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Abstract

Finite element (FE) modelling was performed to extend the results of a recently completed experimental test
program to evaluate the static strength of fillet welds in X-connections between circular hollow sections (CHS).
Non-linear FE models with weld fracture were validated by comparison of spot strains, load-deformation response,
and fracture load with 12 experimental tests. Two hundred and fifty-six FE weld-critical CHS-to-CHS X-
connections, with varied branch-to-chord diameter ratio, chord wall slenderness, branch inclination angle, and
branch-to-chord thickness ratio, were analysed under quasi-static branch tension. The effect of these parameters on
fillet weld strength is illustrated, and the structural reliability (or safety index) of North American specification
provisions for weld effective lengths is confirmed. An alternative method for estimating fillet weld strength, with
specific weld effective lengths, is proposed. Recommendations for a new design approach that meets the minimum

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

To date, only one experimental study has been conducted to evaluate the performance of welds in hollow
structural section (HSS) connections to a circular hollow section (CHS) chord [1]. Without experimental evidence,
specifications have been reluctant to provide a “fit-for-purpose” approach to weld design that takes into account the
non-uniform contribution of the weld perimeter by using weld effective lengths. Currently, only AWS D1.1
“Structural Welding Code — Steel” [2] gives such a method, in Clause 9.6.1.3(4), but it is badly defined. Instead,
welds in connections to a CHS chord are routinely sized to develop the yield capacity of the connected branch
member. This is done by meeting prescriptive requirements for the weld throat dimension (t.) as a function of the
branch thickness (ty). In rare cases, it is suggested that welds be designed for the connection capacity, instead of the
yield capacity of the branch [2]. According to ISO [3], this approach is hot common.

In the lone experimental study that evaluated the performance of welds in CHS-to-CHS X-connections (Fig. 1),
linear strain gauge (SG) measurements adjacent to the weld showed that load transfer was highly non-uniform, and
peaked in the saddle position. This indicates that a weld effective length phenomenon exists in CHS connections.
A reliability analysis of the experimental results determined that the weld effective length provisions given by
Clause 9.6.1.3(4) of AWS [2] are highly conservative. For the range of parameters studied, the AWS [2], AISC [4],
and CSA [5] provisions for fillet weld design exceeded the minimum safety index in North America (8" > 4.0),

even without weld effective lengths [1].
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Fig. 1. CHS X-connection general configuration and non-dimensional parameters

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

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

weld strength, using weld effective lengths.

2. Fillet Weld Design for CHS X-Connections
2.1. AWS D1.1-15

The definitive guidance on weld design for CHS-to-CHS connections in North America is given by AWS D1.1
[2]. AWS uses the term “T-, Y-, and K-connections” generically to describe welded connections between CHS, and
also refers to X-connections as double-tee connections (Clause 9.6.1.5). For such connections, AWS D1.1 Clause
9.6.1.3 points out that “...due to differences in the relative flexibilities of the main member loaded normal to its
surface, and the branch member carrying membrane stresses parallel to its surface, transfer of load across the weld
is highly non-uniform, and local yielding can be expected before the connection reaches its design load”. AWS
gives two possible methods to proportion fillet welds in CHS connections: a fit-for-purpose approach, using a weld

effective length, and a prequalified weld size approach.

2.1.1. Weld effective length design approach

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

and (2):
B, =0Qule (1)
Qw = 0.60t,, Fgxx 2

where l. = weld effective length, and Fexx = ultimate strength of weld metal (a minimum specified tensile strength
is used). An LRFD resistance factor for fillet welds, ¢, equal to 0.80, is then applied to determine the design strength
of the fillet weld (¢P»).
Equations for the total weld length (l) are given in AWS [2] Clause 9.5.4, in the following form:
l,, = D, K, 3)
where Dy = diameter of the CHS branch, and K. = weld length factor, giving the ratio of the total weld length (taken

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

_1+1/sin6

a 2 (4)
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where ¢ = branch inclination angle.
The effective weld length (I) in AWS [2] is implied by a branch stress/load factor of 1.5 specified in Clause
9.6.1.3(4), for LRFD, which is stated to “... account for non-uniform distribution of load”. The inverse of this factor

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

®)

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

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

To develop the capacity of the connected member walls:

t, = 1.07t, (6)

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

ty =t )
where t = CHS chord thickness.
AWS [2] Figure 9.10 provides dimensions for equal weld legs (I, = In) that satisfy either Eq. (6) or Eq. (7). These
dimensions are subject to the following limitations: < 0.33 (per Clause 9.5.1.2); local dihedral angle (¥) such that
30° < ¥<120°. Furthermore, when ¥'< 60° the Z loss values in AWS [2] Table 9.5, for PJP welds, must be applied
(Note 4 in Figure 9.10 of AWS [2]). These limitations ensure that the leg dimensions given in AWS [2] Figure 9.10

