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Abstract

For the first time, an experimental test program was conducted to assess the strength of fillet welds in circular
hollow section (CHS) connections. Six large-scale, fillet-welded CHS-to-CHS X-connections were designed with
varied key parameters that affect the weld strength: branch-to-chord diameter ratio, chord wall slenderness, and
branch inclination angle. By means of quasi-static tension applied to the branches, fracture of 12 test welds (two
per connection) was obtained. Strain distributions measured adjacent to the welds indicated a weld effective
length less than the total weld length, under pure axial load. Branch loads at rupture were also measured and used
to determine the structural reliability of existing AWS provisions for weld effective lengths in CHS-to-CHS X-
connections. For the range of parameters studied, the provisions are found to be very conservative. Hence,
methods are assessed to accurately quantify the weld effective length. A parametric modelling study is presented

in a companion paper to develop more liberal recommendations.
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1. Introduction

When welding to hollow structural sections (HSS), welds can be proportioned: (a) to achieve the capacity of
the connected branch member wall; or (b) to be “fit for purpose” [1]. By designing welds as “fit for purpose” — to
resist the actual forces present in the branch member — smaller, more appropriate weld sizes typically result.

In order to account for the non-uniform loading of the weld perimeter due to differences in the relative
flexibilities of the chord loaded normal to its surface, and the branch(es) carrying membrane stresses parallel to its
surface, weld effective properties — including weld effective lengths and weld effective section moduli — are used.
These properties are determined by discounting segments of the weld which do not contribute to its overall
resistance. The weld effective length is hence less than or equal to the total weld length. Simply put, it is the
amount of weld that can be relied upon to resist the loading on the connection.

Over the last 30 years, much research has been conducted at the University of Toronto to determine weld
effective lengths for rectangular hollow section (RHS) connections, including gapped K-connections, T-, Y- and
X- (or Cross-) connections, moment-loaded T-connections, and overlapped K-connections [2-6].
Recommendations based on this research have been adopted as code in North America, by the American Institute
of Steel Construction (AISC) in Section K5: “Welds of Plates and Branches to RHS” of their latest specification,
AISC 360 [7].

Since the addition of Section K5 (formerly Section K4, in the 2010 specification), weld effective properties
for circular hollow section (CHS) connections have been an issue faced by code writers, including AISC and the
American Welding Society (AWS), since load transfer around a welded CHS joint can be highly non-uniform [8]
(e.g. Fig. 1).

While AISC [7] is noticeably silent regarding weld effective lengths for CHS connections, AWS D1.1
“Structural Welding Code — Steel” [9] implies, in Clause 9.6.1.3(4), that the weld effective length in axially
loaded CHS connections is equal to 1/1.5 of the total weld length under factored loads, regardless of the joint
geometry. While believed to be conservative, this rule is not supported by experimental evidence.

A laboratory-based test program was hence conducted to assess the performance of welds in CHS
connections. For the first time, weld-critical tests (where failure occurs by weld fracture) have been completed on

fillet welds in full-scale CHS connections, and the structural reliability (safety index) of the existing AWS, AISC
2
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and CSA specification provisions for the design of such welds is determined. The effect of key connection
parameters on the weld strength is also investigated, and an empirical method to quantify the weld effective
length is proposed. The results of this paper are vital for determining a strategy for the fit-for-purpose design of
welds in CHS connections that is both accurate (reasonably predicts the correct failure load) and safe (meets or

marginally exceeds target reliability indices provided by design codes).
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Fig. 1. Variation of X-connection stress distributions

2. Test specimen preparation and material testing

Six CHS X-connections were designed and fabricated from ASTM A500 [10] dual-certified Grade B/C cold-
formed CHS, and fillet welded using a semi-automatic flux-cored arc welding (FCAW) process with full CO;
shielding gas. As it was speculated that the strength of welds in CHS X-connections depends on branch-to-chord
diameter ratio (# = Dw/D), chord wall slenderness (D/t), and branch inclination angle (6), the chord and branch
members were selected to cover a wide range of these values, as shown in Table 1. These values were selected to

be within limits for fillet welds to develop the full throat thickness, as given by AWS [9] (see Section 2.1). Four
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connections had branches at 90° to the chord, and two connections had branches at 60° to the chord. The

connection layout is shown in Fig. 2, which includes the nomenclature used herein.

Table 1
Measured properties of 12 CHS X- (test) connections
Test? CHS branch member CHS chord member 0 B DIt = P.d Pye
Dy X ty ApP Fy© Dxt AP Fy©
mmxmm mm? MPa mmxmm mm? MPa ° KN kN
102-273-90a 102.0 x 7.34 2161 373 273.5x11.69 9614 460 0.37 234 0.63 672 672
102-273-90b 102.0 x 7.34 2161 373 273.5x11.69 9614 460 0.37 234 063 678 678
102-406-90a 102.0 x 7.34 2161 373  406.5x 12.34 15283 355 0.25 329 059 608 608
102-406-90b 102.0 x 7.34 2161 373  406.5x 12.34 15283 355 90 0.25 329 059 540 540
127-273-90a 127.4 x 11.55 4207 431 273.5x11.69 9614 460 0.47 234 099 653 653
127-273-90b 127.4 x 11.55 4207 431 273.5x11.69 9614 460 0.47 234 099 609 653
127-406-90a 127.4 x 11.55 4207 431  406.5x 12.34 15283 355 0.31 329 0.94 557 557
127-406-90b 127.4 x 11.55 4207 431  406.5 x 12.34 15283 355 0.31 329 0.94 556 557
102-406-60a 102.0 x 7.34 2161 373  410.0 x 12.21 15260 373 025 336 060 721 721
102-406-60b 102.0 x 7.34 2161 373  410.0x 12.21 15260 373 60 0.25 33.6 0.60 538 721
127-406-60a 127.4 x 11.55 4207 431  410.0 x 12.21 15260 373 0.31 336 095 761 761
127-406-60b 127.4 x 11.55 4207 431  410.0 x 12.21 15260 373 0.31 336 095 798 850

