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Abstract

For rectangular hollow section (RHS)-to-RHS and circular hollow section (CHS)-to-CHS connections situated
near a truss/girder end, reinforcement using a chord-end cap plate is common; however, for fatigue design,
formulae in current design guidelines [for calculation of stress concentration factors (SCFs)] cater to: (i)
unreinforced connections, with (ii) sufficient chord continuity beyond the connection on both sides. To develop
definitive design guidelines for end connections with rigid cap plates, previous full-scale connection test results
have been used to validate a finite element (FE) modelling approach, and a total of 496 FE models with different
chord end distance-to-width (or diameter) (e/bo or e/do), branch-to-chord width (f), branch-to-chord thickness
(v), and chord slenderness (2y) ratios have been modelled and analyzed. Existing SCF formulae in CIDECT
Design Guide 8 are shown to be inaccurate if applied to cap plate-reinforced end connections. SCF correction

factors (), and parametric formulae to estimate y based on e/bg (or e/do), £, z and 2y, are derived.
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Rectangular hollow sections; circular hollow sections; X-connections; end effects; stress concentration factors;
fatigue design; cap plates.
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Introduction
Current design standards and guidelines [1-9] for welded hollow structural section (HSS) connections

tabulate limit states, associated formulae (for calculation of connection strength), and ranges of validity for

1 formulae; however, these provisions assume a chord member (as labelled in Figs. 1a and 1d) with sufficient

continuity on both sides of the connection [i.e. large end distances (e)]. Such connections are referred to in this

paper as “regular” connections.

Cap plate

T

(a) Regular RHS connection (b) End RHS connection (c) End RHS connection with cap
plate

Cap/end plate

(d) Regular CHS connection (e) End CHS connection (f) End CHS connection with cap
plate

Fig. 1. Different types of RHS-to-RHS and CHS-to-CHS X-connections
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The chord-continuity assumption inherent to current design provisions is important for connection strength
calculations for several limit states, e.g. chord plastification for Rectangular Hollow Section (RHS)-to-RHS and
Circular Hollow Section (CHS)-to-CHS connections, and sidewall buckling for RHS-to-RHS connections. In
such cases, sufficient end distances (e) are required on both sides of the connection to develop the predicted
failure mechanism(s) and, in turn, the full (predicted) connection strength.

For connections at the end of a truss/girder, branch(es) are usually situated near a chord end (as shown in
Figs. 1b,c and 2b,c). In such cases, existing design formulae (e.g. in [1-9]) do not apply (because the chord-
continuity assumption is violated). Guidance on design of these so-called “end” connections has become
increasingly sought after.

To address the challenge of designing end connections, research was performed by [10-16] on directly
welded RHS-to-RHS, CHS-to-CHS, and branch plate-to-CHS end connections near an open (uncapped) chord
end. It was found (by [10-16]) that the static strength of the connections (and welds thereto) was reduced relative
to their regular-connection counterparts. In light of this, amendments were made to EN 1993-1-8 [7] (via
prEN1993-1-8 Clause 9.1.2(10) [17]), and Tables K2.1A, K3.1A and K3.2A of AISC 360-16 [5], giving
requirements for so-called minimum end distances (emin). A review of the above research can be found in [18,19].

When the distance from the near side of a connecting HSS branch member (or branch plate) to the open end
of a chord (e in Fig. 1b) is less than emin, AISC 360-16 [5] suggests (via the Commentary to Chapter K) a
uniform reduction in predicted connection strength of 50% for RHS-to-RHS and plate-to-RHS connections; both
prEN1993-1-8 Clause 9.1.2(10) [17] and AISC 360-16 [5] also suggest that providing a chord-end cap plate
(Figs. 1c and 1f) is an effective design alternative. For the latter (AISC 360-16), this allows a waiver of the
connection strength reduction requirement.

