9.6.1.3(4), for LRFD, which is stated to “… account for non-uniform distribution of load”. The inverse of this factor 66 

gives le as a fraction of the total weld length (lw): 67 

𝑙𝑒 =
2

3
𝑙𝑤 (5) 

 68 

2.1.2. Prequalified fillet weld design approach 69 

AWS [2] Clause 9.6.1.3(3) states that if prequalified fillet weld details are used per their Figure 9.10, and CHS 70 

have a yield strength (Fy) > 280 MPa, then tw may be specified as the lesser of Eqs. (6) and (7): 71 

To develop the capacity of the connected member walls: 

𝑡𝑤 = 1.07𝑡𝑏 (6) 

To develop the local “punching shear” connection capacity of the chord: 

𝑡𝑤 = 𝑡 (7) 

where t = CHS chord thickness. 72 

AWS [2] Figure 9.10 provides dimensions for equal weld legs (lv = lh) that satisfy either Eq. (6) or Eq. (7). These 73 

dimensions are subject to the following limitations: β ≤ 0.33 (per Clause 9.5.1.2); local dihedral angle (Ѱ) such that 74 

30° ≤ Ѱ ≤ 120°.  Furthermore, when Ѱ < 60° the Z loss values in AWS [2] Table 9.5, for PJP welds, must be applied 75 

(Note 4 in Figure 9.10 of AWS [2]). These limitations ensure that the leg dimensions given in AWS [2] Figure 9.10 76 

produce the throat size intended by Eq. (6) or Eq. (7).  77 

2.2. Prequalified fillet weld design approach according to CIDECT  78 

The CIDECT  design guide for statically loaded CHS connections [6] gives a prequalified fillet weld design 79 

approach based on the Directional Method of EN 1993-1-8 [7]. By setting the weld resistance equal to the design 80 

capacity of the branch, tw = 1.10tb is given to develop the capacity of the connected member walls for steel with Fy 81 

= 355 MPa. This is determined by assuming a 90° branch welded to a flat surface, and a weld effective length equal 82 

to πDb (i.e. le = lw). 83 
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Fleischer & Herion [8] aimed to reduce the prequalified weld throat from tw = 1.10tb by taking into account the 84 

actual weld length in CHS connections. The actual weld length is a function of the branch inclination angle (θ) and 85 

the branch-to-chord diameter ratio (β = Db/D) (Fig. 1). To take the actual weld length into account, the authors 86 

borrowed a more accurate Ka value from AWS [2] Clause 9.5.4. They then computed the weld strength using the 87 

Simplified Method of EN1993-1-8 [7], which is a conservative (lower-bound) design alternative to the Directional 88 

Method. It is easier to apply to CHS connections because it does not require stress components on the throat plane 89 

to be determined. Using the CIDECT methodology (i.e. setting weld strength equal to branch capacity), it was 90 

shown that the prequalified fillet weld size could theoretically be reduced for some joints. The required fillet weld 91 

throat was a complex function of β, the branch slenderness ratio (Db/tb), and θ (Fig. 1). Design charts were hence 92 

given for simplicity. This work was still based on the design philosophy of developing the capacity of the connected 93 

member walls. Moreover, weld effective lengths were not determined. 94 

2.3. Caulkins [9] and Marshall [10] 95 

Caulkins [9] did work relevant to a fit-for-purpose approach to weld design for CHS connections. He showed, 96 

using a shell theory solution, that load transfer through the weld peaks at the saddle points in CHS-to-CHS T-97 

connections. Recent experimental research has confirmed this for CHS-to-CHS X-connections [1]. Marshall [10] 98 

used the same data to demonstrate that load transfer efficiency is greater for T-connections with low D/t (i.e. a 99 

stocky chord member), low β, and low branch-to-chord thickness (τ) (Fig. 2). In his attempt to generalize the results, 100 

he found that evidence on the effect of high β was mixed. 101 
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Fig. 2. Load transfer efficiency across the weld of a 90° CHS-to-CHS T-connection (adapted from Marshall 

[10]) 

 102 

In the work by Caulkins [9] and Marshall [10], load transfer efficiency was defined as the ratio of nominal-to-103 

peak elastic load at the connection. This ratio was believed to be related to the weld effective length. In another 104 

study by Wang et al. [11], load transfer efficiency was defined as the ratio of nominal-to-peak elastic strain measured 105 

adjacent to the weld. This study investigated weld effective lengths for connections between CHS branches and 106 

rectangular hollow section (RHS) chords. The definition of load transfer efficiency is marginally different, but the 107 

methods provide the same results because load and strain are linearly related in the elastic range. Tousignant & 108 

Packer [1] showed that these methods provide a very conservative lower-bound when used to explicitly determine 109 

le. 110 

3. Finite element modelling 111 

To validate the FE modelling approach used herein, 12 CHS-to-CHS X-connections were developed to replicate 112 

previous experimental tests, with the same geometric and material properties as the experimental specimens [1]. 113 

The geometric properties and experimental results are summarized in Table 1.  114 

 115 

 116 

 117 
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 118 

Table 1 119 
Geometric properties of 12 CHS X- (test) connections and comparison of experimental and FE results 120 
Test θ CHS branch member CHS chord member tw Pa 