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

2.2. Prequalified fillet weld design approach according to CIDECT

The CIDECT design guide for statically loaded CHS connections [6] gives a prequalified fillet weld design
approach based on the Directional Method of EN 1993-1-8 [7]. By setting the weld resistance equal to the design
capacity of the branch, t, = 1.10ty is given to develop the capacity of the connected member walls for steel with F,
= 355 MPa. This is determined by assuming a 90° branch welded to a flat surface, and a weld effective length equal

to T[Db (le Ie = IW)
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Fleischer & Herion [8] aimed to reduce the prequalified weld throat from t,, = 1.10t, by taking into account the
actual weld length in CHS connections. The actual weld length is a function of the branch inclination angle (6) and
the branch-to-chord diameter ratio (# = Dw/D) (Fig. 1). To take the actual weld length into account, the authors
borrowed a more accurate K, value from AWS [2] Clause 9.5.4. They then computed the weld strength using the
Simplified Method of EN1993-1-8 [7], which is a conservative (lower-bound) design alternative to the Directional
Method. It is easier to apply to CHS connections because it does not require stress components on the throat plane
to be determined. Using the CIDECT methodology (i.e. setting weld strength equal to branch capacity), it was
shown that the prequalified fillet weld size could theoretically be reduced for some joints. The required fillet weld
throat was a complex function of g, the branch slenderness ratio (Du/ts), and 6 (Fig. 1). Design charts were hence
given for simplicity. This work was still based on the design philosophy of developing the capacity of the connected

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

2.3. Caulkins [9] and Marshall [10]

Caulkins [9] did work relevant to a fit-for-purpose approach to weld design for CHS connections. He showed,
using a shell theory solution, that load transfer through the weld peaks at the saddle points in CHS-to-CHS T-
connections. Recent experimental research has confirmed this for CHS-to-CHS X-connections [1]. Marshall [10]
used the same data to demonstrate that load transfer efficiency is greater for T-connections with low D/t (i.e. a
stocky chord member), low 3, and low branch-to-chord thickness (z) (Fig. 2). In his attempt to generalize the results,

he found that evidence on the effect of high $ was mixed.
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Fig. 2. Load transfer efficiency across the weld of a 90° CHS-to-CHS T-connection (adapted from Marshall
[10])

In the work by Caulkins [9] and Marshall [10], load transfer efficiency was defined as the ratio of nominal-to-
peak elastic load at the connection. This ratio was believed to be related to the weld effective length. In another
study by Wang et al. [11], load transfer efficiency was defined as the ratio of nominal-to-peak elastic strain measured
adjacent to the weld. This study investigated weld effective lengths for connections between CHS branches and
rectangular hollow section (RHS) chords. The definition of load transfer efficiency is marginally different, but the
methods provide the same results because load and strain are linearly related in the elastic range. Tousignant &

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

le.

3. Finite element modelling
To validate the FE modelling approach used herein, 12 CHS-to-CHS X-connections were developed to replicate
previous experimental tests, with the same geometric and material properties as the experimental specimens [1].

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

Geometric properties of 12 CHS X- (test) connections and comparison of experimental and FE results

Test ® CHS branch member CHS chord member ty  Pa® Pa’P 0a° Pre? 6re?® Pa//Pre daf Ok
Dp X tp Dxt
°  mmxmm mm X mm mm kKN kN % kN %
102-273-90a 102.0 x 7.34 273.5x11.69 408 672 672 3.23 655 2.72 1.03 1.19
102-273-90b 102.0 x 7.34 273.5x11.69 437 678 678 3.68 690 3.03 0.98 1.21
102-406-90a 102.0 x 7.34 406.5 x 12.34 356 608 608 4.70 543 3.31 1.12 1.42
102-406-90b 90 102.0 x 7.34 406.5 x 12.34 3.14 540 540 3.52 495 2.87 1.09 1.23
127-273-90a 127.4 x 11.55 273.5x11.69 3.63 653 653 2.06 762 2.67 0.86 0.77
127-273-90b 127.4 x 11.55 273.5x 11.69 400 609 653 2.07 811 298 0.80 0.69
127-406-90a 127.4 x 11.55 406.5 x 12.34 3.16 557 557 2.61 631 3.21 0.88 0.81
127-406-90b 127.4 x 11.55 406.5 x 12.34 3.47 556 557 2.78 617 3.01 0.90 0.92
102-406-60a 102.0 x 7.34 410.0 x 12.21 358 721 721 3.34 640 2.62 113 1.28
102-406-60b 60 102.0 x 7.34 410.0 x 12.21 3.79 538 721 3.63 672 284 1.07 1.28
127-406-60a 127.4 x 11.55 410.0 x 12.21 395 761 761 2.34 903 3.58 0.84 0.65
127-406-60b 127.4 x 11.55 410.0 x 12.21 3.38 798 850 3.60 798 2.87 1.06 1.25

2 Actual (experimental) weld fracture load.

b Greatest load sustained by the weld.

¢ Actual (experimental) chord deformation at weld fracture (as % of measured CHS chord dimeter D) averaged
over both branches.

4Pee and e are analogous to Pa’ and &, but refer to the FE values at weld fracture.

The 12 connections were modelled using the commercially available software package ANSYS 14.0 [12].
Although it was possible to model just one eighth of the non-inclined (¢ = 90°) connections due to symmetry about
three principal planes passing through the connection work point, one half of each connection was modelled instead,
for all connections, to accommodate the inclined branch cases. This simplified the parametric programming of the
models, which was later done using ANSY'S batch files. Symmetry boundary conditions were applied in the plane
of the connection (i.e. along the cut face). To replicate the experimental connection of the branches to the chord, a
0.25-mm gap was modelled between the two members. This gap ensured that the applied load was only transferred
through the fillet weld (i.e. it prevented direct load transfer between the branch and chord members). The value of
0.25 mm (which is close to the Boolean tolerance of the FE program) was selected to minimize the effect of the gap
on the relationship between Iy, In, and t. at any point along the weld length. The general connection geometry

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

Fig. 4 (for an inclined connection).
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All FE analyses were conducted by applying static incremental displacements (non-linear time-step analysis)
to the ends of the specimen (e.g. the ends of each branch, or for coupon tests, the ends of each coupon). Large
deformation allowance (non-linear geometry) and non-linear material properties (for each different material) were

included.

