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Abstract 10 

An experimental program was developed at Dalhousie University to test various unreinforced circular hollow 11 

section (CHS)-to-CHS 90° T-connections subjected to branch in-plane bending moment with the objective of 12 

determining the effective section properties of the welded joints. Eleven specimens were designed to be weld-13 

critical (i.e., to fail by weld rupture), and tested by applying a single quasi-static point load, laterally, to the top of 14 

each branch. An equation for the weld effective section modulus for CHS-to-CHS moment T-connections is 15 

developed, and various design formulae are assessed through a first-order reliability method analysis. The scope of 16 

this research covers fillet and partial-joint-penetration groove welded connections with 0.31 ≤ branch-to-chord 17 

width ratio ≤ 0.91, 31 ≤ chord wall slenderness ≤ 46, and 0.75 ≤ branch-to-chord thickness ratio ≤ 1.00. 18 

Recommendations are made for weld design using the “effective length approach” in AISC 360.  19 
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1. Introduction 23 

Various international codes, standards, and design guides [1-5] acknowledge two different sizing philosophies 24 

for welds between hollow structural sections (HSS):  25 

1. The weld can be sized to develop the yield strength of the connected branch. Using the yield strength of 26 

branch as the design strength of a welded joint produces an upper bound on the weld size. 27 

2. The weld can be sized as “fit for purpose”, to resist the actual force(s) in the connected branch. This method 28 

requires the use of “weld effective properties” (lengths or section moduli) for the weld group – to take into account 29 

the nonuniform load transfer that occurs through the weld around an HSS branch perimeter [6-20]. 30 

Method 1 is generally appropriate when the design force(s) in the branch, or the use of Method 2, are uncertain, 31 

or when plastic stress redistribution is required in the connection. Method 2, on the other hand, can result in smaller 32 

weld sizes (particularly for lightly loaded branches), which can increase connection efficiency, and lower 33 

fabrication cost. 34 

Over the last 30 years, weld-critical tests (i.e., tests that are designed to fail by weld fracture) have been used 35 

to study the strength and behaviour of welds in rectangular hollow section (RHS) connections [6-10]. These tests, 36 

and subsequent recommendations, have led to the widespread acceptance of Method 2 (i.e., designing welds as fit-37 

for-purpose) for RHS connections, and the development of Table K5.1 (formerly, Table K4.1) – “Effective Weld 38 

Properties for Connections to Rectangular HSS” in AISC 360-16 [4], based on this approach.  39 

In recent years, similar recommendations have been made for weld effective lengths in axially loaded circular 40 

hollow section (CHS) connections. These recommendations (for CHS T-, Y-, and X-connections) have been 41 

evaluated for use in conjunction with AISC 360 [4], CSA S16:19 [5], and Eurocode by Tousignant and Packer [13; 42 

15-19] and were recently introduced into the forthcoming edition of AISC 360 (AISC 360-22) as Table K5.2 – 43 

“Effective Weld Properties for Connections to Round HSS” [23].  44 

While Table K5.2 provides a necessary step towards the widespread adoption of Method 2 for welds in CHS 45 

connections, a considerable amount of work is still needed for its development, so that – as a long-term goal – it 46 

can match Table K5.1 in its coverage of both connection types (e.g., K- and N-connections) and loadings (e.g., in-47 

plane bending, out-of-plane bending). 48 
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To this end, an experimental program was developed at Dalhousie University to test various unreinforced CHS-49 

to-CHS moment T-connections – to investigate the flexural strength of the weld(s) around the CHS branch(es) 50 

under in-plane bending. Hence, a total of 11 90° CHS-to-CHS moment T-connections were designed and fabricated 51 

with variations in weld type (fillet or partial-joint penetration), branch-to-chord width ratio (β) (ranging from 0.31 52 

to 0.91), chord wall slenderness (D/t) (of 31, 34, 35, 38 and 46), and branch-to-chord thickness ratio (τ) (ranging 53 

from 0.75 to 1.00). 54 

In this paper, the experimental program is described, in detail, the results are presented, and various weld design 55 

formulae are assessed using a first-order reliability method (FORM) analysis. Calculated ranges of the reliability 56 

index (β+) obtained from the FORM approach are compared to the β+ values obtained using the so-called “expanded 57 

separation factor” (ESF) approach [21,22], and to AISC’s target value of β+ = 4.0 for connectors per Chapter B of 58 

the AISC 360-16 Commentary [4]. Recommendations are made for the “fit-for-purpose” design of welds in CHS-59 

to-CHS moment T-connections that are suitable for adoption into the new AISC 360 Table K5.2 [23]. 60 

2. Experimental Program 61 

2.1. Test Specimen Design 62 

Eleven directly welded CHS-to-CHS moment T-connections were designed to be weld-critical. The specimens 63 

were designed (and fabricated) from ASTM A500 Grade C cold-formed CHS [24] (with a nominal yield strength 64 

of Fy = 317 MPa). Their geometric configurations were selected based on available materials from the supplier 65 

(Atlas Tube Inc.) and to cover a range of key parameters that influence connection (and weld) strength. The 66 

experimental test designations (Specimen ID), measured HSS dimensions, and key parameters (i.e., ꞵ, D/t, and τ) 67 

are summarized in Table 1. As shown in Table 1, all HSS members of the same size were from the same heat (and 68 

had the same measured dimensions) which, when arranged for the test specimens, resulted in values of 0.31 ≤ β ≤ 69 

0.91, 31 ≤ D/t ≤ 46, 0.70 ≤ τ ≤ 1.00, and branch inclination angle(s) of θ = 90°. The value of α in Table 1 [i.e., the 70 

nondimensional chord length parameter (α = 2l/D, where l and D are as shown in Fig. 1)], was selected based on 71 

the work of Van der Vegte and Makino [25] and Tousignant [26] to avoid end effects on the connection. To 72 

economize on material, both the branches and the chords of all connections were left uncapped at the ends. The 73 

layout for the specimens described herein is shown in Fig. 1. Typical weld details are shown in Fig. 2. 74 
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Table 1. Test specimen details and key parameters (two-column table) 75 

Specimen ID 
HSS Dimensions 

βa D/t τ α θ (°) 