a Pa ꞌ b δa 
c PFE 

d δFE 
d Paꞌ/PFE δa/ δFE 

  Db × tb D × t         

 ° mm × mm mm × mm mm kN kN % kN %   

102-273-90a 

102-273-90b 

102-406-90a 

102-406-90b 

127-273-90a 

127-273-90b 

127-406-90a 

127-406-90b 

90 

102.0 × 7.34 

102.0 × 7.34 

102.0 × 7.34 

102.0 × 7.34 

127.4 × 11.55 

127.4 × 11.55 

127.4 × 11.55 

127.4 × 11.55 

273.5 × 11.69 

273.5 × 11.69 

406.5 × 12.34 

406.5 × 12.34 

273.5 × 11.69 

273.5 × 11.69 

406.5 × 12.34 

406.5 × 12.34 

4.08 

4.37 

3.56 

3.14 

3.63 

4.00 

3.16 

3.47 

  672 

  678 

  608 

  540 

  653 

  609 

  557 

  556 

  672 

  678 

  608 

  540 

  653 

  653 

  557 

  557 

3.23 

3.68 

4.70 

3.52 

2.06 

2.07 

2.61 

2.78 

655 

690 

543 

495 

762 

811 

631 

617 

2.72 

3.03 

3.31 

2.87 

2.67 

2.98 

3.21 

3.01 

1.03 

0.98 

1.12 

1.09 

0.86 

0.80 

0.88 

0.90 

1.19 

1.21 

1.42 

1.23 

0.77 

0.69 

0.81 

0.92 

102-406-60a 

102-406-60b 

127-406-60a 

127-406-60b 

60 

102.0 × 7.34 

102.0 × 7.34 

127.4 × 11.55 

127.4 × 11.55 

410.0 × 12.21 

410.0 × 12.21 

410.0 × 12.21 

410.0 × 12.21 

3.58 

3.79 

3.95 

3.38 

  721 

  538 

  761 

  798 

  721 

  721 

  761 

  850 

3.34 

3.63 

2.34 

3.60 

640 

672 

903 

798 

2.62 

2.84 

3.58 

2.87 

1.13 

1.07 

0.84 

1.06 

1.28 

1.28 

0.65 

1.25 
a Actual (experimental) weld fracture load. 121 
b Greatest load sustained by the weld. 122 
c Actual (experimental) chord deformation at weld fracture (as % of measured CHS chord dimeter D) averaged 123 
over both branches. 124 
d PFE and δFE are analogous to Paꞌ and δa, but refer to the FE values at weld fracture. 125 

 126 

The 12 connections were modelled using the commercially available software package ANSYS 14.0 [12]. 127 

Although it was possible to model just one eighth of the non-inclined (θ = 90°) connections due to symmetry about 128 

three principal planes passing through the connection work point, one half of each connection was modelled instead, 129 

for all connections, to accommodate the inclined branch cases. This simplified the parametric programming of the 130 

models, which was later done using ANSYS batch files. Symmetry boundary conditions were applied in the plane 131 

of the connection (i.e. along the cut face). To replicate the experimental connection of the branches to the chord, a 132 

0.25-mm gap was modelled between the two members. This gap ensured that the applied load was only transferred 133 

through the fillet weld (i.e. it prevented direct load transfer between the branch and chord members). The value of 134 

0.25 mm (which is close to the Boolean tolerance of the FE program) was selected to minimize the effect of the gap 135 

on the relationship between lv, lh, and tw at any point along the weld length. The general connection geometry 136 

(showing the gap), mesh layout, and boundary conditions are shown in Fig. 3 (for a non-inclined connection) and 137 

Fig. 4 (for an inclined connection).  138 
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Fig. 3. FE CHS-to-CHS X-connection geometry, mesh layout, and boundary conditions with θ = 90° 

 139 

 
 

Fig. 4. FE CHS-to-CHS X-connection geometry, mesh layout, and boundary conditions with θ < 90° (θ = 60° 

shown) 
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All FE analyses were conducted by applying static incremental displacements (non-linear time-step analysis) 140 

to the ends of the specimen (e.g. the ends of each branch, or for coupon tests, the ends of each coupon). Large 141 

deformation allowance (non-linear geometry) and non-linear material properties (for each different material) were 142 

included. 143 

3.1. Material properties 144 

Multi-linear true stress-strain curves for each different material (i.e. the weld metal, and each different branch 145 

and chord member) were derived from tensile coupon tests conducted in accordance with ASTM A370 [13]. The 146 

procedure used is as follows:  147 

1. Prior to necking: the average engineering stress (σ) and engineering strain (ε) ordinates from the tests were 148 

converted to true stress (σT) and true strain (εT). The following well-known relationships were used [14]: 149 

𝜎𝑇 = 𝜎(1 + 𝜀) (8) 

𝜀𝑇 = 𝑙𝑛(1 + 𝜀) (9) 

 150 

2. After necking: an iterative approach based on weighting an approximate lower- and upper-bound to the true 151 

stress versus true strain response was used to determine the ordinates on the curve: 152 

𝜎𝑇 = 𝜎𝑇
′ [𝑤(1 + 𝜀𝑇 − 𝜀𝑇

′ ) + (1 − 𝑤)(
𝜀𝑇
𝜀𝑇
′

𝜀𝑇
′ 𝜀𝑇

′ )] (10) 

where 𝜎𝑇
′  = true stress at the start of necking, ε𝑇

′  = true strain at the start of necking, and w = weighting factor 153 

[15].  154 

The weighting factor in Eq. (10) was derived for each different material by matching the engineering stress-155 

strain curve of a tensile coupon modelled in ANSYS to the average engineering stress-strain curve from the 156 

experimental tests. The FE coupon was modelled using the average measured geometry from the tests, with the 157 

original curved shape for CHS coupons. The engineering strains for the FE coupons were calculated over a 50-mm 158 

gauge length from nodes on the exterior of the coupon to closely mimic the experimental method using a clip gauge. 159 

Typical engineering stress-strain curves and the corresponding true stress-strain curves derived using the above 160 

process are shown in Figs. 5a,b. In Figs. 5a,b the solid line is the average experimental curve and the dashed line is 161 
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the FE-generated curve. The true stress-strain curves continue indefinitely along the x-axis since a fracture criterion 162 

was not calibrated for the coupons. Material properties for the 12 X-connections are given in Tousignant & Packer 163 

[1]. 164 

 
 

 

(a) Engineering stress-strain 

 
(b) True stress-strain 

Fig. 5. Comparison of typical experimental (solid line) and FE (dashed line) stress-strain curves 

 165 

During the experimental tensile coupon tests, it was necessary to remove the clip gauge shortly after necking 166 

to prevent damage to it. The comparison of the FE and experimental engineering stress-strain curves therefore 167 

involved the pre-necked portion and a small variable amount of the post-necked portion of the curve, and the 168 

ordinates at rupture (shown with ‘x’ and ‘o’ markers in Fig. 5a). The engineering rupture stress was determined by 169 

dividing the load just before rupture by the initial cross-sectional area of the coupon, and the rupture strain was 170 

determined by rejoining the fractured coupon, measuring it to determine the final gauge length, and dividing the 171 

final gauge length by the initial gauge length. At rupture, the necked shape of the FE coupons closely resembled 172 

that of the experimental coupons, with necking at the mid-point. The same elements ultimately used for the CHS 173 