2n the test designation: the first number represents the nominal branch diameter; the second number represents
the nominal chord diameter; the third number represents the branch inclination angle (6); and a/b represent the

side of the connection, since each connection had two fillet welds (a = top; b = bottom).

b Cross-sectional areas determined by cutting a prescribed length of CHS, weighing it, and then using a density of
7850 kg/m® to calculate its cross-sectional area.
¢Yield strength of all CHS determined from tensile coupon tests performed according to ASTM A370 [11] while
maintaining the curved shape.

d Actual (experimental) weld fracture load.

¢ Greatest load sustained by the weld.
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Fig. 2. Connection layout

2.1. Connection geometric considerations

CHS members and connection geometry had to be carefully designed, to maintain the local dihedral angle (%)
of the joints between 60° and 120°, to develop the full fillet weld throat thickness (tw). According to Note 4 in Fig.
9.10 of AWS [9], when ¥ < 60° the Z loss values in AWS [9] Table 9.5, for PJP welds, apply. To keep ¥ within
this range, the complex effect of g and & on ¥, which changes continuously around the joint, was studied using
the vector-calculus approach given by Luyties & Post [12]. Using a subtended angle increment (4p) equal to 1°,
as suggested by Luyties & Post [12], it was determined that £ must not exceed 0.50 for 90° CHS connections, and
0.28 for 60° CHS X-connections.

While having @ less than 60°, and thus ¥ less than 60°, would adversely affect the weld strength by
contributing to the Z loss (loss of the weld throat) at the root of the weld, according to Table 9.5 of AWS [9],
having slightly larger g-values, and thus ¥ slightly greater than 120° does not. For the design of test connections it
was therefore deemed necessary to keep 8 between 60° and 90°, while a minor deviation from the stated f limits
was considered acceptable. Local dihedral angle curves for each test connection showing the variation of ¥ along

the weld length are shown in Fig. 3. These curves have been determined by applying the method given by Luyties
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& Post [12] in Matlab, with 4p equal to 1° and measured values of Dy and D. The letters “a” and “b” at the end of
the test designation in Table 1 have been omitted since the curves apply to both branch connections on either side
of the chord (i.e. “a” and “b”). Local dihedral angle curves for connections with different £ values, calculated
using the same method, have also been included in Fig. 3. These curves can be compared to those given in

Informative Annex O of AWS [9] to verify the approach used.
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Fig. 3. Local dihedral angle curves for test joints, with subtended angle measured from the crown heel

The branches were cut to a minimum branch length (I,) of 6Dy, to avoid shear lag effects at mid-length, from
both ends [13], and profiled to saddle perfectly onto the chords, without edge bevelling (Fig. 4). The branches
were capped by a tee connection through which load was applied. The tee connection was designed, using Section
7.6 of Packer & Henderson [14], to develop the member capacity. The chords were cut to an overall chord length
() to avoid end effects at the connection [15]. To economize on material, they were left unrestrained (uncapped)
at both ends. The average measured material properties for the CHS branch and chord members were determined
from three tensile coupon tests per section, performed according to ASTM A370 [11] while maintaining the
curved shape. One tensile coupon was taken from each CHS directly across from the weld seam, and the other

two were taken from the CHS faces orthogonal to the weld seam.
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(a) Typical 90° connection (shown for 102-273-90a) (b) Typical 60° connection (shown for 102-406-60b)

Fig. 4. Fit-up of branch to chord after profiling and tack welding

2.2. Geometrical properties of the as-laid welds

Correct measurement of the geometric properties of the welds, which comprise a complex saddle shape in
CHS connections, is critical to the subsequent scientific analysis of the weld strength; hence, great care was taken
to very accurately obtain these measurements.

The total weld length (l), and the weld length tributary to each throat size measurement (which is necessary
to determine the average throat size for the joint), were calculated by modifying a vector-calculus approach used
previously to determine ¥ by Luyties & Post [12] to give a near-perfect solution for the distance between points
along the weld root, and then summing up these distances. This can be done using computer-programmed
equations (e.g. in Matlab) as follows:

Step 1: Starting at a subtended angle (p) equal to 0° (i.e. the heel of the connection, Fig. 5a) (or the beginning

of the interval of interest), compute the coordinates of the branch-chord intersection at p and p + 4p using Eq.

(1a). Eq. (1a) gives the position vector P; at point i along the branch-chord intersection, where i equals p or p +

Ap. The notation [(), (), ()] represents the three vector components in the branch coordinate system (Fig. 5b).
B = [y, (% sini), (%cosi)] (1a)

where:



125

126

127

128

129

130
131
132
133
134
135
136
137
138
139

_ Dy(1—cosi) D —/D?— (Dpsini)?

l, = (1b)
2tan@ 2sinf

Step 2: Calculate the vector (V) connecting these points: V = P, 4, — P,.

Step 3: Compute the magnitude of V by taking the square root of the sum of squares of its three vector
components. This is the approximation to the weld length between ﬁp and ﬁpﬂ\p. The smaller 4p is, the closer the
approximation will be to the actual weld length.