Connection  

Failure 

Mode b 

Connection 

Strength 

(kNm) Branch Chord 

T324-127-1F 127.6 × 8.9 325.0 × 9.3 0.39 34.9 0.95 13.96 90 CW 32.20 

T356-127-1F 127.6 × 8.9 355.9 × 9.3 0.36 38.2 0.95 15.28 90 CW 30.76 

T406-127-1F 127.6 × 8.9 407.4 × 8.9 0.31 45.8 0.99 18.31 90 SY 27.56 

T406-127-0.7F 127.6 × 8.9 407.4 × 11.8 0.31 34.5 0.75 13.79 90 CW 40.12 

T273-127-1P 127.6 × 8.9 274.0 × 8.9 0.47 30.9 1.00 12.38 90 CW 31.72 

T356-273-1P 274.0 × 8.9 355.9 × 9.3 0.77 38.2 0.95 15.28 90 CW 142.06 

T356-324-1P 325.0 × 9.3 355.9 × 9.3 0.91 38.2 1.00 15.28 90 CW 199.84 

T406-273-1P 274.0 × 8.9 407.4 × 8.9 0.67 45.8 1.00 18.31 90 SY 144.87 

T406-324-1P 325.0 × 9.3 407.4 × 8.9 0.80 45.8 1.05 18.31 90 SY 178.77 

T406-273-0.7P 274.0 × 8.9 407.4 × 11.8 0.67 34.5 0.75 13.79 90 CW 185.25 

T406-324-0.7P 325.0 × 9.3 407.4 × 11.8 0.80 34.5 0.79 13.79 90 CW 260.60 

a Specimens with β < 0.47 are fillet welded (F-series) connections; test specimens with β ≥ 0.47 are partial joint penetration 76 
(PJP) groove-welded (P-series) connections. 77 
b SY – shear yielding (calculated in accordance with AISC 360-16 Eq. K4-2); CW – chord wall plastification (calculated in 78 
accordance with AISC 360-16 Eq. K4-1) (see Table 2 for HSS material properties). 79 

 80 

 81 

Fig. 1. Test specimen layout and connection nomenclature (one-column figure)  82 

  83 



5 

 

(a) Overall view 

 

(b) Fillet weld details 

 

(c) PJP-groove weld details 

Fig. 2. Weld details and joint nomenclature (one-column figure)  84 

 85 

Connections with β < 0.47 (the first four, in Table 1) were fillet welded at the branch-to-chord interface (herein 86 

termed “F-series”), and connections with β ≥ 0.47 (the next seven, in Table 1) were PJP-groove welded at the 87 

interface (“P-series”). This distinction, based on β, was made to ensure sound root penetration in the F-series 88 

connections (i.e., no “Z-loss” according to AWS D1.1-20 [27]) by maintaining the local dihedral angle (Ψ) (i.e., the 89 

angle between fusion faces on the branch and chord) around the joint (which is a function of ꞵ and θ) between 60° 90 

and 120°. Detailed discussions on this topic are given by [28]. Herein, it is important to distinguish between both 91 

the F-series and P-series connections, as well as the various parameters (ꞵ, D/t, and τ).  92 

Nonetheless, all welds were designed to ensure that weld rupture preceded connection failure, whereby the 93 

predicted nominal in-plane flexural strength of the weld (Mn-ip) (based on conservative assumptions) was less than 94 

the corresponding connection strength (for the applicable limit states in Table 1) based on measured CHS properties.  95 
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2.2. Test Specimen Fabrication 96 

Branches for the F-series connections were cut to a minimum branch length (lb) of 6Db to avoid shear lag effects 97 

and profiled to saddle perfectly onto the chords without edge bevelling (Fig. 3a). For the P-series connections, the 98 

branches were profiled, then bevelled (Fig. 3b), to produce included joint angles of ϕ ≥ 60° (see Fig. 1b) along the 99 

entire weld to avoid Z-loss [27]. The depth of the bevel (db, in Fig. 2c) was 6mm (measured perpendicular to the 100 

branch) for all tests. To ensure proper fit-up, a computer-numerically controlled (CNC) cutting machine was used 101 

to profile and bevel the branches. 102 

 103 

  
 

(a) T324-127-1F 

 

 

(b) T356-324-1-P 

Fig. 3. Fit-up of branch to chord after profiling and bevelling (two-column figure)  104 

 105 

Prior to welding the tests specimens, trial connections (comprised of a portion of each branch and chord) were 106 

cut and checked for fit-up. In addition to ensuring fit-up, these specimens were used to calibrate the welding process 107 

parameters to achieve the desired weld size, profile, fusion with the base metal, and root penetration. The final 108 

welding process parameters are discussed in Section 3.2. All specimens [i.e., the trial connections, large-scale 109 

connections, and all-weld metal tensile coupons (TCs)] were welded using a semi-automatic gas metal arc welding 110 

(GMAW) process, with 14mm diameter solid wire(s) (AWS A5.20 E71T) and full CO2 shielding gas. Welding was 111 

performed at a structural fabrication shop (Cherubini Metal Works, in Dartmouth, Nova Scotia) by a qualified 112 
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welder in the flat and horizontal positions. Photos of the as-laid welds for typical F- and P-series connections are 113 

shown in Fig. 4. 114 

 115 

  
 

(a) T324-127-1-F 

 

 

(b) T406-273-1-P 

Fig. 4. As-laid welds, before griding (two-column figure)  116 

 117 

2.3. Welding and Weld Preparation 118 

The test welds were laid/fabricated to the minimum size requirements of Tables J2.3 and J2.4 of AISC 360-22 119 

for fillet and PJP-groove welds, respectively; however, to ensure weld-critical behaviour, the so-called “as-laid 120 

welds” were subsequently ground down to weld sizes that, at the time of testing, were below AISC’s minimum 121 

values. It is noteworthy that the rationale for Tables J2.3 and J2.4 is to ensure adequate heat input during welding, 122 

which was already achieved.  123 

Welds in F-series connections were ground into triangular cross-sections, with flat legs, faces and near-uniform 124 

throat sizes (tw) for each joint. This allowed for tw to be initially obtained (pre-testing) from external measurements 125 

and a 3D model of the exact weld geometry (see Section 3.2.1). The pre-testing measurements were later verified 126 

by using macro-etch examinations (see Section 3.2.2). 127 

ASW D1.1 [27] defines the effective throat (tw) of a fillet weld in a T- and skewed T-joints with Ψ ≥ 60° (and, 128 

hence, for the CHS-to-CHS moment T-connections in this study) as “the shortest distance from the joint root to the 129 

weld face”. It is also important to note that the orientation of tw and the weld legs (lv and lh) must be established 130 
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correctly in the plane of Ѱ (which is perpendicular to the weld root, between tangents to the outside surfaces of the 131 

branch and the chord). 132 

Welds in P-series connections were ground down into less-precise cross-sectional shapes (see Fig. 3), but with 133 

regular-enough geometry to facilitate the accurate measurement of tw (which is simpler for PJP-groove welded joints 134 

compared to fillet-welded joints). It is worth noting here that the throat (tw) of a PJP groove weld is similarly defined, 135 

by AWS D1.1 [27], as “the shortest distance from the root to the face of the diagrammatic weld”.  136 