X-connection models (eight-noded solid brick elements) were used. 174 

3.2. Model sensitivity study 175 

To determine the best-suited mesh layout and element type for the CHS X-connection models, a model 176 

sensitivity study was performed. Figs. 6a - c show the typical mesh layouts studied, which were adapted to 60° and 177 
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90° connections. The mesh layout in Fig. 6a has the same number of elements circumferentially around the branch 178 

as the mesh layout in Fig. 6b, but fewer elements on the chord adjacent to the weld. The mesh layout in Fig. 6c has 179 

more elements circumferentially around the branch than the mesh layouts in Figs. 6a,b, as well as more elements 180 

on the chord adjacent to the weld. Table 2 gives additional parameters for the meshes studied. 181 

 
 

Fig. 6. Mesh layouts used in the mesh sensitivity study 

  182 
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Table 2 183 
Mesh sensitivity study results for test 102-273-90a 184 

Mesh 

layout Element type No. of elements No. of nodes 

CHS 

thickness 

elements 

Weld  

face 

elements kFE ka/kFE P3%D,FE 

P3%D,a/ 

P3%D,FE 

      kN/mm  kN  

B 

C 

SOLID45 

SOLID45a 

22520 

33184 

33885 

49863 

2 

2 
7 

140.0 

139.8 

1.21 

1.21 

636 

634 

1.03 

1.03 

B 

B 

C 

SOLID45 

SOLID95b 

SOLID45 

32724 

32724 

48456 

44520 

165913 

65644 

3 

3 

3 

7 
157.2 

169.4 

157.0 

1.08 

1.00 

1.08 

663 

670 

662 

0.99 

0.98 

0.99 

B 

C 

A 

SOLID45 

SOLID45 

SOLID45 

42928 

63728 

36288 

55155 

81564 

46685 

4 

4 

4 

7 

163.2 

162.8 

166.6 

1.04 

1.04 

1.01 

669 

667 

677 

0.98 

0.98 

0.97 

 Note: ka = 169.0 kN/mm and P3%D,a = 654 kN. 185 
 186 

The performance of each mesh layout and element type was evaluated by comparing the load-deformation 187 

response of the FE connection to the experimental test [1] (Fig. 7a). Table 2 compares the values of the initial 188 

stiffness (ka = actual (experimental) initial stiffness, kFE = FE initial stiffness) and the load at a chord deformation 189 

(δ) equal to 3%D (the connection plastification limit) [16] (P3%D,a = actual load at connection plastification limit, 190 

P3%D,FE = FE load at connection plastification limit). The value of δ was taken as the chord face deformation (normal 191 

to the chord, relative to the chord centre line) but averaged for both sides of the connection. Displacement was 192 

measured between points 50 mm away from the crown, as show in Fig. 7a. In general, as the number of nodes 193 

increased by using a finer mesh, a higher-order element, or more CHS through-thickness elements, the stiffness of 194 

the connection increased and so did the solution time. Fig. 7b demonstrates that the solution typically converged 195 

with four elements through the CHS thickness.  196 
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(a) load-deformation response (b) FE convergence iterations 

 

Fig. 7. Comparison of FE and experimental mesh sensitivity parameters for test 102-273-90a 

 197 

The best overall agreement with the experimental results was obtained using a medium-density mesh (Mesh 198 

layout A or B), with four elements through the CHS branch and chord member thickness and eight-noded solid 199 

brick elements (SOLID45 in ANSYS). Elements used had reduced integration and hourglass control. To decide 200 

between Mesh layouts A and B, analyses of connections with different branch angles, β values, weld sizes, and 201 

CHS member thicknesses were undertaken to foresee any problems associated with these mesh types. Mesh layout 202 

A was found to be more capable of mapping to a wider range of connection geometries, and was therefore used. 203 

3.2.1. Weld fracture criterion 204 

An important part of the current study is modelling fillet weld fracture to determine the ultimate load for weld-205 

critical connections. A method used in previous studies to model fracture in steel [17,18,19] was adopted herein. 206 

Fracture was modelled using the ANSYS element death feature, which was initiated by an equivalent strain fracture 207 

criterion (εef). The ANSYS element death feature reduces the stress and stiffness of “killed” elements to near-zero, 208 

allowing the element to freely deform. The equivalent strain fracture criterion for the weld in the FE models was 209 

calibrated from six experimental tests (referred to as the “training set”), to match the load and chord deformation at 210 

weld fracture. Figs. 8a - c show the ratios of the actual (experimental) weld strength ( taken as Paꞌ, the maximum 211 

load experienced by the weld) to the FE rupture load (PFE), and the ratio of the actual (experimental) deformation 212 

at rupture (δa) to the FE deformation at rupture (δFE), for the training set for different values of εef. The curves are 213 
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spread over three plots for clarity. These figures illustrate that as εef was increased, the ratios of experimental-to-FE 214 

load and deformation predictably decreased, because PFE and δFE become greater. They also illustrate that 215 

connections with similar values of τ required similar values of εef to obtain Paꞌ/PFE and δa/δFE equal to 1 (i.e. to match 216 

the FE and experimental rupture loads and rupture deformations). To minimize error associated with this scatter, 217 

the average best-fit value over the six tests (εef = 0.32) was selected as the fracture criterion. All 12 connections 218 

were then analysed using εef = 0.32 for the fillet weld.  219 

 
 

(a) tests 102-273-90a and 127-273-90a 

  
 

(b) tests 102-406-90b and 127-406-90a 

 

(c) tests 102-406-60a and 127-406-60a 

 

Fig. 8. Ratios of Paꞌ/PFE and δa/δFE for the training set for different values of εef 

 220 
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3.2.2. Effect of model size (scalability) 221 

The effect of absolute model size (e.g. using the same non-dimension parameters but different absolute values 222 

of the geometry) was investigated. The results of typical FE analyses are shown in Table 3. The same modelling 223 

techniques as above were used. The results in Table 3 indicate that the model and the weld strength are not sensitive 224 

to the absolute size of the model. Moreover, the normalized rupture load (PFE/AwFEXX, where Aw = twlw) is the same 225 

for models with the same non-dimensional parameters. 226 

 227 

Table 3 228 
Effect of model size 229 
Branch diameter Non-dimensional parameters Weld dimensions   