Step 4: Increment p by 4p, and repeat Steps 1 to 3, adding the new result for the magnitude V to the previous
results. For the total weld length, continue repeating Steps 1 to 3 until p is equal to 360° - 4p. For an interval
length along the weld, continue repeating Steps 1 to 3 until p is exactly 4p less than p at the end of the
interval.

The weld lengths herein were calculated as described above with 4p equal to 1°. This generally gave the same
answer for total weld length as an exact solution based on calculus, but could be more easily applied to a range of
different joint geometries. Lie et al. [16] also provided equations to describe the geometry of butt welds in HSS
Y-connections. If used to calculate ¥ or |, for the current tests, the results would match the Authors’ because both

approaches are based strictly on the connection geometry.
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Fig. 5. Vector calculus method used to determine weld lengths

After being laid, welds were ground into a triangular shape, with a near-uniform throat size (t.) around each
joint, and flat weld faces. Flat weld faces allowed t, to be obtained from a 3D model of the weld’s exact
geometry, as shown in Fig. 6. Using this approach, the orientation of ty and the weld legs (I, and In) must be
established correctly: in the plane of ¥, perpendicular to the weld root, between tangents to the outside surfaces of
the branch and the chord. The computer-aided design (CAD) program Solidworks was employed to exact this
requirement.

First, local components of I, and I, in a plane containing the branch axis and the normal to the branch face
were measured at uniform increments of p along the weld length. The component of I, parallel to the branch was

9
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first measured by wrapping a mat board collar with reinforced edges around the branch at a fixed distance (or
“offset”) from the root of the weld at the heel of the connection. The offset distance (Fig. 5(a)) was then measured
using a Mitutoyo Digimatic calliper (with a specified resolution of 0.01 mm). The distance between the collar and
the weld toe along the branch (x) was then measured, using the same calliper, at uniform increments of p along the
weld length. The component of I, parallel to the branch at p could then be calculated by subtracting this measured
distance (x) from the theoretical distance between the collar and the weld root (= I; + offset). Historically, I; refers
to the template length, which is the length (parallel to the branch) of a steel-cutting template that was wrapped
around a CHS branch and used as a guide for profiling with a torch. The component of Ir perpendicular to the face
of the branch at p was measured by laying a standard fillet weld gauge along the axis of the branch and measuring
the distance to the weld toe. The weld profile around the entire joint was then modelled in Solidworks using these
measurements and the measured values of Dy and D. Finally, sections were taken through the weld in the plane of

¥ using Solidworks geometry tools, and |, Ir and ty were precisely measured, as shown in Fig. 6.

10
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Subtended angle (p)

(b) 60° connection (shown for test 127-406-60b)

Fig. 6. 3D Solidworks models of weld profile and weld dimensions

The weld area (Aw) was determined by summing up: t, x tributary weld length (Fig. 6) around the entire joint

(weighted average). The measured fillet-weld geometric properties are shown in Table 2.

11
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Table 2
Weld dimensions and predicted fracture loads for test joints according to existing AWS [9] provisions for weld
effective lengths in CHS X-connections

Test Average measured weld dimensions Pr?

Iy In tw lw Aw

mm mm mm mm mm kN
102-273-90a  6.86 6.17 4.08 322 1312 303
102-273-90b  7.23 6.65 4.37 322 1405 324
102-406-90a 5.16 5.78 3.56 320 1139 263
102-406-90b  4.54 5.08 3.14 320 1004 232
127-273-90a 5.94 5.93 3.63 406 1475 340
127-273-90b  7.05 6.06 4.00 406 1625 375
127-406-90a  4.83 5.03 3.16 403 1273 294
127-406-90b  5.60 5.19 3.47 403 1410 323
102-406-60a  5.83 5.59 3.58 345 1235 285
102-406-60b  6.29 5.83 3.79 345 1307 302
127-406-60a  5.68 8.01 3.95 434 1716 396
127-406-60b  5.39 6.00 3.38 434 1468 339

aNominal predicted fracture load according to existing AWS [9] specification provisions, calculated using Egs.
(2a,b) and (3), using Aw and Fexx determined from tensile coupon tests (= 577 MPa).

2.2.1. Post-rupture macro-etch examinations

To verify the values of I, and |, obtained using Solidworks, post-rupture macro-etch examinations of the fillet
welds were performed after several tests. Four cross sections of the fillet weld profile (at p = 0°, 90°, 180°, and
270°) were cut in the plane of ¥ using a drop saw. The cross sections were then hand polished, macro-etched
using a 5% nital etchant solution, and digitized at a scale of 1:1. Using the program AutoCAD, I, I», and t were
re-measured from the cross sections. The weld throat (tw) was taken as the shortest distance from the root to the
face of the diagrammatic weld. The average value of t, for the macro-etched connections was then determined,
using a tributary width for each measurement equal to 0.25ly, and compared to the previous measurements. The
mean ratio of the measurements (Solidworks/macro-etch) was found to be 0.96. The macro-etch weld leg
measurements hence gave credence to the Solidworks-based dimensions derived from external caliper

measurements, which are used herein.

2.3. Mechanical properties of the as-laid welds
The mechanical properties of the as-laid welds were determined by tensile coupon testing in accordance with

AWS [9]. A summary of the all-weld-metal tensile coupon test results is given in Table 3.