3. Mechanical and Geometrical Properties  137 

3.1. Mechanical and Geometrical properties of the CHS 138 

Mechanical properties of the CHS were determined from TC tests performed in accordance with ASTM A370 139 

[11]. Three TCs were made for each CHS from a one-metre off-cut of the member used in the test program, at 90°, 140 

180°, and 270° from the weld seam. The TCs were tested while maintaining their original curved geometry. Table 141 

2 gives the average measured yield stress (Fy), yield strain (εy), ultimate tensile strength (Fu), ultimate strain (εu), 142 

and Young’s Modulus (E) for each section. The yield strength (Fy, in Table 2) was determined by using the 0.2% 143 

strain-offset method. The geometrical properties of the CHS (in Table 2, shown previously) were obtained in 144 

accordance with methods outlined by the Steel Tube Institute [29]. 145 

 146 

Table 2. CHS tensile coupon test results (two-column table) 147 

Specimen ID 

HSS Dimensions Branch Properties 
 

Chord Properties 

Branch Chord 
Fy 

(MPa) 

E 

(GPa) 

Fu 

(MPa) 

εy  

(%) 

Fy 

(MPa) 

E 

(GPa) 

Fu 

(MPa) 

εy  

(%) 

T324-127-1F 127.6 × 8.9 325.0 × 9.3 382 196 494 0.426 417 170 480 0.458 

T356-127-1F 127.6 × 8.9 355.9 × 9.3 398 196 466 0.405 417 170 480 0.458 

T406-127-1F 127.6 × 8.9 407.4 × 8.9 373 179 483 0.407 417 170 480 0.458 

T406-127-0.7F 127.6 × 8.9 407.4 × 11.8 312 211 450 0.350 417 170 480 0.458 

T273-127-1P 127.6 × 8.9 274.0 × 8.9 352 198 477 0.205 417 170 480 0.458 

T356-273-1P 274.0 × 8.9 355.9 × 9.3 398 196 466 0.405 352 198 477 0.205 

T356-324-1P 325.0 × 9.3 355.9 × 9.3 398 196 466 0.405 382 196 494 0.426 

T406-273-1P 274.0 × 8.9 407.4 × 8.9 373 179 483 0.407 352 198 477 0.205 

T406-324-1P 325.0 × 9.3 407.4 × 8.9 373 179 483 0.407 382 196 494 0.426 

T406-273-0.7P 274.0 × 8.9 407.4 × 11.8 312 211 450 0.350 352 198 477 0.205 

T406-324-0.7P 325.0 × 9.3 407.4 × 11.8 312 211 450 0.350 382 196 494 0.426 

 148 
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3.2. Mechanical and Geometrical Properties of the Welds 149 

Mechanical properties of the welds were obtained from all-weld-metal TCs created in accordance with Clause 150 

4 of ANSI/AWS D1.1 [27], by welding 25mm-thick steel plates with the dimensions shown in Fig. 5. The TC test 151 

specimen was welded using the same electrode spool(s) (same heat no.), equipment, and fabrication processes as 152 

both the trial specimens and the F-/P-series connections. The following welding process parameters were used: 153 

• Arc voltage = 26V. 154 

• Wire feed speed = 345ipm. 155 

The all-weld-metal TCs (three total) were saw-cut and machined from the steel test plates at Dalhousie 156 

University and fabricated to the general dimensions in Fig. 5. The final dimensions of the reduced section were 157 

measured using a calliper and used – in conjunction with a 50-mm extensometer and universal testing machine – to 158 

determine Fy, E, electrode ultimate strength (FEXX), and rupture strain (εrup) (Table 3). As shown in Table 3, the 159 

average value of FEXX was 592 MPa.  160 

 161 

 
 

Fig. 5. All-weld-metal tensile coupons (dimensions in mm) (one-column figure)  162 
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Table 3. All-weld-metal tensile coupon test results (one-column table) 163 

Coupon ID Fy E FEXX εrup
a 

 (MPa) (MPa) (MPa) (%) 

[i] 

[ii] 

[iii] 

560 

565 

573 

205000 

216000 

203000 

589 

593 

594 

27.9 

26.8 

26.5 

Average 566 208000 592 27.1 
a Rupture strain determined by re-joining the fractured  164 
coupon and measuring: change in gauge length / initial  165 
gauge length 166 

 167 

3.2.1. Pre-Testing Weld Size Measurements 168 

For the F-series connections, flat weld faces obtained from grinding (see Section 2.3) allowed tw to be obtained 169 

from a 3D model of the weld's “exact” geometry (Fig. 6). First, local components of lv and lh in a plane containing 170 

the branch axis and the normal to the branch face were measured at 30° increments (12 total locations) along the 171 

weld length. The local components of lv parallel to the branch, and lh perpendicular to the surface of the branch (Fig. 172 

6a), at each location, were obtained in the manner described by Tousignant and Packer [13]. Using these dimensions, 173 

and measured values of Db and D (Table 1), the weld profile was then modelled in 3D in Solidworks (Fig. 6b). 174 

Finally, sections were taken through the weld profile in the true throat-plane orientation (i.e., the plane of Ѱ) at each 175 

of the 12 measurement locations, from which lv, lh and tw were measured. The average pre-testing “external 176 

measurements” of tw for the F-series connections are summarized in the second column of Table 4. For the F-series 177 

connections, the average coefficient of variation (COV) of the 12 throat dimension measurements in each 178 

connection was 0.129.  179 
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 180 

 
 

(a) Local components of lv and lh 
 

 
 

(b) 3D weld profile 

 

Fig. 6. Fillet weld dimensions (one-column figure) 181 
 182 

 183 
Table 4. Pre-testing and post-rupture average weld effective weld throat (tw) dimension (two-column table) 184 

Test Designation Pre-Testing (mm) Post-Rupture (mm) 

MT FL CT 

T324-127-1F 2.86 2.96 2.97 3.44 

T356-127-1F 2.77 2.32 2.33 3.33 

T406-127-1F 2.72 2.81 2.90 3.34 

T406-127-0.7F 2.65 2.24 2.51 2.91 

T273-127-1P 2.98 4.58 4.67 - 

T356-273-1P 3.01 5.57 - - 

T356-324-1P 3.83 5.06 5.12 - 

T406-273-1P 2.98 4.42 4.42 - 

T406-324-1P 3.29 4.11 4.15 - 

T406-273-0.7P 2.88 4.95 4.95 - 

T406-324-0.7P 3.29 5.36 5.35 - 
Note: “-” indicates no data available, or measurement type does not apply for the connection. 185 