3.1. Material properties
Multi-linear true stress-strain curves for each different material (i.e. the weld metal, and each different branch
and chord member) were derived from tensile coupon tests conducted in accordance with ASTM A370 [13]. The
procedure used is as follows:
1. Prior to necking: the average engineering stress (o) and engineering strain (¢) ordinates from the tests were
converted to true stress (or) and true strain (e1). The following well-known relationships were used [14]:
or=0(l+¢) (8

er=In(l+¢) 9)

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

stress versus true strain response was used to determine the ordinates on the curve:
er
or=or|lwl+e—ep)+(1—w) - (10)
e’ T

where o7 = true stress at the start of necking, €7 = true strain at the start of necking, and w = weighting factor
[15].

The weighting factor in Eq. (10) was derived for each different material by matching the engineering stress-
strain curve of a tensile coupon modelled in ANSYS to the average engineering stress-strain curve from the
experimental tests. The FE coupon was modelled using the average measured geometry from the tests, with the
original curved shape for CHS coupons. The engineering strains for the FE coupons were calculated over a 50-mm
gauge length from nodes on the exterior of the coupon to closely mimic the experimental method using a clip gauge.
Typical engineering stress-strain curves and the corresponding true stress-strain curves derived using the above

process are shown in Figs. 5a,b. In Figs. 5a,b the solid line is the average experimental curve and the dashed line is

9
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the FE-generated curve. The true stress-strain curves continue indefinitely along the x-axis since a fracture criterion

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

[1].
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Fig. 5. Comparison of typical experimental (solid line) and FE (dashed line) stress-strain curves

During the experimental tensile coupon tests, it was necessary to remove the clip gauge shortly after necking
to prevent damage to it. The comparison of the FE and experimental engineering stress-strain curves therefore
involved the pre-necked portion and a small variable amount of the post-necked portion of the curve, and the
ordinates at rupture (shown with ‘x” and ‘o’ markers in Fig. 5a). The engineering rupture stress was determined by
dividing the load just before rupture by the initial cross-sectional area of the coupon, and the rupture strain was
determined by rejoining the fractured coupon, measuring it to determine the final gauge length, and dividing the
final gauge length by the initial gauge length. At rupture, the necked shape of the FE coupons closely resembled
that of the experimental coupons, with necking at the mid-point. The same elements ultimately used for the CHS

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

3.2. Model sensitivity study
To determine the best-suited mesh layout and element type for the CHS X-connection models, a model

sensitivity study was performed. Figs. 6a - ¢ show the typical mesh layouts studied, which were adapted to 60° and

10
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90° connections. The mesh layout in Fig. 6a has the same number of elements circumferentially around the branch
as the mesh layout in Fig. 6b, but fewer elements on the chord adjacent to the weld. The mesh layout in Fig. 6¢ has
more elements circumferentially around the branch than the mesh layouts in Figs. 6a,b, as well as more elements

on the chord adjacent to the weld. Table 2 gives additional parameters for the meshes studied.
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(b) Mesh layout B

Fig. 6. Mesh layouts used in the mesh sensitivity study
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Table 2
Mesh sensitivity study results for test 102-273-90a

CHS Weld
Mesh thickness face P3wp of
layout Element type No. of elements No. of nodes elements elements Kee Kalkre  Pswpre Pswp.re

kKN/mm kN

B SOLID45 22520 33885 2 7 140.0 121 636 1.03
C SOLID45* 33184 49863 2 139.8 121 634 1.03
B SOLID45 32724 44520 3 157.2 1.08 663 0.99
B SOLID95 32724 165913 3 7 169.4 1.00 670 0.98
C SOLID45 48456 65644 3 157.0 1.08 662 0.99
B SOLID45 42928 55155 4 163.2 1.04 669 0.98
C SOLID45 63728 81564 4 7 162.8 1.04 667 0.98
A SOLID45 36288 46685 4 166.6 1.01 677 0.97
Note: ka = 169.0 KN/mm and P3op,a = 654 KN.

The performance of each mesh layout and element type was evaluated by comparing the load-deformation
response of the FE connection to the experimental test [1] (Fig. 7a). Table 2 compares the values of the initial
stiffness (ka = actual (experimental) initial stiffness, kee = FE initial stiffness) and the load at a chord deformation
(0) equal to 3%D (the connection plastification limit) [16] (Ps%p,a = actual load at connection plastification limit,
Ps%p,re = FE load at connection plastification limit). The value of § was taken as the chord face deformation (normal
to the chord, relative to the chord centre line) but averaged for both sides of the connection. Displacement was
measured between points 50 mm away from the crown, as show in Fig. 7a. In general, as the number of nodes
increased by using a finer mesh, a higher-order element, or more CHS through-thickness elements, the stiffness of
the connection increased and so did the solution time. Fig. 7b demonstrates that the solution typically converged

with four elements through the CHS thickness.