12
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Table 3
All-weld-metal tensile coupon test results
All-weld-metal coupon Yield stress Young’s Fexx Rupture strain,
designation modulus, E Erup?
MPa MPa MPa %
[1] 510 189000 573 30.6
[ii] 520 201000 576 27.4
[iii] 521 235000 581 26.4
Average 517 208000 577 28.1

aRupture strain determined by re-joining the fractured coupon and measuring: change in gauge length / initial
gauge length

The average yield stress from three coupon tests (by the 0.2% strain offset method) was 517 MPa and the
average ultimate stress (Fexx) was 577 MPa with 28.1% elongation at rupture. The measured ultimate strength
was 17.8% greater than the specified nominal strength (490 MPa) of the E71T-1C electrode used. The welding
process specifications used for the joints were: voltage = 25 V, amperage = 260 A, and travel speed = 230
mm/min. Welding was performed principally in the flat position, by a welder qualified with the Canadian

Welding Bureau for the position and the FCAW process used.

3. Connection tests and instrumentation

Quasi-static axial tension load was applied to the end of each branch on either side of the connection, and
hence to the weld, by a 2700-kN capacity universal testing machine (UTM). The typical testing arrangement is
shown in Fig. 7.

Four linear strain gauges (SGs), equally spaced around the perimeter of the branch at mid length (> 3Dy, from
the welded test joint and the end), and oriented along its longitudinal axis, were used to measure the uniformity of
load being applied to the branch. Equal strains were typically measured at all four locations over all tests,
indicating that axial load was predominantly applied.

Seven additional SGs, with the same orientation, were used around half the weld perimeter (i.e. on one side of
the branch only, due to symmetry) to measure non-uniform loading of the weld perimeter (Fig. 8). For this
purpose, SGs were centred 20 mm away from the weld toe, to avoid stress concentrations that occur there due to
the notch effect [4], and located at p = 0°, 30°, 60°, 90°, 120°, 150°, and 180°. A single SG in the saddle position
on the opposite side (at p = 270°) was used to verify symmetry of the strain distribution about the plane of the

connection. In all, 12 welds were tested to rupture (two per connection). All welds failed in a brittle manner, by
13



211  fracture along a plane through the weld. Four typical failures are shown in Fig. 9, for both 90° connections (Figs.

212  9a,b) and 60° connections (Figs. 9c,d).
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(side B)
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Fig. 8. Strain gauges near weld toe (and weld fracture) in test 127-273-90a
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(a) Test 102-273-90a (9 = 90°) (b) Test 127-406-90a (6 = 90°)

(c) Test 102-406-60a (0 = 60°) (d) Test 102-406-60a (6 = 60°)

Fig. 9. Typical weld fractures

After the first test weld (e.g. side a) ruptured in each connection, the branch was re-positioned within the
UTM and tack-welded back in place. The entire connection was then removed from the UTM, and fully re-welded
(nominally in the flat position) to ensure separation of the same branch did not occur again. The connection was
re-placed in the UTM, and tested until rupture of the second test weld (e.g. side b) occurred. Chord deformation
(0) was continuously monitored throughout both tests with three LED targets: one on each branch, 50-mm above
the crown; and one at the connection work point on the chord face parallel to the plane of the connection (Figs. 7,
10). The value of ¢, which is defined as the outward displacement, normal to the chord, of a single branch from

the chord centreline [17], was taken as the normal component of half of the displacement between the LEDs on

15
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each branch (Fig. 10). It therefore represents the average deformation on both sides of the connection. The applied
loads (and hence P, and P,’ given in Table 1) were obtained from load cells in-line with the UTM actuator, and
verified by comparison with forces computed from average SG readings of strain at mid-length of the branch and

the measured branch cross-sectional area (Ap) and Young’s modulus (E).

4. Discussion of results
4.1. Applied load versus deformation response

Fig. 10 shows the relationship between 4§, expressed as a fraction of the chord diameter (6/D), and the applied
load (P) for several representative tests. The six curves shown on Fig. 10 correspond to the first weld tested on
each connection (e.g. side a). To determine the relationship between 6/D and the applied load for the second tests,
residual displacements from the first test needed to be taken into account. The residual displacements were
estimated using an unloading curve with the same slope as the initial connection stiffness. This curve was
projected back, from the point of rupture of the first test, onto the x-axis, as shown in Fig. 11. This marked the
origin for the measured curve from the second test. The overall 6/D versus applied load response for the second
test was then obtained by extending the corresponding first curve past its point of rupture until it met the second
curve. This part of the curve is illustrated by the dashed black line in Fig. 11. The chord deformation at rupture
(da) for the six second welds tested (e.g. side b) could then be obtained. Despite having only small fillet welds,
chord plastification in excess of the 3%D deformation limit [18] occurred before rupture in seven out of the 12

tests (Table 4).