 186 

For P-series tests, the throat dimension (tw) after grinding was measured according to Eq. (1): 187 

= −w bt d d

  

(1) 

where d = greatest perpendicular dimension measured from a line flush to the branch surface to the weld surface. 188 

As discussed in Section 2.2, db is the depth of bevel equal to 6mm. Eq. (1) is valid because the weld details in Fig. 189 
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2 ensured full depth of fusion (i.e., no Z-loss). The primary purpose of the pre-test measurements was to ensure: (i) 190 

weld-critical behaviour, and (ii) that there was a near-uniform weld throat around the entire joint perimeter. The 191 

average pre-testing “external measurements” of tw for the F-series connections are again summarized in the second 192 

column of Table 4. The average COV of the 12 throat dimension measurements for these connections (P-series) 193 

was 0.106. 194 

3.2.2. Post-Rupture Weld Size Measurements 195 

After testing, the geometric properties of the test welds were re-measured using macro-etch specimens (Fig. 7). 196 

Eight cross sections of the weld profile (two each at subtended angles of ρ = 0°, 90°, 180°, and 270°, as shown in 197 

Fig. 6b) were cut, in the plane of Ѱ, hand polished, and macro-etched using a 5% nital etchant solution, then digitized 198 

at a scale of 1:1 and measured in AutoCAD.  199 

Since, after cutting, each location (i.e., ρ = 0°, 90°, 180°, and 270°) yielded two cross-sections (one on each 200 

side), the dimensions lv, lh, and tw were determined by taking the average of eight total measurements per specimen. 201 

For each specimen, the weld throat (tw) determined three ways and compared; i.e: 202 

1. tw was taken as the minimum distance from the root to the face of the weld (for both F- and P-series tests) in 203 

accordance with AWS D1.1 [27] [herein termed the “minimum throat (MT) dimension”];  204 

2. tw was taken as the distance measured along the weld fracture plane [herein termed the “fracture length (FL) 205 

dimension”] (which did not always coincide with the theoretical throat) (see Fig. 7), for comparison; and 206 

3. for F-series tests only, tw was calculated based on the leg-size measurements (lv and lh) and Ψ [herein termed 207 

the “calculated throat (CT) dimension”].  208 

The average results for tw are summarized (previously) in Table 4, and varied within approximately the same 209 

range as the external (pre-testing) weld size measurements.  210 

  211 
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(a) T406-127-1F 

 

 
 

(b) T406-324-1P 

 
Fig. 7. Sample weld cross-sections (MT dimension shown) (one-column figure) 212 

 213 

By comparing the pre-testing and post-rupture tw dimensions in Table 4, it is clear that that there is some 214 

disparity in the results for the P-series connections. (For the F-series tests, there is actually quite good agreement). 215 

In both cases, precedence was given to the post-rupture tw measurements, which were deemed to be the most reliable. 216 

With respect to the post-rupture tw measurements, in both cases (i.e., F-series and P-series tests), the MT and 217 

FL measurements were similar; hence, while the fracture plane did not always correspond with the weld effective 218 
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Weld 

boundary 

tw 

Weld 
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throat plane, the resulting difference in tw was minimal. In the following analysis (and, generally, in design), the 219 

MT measurements have been adopted.  220 

 221 

4. Full-Scale Tests 222 

4.1. Test Set-Up and Instrumentation 223 

The test setup assembly for the 11 CHS-to-CHS moment T-connections is shown in Fig. 8. The chord member 224 

(i.e., horizontal CHS member) was simply supported at its ends, and the branch member (i.e., the vertical CHS 225 

member) was loaded (i.e., pushed on) by a recently calibrated actuator, with a capacity of 500kN and a total stroke 226 

of 500mm, to induce an in-plane bending moment in the connection/weld. The test setup was designed to eliminate 227 

compressive stress due to axial load in the chord to mitigate chord stress effects.   228 

 
 

Fig. 8. Elevation of the general test set up assembly for full-scale experiments (two-column figure) 229 
 230 

1. Actuator & frame 

2. Pin support 

3. Roller support 

4. Unidirectional strain gauges (SGs) 

5. Linear variable differential transformer 

(LVDT) 

6. String-pot differential transformer 

(SPT) 

2 

2 

1 
6 
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4 
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Unidirectional strain gauges (SGs) oriented along the longitudinal axis of the branch were installed at eight 231 

locations around the branch perimeter, adjacent to the weld, to measure the nonuniform distribution of load transfer 232 

through the weld. The SGs (seven of eight) were evenly spaced from the heel (ρ = 0°) to the toe (ρ = 90°), and one 233 

additional SG was installed at the saddle point (ρ = 270°, or the theoretical neutral axis) on the opposite side of the 234 

branch to monitor for out-of-plane effects. The SGs were placed 15 mm above the weld toe, for both F- and P-series 235 

tests, to avoid detecting the high strains that exists close to the weld due to the notch effect [30]. The typical layout 236 

of SGs adjacent to the weld is shown Fig 9.  237 

 238 

 
 

Fig. 9. Typical strain-gauge layout (one-column figure) 239 
 240 

To determine the branch deflection and chord wall indentation throughout testing, the horizontal displacement 241 

at the top of the branch and at the connection work point (i.e., the intersection of the branch and chord centrelines) 242 

were measured. The total deflection of the top of the branch relative to the work point (Δtotal) was hence determined. 243 

The rigid-body deflection (Δrigid, due to connection rotation) was then inferred by subtracting deflection due to 244 

flexure (Δflexure = Plb
3/3EIb, where Ib = moment of inertia of branch, based on measured dimensions) from Δtotal. The 245 

branch indentation (ΔD) into the chord, at the crown, on the compression side, was then calculated from the 246 

geometrical relationship in Eq. (2): 247 

2


 =

rigid b

D

b

D

l
 (2) 

 248 

SGs 

Saddle 

ρ 

Crown 
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5. Results 249 

5.1. Failure Mode, Ultimate Loads and Deformations 250 

All 11 connections failed by weld fracture which initiated near the heel of the connection (at location of the 251 

maximum tensile stress) under in-plane bending. Several typical weld failures are shown in Fig. 10. 252 

 253 

  
 

(a) T406-274-1P 

 

 

(b) T324-127-1F 

 

  
 

(c) T406-274-1P 
 

(d) T324-127-1F 
 

Fig. 10. Typical weld fractures (two-column figure) 