 θ β D/t τ tw lw PFE PFE/AwFEXX 

mm °    mm mm kN  

100 90 0.50 10 1.0 0.50tb 320 1866 1.012 

200 90 0.50 10 1.0 0.50tb 639 7467 1.012 

300 90 0.50 10 1.0 0.50tb 959 16799 1.012 

100 90 0.10 30 1.0 0.50tb 314 3103 1.026 

200 90 0.10 30 1.0 0.50tb 629 12281 1.017 

Note: all other geometry is calculated from the branch diameter, using the non-dimensional parameters shown.  230 
 231 

4. Finite element models evaluated against experimental results 232 

Figs. 9a,b compare the experimental and FE load-deformation curves for the six specimens in the training set. 233 

The deformations have been normalized, by dividing by D, so that curves for connections with different chord 234 

diameters can be presented on the same plot. For clarity, the six curves have been divided between two graphs. 235 

Chord deformations were measured as described in Section 3.2. Fig. 9 illustrates that the FE models are capable of 236 

predicting the actual response of the experiments. Figs. 10a,b show the correlation of the experimental and FE 237 

ultimate strengths and deformations (at rupture) for all 12 tests (see values in Table 1). The mean actual-to-FE 238 

predicted (A/P) rupture load was 0.98, with a coefficient of variation (COV) of 0.12. These values indicate that the 239 

model made acceptable predictions of Paꞌ across all tests (including tests not in the training set). The mean actual-240 

to-FE predicted deformation was 1.06, with a COV of 0.25. A better correlation is obtained for the rupture load 241 

(Fig. 10a) than the deformation (Fig. 10b) because displacements were small, and fracture typically occurred on the 242 

non-linear part of the load-deformation curve, as shown previously in Figs. 9a,b.  243 
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(a) Tests 102-273-90a, 102-406-90b, and 127-273-90a 

 

(b) Tests 127-406-90a, 102-406-60a, and 127-406-60a 

 

Fig. 9. Comparison of experimental and FE load-deformation curves 

 244 

  
 

(a) Ultimate load 

 

(b) Chord deformation at rupture 

 

Fig. 10. Correlation of experimental and FE results 

 245 

In Fig. 10b, one point lies well above the line representing perfect correlation between the experimental and FE 246 

chord deformation at rupture. The large difference for this test (102-406-90a) is not likely due to the influence of 247 

any specific parameter (the difference for a similar test, 102-406-90b, was smaller) (Table 1). Given that both tests 248 

had similar externally measured weld sizes, it is believed that the large difference is caused by excessive root 249 

penetration, which was not explicitly taken into account in the FE models.  250 
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Experimental spot strain measurements from SGs located 20 mm from the weld (around one half of the weld, 251 

due to symmetry about the plane of the connection), oriented along the axis of the branch, indicated that elastic load 252 

transfer peaked at the saddle point of the connection (subtended angle, ρ = 90°) [1]. The sign convention for ρ is 253 

shown on Fig. 6b (clockwise from the heel). Typical measurements of elastic strain parallel to the branch along a 254 

line intersecting these gauges in the FE models (indicated by a dashed line in Fig. 6b) are shown in Figs. 11a,b. In 255 

Figs. 11a,b, elastic branch strains from experiments are represented by solid lines at an applied load (P) equal to 256 

0.25Pa (i.e. 25% of the load at which the weld actually ruptured in the experiments, during the same monotonic 257 

loading phase), with the FE strains (solid red lines) predicting the same trends and values as shown by experimental 258 

strains. It is shown that the agreement between the FE and experimental strain distributions under elastic load (P = 259 

0.25Pa) was generally good. At ultimate (P = Pa), the FE strain distributions showed the same trend as the 260 

experimental strain distributions; however, they poorly predicted the experimental spot strain values. This is 261 

believed to be due to progressive and non-uniform yielding of the weld along its length, due to variations in the 262 

experimental weld geometry. These variations were not captured in the FE models. Nonetheless, the FE models: (a) 263 

provided further evidence that load peaked in the saddle position; and (b) revealed that weld rupture initiated in the 264 

saddle position (i.e. the first killed elements were at this location). After initial rupture in the FE models, failure 265 

propagated in both directions towards the crown points. 266 

  
 

(a) Test 127-273-90a (β = 0.47, θ = 90o, τ = 0.99) 

 

(b) Test 102-406-60a (β = 0.25, θ = 60o, τ = 0.60) 

 

Fig. 11. Comparison of typical experimental and FE longitudinal strain distributions adjacent to the weld 
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5. Finite element parametric study 267 

For the parametric study, a range of non-dimensional connection parameters was chosen to cover all permissible 268 

fillet-welded connections subject to the following restrictions: (a) the local dihedral angle (Ѱ) limits imposed by 269 

AWS [2] Fig. 9.10 and Table 9.5 (60° ≤ Ѱ ≤ 120°); (b) the limits of applicability of connection design formulae in 270 

AISC [4] Table K3.1, which are given in AISC [4] Table K3.1A; and (c) the range of standard CHS sections 271 

available for designers in Table 1-13 of [20]. The parameters varied were: the branch inclination angle (θ = 60°, 272 

70°, 80°, and 90°); the chord slenderness (D/t = 10, 20, 30, 40, and 50); the branch-to-chord dimeter ratio (β = 0.10, 273 

0.20, 0.30, 0.40, and 0.50); and the branch-to-chord thickness ratio (τ = 0.20, 0.40, 0.60, 0.80, and 1.00). Although 274 

a total of 500 permutations exist for the values given, there are several practical limitations that must be considered. 275 

First, available CHS sections limit branch slenderness ratios (Db/tb) to between about 10 and 50. Secondly, not all 276 

combinations of β and θ produce Ѱ between 60° and 120° along the entire weld length. Fig. 12 shows the results of 277 

a study conducted to determine compatible values of β and θ that meet this requirement. It is shown that permissible 278 

values of β range from 0.50 (for 90° connections) to 0.28 (for 60° connections).  279 

A comprehensive parametric study was performed by modelling β up to 0.30 for 60° connections and β up to 280 