16
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Table 4

Residual chord deformation (at start of test) and chord deformation at rupture for all 12 tests

Test Residual chord deformation (as percent of D) 04/D

% %

102-273-90a 0 3.23
102-273-90b 1.732 3.68
102-406-90a 1.577 4.70
102-406-90b 0 3.52
127-273-90a 0 2.06
127-273-90b 0.914 2.07
127-406-90a 0 2.61
127-406-90b 0.962 2.78
102-406-60a 0 3.34
102-406-60b 1.759 3.63
127-406-60a 0 2.34
127-406-60b 1.712 3.60

Note: residual chord deformations are equal to zero for first weld tested on each connection

4.2. Non-uniform strain distributions adjacent to the weld

Representative graphs of the strain distribution around the branch adjacent to the test weld, at fractions of the
actual (experimental) weld fracture load (Pa), are given in Figs. 12 and 13. Moreover, Figs. 12 and 13 present the
strains measured during the test in which the corresponding weld actually fractured. It is shown that, for 8 = 90°
connections (Figs. 12a,b), the tensile strain (and hence tensile load) decreases as a function of distance away from
the saddle (p = 90° point). The tensile strain is therefore smallest at the crown (p = 0° and 180° points), with much
of the weld even remaining in compression for the entire tension load range. This phenomenon equates to a non-
uniform loading of the weld perimeter — which is expectedly more pronounced for connections with higher f-
values, where stiff membrane action dominates load transfer at the saddle. It can thus be concluded that weld
effective lengths are present in CHS-to-CHS connections. An illustration of the effect that causes compression at
the crown is shown in Fig. 14.

The largest tensile strains for 8 = 60° connections were initially measured at the saddle (Figs. 13a,b). As the
load increased, the strain adjacent to the saddle, on the heel side of the connection, began to increase at a faster
rate than the strain adjacent to the saddle on the toe side of the connection. This is due to secondary bending
effects from connection flexibility and joint rotation, which may not exist in real structures where the chord ends

are prevented from rotating.
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5. Evaluation of AWS [9]
5.1. Existing provisions for weld effective lengths in CHS X-connections

According to Clause 9.5.3 of AWS [9], the nominal strength of fillet welds in CHS X-connections designed as
fit-for-purpose (Pn) is based on the limit state of shear rupture along the plane of the weld effective throat in
accordance with Egs. (2a,b):
Py = Qule (2a)
Q,, = 0.60t,,Fryx (2b)

where | = weld effective length [9]. An LRFD resistance factor for fillet welds, ¢, equal to 0.80, is then
applied to determine the design strength.

In Clause 9.5.4, simplified equations are given to compute weld lengths for CHS connections under axial
load, which can be traced back to Appendix C of British Standard 449 [19]. These factors can be shown to
calculate the total weld length, rather than the effective weld length. A branch stress/load factor of 1.50 is
specified by AWS, in Clause 9.6.1.3(4) “Uneven Distribution of Load (Weld Sizing)”, for design using the LRFD

method. This factor, established in the 1980s, is used to prevent progressive weld failure due to non-uniform load
20



279
280
281
282

283

284
285
286
287
288

289
290
291

292
293
294

295

296
297
298

transfer across the weld when welds are designed as fit-for-purpose. In modern day LRFD, the approach is to
apply a reduction to the resistance of the weld, by calculating a weld effective length, rather than to increase the
design load. Hence, it is deduced that the weld effective length implied by AWS Clause 9.6.1.3(4) is the inverse

of the stress/load factor:

3)

5.2. Safety level inherent in AWS [9]

To assess whether adequate or excessive safety margins are inherent, the structural reliability (or safety index)
(8") can be calculated and compared to the minimum target value in North America (4.0, as currently adopted by
AISC [7] per Section B3.1 of the AISC [7] Commentary), using a reliability analysis in which the resistance
factor, ¢, is given by Eq. (4) [20, 21]:

¢ = ¢p+prexp [—arB*Vg] (4)

where ar = coefficient of separation taken as 0.55 [20]; pr = bias coefficient for resistance; Vr = associated
coefficient of variation (COV) of pg; and ¢s* = adjustment factor for g* that is needed when g* # 3.0 [21]. The

bias coefficient for resistance (pr) and its associate COV (V) are given by Eqgs. (5) and (6):

Pr = PMPcPP ®)

Vi = /V,E, +VZ+ V3 (6)

where pm = mean ratio of actual-to-nominal electrode strength; pc = mean ratio of actual-to-nominal weld throat
area; pr = mean test-to-predicted capacity ratio (with predicted capacity calculated using actual measured
properties); and Vi, Ve, and Ve = COV of pw, ps, and pp, respectively.

A formula to calculate ¢4" based on the reliability index (8") was derived by Franchuk et al. [22]:

Pp+ = 0.0062()? — 0.131B + 1.338 (7)

The mean actual-to-nominal electrode strength (pwm) and its associated COV (Vu) were taken from a database
of 708 tests summarized in Table 5. The data from recent University of Toronto test programs in Table 5 are
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299  average values from tensile coupon tests done for studies by McFadden & Packer [5], Tousignant & Packer [6,
300 23], and the current study (recall that the measured electrode strength was 17.8% greater than the specified

301  nominal strength). The composite mean and COV of all test data were used for pm and Vy, respectively.

302 Table5

303  Mean actual-to-nominal electrode strength (pm) and associated variation (Vm) amongst typical weld metal
Study Number of tests  pwm Vi
Lesik & Kennedy [24] 672 1.12 0.077
Callele et al. [25] 32 1.15 0.080
Recent University of Toronto test programs (including
current work)? 4 121 0.039
Composite/total values: 708 1.12 0.121

304  2nominal electrode strength is assumed to be 490 MPa for all electrodes tested.

305

306 The mean measured-to-nominal weld throat area (ps) and its associated COV (V) were taken as 1.03 and

307  0.10, respectively [25]. These factors account for the fact that larger weld throats are typically provided by
308  convexity of the weld face. They do not account for the use of the simplified equations in AWS [9] to compute
309  weld lengths for CHS connections under axial load. This is discussed in Section 5.4.