12
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Fig. 7. Comparison of FE and experimental mesh sensitivity parameters for test 102-273-90a

The best overall agreement with the experimental results was obtained using a medium-density mesh (Mesh
layout A or B), with four elements through the CHS branch and chord member thickness and eight-noded solid
brick elements (SOLID45 in ANSYS). Elements used had reduced integration and hourglass control. To decide
between Mesh layouts A and B, analyses of connections with different branch angles, g values, weld sizes, and
CHS member thicknesses were undertaken to foresee any problems associated with these mesh types. Mesh layout

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

3.2.1. Weld fracture criterion

An important part of the current study is modelling fillet weld fracture to determine the ultimate load for weld-
critical connections. A method used in previous studies to model fracture in steel [17,18,19] was adopted herein.
Fracture was modelled using the ANSY'S element death feature, which was initiated by an equivalent strain fracture
criterion (ee). The ANSYS element death feature reduces the stress and stiffness of “killed” elements to near-zero,
allowing the element to freely deform. The equivalent strain fracture criterion for the weld in the FE models was
calibrated from six experimental tests (referred to as the “training set”), to match the load and chord deformation at
weld fracture. Figs. 8a - ¢ show the ratios of the actual (experimental) weld strength ( taken as P./, the maximum
load experienced by the weld) to the FE rupture load (Pee), and the ratio of the actual (experimental) deformation

at rupture (J,) to the FE deformation at rupture (Jre), for the training set for different values of &. The curves are
13



214 spread over three plots for clarity. These figures illustrate that as ¢.r was increased, the ratios of experimental-to-FE

215 load and deformation predictably decreased, because Pre and Jee become greater. They also illustrate that

216  connections with similar values of z required similar values of & to obtain Pa/Pre and da/dre equal to 1 (i.e. to match

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

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

219  were then analysed using & = 0.32 for the fillet weld.
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3.2.2. Effect of model size (scalability)

The effect of absolute model size (e.g. using the same non-dimension parameters but different absolute values
of the geometry) was investigated. The results of typical FE analyses are shown in Table 3. The same modelling
techniques as above were used. The results in Table 3 indicate that the model and the weld strength are not sensitive
to the absolute size of the model. Moreover, the normalized rupture load (Pre/AwFexx, Where Ay = tyly) is the same

for models with the same non-dimensional parameters.

Table 3
Effect of model size
Branch diameter Non-dimensional parameters Weld dimensions
0 B D/t T tw lw Pre Pre/AuFexx
mm ° mm mm kN
100 90 0.50 10 1.0 0.50t, 320 1866 1.012
200 90 0.50 10 1.0 0.50ty 639 7467 1.012
300 90 0.50 10 1.0 0.50t, 959 16799 1.012
100 90 0.10 30 1.0 0.50t, 314 3103 1.026
200 90 0.10 30 1.0 0.50t, 629 12281 1.017

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

4. Finite element models evaluated against experimental results

Figs. 9a,b compare the experimental and FE load-deformation curves for the six specimens in the training set.
The deformations have been normalized, by dividing by D, so that curves for connections with different chord
diameters can be presented on the same plot. For clarity, the six curves have been divided between two graphs.
Chord deformations were measured as described in Section 3.2. Fig. 9 illustrates that the FE models are capable of
predicting the actual response of the experiments. Figs. 10a,b show the correlation of the experimental and FE
ultimate strengths and deformations (at rupture) for all 12 tests (see values in Table 1). The mean actual-to-FE
predicted (A/P) rupture load was 0.98, with a coefficient of variation (COV) of 0.12. These values indicate that the
model made acceptable predictions of P,’ across all tests (including tests not in the training set). The mean actual-
to-FE predicted deformation was 1.06, with a COV of 0.25. A better correlation is obtained for the rupture load
(Fig. 10a) than the deformation (Fig. 10b) because displacements were small, and fracture typically occurred on the

non-linear part of the load-deformation curve, as shown previously in Figs. 9a,b.
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Fig. 10. Correlation of experimental and FE results

In Fig. 10b, one point lies well above the line representing perfect correlation between the experimental and FE
chord deformation at rupture. The large difference for this test (102-406-90a) is not likely due to the influence of
any specific parameter (the difference for a similar test, 102-406-90b, was smaller) (Table 1). Given that both tests
had similar externally measured weld sizes, it is believed that the large difference is caused by excessive root

penetration, which was not explicitly taken into account in the FE models.
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Experimental spot strain measurements from SGs located 20 mm from the weld (around one half of the weld,
due to symmetry about the plane of the connection), oriented along the axis of the branch, indicated that elastic load
transfer peaked at the saddle point of the connection (subtended angle, p = 90°) [1]. The sign convention for p is
shown on Fig. 6b (clockwise from the heel). Typical measurements of elastic strain parallel to the branch along a
line intersecting these gauges in the FE models (indicated by a dashed line in Fig. 6b) are shown in Figs. 11a,b. In
Figs. 11a,b, elastic branch strains from experiments are represented by solid lines at an applied load (P) equal to
0.25P, (i.e. 25% of the load at which the weld actually ruptured in the experiments, during the same monotonic
loading phase), with the FE strains (solid red lines) predicting the same trends and values as shown by experimental
strains. It is shown that the agreement between the FE and experimental strain distributions under elastic load (P =
0.25P,) was generally good. At ultimate (P = P,), the FE strain distributions showed the same trend as the
experimental strain distributions; however, they poorly predicted the experimental spot strain values. This is
believed to be due to progressive and non-uniform yielding of the weld along its length, due to variations in the
experimental weld geometry. These variations were not captured in the FE models. Nonetheless, the FE models: (a)
provided further evidence that load peaked in the saddle position; and (b) revealed that weld rupture initiated in the
saddle position (i.e. the first killed elements were at this location). After initial rupture in the FE models, failure

propagated in both directions towards the crown points.
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Fig. 11. Comparison of typical experimental and FE longitudinal strain distributions adjacent to the weld
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5. Finite element parametric study