0.50 for all other branch angles. A total of 256 CHS X-connection models was analyzed.  281 

 282 

 
 

Fig. 12. Compatible values of β and θ to keep Ѱ between 60° and 120° along the entire weld length, determined 

using methodology by Luyties & Post [21] 

 283 
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5.1. Details of parametric models 284 

The parametric FE models had a constant branch diameter (Db) of 200 mm. Although this is larger than Db used 285 

in the experiments (Table 1), Section 3.2.2 demonstrated that the the normalized rupture load (PFE/AwFEXX) remains 286 

largely unaffected. All models also contained an average weld throat dimension (tw) equal to 0.50tb to ensure that 287 

the branch yield capacity was not reached before weld fracture. As in the experiments, the ends of the chords were 288 

uncapped and unrestrained. The length of the chord (l) was 10D (when D/t > 25) or 6D (when D/t ≤ 25) to prevent 289 

chord end effects at the connection [22]. The length of the branches (lb) was 3Db, and load was applied to their ends. 290 

Load application was therefore in the theoretical constant stress region [23]. 291 

All models used the same set of material properties for the weld, the branches, and the chord. These material 292 

properties were based on materials tested experimentally that gave the most nominally matched weld metal and 293 

base metals. Fig. 13 shows the engineering stress-strain curves for these materials, which were converted to true-294 

stress strain curves (see Section 3.1) for use in ANSYS. Table 4 summarizes the Young’s modulus (E), yield stress 295 

(Fy), and ultimate stress (Fu, or FEXX for weld metal) of these materials. 296 

 
 

Fig. 13. Engineering stress-strain curves for materials used in the parametric models 

 297 

Table 4 298 
Young’s modulus, yield stress and ultimate stress of materials used in the parametric models 299 
 Young’s modulus, E Yield stress, Fy Ultimate stress, Fu (or FEXX for 

weld metal) 

 MPa MPa MPa 

Weld  208,000 517 577 

Chord  208,000 460 540 

Branches 191,200 431 488 
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Both welds were modelled as the same size, but the fracture criterion was only assigned to the upper (test) weld 300 

(e.g. as indicated previously in Figs. 3 and 4).  The other weld, the branches, and the chord were not permitted to 301 

fracture. The model was loaded by applying uniform incremental displacements to the ends of each branch. The 302 

applied load (P) was obtained by summing up nodal forces parallel to the branch at the end of one branch, and 303 

multiplying by two to account for the half model. Chord deformation (δ) was obtained as described in Section 3.2, 304 

with the vertical displacement taken between nodes on two branches at 50 mm from the crown (Fig. 7a, shown 305 

previously). No axial load was applied to the chord. 306 

6. Results and evaluation of the parametric study 307 

All 256 FE analyses failed by weld fracture and the branches of the connections always remained elastic. 308 

Fracture initiated in the weld (evidenced by killed elements) at the saddle point (ρ = 90° in Fig. 6b) and propagated 309 

away from the saddle towards the crown.  310 

The FE chord deformation at weld rupture (δFE) was compared to the 3%D chord plastification limit, which is 311 

internationally accepted as a good estimator of the deformation-based capacity of ductile CHS connections [16].  312 

The ratio of δFE/0.03D ranged from 0.10 to 2.58, and chord plastification (δFE/0.03D ≥ 1) was reached or surpassed 313 

in 97 out of the 256 FE tests. The weld sizes studied thus spanned a broad range of welded joint situations, from 314 

well below to well beyond “connection strength”. Fig. 14 shows the relationship between δ, expressed as a fraction 315 

of the chord diameter (δ/D), and the applied load, normalized by the weld area and the electrode ultimate strength 316 

(P/AwFEXX), for typical tests. It is shown that deformation (δ/D) and strength (P/AwFEXX) varied widely across the 317 

FE tests at rupture. 318 
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Fig. 14. Load-deformation curves for typical FE tests 

 319 

To determine the weld effective length (le), first the strength of the fillet weld in each connection was predicted 320 

using Eq. (11), which was developed from regression of a large database of weld-critical CHS-to-rigid end-plate 321 

connection FE analysis results, in which the welds were fully effective [19]:  322 

𝑃𝑛 = (1.009 − 0.00137
𝐷𝑏
𝑡𝑏

− 0.197
𝑡𝑤
𝑡𝑏
)𝐴𝑤𝐹𝐸𝑋𝑋 (11) 

 323 

Eq. (11) is tailored to the unique loading on single-sided fillet welds to CHS branches (which produces tension 324 

at the weld root under branch axial tension), and takes into account the principal influential geometric parameters 325 

of the CHS member and weld joint on the strength of fillet welds.  326 

The fraction of the weld length that is effective (le/lw) in the CHS-to-CHS joint was then determined by dividing 327 

the weld FE strength by the predicted weld strength from Eq. (11). This method for determining the weld effective 328 

length in CHS-to-CHS X-connections was deemed appropriate in [1]. 329 

Determined in this manner, 138 (out of 256) FE connections had weld effective lengths less than 1.0. The 330 

smallest weld effective length was 0.58 times the total weld length (for D/t = 50, β = 0.50, τ = 1.0 and θ = 80°), and 331 

the largest weld effective length was 1.22 times the total weld length (for D/t = 50, β = 0.10, τ = 0.2 and θ = 90°). 332 

The fact that weld effective lengths were sometimes greater than 1.0 is believed to be due, in part, to the scatter 333 
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associated with the best-fit prediction equation [Eq. (11)], and also due to the effect of secondary forces on the weld 334 

due to local bending of the chord.  335 

6.1. Effect of chord slenderness and branch-to-chord diameter ratio 336 

As D/t increases, CHS X-connections become more flexible, due to a decrease in bending stiffness of the chord 337 

wall. Chord deformations at rupture become larger, and calculated weld effective lengths at rupture are generally 338 

smaller.  Fig. 15a shows the relationship between the calculated weld effective length, expressed as a fraction of 339 

the total weld length (le/lw) and D/t. Fig. 15b shows the relationship between le/lw and β. Fig. 16 shows the 340 

relationship between le/lw and the product (D/t)β.  For clarity, the results have been shown as mean values with ± 341 

one standard deviation bars. Smaller scatter bars indicate a more statistically significant correlation between le/lw 342 

and the independent variable. It can be seen that the quantity (D/t)β has a strong correlation to le/lw. For values of 343 