310 The mean test-to-predicted capacity ratio (pp) was taken as the average over all tests of P, (Table 1) divided
311 by P, (Table 2), with P, calculated using Egs. (2a,b) and (3), and the measured values of A, and Fexx. The

312  reliability analysis parameters, and the results of the reliability analysis, are shown in Table 6.

313
314 Table6
315  Reliability analysis parameters
AWS [9] AISC [7] CSA [26]
le/lw 2/3 unity unity unity
¢ 0.80 0.80 0.75 0.67
oM 1.12 1.12 1.12 1.12
Vm 0.12 0.12 0.12 0.12
Jrle 1.03 1.03 1.03 1.03
Ve 0.10 0.10 0.10 0.10
pp 2.13 1.42 1.42 1.27
Ve 0.13 0.13 0.13 0.13
PR 2.48 1.65 1.65 1.47
Vr 0.21 0.21 0.21 0.21
ds* 0.72 0.85 0.82 0.82
B 7.0 4.9 5.2 5.2
316
317 The implied safety index, £, is equal to 7.0 for the existing AWS [9] specification provisions, which is much

318 larger than the minimum target safety index of 4.0 in North America. This indicates that a high level of
22



319  conservatism is present in the AWS formulae. Fig. 15 shows the correlation of the existing AWS predicted
320  nominal strengths with the experimental results. The actual strength in Fig. 15 is taken as the greatest load

321  sustained by the weld (P.'), from Table 1. On average, the actual strength is 2.13 times larger than that predicted

322 by AWS.
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Fig. 15. Correlation of existing AWS [9] provisions with the test results, with weld effective lengths
323

324 If, instead, no effective length rules are applied, and the total weld length is used to determine the strength of
325  the welded joint, then the correlation in Fig. 16 results. The implied safety index is then 4.9. The mean
326  experimental-to-predicted strength is 1.42. As g > 4.0, it can be concluded that, for the range of parameters
327  studied, weld effective lengths are not required in conjunction with the AWS [9] code design method evaluated.

328
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Fig. 16. Correlation of existing AWS [9] provisions (excluding weld effective lengths) and AISC [7] provisions
with test results

5.3. Comparison to AISC [7] and CSA [26]

AISC [7] gives the same equations (Eg. 2a,b) for the nominal strength of fillet welds via Clause J.2.4a with I,
= lw; however, to calculate the design strength, a resistance factor, ¢ = 0.75 (instead of 0.80), is used. The implied
safety index, A7, is equal to 5.2 for AISC Clause J.2.4a (Table 6 and Fig. 16), which is expectedly larger than the
minimum target safety index of 4.0, and the implied safety index of 4.9 when AWS D1.1 is used without weld
effective lengths. The foregoing evaluations of both the AWS and AISC fillet weld design provisions assume that
the (1+0.50sin'%@) directional strength-enhancement factor is not used (AISC Clause J2.4b and AWS Clause
2.6.4.2), because it has been shown to be generally unsafe for the design of fillet welds in HSS connections [27].

The ultimate strength of fillet welds in the Canadian steel code, CSA S16 [26], is also based on the limit state
of shear rupture along the weld effective throat; however, CSA gives a different equation than AWS and AISC for
the nominal strength (Py) of fillet welds (Clause 13.13.2.2):

P, = 0.67A,Fgxx (8)

where Ay = twlw.
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An LRFD resistance factor for fillet welds, ¢, equal to 0.67, is then applied to determine the design strength. As
discussed for AISC Clause J2.4b [7], the above equation also excludes the 1+0.50sin'°0 directional strength-
enhancement factor.

CSA gives a higher nominal strength than AISC for fillet welds (0.67 versus 0.60 for the shear strength
factor) and a proportionally lower resistance factor (¢ = 0.67 versus 0.75). The reliability index, #*, implied by
CSA Clause 13.13.2.2 is therefore the same as " implied by AISC Clause J.2.4a (8" = 5.2, which is greater than
4.5, the target safety index per Annex B of CSA [26]). Fig. 17 shows the correlation of the CSA predicted
nominal strengths with the experimental results. On average, the experimental strength is only 1.27 times larger
than that predicted with Eq. (8), using the measured values of A, and Fexx. This value is the closest to unity
amongst all methods investigated (AWS with/without weld effective lengths, AISC, and CSA). Still, more work is

needed to determine the effect of connection parameters outside of the range studied on the weld strength.
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Fig. 17. Correlation of CSA [26] provisions with test results

5.4. Evaluation of AWS [9] total weld length approximations
In AWS [9], the total weld length is determined from the following equation (Clause 9.5.4):
ly =nDpK, 9)

where K, = weld length factor, given as:
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__ 1 1(3-p 1 1 (3-p2
Ka= omsing E(z — ﬁ2> + 3\/(21'[ i G <2——/32>)2 (10)

Eq. (10) gives the projection of the weld root along an inclined branch onto a cylindrical surface. It takes into
account both the branch-angle and beta-ratio distortion of the weld length. If one considers a CHS branch welded
to a flat plate at 8 = 90°, with |, then equal to =Dy, branch-angle distortion is the transformation of the circular
weld into an ellipse caused by a change in 6. Beta-ratio distortion occurs when the flat plate is replaced by a
cylindrical surface, causing the plane of the weld to distort into a saddle shape. Despite its complex appearance,
Eqg. (10) is only an approximation to the weld length. Note that when £ equals zero and 6 equals 90°, such as the
case for welding a CHS branch at 90° to a flat plate in the example above, Ka does not equal exactly 1.00 using
Eqg. (10). Instead, it equals 0.99. Hence, as part of a comprehensive evaluation of the AWS code, it is necessary to
evaluate the error associated with this method to calculate .