For the parametric study, a range of hon-dimensional connection parameters was chosen to cover all permissible
fillet-welded connections subject to the following restrictions: (a) the local dihedral angle (¥) limits imposed by
AWS [2] Fig. 9.10 and Table 9.5 (60° < ¥ < 120°); (b) the limits of applicability of connection design formulae in
AISC [4] Table K3.1, which are given in AISC [4] Table K3.1A; and (c) the range of standard CHS sections
available for designers in Table 1-13 of [20]. The parameters varied were: the branch inclination angle (6 = 60°,
70°, 80°, and 90°); the chord slenderness (D/t = 10, 20, 30, 40, and 50); the branch-to-chord dimeter ratio (# = 0.10,
0.20, 0.30, 0.40, and 0.50); and the branch-to-chord thickness ratio (z = 0.20, 0.40, 0.60, 0.80, and 1.00). Although
a total of 500 permutations exist for the values given, there are several practical limitations that must be considered.
First, available CHS sections limit branch slenderness ratios (Dp/ty) to between about 10 and 50. Secondly, not all
combinations of § and & produce ¥ between 60° and 120° along the entire weld length. Fig. 12 shows the results of
a study conducted to determine compatible values of # and @ that meet this requirement. It is shown that permissible
values of g range from 0.50 (for 90° connections) to 0.28 (for 60° connections).

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

0.50 for all other branch angles. A total of 256 CHS X-connection models was analyzed.
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Fig. 12. Compatible values of £ and 4 to keep ¥ between 60° and 120° along the entire weld length, determined
using methodology by Luyties & Post [21]
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5.1. Details of parametric models

The parametric FE models had a constant branch diameter (Dy) of 200 mm. Although this is larger than Dy used
in the experiments (Table 1), Section 3.2.2 demonstrated that the the normalized rupture load (Pre/AwFexx) remains
largely unaffected. All models also contained an average weld throat dimension (ty) equal to 0.50t;, to ensure that
the branch yield capacity was not reached before weld fracture. As in the experiments, the ends of the chords were
uncapped and unrestrained. The length of the chord (l) was 10D (when D/t > 25) or 6D (when D/t < 25) to prevent
chord end effects at the connection [22]. The length of the branches (l,) was 3Dy, and load was applied to their ends.
Load application was therefore in the theoretical constant stress region [23].

All models used the same set of material properties for the weld, the branches, and the chord. These material
properties were based on materials tested experimentally that gave the most nominally matched weld metal and
base metals. Fig. 13 shows the engineering stress-strain curves for these materials, which were converted to true-
stress strain curves (see Section 3.1) for use in ANSYS. Table 4 summarizes the Young’s modulus (E), yield stress

(Fy), and ultimate stress (F., or Fexx for weld metal) of these materials.

600

wn
(=3
(=]

5
(=]
(=]

Engineering stress, ¢ (MPa)
3
S

200
— Weld
100 === Chord
—— Branches

O " 1 " PR 1 I "
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Engineering strain, ¢

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

Table 4
Young’s modulus, yield stress and ultimate stress of materials used in the parametric models
Young’s modulus, E  Yield stress, Fy Ultimate stress, F, (or Fexx for
weld metal)
MPa MPa MPa
Weld 208,000 517 577
Chord 208,000 460 540
Branches 191,200 431 488
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Both welds were modelled as the same size, but the fracture criterion was only assigned to the upper (test) weld
(e.g. as indicated previously in Figs. 3 and 4). The other weld, the branches, and the chord were not permitted to
fracture. The model was loaded by applying uniform incremental displacements to the ends of each branch. The
applied load (P) was obtained by summing up nodal forces parallel to the branch at the end of one branch, and
multiplying by two to account for the half model. Chord deformation (J) was obtained as described in Section 3.2,
with the vertical displacement taken between nodes on two branches at 50 mm from the crown (Fig. 7a, shown

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

6. Results and evaluation of the parametric study

All 256 FE analyses failed by weld fracture and the branches of the connections always remained elastic.
Fracture initiated in the weld (evidenced by killed elements) at the saddle point (o = 90° in Fig. 6b) and propagated
away from the saddle towards the crown.

The FE chord deformation at weld rupture (dee) was compared to the 3%D chord plastification limit, which is
internationally accepted as a good estimator of the deformation-based capacity of ductile CHS connections [16].
The ratio of 5¢£/0.03D ranged from 0.10 to 2.58, and chord plastification (5¢/0.03D > 1) was reached or surpassed
in 97 out of the 256 FE tests. The weld sizes studied thus spanned a broad range of welded joint situations, from
well below to well beyond “connection strength”. Fig. 14 shows the relationship between ¢, expressed as a fraction
of the chord diameter (6/D), and the applied load, normalized by the weld area and the electrode ultimate strength
(P/AwFexx), for typical tests. It is shown that deformation (6/D) and strength (P/AwFexx) varied widely across the

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

To determine the weld effective length (l¢), first the strength of the fillet weld in each connection was predicted
using Eq. (11), which was developed from regression of a large database of weld-critical CHS-to-rigid end-plate
connection FE analysis results, in which the welds were fully effective [19]:

t

D
P, = (1.009 — 0.00137t—” —0.197 tW)AWFEXX (11)
b

b

Eqg. (11) is tailored to the unigque loading on single-sided fillet welds to CHS branches (which produces tension
at the weld root under branch axial tension), and takes into account the principal influential geometric parameters
of the CHS member and weld joint on the strength of fillet welds.