(D/t)β greater than approximately eight, this relationship resembles a power law. For values of (D/t)β less than or 344 

equal to eight, le/lw plateaus (at a value greater than 1).  345 

  
 

(a) chord slenderness 

 

(b) branch-to-chord diameter ratio 

 

Fig. 15. Effect of chord slenderness and branch-to-chord diameter ratio on effective length 

 

 346 
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Fig. 16. Effect of the product (D/t)β on effective length 

 347 

6.2. Effect of branch inclination angle 348 

Fig. 17 shows the relationship between θ and le/lw for connections with β = 0.10, 0.20 and 0.30, since 349 

connections with θ = 60° were only tested for β up to 0.30. Fig. 17 indicates a marginal decrease in le/lw as θ increases 350 

from 60° to 90°. The change in mean value over this range is only 3.5%. Overlapping of the ± one standard deviation 351 

bars for all points indicates that the effect of θ is not statistically significant. This is also indicated by the similar 352 

load-deformation curves in Fig. 14 for connections with θ = 60° and 90° and all other parameters constant. The 353 

branch inclination angle is thus found to have no effect. 354 

  355 
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Fig. 17. Effect of branch inclination angle on effective length 

 356 

6.3. Effect of branch-to-chord thickness ratio 357 

As τ increased in the experimental tests, more non-uniform strain distributions, similar to the elastic strain 358 

distributions, were observed at rupture, and the average weld strength (Paꞌ/AwFEXX) was generally lower [1]. Fig. 18 359 

shows the relationship between τ and le/lw for the FE tests. As τ increases from 0.2 to 1.0, the average value of le/lw 360 

decreases. The relationship is approximately linear.   361 

 
 

Fig. 18. Effect of branch-to-chord thickness ratio on effective length 

 362 

7. Regression analysis 363 

A non-linear regression analysis was performed with Eq. (12) as a basis:  364 
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𝑙𝑒
𝑙𝑤

=
𝐶

𝜏𝑏(𝛽𝛾)𝑎
 

(12) 

where a, b, and C = regression constants, and γ = half-diameter-to-thickness ratio of the CHS chord (= D/2t). The 365 

half-diameter-to thickness-ratio of the CHS chord is a standard parameter for HSS connection design.  366 

The arrangement of variables in Eq. (12) was determined empirically, with efforts made to take into account 367 

the relationships discussed in Section 6. The values of a, b, and C were determined by least-squares regression of 368 

the 138 FE results with le/lw < 1, since above this value the relationship changes, and it is inapplicable for design. 369 

The “best-fit” equation is given by Eq. (13): 370 

𝑙𝑒
𝑙𝑤

=
1.786

𝜏0.1007(𝛽𝛾)0.440
 

(13) 

 371 

 Eq. (13) gives a mean value of actual-to-predicted rupture strength of 1.001 over the 138 tests with a COV of 372 

0.030. Eq. (13) with τ = 0.2 and Eq. (13) with τ = 1.0 are plotted as dashed lines on Fig. 16. These two curves 373 

represent the extremes of the τ data, and also show that Eq. (12) as a basis for the regression is appropriate because 374 

it describes the predominant data trends. For a lower-bound to Eq. (13), the value of τ can be taken as 1.0 (the 375 

maximum τ in this study and a recommended maximum in practice) which is synonymous with taking b equal to 376 

zero in Eq. (12).  Eq. (14) is proposed as an even simpler equation for determining the weld effective length (le) as 377 

a ratio of the total weld length in CHS X-connections: 378 

𝑙𝑒
𝑙𝑤

=
2

√𝛽𝛾
≤ 1 

(14) 

 379 

Eq. (14) is plotted as a solid line in Fig. 16. It implies that weld effective lengths do not exist in CHS X-380 

connections when βγ ≤ 4. Eq. (14), plotted in Fig. 19, embodies the trend established by Caulkins [9] and Marshall 381 

[10] for the range of β and D/t in this study (0.10 ≤ β ≤ 0.50 and 10 ≤ D/t ≤ 50). As β and D/t increase, the load 382 

transfer efficiency (or for this study, le/lw) decreases. The rate of decrease is greater for lower values of β and D/t, 383 

when βγ > 4.  384 
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Fig. 19. Weld effective lengths in CHS-to-CHS X-connections with 0.10 ≤ β ≤ 0.50 and 10 ≤ D/t ≤ 50 

according to Eq. (14) 

  385 

8. Evaluation of design methods 386 

8.1. Fit-for-purpose design methods for fillet welds  387 

The nominal strength (Pn) of fillet welds in CHS X-connections designed as fit-for-purpose is generally given 388 

by: 389 

𝑃𝑛 = 𝐹𝑛𝑤𝑡𝑤𝑙𝑒 (15) 

where Fnw = nominal weld strength. An LRFD resistance factor for fillet welds, ϕ, is then applied to determine ϕPn. 390 

Note that Eqs. (1) and (2) can be written in this form. 391 

8.1.1. Proposed procedure 392 

Step 1) Calculate Fnw using (1 – 0.25Pr/Py), where Pr = required strength of the weld and Py = branch yield load 393 

(= AbFy). This equation is a simplification of Eq. (11), and is based on fillet-welded CHS-to-rigid end-plate 394 

experimental and FE research [19] in which the total weld length is effective. 395 

Step 2) Determine the total weld length (lw) by an acceptable means (e.g. AWS [2] Clause 9.5.4, or CAD). 396 

Step 3) Determine the ratio le/lw using Eq. (14). 397 

Step 4) Calculate le by multiplying the results of Steps 2) and 3). 398 

Step 5) Calculate Pn using Eq. (15), for a given value of tw. 399 

Step 6) Apply the appropriate ϕ value to determine ϕPn for design. 400 
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8.1.2. Safety level inherent in proposed procedure 401 

To verify that an adequate safety margin is inherent in the above recommendation, the structural reliability (or 402 

safety index) (β+) can be calculated using a reliability analysis in which the resistance factor, ϕ, is given by Eq. (16) 403 