Fig. 18 shows the relationship between l./nDy (= Ka) determined using Eqg. (10) and ly/nDy determined from
the vector-calculus method, as used herein, for a range of £ values. It is shown that Eq. (10) is conservative as a
design tool, i.e. it under-predicts the weld length. The maximum error is only 0.6% over the range of parameters
studied (for £ =0.10 and @ just less than 90°). Thus, despite its complexity, Eq. (10) gives a predicted weld length

very close to the actual weld length.
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Fig. 18. Comparison of lw/nDy using Eq. (10) (AWS [9]) and the vector-calculus method

AWS notes that the following formula for Ky may be conservatively used instead of Eq. (10) to calculate Iy

for CHS connections:

_1+4+1/sin6

a 5 (11)

Fig. 19 (analogous to Fig. 18) shows the relationship between l./aDy determined using Eq. (11) and lw/nDy
determined from the vector-calculus method. It is shown that Eq.(11) is even more conservative than Eqg. (10) as a
design tool. The maximum error is still only 1.9% over the range of parameters studied (for # = 0.50 and 4 = 90°),

which is expectedly larger than the error associated with Eq. (10). However, Eq. (11) is always conservative.
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One could argue that, since these lower-bound approximations give actual-to-predicted weld lengths greater
than 1.00, mean values and variations in the actual-to-predicted weld length should be included in the factors pc
and Vg in the reliability analysis. Including these variations would marginally increase the reliability index (8*).
However, with CAD now widely used for design and analysis, it seems increasingly likely that designers will opt
to find the total weld length using software, rather than using Egs. (10) or (11). It was therefore deemed prudent to
omit variations in the actual-to-predicted weld length in the factors ps and Vg, because including them would be

un-conservative. Eqgs. (10) and (11) are still, however, useful (and conservative) design tools.

6. Evaluation of procedures to determine weld effective lengths for CHS from test results

For calculating weld effective lengths from tests, which have been shown to exist for CHS-to-CHS X-
connections in Section 4, three methods are evaluated:

Method 1: The ratio of |, to ly is taken as the ratio of nominal-to-peak elastic strain. The nominal elastic strain
was calculated by multiplying strain measured in the branch adjacent to the weld (as shown in Figs. 12a,b and
13a,b when P = 0.25 P,), by the weld length tributary to the measurement, then dividing the sum of the results by
the sum of the tributary weld lengths. Since the strain is elastic, the result of using P.’ instead of P, in this process
is not significant. Either the entire weld length, or a length of weld between a plane or planes of symmetry, should

be instrumented with SGs when using this method. Compressive strains in the branch adjacent to the weld were
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taken as zero strain (rather than negative strain), because they do not increase the weld effective length. Wang et
al. [28] used this method to study weld effective lengths for CHS branch-to-RHS chord connections. Caulkins
[29] used a similar method to study welds in CHS T-connections. His method used forces from finite element
models instead of elastic strains. Due to proportionality, however, it yields the same results. The appeal of this
method is that weld effective lengths can be determined from elastic tests, and it logically takes into account stress
concentrations along the weld length. Moreover, weld-critical tests, which are difficult to achieve, are not needed.
This method is based explicitly on elastic load/stress distribution, and it does not take into account load/stress re-
distribution in the weld before rupture. It is therefore likely to be a lower-bound.

Method 2: the weld effective length is empirically determined by comparison of actual-to-predicted strengths,
with P, calculated using an accurate predictor such as Eq. (12), with actual values of ty, ts, Dy, Aw, and Fexx [30]:

t

_ Db w
Pn = (1009 - 0.00137 =~ 0.197—= ) Ay, Fixx (12)
b

tp

Eqg. (12) was developed from regression of a large database of weld-critical CHS-to-rigid end-plate
connection finite element results [30]. As such, it is tailored to the unique loading on single-sided fillet welds to
CHS branches (which produces tension at the weld root under branch axial tension), and moreover takes into
account the principal influential geometric parameters of the CHS member and weld joint. It is used to predict the
strength of a fillet weld to a CHS branch when the weld is fully effective (i.e. le = ). The ratio of I, to |, for each
test is hence the ratio of P,' (Table 1) to the predicted value using Eg. (12). Method 2 takes into account
load/stress re-distribution in the weld before rupture, unlike Method 1. It also utilizes an accurate formula for
predicting the nominal weld strength [Eq. (12)]. Since Eq. (12) was developed from extensive testing and finite
element analysis on CHS connections, Method 2 is believed to be the most accurate way to determine the true
weld effective lengths.

Method 3: the weld effective length is empirically determined by comparison of actual-to-predicted strengths,
with P, calculated using Egs. (2a,b), with I, = I, and actual values of tw, lw, and Fexx. The ratio of I, to Iy, is hence
the ratio of P.’ (Table 1) to the predicted nominal weld strength using simple code equations. Method 3 provides

the values of I, for each fillet weld that would result in an actual-to-predicted strength ratio of 1.0 when used in
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conjunction with the AWS [9] fillet weld design provisions [Egs. (2a,b)], and also the AISC [7] fillet weld design
provisions in Clause J2.4a.
Table 7 gives the values of l¢/l, computed for each of the 12 fillet welds in the CHS X-connections tested

herein, using Methods 1 to 3.