The fraction of the weld length that is effective (l¢/lw) in the CHS-to-CHS joint was then determined by dividing
the weld FE strength by the predicted weld strength from Eq. (11). This method for determining the weld effective
length in CHS-to-CHS X-connections was deemed appropriate in [1].

Determined in this manner, 138 (out of 256) FE connections had weld effective lengths less than 1.0. The
smallest weld effective length was 0.58 times the total weld length (for D/t =50, f# = 0.50, = 1.0 and 8 = 80°), and
the largest weld effective length was 1.22 times the total weld length (for D/t = 50, g = 0.10, z = 0.2 and 6 = 90°).

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

due to local bending of the chord.

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

As D/t increases, CHS X-connections become more flexible, due to a decrease in bending stiffness of the chord
wall. Chord deformations at rupture become larger, and calculated weld effective lengths at rupture are generally
smaller. Fig. 15a shows the relationship between the calculated weld effective length, expressed as a fraction of
the total weld length (le/lw) and D/t. Fig. 15b shows the relationship between I/l and . Fig. 16 shows the
relationship between I/l and the product (D/t)g. For clarity, the results have been shown as mean values with +
one standard deviation bars. Smaller scatter bars indicate a more statistically significant correlation between I¢/ly,
and the independent variable. It can be seen that the quantity (D/t)g has a strong correlation to l¢/lw. For values of
(D/t)p greater than approximately eight, this relationship resembles a power law. For values of (D/t)f less than or

equal to eight, ¢/l plateaus (at a value greater than 1).
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Fig. 15. Effect of chord slenderness and branch-to-chord diameter ratio on effective length
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Fig. 16. Effect of the product (D/t)f on effective length

6.2. Effect of branch inclination angle

Fig. 17 shows the relationship between & and l¢/l, for connections with g = 0.10, 0.20 and 0.30, since
connections with & = 60° were only tested for £ up to 0.30. Fig. 17 indicates a marginal decrease in l¢/ly as 8 increases
from 60° to 90°. The change in mean value over this range is only 3.5%. Overlapping of the * one standard deviation
bars for all points indicates that the effect of 6 is not statistically significant. This is also indicated by the similar
load-deformation curves in Fig. 14 for connections with & = 60° and 90° and all other parameters constant. The

branch inclination angle is thus found to have no effect.
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6.3. Effect of branch-to-chord thickness ratio

As 7 increased in the experimental tests, more non-uniform strain distributions, similar to the elastic strain
distributions, were observed at rupture, and the average weld strength (Pa/AwFexx) was generally lower [1]. Fig. 18
shows the relationship between z and l/l., for the FE tests. As z increases from 0.2 to 1.0, the average value of I¢/ly

decreases. The relationship is approximately linear.

1.2

1 E
:09 f ]

~0.8

0.7

0.6 F| = Mean of FE data
F| T =+ One standard deviation
0. 5 L 1 1 1 1 1
0 0.2 0.4 0.6 0.8 1 1.2

Branch-to-chord thickness ratio, t

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

7. Regression analysis

A non-linear regression analysis was performed with Eq. (12) as a basis:
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where a, b, and C = regression constants, and y = half-diameter-to-thickness ratio of the CHS chord (= D/2t). The
half-diameter-to thickness-ratio of the CHS chord is a standard parameter for HSS connection design.

The arrangement of variables in Eq. (12) was determined empirically, with efforts made to take into account
the relationships discussed in Section 6. The values of a, b, and C were determined by least-squares regression of
the 138 FE results with I/ly, < 1, since above this value the relationship changes, and it is inapplicable for design.
The “best-fit” equation is given by Eq. (13):

l, 1.786 (13)
1, = 70-1007 (370440

Eqg. (13) gives a mean value of actual-to-predicted rupture strength of 1.001 over the 138 tests with a COV of
0.030. Eq. (13) with = 0.2 and Eq. (13) with z = 1.0 are plotted as dashed lines on Fig. 16. These two curves
represent the extremes of the 7 data, and also show that Eq. (12) as a basis for the regression is appropriate because
it describes the predominant data trends. For a lower-bound to Eq. (13), the value of 7 can be taken as 1.0 (the
maximum z in this study and a recommended maximum in practice) which is synonymous with taking b equal to
zero in Eq. (12). Eq. (14) is proposed as an even simpler equation for determining the weld effective length (l¢) as
a ratio of the total weld length in CHS X-connections:

_ 2 (14)

Ly \/ﬁ_

Eq. (14) is plotted as a solid line in Fig. 16. It implies that weld effective lengths do not exist in CHS X-
connections when By < 4. Eq. (14), plotted in Fig. 19, embodies the trend established by Caulkins [9] and Marshall
[10] for the range of g and D/t in this study (0.10 < < 0.50 and 10 < D/t < 50). As p and D/t increase, the load
transfer efficiency (or for this study, l¢/lw) decreases. The rate of decrease is greater for lower values of 5 and D/t,

when gy > 4.
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Fig. 19. Weld effective lengths in CHS-to-CHS X-connections with 0.10 < £<0.50 and 10 < D/t < 50
according to Eq. (14)

8. Evaluation of design methods

8.1. Fit-for-purpose design methods for fillet welds
The nominal strength (Py) of fillet welds in CHS X-connections designed as fit-for-purpose is generally given
by:
P, = Fyutule (15)
where Fnw = nominal weld strength. An LRFD resistance factor for fillet welds, ¢, is then applied to determine ¢Pn.