  254 

In all tests (F- and P-series), the weld failed suddenly along a bumpy plane as expected due to the non-255 

homogeneity of the material and small variations in tw (due, in part, to non-uniform root penetration). At failure 256 

(i.e., at weld fracture), a loud noise (caused by the release of energy) could be heard, and actuator load reading 257 

suddenly dropped.  258 

The results, including the applied load (Pa) and moment (Ma) at failure, Δtotal, and ΔD, are summarized in Table 259 

5. It is worth stating that the applied moment at failure (Ma) in Table 5 was calculated at the chord face (i.e., the 260 

crown) by multiplying Pa by the lever arm lb (Fig. 1). 261 

  262 
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Table 5. Specimen capacity and deformation (two-column table) 263 

Test 
lb 

(to crown) 

Pa Ma 1 Δtotal Δrigid Δflexure ΔD
 2 ΔD /D 

(m) (kN) (kNm) (mm) (mm) (mm) (mm) (%) 

T324-127-1F 1.07 34.08 36.47 76.04 61.47 14.57 3.67 1.13 

T356-127-1F 1.04 27.28 28.33 42.14 31.47 10.67 1.93 0.54 

T406-127-1F 1.02 28.32 28.74 74.18 63.84 10.34 3.99 0.98 

T406-127-0.7F 1.02 30.97 31.59 43.33 31.86 11.47 1.98 0.49 

T273-127-1P 1.14 34.89 39.77 168.99 150.94 18.04 8.45 3.08 

T356-273-1P 1.05 148.46 155.88 91.76 87.13 4.64 11.37 3.19 

T356-324-1P 1.04 192.15 199.83 38.69 35.23 3.47 5.50 1.55 

T406-273-1P 1.02 127.42 129.97 81.61 77.97 3.65 10.47 2.57 

T406-324-1P 1.01 187.10 188.97 48.47 81.37 3.09 13.09 3.21 

T406-273-0.7P 1.01 143.54 144.97 33.61 29.62 3.99 10.77 2.64 

T406-324-0.7P 1.01 249.11 251.6 71.08 66.97 4.12 4.02 0.99 

1 Ma = Pa × lb (to crown). 264 
2 Eq. (2). 265 

 266 

Fig. 11 shows typical plots of applied moment vs. chord indentation (ΔD) as a % of the chord diameter (D). The 267 

vertical line at ΔD/D = 3% is the widely accepted “chord-plastination limit”. From Fig. 11 (and by comparison of 268 

the Ma values for in Tables 5 to the connection strengths in Table 1), three (of the 11) tests exceed the theoretical 269 

3% deformation limit for the chord plastification (CW) limit state. Nevertheless, in all cases, weld fracture was 270 

ultimately obtained, and the connections can hence be deemed weld-critical.  271 

  272 
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(a) F-series connections 

 

(b) P-series connections 

Fig. 11. Applied moment versus chord indentation plots (one-column figure) 273 
 274 

5.2. Strain Distributions 275 

The stain distribution(s) around the branch adjacent to the weld under the in-plane bending load from several 276 

tests are shown in Fig. 12 for varying levels of applied bending moment (at 0.25-, 0.50-, 0.75- and 0.90-times Ma). 277 

Fig. 12 shows that even under low (elastic) loads the maximum strain is not located at the extreme bending fibre. 278 

This insinuates the presence of a “weld effective length” phenomenon. This phenomenon, and corresponding design 279 

provisions in AISC 360 [4], are discussed further in the following section. 280 
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(a) T324-127-1 

 

(b) T356-127-1 

 

  
 

(c) T406-127-0.7 

 

 

(d) T406-324-0.7P 

 

Fig. 12. Typical strain distributions adjacent to test weld (two-column figure) 

 

 282 

6. Discussion 283 

6.1. Provisions for Weld Design in AISC 360 284 

In Section K5 of AISC 360-16 [4] detailed design method that considers weld effective properties (i.e., lengths 285 

and section moduli) is spelled out for plate-to-HSS and HSS-to-HSS welded joints. Therein, for the limit state of 286 

shear rupture along a plane of the weld effective throat, Rn or Pn (in connections subject to branch axial load) and 287 

Mn-ip and Mn-op (for connections subject to branch in-plane bending, respectively) are given as: 288 

or =n n nw w eR P F t l  (3a) 

 289 
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− =n ip nw ipM F S   (3b) 

 290 
where Rn or Pn = nominal axial strength; le = total effective weld length of groove and fillet welds to HSS; Mn-ip = 291 

nominal in-plane flexural strength; Sip = effective elastic section modulus of welds for in-plane bending; and Fnw = 292 

nominal stress of the weld metal calculated in accordance with Chapter J, where:   293 

20.60 (1.00 0.5sin )= +nw EXXF F      for fillet welds (4a) 

 294 
0.60=nw EXXF F                                  for PJP groove welds (4b) 

 295 

where θ (strictly speaking) = angle between the line of action of the required force and the weld longitudinal axis 296 

(in degrees). The parenthetical term [(1.00+0.50sin1.5θ)] in Eq. (4a) is the so-called directional strength-increase 297 

factor for fillet weld(s) that applies for fillet welds connecting CHS branches to base plates, cap plates, or HSS 298 

chords [16]. 299 

According to the load and resistance factor design method of AISC 360, resistance factors of ϕ = 0.75 and 0.80 300 

for fillet and PJP groove welds, respectively, are multiplied by Eq. (3a,b) to determine the available strength. 301 

Previous studies have highlighted that the calculation of θ at any point along the weld axis in a CHS-to-CHS 302 

connections – let alone the value of the “sinθ factor” for the entire joint – is a complex issue. As such, it has been 303 

recommended to allow the angle θ in Eq. (4a) to be taken as the acute angle between the branch and the chord (in 304 

degrees) [16]. When 60° ≤ θ ≤ 90°, this approach yields similar results to when the “sinθ factor” is explicitly 305 

determined. Hence, a value of θ = 90° is adopted in Eq. (4a) for the fillet-welded (F-series) connections in this 306 

study. 307 

6.2. Previous Work on Weld Design for CHS-to-CHS Connections 308 

For axially loaded CHS-to-CHS T-, Y- and X-connections (which are within the current scope of AISC 360-309 