Table 7
Weld effective length ratios determined using three possible methods
Weld effective length ratio, le/lw

Test Method 1 Method 2 Method 3
102-273-90a 0.29 1.01 1.48
102-273-90b 0.29 0.96 1.39
102-406-90a 0.28 1.03 1.54
102-406-90b 0.28 1.03 1.55
127-273-90a 0.28 0.82 1.28
127-273-90b 0.28 0.75 1.16
127-406-90a 0.27 0.81 1.26
127-406-90b 0.27 0.74 1.15
102-406-60a 0.33 1.13 1.69
102-406-60b 0.33 1.08 1.59
127-406-60a 0.32 0.83 1.28
127-406-60b 0.32 1.07 1.67

With Method 1, I/l is always less than 1.0, and moreover much less than 2/3 [Clause 9.6.1.3(4) of AWS [9]].
Since le = (2/3)1y, has already been shown to be very conservative (Section 5.2), it can be concluded that Method 1
is even more conservative and inaccurate. The aim in assessing the values of l¢/lw in Table 7 is to achieve a weld
effective length ratio between 2/3 and 1.0.

With Method 2, I¢/ly is between 0.75 and 1.13 (Table 7). Generally, fillet welds in connections with similar
parameters (5, D/t, 7) have similar ratios of I¢/lw, in accordance with expectations based on previous research [29].

For Method 3, using Egs. (2a,b), the weld effective length is always greater than the real length, which cannot
be true. This outcome is not unexpected, since Eq. (2) (and AISC [7] Clause J2.4a) has already been shown to be
conservative for CHS connections with fully effective welds [30].

Method 2 is therefore a logical procedure to determine weld effective lengths from tests. It is thus deduced
that weld effective lengths for CHS vary as a function of connection parameters, and rupture tests (experimental
and/or numerical) over a broad range of geometric parameters are necessary to reasonably determine weld

effective lengths.
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7. Conclusions

Based on 12 careful laboratory tests on CHS X-connections under branch axial tension, which all failed by
rupture along a plane through the connecting fillet weld, it is shown that weld effective lengths exist in CHS-to-
CHS connections, and that the existing AWS code provisions for weld effective lengths in such connections,
given by Clause 9.6.1.3(4), are very conservative. Furthermore, it is shown that the current AWS, AISC, and CSA
specification provisions provide adequate structural reliability (8 > 4.0 or 4.5) without weld effective lengths (i.e.
using the total weld length to determine the weld strength), assuming the fillet weld directional strength
enhancement factor is not used. This is due to the simplicity of the fillet weld nominal strength formula, because
weld lengths were shown (by strain distributions) to be less than 100% effective. These conclusions are currently
limited t0 0.25 < <0.47,23 <D/t <34,0.6 <7<1.0and # = 60° or 90°.

A systematic approach to calculating the total weld length in CHS-to-CHS connections has also been
presented. This approach is based on vector calculus and can be easily programmed to allow designers,
fabricators, and researchers of tubular structures to accurately calculate weld lengths. The approximations given in
AWS [9] Clause 9.5.4 for the total weld length (ly) in CHS connections were compared to the vector-calculus
approach and found to be useful lower-bound design tools for connections with 0.1 << 0.5 and 60° < 8 < 90°.

It is shown that the ratio of the weld effective length to the total weld length (l¢/lw) is not constant for all CHS
connections, as the current AWS specification currently implies via Clause 9.6.1.3(4), and varies as a function of
connection parameters. It is also concluded that rupture tests on weld-critical connections are necessary to
reasonably determine weld effective lengths.

A comprehensive parametric modelling study, using finite element methods, and a secondary reliability
analysis are presented in a Part 1l companion paper which investigates: (a) if these findings are applicable to a
wider range of fillet-welded CHS X-connections, and (b) the effect of connection parameters g, 6, D/t, and 7 on

the weld strength.
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474

475 Notation

476  Aw weld throat area (= twlw)

477 A cross-sectional area of the branch

478 A cross-sectional area of the chord

479 D diameter of the chord

480 Dy diameter of the branch

481 E Young’s modulus

482  Fexx ultimate strength of weld metal

483 Fy yield strength

484 K, weld length factor

485 P applied load

486 P. actual (experimental) weld fracture load
487 PJ greatest load sustained by the weld

488 P, position vector at point i along the branch-chord intersection
489 P, nominal predicted weld fracture load
490 Quw shear strength of weld per unit length
491 V approximation to the weld length between two points along the weld
492 Vg coefficient of variation of pg

493  Vm coefficient of variation of pum

494 Vp coefficient of variation of pp

495 Vg coefficient of variation of pr

496 i symbol denoting p or p + 4p

497 | length of the chord
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to

tw

dp

Erup

Ja

PG
M
PP

PR

length of the branch

weld effective length

weld leg along the chord

template length parallel to branch

weld leg along the branch

total length of weld

thickness of the chord

thickness of the branch

weld throat dimension

distance between the collar and the weld toe along the branch
coefficient of separation

branch-to-chord diameter ratio

safety index

subtended angle increment

elongation at rupture

chord deformation

actual (experimental) chord deformation at rupture
subtended angle around the branch, measured from heel
mean ratio of measured-to-nominal weld throat area
mean ratio of measured-to-nominal electrode ultimate strength
mean test-to-predicted capacity ratio

bias coefficient for resistance

branch-to-chord thickness ratio

LRFD resistance factor for fillet welds

adjustment factor for *

branch inclination angle

local dihedral angle
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Fig. 17. Correlation of CSA [26] provisions with test results
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Fig. 19. Comparison of l./nDy using Eq. (11) (AWS [9]) and the vector-calculus method
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