[24,25]: 404 

𝜙 = 𝜙𝛽+𝜌𝑅exp⁡[−𝛼𝑅𝛽
+𝑉𝑅] (16) 

where αR = coefficient of separation taken as 0.55 [24]; ρR = bias coefficient for resistance; VR = associated 405 

coefficient of variation (COV) of ρR; and ϕβ
+ = adjustment factor for β+ that is needed when β+ ≠ 3.0 [25]. The bias 406 

coefficient for resistance (ρR) and its associated COV (VR) are given by Eqs. (17) and (18): 407 

𝜌𝑅 = 𝜌𝑀𝜌𝐺𝜌𝑃 (17) 

𝑉𝑅 = √𝑉𝑀
2 + 𝑉𝐺

2 + 𝑉𝑃
2 (18) 

where ρM = mean ratio of actual-to-nominal electrode strength; ρG = mean ratio of actual-to-nominal weld throat 408 

area; ρP = mean test-to-predicted capacity ratio (with predicted capacity calculated using actual measured 409 

properties); and VM, VG, and VP are COVs of ρM, ρG, and ρP, respectively. 410 

The mean test-to-predicted capacity ratio (ρP) was taken as the average over all experimental and FE tests of 411 

Paꞌ (or PFE) calculated using Steps 1) - 5), using measured (or actual) values of tw and FEXX. In Step 1), Pr was taken 412 

as Paꞌ or PFE for a worst-case scenario. The total weld length (lw) was determined using a highly accurate vector-413 

calculus approach described in [1]. The same values or equations used in [1] for the other reliability analysis 414 

parameters (ρM, ρG, ρP, VM, VG, VP, and ϕβ
+) have also been used herein (Table 5). A total of 268 tests (12 415 

experimental plus 256 FE) were included in the reliability analysis. 416 

Table 5 gives the results of the reliability analysis using three different values of ϕ. The safety indices calculated 417 

for the proposed design method for each value of ϕ can be compared to target values given in the United States (β+ 418 

= 4.0, per Section B3.1 of the AISC [4] Commentary) and Canada (β+ = 4.5, per Annex B of CSA [5]). 419 

 420 

 421 

 422 

Table 5 423 
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Reliability analysis parameters for proposed procedure with ϕ = 0.80, 0.75 and 0.67 424 
ϕ a 0.80 0.75 0.67 

ρM 

VM 

ρG 

VG 

ρP 

VP 

ρR 

VR 

ϕβ
+ 

1.12 

0.12 

1.03 

0.10 

1.12 

0.08 

1.29 

0.18 

0.91 

1.12 

0.12 

1.03 

0.10 

1.12 

0.08 

1.29 

0.18 

0.89 

1.12 

0.12 

1.03 

0.10 

1.12 

0.08 

1.29 

0.18 

0.84 

β+  4.0 4.3 5.0 
a resistance factors for fillet welds according to AWS [2], AISC [4], and CSA [5] (see [1]). 425 

 426 

The implied safety index (β+) is ≥ 4.0 when ϕ = 0.80 (as used by AWS [2]). Furthermore, β+ is ≥ 4.0 when ϕ = 427 

0.75 (as used by AISC [4]), and β+ is ≥ 4.5 when ϕ = 0.67 (as used by CSA [5]). This indicates that the method 428 

meets U.S. and Canadian safety indices. Fig. 20 shows the correlation of the predicted nominal strengths using 429 

Steps 1) – 5) for the proposed procedure with the experimental and FE results. On average, the test capacity is only 430 

1.12 times larger than the predicted rupture load, with a COV of 0.08. 431 

 
 

Fig. 20. Correlation of proposed design method with all test results 

 432 

8.1.3. Safety level inherent in AWS [2], AISC [4] and CSA [5]  433 

The reliability analysis was repeated, using all 268 numerical and FE tests, to determine the implied safety 434 

index, β+, for the current AWS [2] provisions, with and without the (2/3)lw weld effective length factor, and the 435 

AISC [4] and CSA [5] provisions, as presented in Tousignant & Packer [1]. The analysis determined that β+ = 6.2 436 
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≥ 4.0 for AWS [2] with le = (2/3)lw, β+ = 4.3 ≥ 4.0 for AWS [2] with le = lw, and β+ = 4.6 for both AISC [4] and CSA 437 

[5] > 4.0 and 4.5. It can therefore still be concluded that weld effective lengths are never required for fillet-welded 438 

CHS X-connections in conjunction with these code design methods. The mean test-to-predicted capacity ratio (ρP) 439 

and Vp for these methods (ρP = 2.07 for AWS [2] with weld effective lengths, ρP = 1.38 for AWS [2] without weld 440 

effective lengths and AISC [4],  ρP = 1.24 for CSA [5], and Vp = 0.19 for all methods) indicate that the proposed 441 

procedure (Section 8.1.1) is much more accurate (ρP in Table 5 closer to 1) and precise (VP in Table 5 closer to 0) 442 

than the code methods for predicting fillet weld strength in CHS X-connections. 443 

9.  Conclusions 444 

Non-linear FE models with weld fracture were developed for fillet-welded CHS X-connections. These models 445 

were validated by comparison with 12 weld-critical tests on CHS X-connections. A parametric study was then 446 

performed in which 256 FE models with 60° ≤ θ ≤ 90°, 10 ≤ D/t ≤ 50, 0.10 ≤ β ≤ 0.50, and 0.20 ≤ τ ≤ 1.00 were 447 

analysed. All models were shown to fail by weld fracture. Based on the parametric study, the following can be 448 

concluded: 449 

1. The weld effective length in CHS X-connections decreases as the branch slenderness (D/t), branch-to-chord 450 

dimeter ratio (β), and branch-to-chord thickness ratio (τ) increase. 451 

2. The branch inclination angle θ has an insignificant effect on the weld effective length. 452 

3. Theoretically, the weld effective length can be as low as 0.58 times the total weld length. 453 

4. The weld is 100% effective for βγ ≤ 4. 454 

5. For CHS X-connections load transfer peaks at the saddle position. 455 

6. Stress re-distribution occurs prior to weld rupture, even in connections with small welds. 456 

Based on a reliability analysis to determine the safety index (β+) for 268 experimental and FE tests covering 457 

the same range of parameters, the following can also be concluded: 458 

7. The existing AWS [2] specification provisions for fillet welds in CHS X-connections in Clause 9.6.1.3(4), 459 

with le = (2/3)lw, are very conservative (safety index, β+ = 6.2 > 4.0).  460 

8. The existing AWS [2] specification provisions for fillet welds in CHS X-connections in Clause 9.6.1.3(4), 461 

with le = lw, are also conservative (safety index, β+ = 4.3 > 4.0).  462 
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9. The existing AISC [4] provisions in Clause J2.4a and the existing CSA [5] provisions in Clause 13.13.2.2, 463 

with le = lw, are conservative (safety index, β+ = 4.6 for both > 4.0 and 4.5).  464 