22’s new Table K4.2), Tousignant and Packer [15] demonstrated that the connection parameters D/t and β play a 310 

key role in determining the ratio of the effective-to-total weld length (le/lw). The branch inclination angle (θ), on the 311 

other hand, does not affect the ratio le/lw, but affects lw directly. 312 

Using experiments and FE modelling, [15] proposed the effective weld length in CHS-to-CHS T-, Y- and X-313 

connections with 0 ≤ β ≤ 0.50 and 60° ≤ θ ≤ 90° be taken as Eq. (5a) (see Fig. 13): 314 
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 316 

 317 

 318 

Fig. 13 Weld effective length for CHS-to-CHS T-, Y- and X-connections (one-column figure) 319 

 320 

Eq. (5a), which has been adopted in AISC 360-22 Table K5.2 [23], approximates lw by considering “branch-321 

angle distortion” (i.e., the transformation of a circular weld into an ellipse caused by a change in θ) but ignoring 322 

“beta-ratio distortion” (which causes the plane of the elliptical weld to further distort into a saddle shape). In that 323 

regard, Eq. (5a) is conservative for connections with high ꞵ-ratios [13]. 324 

6.3. Proposal 325 

Considering the experimental behaviour of both the fillet- and PJP-groove-welded connections demonstrated 326 

herein, for CHS-to-CHS moment T-connections subject to in-plane bending, the effective elastic section modulus 327 

can be approximated by: 328 
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 329 

Eq. (6) is in accord with Section 9.5.4 of AWS D1.1-20 [27], which considers the weld “as a line” and – like 330 

Eq. (5b) – takes into account the branch-angle distortion but ignores beta-ratio distortion.  331 

For CHS-to-CHS connections with small ꞵ-ratios, Eq. (6) implies that the weld is fully effective, which agrees 332 

with the previous findings of [15] and [16]. As ꞵ increases, the inherent conservatism of Eq. (6) that results from 333 

beta-ratio distortion serves as a good approximation to the ratio of the weld effective section modus to the weld 334 

gross section modulus. A consistent expression for the effective elastic section modulus of welds for out-of-plane 335 

bending  Sop is thus [27]: 336 

2
1 3 / sin

4 2

+   
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b
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D
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 337 

7. Evaluation of Proposal 338 

7.1. Actual-to-Predicted Strength Statistics 339 

Fig. 14a,b compares the actual strengths (Ma) of the F- and P-series CHS-to-CHS moment T-connections with 340 

the predicted nominal strengths under in-plane bending (Mn-ip) according to AISC 360 [Eq. (3b)], with Sip from Eq. 341 

(6). It is important to note that the Mn-ip values in Figs. 14a,b have been calculated by using the measured values of 342 

tw (MT, in Table 4), Db (in Table 2), and FEXX (= 592 MPa, per Table 3). In Figs. 14a,b, as well as in Table 6, tests 343 

have been grouped according to weld type/series (F- or P-) to aid in the discussion that follows.  344 

 345 
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(a) Approach 1 

  

 

(b) Approach 2 

  
Fig. 14. Comparison of actual strengths and predicted strengths (two-column figure) 

 346 

 347 

Table 6. Actual strengths, predicted strengths, and load ratios (one-column table) 348 
  Approach 1 Approach 2 

Specimen ID Ma Mn-ip Ma/Mn-ip Mn-ip Ma/Mn-ip 

 kNm kNm  kNm  

T324-127-1F 36.5 19.1 1.91 19.1 1.91 

T356-127-1F 28.3 15.0 1.89 15.0 1.89 

T406-127-1F 28.7 18.1 1.58 18.1 1.58 

T406-127-0.7F 31.6 14.5 2.19 14.5 2.19 

T273-127-1P 39.8 19.7 2.02 32.8 1.21 

T356-273-1P 155.9 110.8 1.41 184.7 0.84 

T356-324-1P 199.8 141.6 1.41 236.0 0.85 

T406-273-1P 130.0 87.9 1.48 146.4 0.89 

T406-324-1P 189.0 115.2 1.64 191.9 0.98 

T406-273-0.7P 145.0 98.4 1.47 164.1 0.88 

T406-324-0.7P 251.6 150.0 1.68 249.9 1.01 

 349 

For the F-series connections, the mean value of Ma/Mn-ip (= δP) is 1.89, with a corresponding COV of 0.13. The 350 

high bias factor (δP) for the F-series connections is not surprising, since previous research on fillet-welded RHS-to-351 

RHS moment T-connections [20] has shown that a direct bearing mechanism of load transfer can exist between the 352 

branch and the chord on the compression side. This, in turn, can increases Sip. However, it should not be relied upon 353 

for design.  354 

For G-series connections, the mean values of Ma/Mn (= δP) is 1.59, with a corresponding COV of 0.14, when 355 

Fnw is calculated in accordance with Eq. (4b) (i.e., as 0.60FEXX). This is termed Approach 1. However, unlike fillet 356 
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welds – where the 0.6 factor in the Fnw equation implies that the failure mode is by shear rupture on the effective 357 

throat – the 0.6 factor in Eq. (4b) (for PJP-groove welds) is an arbitrary reduction that has been in effect since the 358 

early 1960s – to compensate for the “notch effect” of the unfused area of the joint. Because a CP detail was provided 359 

for the P-series joints (to eliminate Z-loss), it is proposed that Fnw = 1.00FEXX is more suitable for analysis. Fig. 14b 360 

shows that replacing Eq. (4b) with Fnw = 1.00FEXX for the calculation of Mn-ip (termed Approach 2) gives δP = 0.95 361 

(which is closer to unity) and VP = 0.14. Hence, omitting the 0.6 factor for P-series tests (Approach 2) is indeed 362 

more accurate. 363 

When all 11 connections are considered together, δP = 1.70 with VP = 0.16 for Approach 1 (Fig. 14a), and δP = 364 

1.29 with VP = 0.39 for Approach 2 (Fig. 14b).  365 

7.2. Reliability Analysis using FORM 366 

To determine the ranges of β+ inherent in the forgoing approach(es), an approximate first-order reliability 367 

method (FORM) analysis was performed using Eq. (8) [31,32]: 368 

( )

( )2 2

1
ln
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

  

+
  +

=    ++    
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D LR S

L D

L DV V
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 369 
where δR = bias coefficient for the resistance; VR = COV of δR; αD and αL = load factors for dead and live loads, 370 

respectively (= 1.2 and 1.6, per ASCE [33]); δD and δL = bias coefficients for dead and live loads, respectively; and 371 

VS = COV of the total load effect, taken as [34]: 372 
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 373 
where VD and VL = COV of the live and dead load, respectively.  374 

Eqs. (8) and (9) incorporate the effects of live and dead load through the non-dimensional live-to-dead load 375 

ratio, L/D, which is taken to range from 1 ≤ L/D ≤ 3 for components in steel buildings [32, 35].  376 