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

8.1.1. Proposed procedure

Step 1) Calculate Fnw using (1 — 0.25P,/Py), where P, = required strength of the weld and Py = branch yield load
(= AuFy). This equation is a simplification of Eq. (11), and is based on fillet-welded CHS-to-rigid end-plate
experimental and FE research [19] in which the total weld length is effective.

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

Step 3) Determine the ratio I/l using Eq. (14).

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

Step 5) Calculate P, using Eqg. (15), for a given value of t.

Step 6) Apply the appropriate ¢ value to determine ¢P, for design.
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8.1.2. Safety level inherent in proposed procedure

To verify that an adequate safety margin is inherent in the above recommendation, the structural reliability (or
safety index) (8%) can be calculated using a reliability analysis in which the resistance factor, ¢, is given by Eq. (16)
[24,25]:

¢ = ¢p+prexp [—arBTVg] (16)

where ar = coefficient of separation taken as 0.55 [24]; pr = bias coefficient for resistance; Vrz = associated
coefficient of variation (COV) of pr; and ¢4* = adjustment factor for #* that is needed when " # 3.0 [25]. The bias

coefficient for resistance (pr) and its associated COV (V) are given by Eqgs. (17) and (18):

Pr = PmMPcPP (17)

Vg = /V,%; +VE+VE (18)

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 Vwu, Ve, and Ve are COVs of pwm, pe, and pe, respectively.

The mean test-to-predicted capacity ratio (pp) was taken as the average over all experimental and FE tests of
P’ (or Pee) calculated using Steps 1) - 5), using measured (or actual) values of tw and Fexx. In Step 1), Pr was taken
as Pa’ or Pee for a worst-case scenario. The total weld length (lw) was determined using a highly accurate vector-
calculus approach described in [1]. The same values or equations used in [1] for the other reliability analysis
parameters (pwm, ps, pr, VM, Ve, Ve, and ¢5%) have also been used herein (Table 5). A total of 268 tests (12
experimental plus 256 FE) were included in the reliability analysis.

Table 5 gives the results of the reliability analysis using three different values of ¢. The safety indices calculated
for the proposed design method for each value of ¢ can be compared to target values given in the United States (5"

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

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

$° 0.80 0.75 0.67
M 112 112 112
Vi 0.12 0.12 0.12
PG 1.03 1.03 1.03
Ve 0.10 0.10 0.10
pp 1.12 1.12 1.12
Vp 0.08 0.08 0.08
PR 1.29 1.29 1.29
Ve 0.18 0.18 0.18
& 0.91 0.89 0.84
5 4.0 43 5.0

425  2resistance factors for fillet welds according to AWS [2], AISC [4], and CSA [5] (see [1]).
426

427 The implied safety index (8") is > 4.0 when ¢ = 0.80 (as used by AWS [2]). Furthermore, g* is > 4.0 when ¢ =
428  0.75 (as used by AISC [4]), and " is > 4.5 when ¢ = 0.67 (as used by CSA [5]). This indicates that the method
429  meets U.S. and Canadian safety indices. Fig. 20 shows the correlation of the predicted nominal strengths using
430  Steps 1) —5) for the proposed procedure with the experimental and FE results. On average, the test capacity is only

431  1.12times larger than the predicted rupture load, with a COV of 0.08.
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Fig. 20. Correlation of proposed design method with all test results
432

433  8.1.3. Safety level inherent in AWS [2], AISC [4] and CSA [5]
434 The reliability analysis was repeated, using all 268 numerical and FE tests, to determine the implied safety
435 index, A7, for the current AWS [2] provisions, with and without the (2/3)l weld effective length factor, and the

436  AISC [4] and CSA [5] provisions, as presented in Tousignant & Packer [1]. The analysis determined that 8" = 6.2
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> 4.0 for AWS [2] with le = (2/3)lw, 7 = 4.3 > 4.0 for AWS [2] with le = |, and " = 4.6 for both AISC [4] and CSA
[5] > 4.0 and 4.5. It can therefore still be concluded that weld effective lengths are never required for fillet-welded
CHS X-connections in conjunction with these code design methods. The mean test-to-predicted capacity ratio (pp)
and V, for these methods (pp = 2.07 for AWS [2] with weld effective lengths, pp = 1.38 for AWS [2] without weld
effective lengths and AISC [4], pe = 1.24 for CSA [5], and V, = 0.19 for all methods) indicate that the proposed
procedure (Section 8.1.1) is much more accurate (pp in Table 5 closer to 1) and precise (Ve in Table 5 closer to 0)