The evaluations of AWS, AISC and CSA fillet weld design provisions assume that the (1+0.50sin1.5θ) 465 

directional strength-enhancement factor is not used (AWS [2] Clause 2.6.4.2, AISC [4] Clause J2.4b, and CSA [5] 466 

Clause 13.13.2.2), because it has been shown to be generally unsafe for the design of fillet welds in HSS connections 467 

[26]. 468 

An alternative method for the design of fillet welds, based on rational weld effective lengths as a function of 469 

non-dimensional connection parameters, was proposed. This method was shown be more accurate and precise for 470 

predicting fillet weld strength in CHS X-connections than AWS [2], AISC [4] and CSA [5]. A reliability analysis 471 

with respect to all experimental and FE tests showed that this proposed method provides an adequate level of safety 472 

for use with AWS, AISC and CSA codes. 473 

 474 
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Notation 479 

Aw  weld throat area (= twlw) 480 

Ab  cross-sectional area of the branch 481 

D  diameter of the chord 482 

Db  diameter of the branch 483 

E  Young’s modulus 484 

FEXX  ultimate strength of weld metal 485 

Fnw  nominal weld strength 486 

Fu  ultimate strength of CHS 487 

Fy  yield strength 488 

Ka   weld length factor 489 
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P  applied load 490 

P3%D,a  actual (experimental) load at connection plastification limit 491 

P3%D,FE  finite element load at connection plastification limit 492 

Pa  actual (experimental) weld fracture load 493 

Paꞌ  greatest load sustained by the weld 494 

PFE  finite element weld fracture load 495 

Pn  nominal predicted weld fracture load 496 

Pr  required strength of the weld 497 

Py  yield load of the branch (= AbFy) 498 

Qw  shear strength of weld per unit length 499 

VG  coefficient of variation of ρG 500 

VM  coefficient of variation of ρM 501 

VP  coefficient of variation of ρP 502 

VR  coefficient of variation of ρR 503 

a, b and C regression constants 504 

ka  actual (experimental) initial stiffness 505 

kFE  finite element initial stiffness 506 

l  length of the chord 507 

lb  length of the branch 508 

le  weld effective length 509 

lh  weld leg along the chord 510 

lv  weld leg along the branch 511 

lw  total length of weld 512 

t  thickness of the chord 513 

tb  thickness of the branch 514 

tw  weld throat dimension 515 

w  weighting factor 516 
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α  chord length parameter (= 2l/D)  517 

αR  coefficient of separation 518 

β  branch-to-chord diameter ratio 519 

β+  safety index 520 

γ  half diameter-to-thickness ratio of the chord 521 

ε  engineering strain 522 

εef  equivalent strain fracture criterion 523 

εT  true strain 524 

εT’  true strain at the start of necking 525 

δ  chord deformation 526 

δa  actual (experimental) chord deformation at rupture 527 

δFE  finite element chord deformation at rupture 528 

ρ  subtended angle around the branch, measured clockwise from heel 529 

ρG  mean ratio of measured-to-nominal weld throat area 530 

ρM  mean ratio of measured-to-nominal electrode ultimate strength 531 

ρP  mean test-to-predicted capacity ratio 532 

ρR  bias coefficient for resistance 533 

σ  engineering stress 534 

σT  true stress 535 

σT’  true stress at the start of necking 536 

τ  branch-to-chord thickness ratio 537 

ϕ  LRFD resistance factor for fillet welds 538 

ϕβ
+  adjustment factor for β+ 539 

θ  branch inclination angle 540 

Ѱ  local dihedral angle 541 

 542 

 543 
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Figure Captions 601 

Fig. 1. CHS X-connection general configuration and non-dimensional parameters 602 

Fig. 2. Load transfer efficiency across the weld of a 90° CHS-to-CHS T-connection (adapted from Marshall [10]) 603 

Fig. 3. FE CHS-to-CHS X-connection geometry, mesh layout, and boundary conditions with θ = 90° 604 

Fig. 4. FE CHS-to-CHS X-connection geometry, mesh layout, and boundary conditions with θ < 90° (θ = 60° 605 

shown) 606 

Fig. 5. Comparison of typical experimental (solid line) and FE (dashed line) stress-strain curves 607 

Fig. 6. Mesh layouts used in the mesh sensitivity study 608 

Fig. 7. Comparison of FE and experimental mesh sensitivity parameters for test 102-273-90a 609 

Fig. 8. Ratios of Paꞌ/PFE and δa/δFE for the training set for different values of εef 610 

Fig. 9. Comparison of experimental and FE load-deformation curves 611 

Fig. 10. Correlation of experimental and FE results 612 

Fig. 11. Comparison of typical experimental and FE longitudinal strain distributions adjacent to the weld 613 

Fig. 12. Compatible values of β and θ to keep Ѱ between 60° and 120° along the entire weld length, determined 614 

using methodology by Luyties & Post [21] 615 

Fig. 13. Engineering stress-strain curves for materials used in the parametric models 616 

Fig. 14. Load-deformation curves for typical FE tests 617 

Fig. 15. Effect of chord slenderness and branch-to-chord diameter ratio on effective length 618 

Fig. 16. Effect of the product (D/t)β on effective length 619 

Fig. 17. Effect of branch inclination angle on effective length 620 

Fig. 18. Effect of branch-to-chord thickness ratio on effective length 621 

Fig. 19. Weld effective lengths in CHS-to-CHS X-connections with 0.10 ≤ β ≤ 0.50 and 10 ≤ D/t ≤ 50 according to 622 

Eq. (14) 623 

Fig. 20. Correlation of proposed design method with all test results 624 
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