7.2.1. Resistance Model and Statistical Parameters 377 

The bias coefficient, δR, and the corresponding COV, VR, are derived by assuming that the resistance is a 378 

multiplicative of four independent, lognormally distributed random variables with a bias coefficient given by 379 

[21,32]: 380 
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 381 
and a COV that is well-approximated by: 382 

2 2 2 2= + + +R G M P dV V V V V  (11) 

 383 
where δG, δM, δP, and δd = bias coefficients of the geometric, material, professional, and discretization factor, 384 

respectively, and VG, VM, VP and Vd = associated COVs. In the context of this paper, δG incorporates variability in 385 

the weld throat size; δM incorporates variability in electrode strength; δP incorporates variability in the accuracy of 386 

the design equation (used to calculate Mn-ip); and δd incorporates the effect of specifying discreet/commonly used 387 

weld sizes that are generally more than the minimum load and resistance factor design (LRFD) requirement. 388 

Bias coefficients and COVs for dead and live load used in this work were taken as δD = 1.05, δL= 0.78, VD = 389 

0.10, and VL = 0.32 [32], with a target of β+ = 4.0, for connection design, in accordance with Chapter B of the AISC 390 

360-16 Commentary [4]. Resistance factors of ϕ = 0.75 and 0.80 were adopted for fillet-welded and PJP-groove-391 

welded T-connections connections, respectively (except as noted in Section 7.2.2).  392 

The parameters δM and VM were taken as 1.12 and 0.077, respectively, based on a large database of 672 tests 393 

performed on all-weld-metal TCs [36], and the parameters δG and VG were taken as 1.03 and 0.10, respectively, to 394 

reflect common “fabrication errors” that result in variability of weld geometry [37].  395 

The bias coefficient for the discretization factor, δd = 1.09, and the associated COV, Vd = 0.062, were adopted 396 

from the work of Thomas and Tousignant [38]. Although their work applied to fillet welds, an analogous approach 397 

applied to PJP-groove welds by the Authors yielded similar results.  398 

A key finding from the current study is that the professional factor parameters (δP and VP) largely depend on 399 

weld type, professional bias coefficients and their associated COVs have been calculated for fillet-welded and PJP-400 

groove-welded joints separately, as well as together, as shown in Table 7. 401 

 402 

Table 7. Summary of resistance parameters (one-column table) 403 

 Approach 1 Approach 2 

Series δP VP δR VR δP VP δR VR 

F 1.89 0.13 2.38 0.19 1.89 0.13 2.38 0.19 

P 1.59 0.14 2.00 0.20 1.59 0.14 1.19 0.20 

All  1.70 0.16 2.14 0.21 1.29 0.39 1.62 0.42 



26 

In the following section, inherent ꞵ+ values are tabulated using the FORM approach (over the range of 1 ≤ L/D 404 

≤ 3) and compared to the target value of β+ = 4.0, for connections, per Chapter B of the AISC 360-16 Commentary 405 

[4].  406 

7.2.2. FORM Analysis Results 407 

Table 8 shows the inherent β+ values for the current tests using ϕ = 0.75 for fillet welds, ϕ = 0.80 for PJP-groove 408 

welds, and ϕ = 0.80 (conservatively) for “all” welds (i.e., when all 11 tests are considered together). 409 

 410 

Table 8. Summary of ϕ and ꞵ+ values from the FORM approach for 1 ≤ L/D ≤ 3 (two-column table) 411 

 Range of ꞵ+ for target ϕ Range of ϕ for target ꞵ+ = 4.0 

Series Approach 1 Approach 2 Approach 1 Approach 2 

F (ϕ = 0.75) 5.87 – 6.52 5.87 – 6.52 1.30 – 1.38 1.30 – 1.38 

P (ϕ = 0.80) 4.98 – 5.42 3.26 – 3.34 1.07 – 1.14 0.64 – 0.68 

All 1 5.04 – 5.43  2.57 – 2.71 1.10 – 1.16 0.43 – 0.44 

1 using ϕ = 0.80. 412 
 413 

As shown in Table 8, for F-series specimens, ꞵ+ ranges from 5.87 to 6.52 (when ϕ = 0.75 and 1 ≤ L/D ≤ 3) 414 

which exceeds the target value of ꞵ+ = 4.0. For P-series specimens, taking Fnw = 0.60FEXX (Approach 1), ꞵ+ ranges 415 

from 4.98 to 5.42 (when ϕ = 0.80 and 1 ≤ L/D ≤ 3), which exceeds the target. When all 11 connections (F-series 416 

and P-series) are considered together, ꞵ+ ranges from 5.04 to 5.43.  417 

When Fnw is taken as 1.00FEXX for PJP-groove welds (Approach 2), ꞵ+ ranges from 3.26 to 3.34 for the P-series 418 

specimens (when ϕ = 0.80 and 1 ≤ L/D ≤ 3) and 2.57 to 2.71 when all specimens are considered together. Results 419 

for the F-series specimens are unchanged. It is thus important to note that the 0.60 factor for Fnw – while being less 420 

accurate – is required for PJP-groove welds to achieve the target reliability index.  421 

The proposal to use Eq. (6) for Sip in conjunction with AISC 360-22 Chapter K [Eq. (3b)] can hence be deemed 422 

suitable if Eq. (4b) (Approach 1) is used to calculate Fnw for PJP-groove welds. 423 

Figs. 15a,c show the inherent reliability indices (i.e., the results from Table 8) graphically. Therein, the 424 

discontinuities at low values of L/D are due to the intersection of the two factored load combinations from the ASCE 425 

7 [33] [i.e., 1.4D (dead load only) and 1.2D + 1.6L].  426 

 427 
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(a) Approach 1 

 

 

(b) Approach 1 

  

 

(c) Approach 2 

 

 

(d) Approach 2 

 428 

Fig. 15. ꞵ+ (for target ϕ) and ϕ (for target ꞵ+ = 4.0) vs. L/D (two-column figure) 429 

 430 

Eq. (8) can also be rearranged to solve for the value(s) of ϕ required to meet/exceed the target ꞵ+ = 4.0. These 431 

results are also summarized in Table 8 and Figs 15b,d.  432 

7.3. Reliability Analysis using ESF  433 

It is interesting to compare the above results from the FORM analysis to another largely utilized reliability 434 

analysis procedure termed the “expanded separation factor” (or ESF) approach. In doing so, ꞵ+ and ϕ values were 435 

also calculated according to Eq. (12), which considers the statistical variation of the resistance independently of the 436 

load effects [21, 39]: 437 
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 438 
where ϕꞵ+ = recursive adjustment factor = 0.0062(ꞵ+)2 – 0.131ꞵ+ + 1.338, and αR = coefficient of separation, taken 439 

as 0.55. The results (which are discreet values of ꞵ+ and ϕ, rather than ranges) are shown in Table 9. 440 