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

9. Conclusions
Non-linear FE models with weld fracture were developed for fillet-welded CHS X-connections. These models
were validated by comparison with 12 weld-critical tests on CHS X-connections. A parametric study was then
performed in which 256 FE models with 60° < # < 90°, 10 < D/t <50, 0.10 < <0.50, and 0.20 < 7 < 1.00 were
analysed. All models were shown to fail by weld fracture. Based on the parametric study, the following can be
concluded:
1. The weld effective length in CHS X-connections decreases as the branch slenderness (D/t), branch-to-chord
dimeter ratio (f), and branch-to-chord thickness ratio (z) increase.
2. The branch inclination angle @ has an insignificant effect on the weld effective length.
3. Theoretically, the weld effective length can be as low as 0.58 times the total weld length.
4. The weld is 100% effective for By < 4.
5. For CHS X-connections load transfer peaks at the saddle position.
6. Stress re-distribution occurs prior to weld rupture, even in connections with small welds.
Based on a reliability analysis to determine the safety index (") for 268 experimental and FE tests covering
the same range of parameters, the following can also be concluded:
7. The existing AWS [2] specification provisions for fillet welds in CHS X-connections in Clause 9.6.1.3(4),
with le = (2/3)l., are very conservative (safety index, g+ = 6.2 > 4.0).
8. The existing AWS [2] specification provisions for fillet welds in CHS X-connections in Clause 9.6.1.3(4),

with le = Iy, are also conservative (safety index, 5" = 4.3 > 4.0).
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9. The existing AISC [4] provisions in Clause J2.4a and the existing CSA [5] provisions in Clause 13.13.2.2,
with le = I, are conservative (safety index, £ = 4.6 for both > 4.0 and 4.5).

The evaluations of AWS, AISC and CSA fillet weld design provisions assume that the (1+0.50sin'°0)
directional strength-enhancement factor is not used (AWS [2] Clause 2.6.4.2, AISC [4] Clause J2.4b, and CSA [5]
Clause 13.13.2.2), because it has been shown to be generally unsafe for the design of fillet welds in HSS connections
[26].

An alternative method for the design of fillet welds, based on rational weld effective lengths as a function of
non-dimensional connection parameters, was proposed. This method was shown be more accurate and precise for
predicting fillet weld strength in CHS X-connections than AWS [2], AISC [4] and CSA [5]. A reliability analysis
with respect to all experimental and FE tests showed that this proposed method provides an adequate level of safety

for use with AWS, AISC and CSA codes.
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Notation

Ay weld throat area (= twlw)

Ap cross-sectional area of the branch
D diameter of the chord

Dy diameter of the branch

E Young’s modulus

Fexx ultimate strength of weld metal
Frow nominal weld strength

Fu ultimate strength of CHS

Fy yield strength

Ka weld length factor
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490 P applied load

491  Pswpa actual (experimental) load at connection plastification limit
492 Pawpre finite element load at connection plastification limit
493 P, actual (experimental) weld fracture load
494 Py greatest load sustained by the weld

495  Pee finite element weld fracture load

496 P, nominal predicted weld fracture load
497 P, required strength of the weld

498 P, yield load of the branch (= AsFy)

499  Qu shear strength of weld per unit length
500 Ve coefficient of variation of p¢

501 Vwm coefficient of variation of pu

502 Ve coefficient of variation of pp

503 Vg coefficient of variation of pr

504 a,bandC regression constants

505 ka actual (experimental) initial stiffness
506  kre finite element initial stiffness

507 1 length of the chord

508 I length of the branch

509 [ weld effective length

510 Iy weld leg along the chord

511 |, weld leg along the branch

512 Iy total length of weld

513 t thickness of the chord

514 t thickness of the branch

515  tw weld throat dimension

516 w weighting factor
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523
524
525
526
527
528
529
530
531
532
533
534
535
536
537
538
539
540
541

542

543

Eef
ET

ST’

Ja

OFE

PG
oM
PP

PR

oT

or’

chord length parameter (= 21/D)

coefficient of separation

branch-to-chord diameter ratio

safety index

half diameter-to-thickness ratio of the chord
engineering strain

equivalent strain fracture criterion

true strain

true strain at the start of necking

chord deformation

actual (experimental) chord deformation at rupture
finite element chord deformation at rupture
subtended angle around the branch, measured clockwise 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

engineering stress

true stress

true stress at the start of necking

branch-to-chord thickness ratio

LRFD resistance factor for fillet welds

adjustment factor for g*

branch inclination angle

local dihedral angle
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Figure Captions

Fig.
Fig.
Fig.

Fig.

1. CHS X-connection general configuration and non-dimensional parameters
2. Load transfer efficiency across the weld of a 90° CHS-to-CHS T-connection (adapted from Marshall [10])
3. FE CHS-to-CHS X-connection geometry, mesh layout, and boundary conditions with 6 = 90°

4. FE CHS-to-CHS X-connection geometry, mesh layout, and boundary conditions with 8 < 90° (8 = 60°

shown)

Fig.
Fig.
Fig.
Fig.
Fig.
Fig.
Fig.

Fig.

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

6. Mesh layouts used in the mesh sensitivity study

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

8. Ratios of P.'/Pre and da/dre for the training set for different values of &

9. Comparison of experimental and FE load-deformation curves

10. Correlation of experimental and FE results

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

12. Compatible values of g and @ to keep ¥ between 60° and 120° along the entire weld length, determined

using methodology by Luyties & Post [21]

Fig.
Fig.
Fig.
Fig.
Fig.
Fig.

Fig.

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

14. Load-deformation curves for typical FE tests

15. Effect of chord slenderness and branch-to-chord diameter ratio on effective length
16. Effect of the product (D/t)f on effective length

17. Effect of branch inclination angle on effective length

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

19. Weld effective lengths in CHS-to-CHS X-connections with 0.10 < £<0.50 and 10 < D/t < 50 according to

Eq. (14)

Fig.

20. Correlation of proposed design method with all test results
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