 441 

Table 9. Summary of ϕ and ꞵ+ values from the ESF approach (two-column table) 442 

 ꞵ+ for target ϕ ϕ for target ꞵ+ = 4.0 

Series Approach 1 Approach 2 Approach 1 Approach 2 

F (ϕ = 0.75) 7.58 7.58 1.42 1.42 

P (ϕ = 0.80) 6.04 3.37 1.18 0.70 

All 1 6.13 3.07 1.22 0.60 

1 using ϕ = 0.80. 443 
 444 

7.4. ESF Analysis Results 445 

Table 9 shows that the ESF method with the ϕꞵ+ factor yields less conservative results than the FORM approach. 446 

However, it can again be concluded, based on these results, that the proposal to use Eq. (6) for Sip in conjunction 447 

with AISC 360-22 Chapter K to compute the in-plane bending resistance of welds in CHS-to-CHS moment T-448 

connections is sufficiently reliable. 449 

 450 

8. Conclusions 451 

From 11 tests conducted on fillet and PJP-groove welds in CHS-to-CHS moment T-connections (F- and P-452 

series connections, respectively), evaluations of strain gauge data, comparisons of actual-to-predicted strength, and 453 

reliability analyses done according to two approaches (FORM and ESF), the following can be concluded: 454 

• Welds in CHS-to-CHS moment T-connections are only partially effective, in theory; i.e, the maximum 455 

strain/stress does not occur at the crown point, in tension and compression. 456 

• The design of fillet welds in CHS-to-CHS moment T-connections subjected to branch in-plane bending 457 

as “fit-for-purpose” can be carried out by using Eq. (6) for Sip in conjunction with the requirements of 458 

AISC 360-16 (or -22) Section K5 [4]. 459 
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• In doing so, the 0.60 factor for Fnw in Eq. (4b) is required for PJP-groove welds to achieve the target 460 

reliability index (even if a particular joint detail suggests otherwise).  461 

It is therefore recommended that Eq. (6) be adopted in the new AISC 360-22 Table K5.2 for design of welds in 462 

CHS-to-CHS moment T-connections. The nonuniformity of loading will be prevalent in other types of CHS-to-463 

CHS connections with similar geometries (i.e., Y- and X-connections) under branch in-plane bending, and hence 464 

this recommendation would also apply to those additional joints, regardless of weld type (fillet, PJP or CP), provided 465 

that the welds do not significantly change the footprint of the branch(es).  466 

 467 
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 474 

Notation 475 

D  overall diameter of CHS chord 476 

Db  overall diameter of CHS branch 477 

E  Young’s modulus 478 

FEXX  electrode ultimate strength 479 

Fnw  nominal strength of the weld metal per unit area 480 

Fu  ultimate stress of the HSS 481 

Fy  yield stress 482 

L/D  live-to-dead load ratio 483 

Ma  (applied) maximum in-plane bending moment 484 
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Mn-ip  nominal flexural strength for in-plane bending 485 

Pa  (applied) maximum force 486 

Pn  nominal axial resistance 487 

Rn  nominal resistance 488 

Sip  effective elastic section modulus of weld for in-plane bending 489 

Sop  effective elastic section modulus of weld for out-of-plane bending 490 

VD  coefficient of variation for dead load effect 491 

VG  coefficient of variation for geometry 492 

VL  coefficient of variation for live load effect 493 

VM  coefficient of variation for material 494 

VP  coefficient of variation for the professional factor 495 

VR  coefficient of variation for the resistance 496 

VS  coefficient of variation for the total load effect 497 

d  greatest perpendicular dimension measured from the branch surface to the weld surface 498 

db  depth of bevel 499 

l  length of chord 500 

lb  length of branch 501 

lh  horizontal weld leg size (in contact with the chord) 502 

lv  vertical weld leg size (in contact with the branch) 503 

le  weld effective length 504 

lw  total weld length 505 

t  wall thickness of CHS chord 506 

tb  wall thickness of CHS branch 507 

tw  weld effective throat dimension 508 
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αD  load factor for dead load 509 

αL  load factor for live load 510 

αR  coefficient of separation, taken as 0.55  511 

β  branch-to-chord width ratio 512 

β+  reliability index 513 

ΔD  branch indentation  514 

Δflexual  flexural deflection of CHS branch 515 

Δrigid  rigid body deflection of CHS branch 516 

Δtotal  total deflection of CHS branch 517 

δD  bias coefficient for dead load 518 

δd  bias coefficient for discretization 519 

δG  bias coefficient for the geometry 520 

δL  bias coefficient for live load 521 

δM  bias coefficient for the material factor 522 

δP  bias coefficient for the professional factor 523 

δR  bias coefficient for the resistance 524 

εrup  rupture strain 525 

εu  ultimate strain 526 

εy  yield strain 527 

θ  angle of loading measured from the weld longitudinal axis; branch inclination angle 528 

τ  branch-to-chord thickness ratio 529 

ϕ  resistance factor 530 

ϕꞵ+  adjustment factor = 0.0062(ꞵ+)2 – 0.131ꞵ+ + 1.338 531 

Ψ  local dihedral angle 532 
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ρ  subtended angle 533 

 534 
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Figure Captions 620 

Fig. 1. Test specimen layout and connection nomenclature 621 

Fig. 2. Weld details and joint nomenclature 622 

Fig. 3. Fit-up of branch to chord after profiling and bevelling 623 

Fig. 4. As-laid welds, before griding 624 

Fig. 5. All-weld-metal TC test plates (dimensions in mm) 625 

Fig. 6. Fillet weld dimensions 626 

Fig. 7. Sample weld cross-sections (MT dimension shown) 627 

Fig. 8. Elevation of the general test set up assembly for full-scale experiments 628 

Fig. 9. Typical strain-gauge layout 629 

Fig. 10. Typical weld fractures 630 

Fig. 11. Applied moment versus chord indentation plots 631 

Fig. 12. Typical strain distributions adjacent to test weld 632 

Fig. 13. Weld effective length for CHS-to-CHS T-, Y- and X-connections 633 

Fig. 14. Comparison of actual strengths and predicted strengths  634 

Fig. 15. ꞵ+ (for target ϕ) and ϕ (for target ꞵ+ = 4.0) vs. L/D 635 