It should be noted that the current emin requirement in AISC 360-16 [5] Table K3.2A for RHS-to-RHS truss
connections (e, = bom where by = chord width and g = branch-to-chord width ratio) was developed
based on the “chord face plastification” limit state only. Recent research [15] have shown that this limit is, in
fact, unconservative, since it does not consider other limit states. [15] considered “chord side wall buckling” in
addition to “chord face plastification” and proposed: (a) a new limit of emin = 0.75b for HSS connections with

RHS chords and (b) a reduction in strength by 40% (instead of 50%) if e < emin = 0.75b.
3
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Prior to the above research and design standard updates, there was no definitive design guidance on
truss/girder-end HSS connections under static loading. For HSS truss design and fabrication, it is a common
practice to control the total number of different section sizes for cost saving, logistic and esthetic reasons.
Therefore, the truss/girder-end connection and its nearby connections often have the same branch and chord
sizes. However, a higher load carrying capacity is often required for end connections for load transfer to
truss/girder supports. Thus, the above research and design standard updates for HSS end connections under static
loading is particularly useful in this regard, as this has been a practical problem encountered by engineers
[14,15]. Similarly, for an HSS truss/girder under fatigue loading, design of an end connection can often govern
the branch and chord sizing for its nearby structure. Thus, it is deemed necessary in this research to extend the
recent design standard updates to cover also HSS end connections under fatigue loading, as there is currently no
definitive design guidance on this issue.

Research has been performed by [18,19] to address fatigue design of RHS-to-RHS and CHS-to-CHS axially
loaded X-connections near an open chord end. For the connections studied, [18,19] found that existing formulae
in CIDECT Design Guide 8 (DG8) [8], for the calculation of Stress Concentration Factors (SCF) (for regular
connections) can be highly inaccurate. SCF correction factors (), and parametric formulae to estimate y based
on e, and non-dimensional connection parameters, were proposed. (Use of the y factor is discussed in Section
4.3).

As another step towards developing comprehensive fatigue design rules for chord-end RHS-to-RHS and
CHS-to-CHS X-connections, this paper presents an FE parametric study to determine SCFs for such connections
reinforced with cap plates. Using FE modelling approaches validated in previous investigations [18,19], this
study consists of:

(1) 256 RHS connection models with variations in chord slenderness (2y = bo/to, where bo = chord width and
to = chord thickness), branch-to-chord width ratio (8 = bi/bo, where b; is the branch width), branch-to-
chord thickness ratio (z = ti/to, where t; is the branch thickness] and e (on one side of the of the
connection) = 0.1, 0.25, 1.0 and 3.0 times bo. This terminology (for RHS-to-RHS connections) is

illustrated in Fig. 2a.
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(2) 240 CHS connection models with variations in chord slenderness (2y = do/to, where do = chord diameter
and to = chord thickness), branch-to-chord diameter ratio (8 = di/do, where d is the branch diameter),
branch-to-chord thickness ratio (z = ti/to, where t; is the branch thickness] and e (on one side of the of
the connection) = 0.1, 0.25, 1.0 and 3.0 times do. This terminology (for CHS-to-CHS connections) is
illustrated in Fig. 2b. “a” in Fig. 2b is the chord length parameter (= 2lo/dg) from CIDECT DG8 [8] for
consideration of chord length effect in connections symmetric about branch centerline. The details are
discussed in Section 5.1.

It should be noted that e = 3.0d, (the upper value of e, above) is a conservative upper limit beyond which end-
distance effects can be safely ignored [10-16].

For each connection model, SCFs at the critical locations are determined numerically and compared to the
predicted values by CIDECT DG 8 [8] (for regular connections) to examine the applicability of the existing
formulae. SCF correction coefficients () — and parametric formulae to estimate y (based on e/bo, 2y and f) —are

then derived to increase the accuracy of the SCF predictions.

_ Long side
Long side

p=d,/d,
B =by/b, 2y = dylt,
2y = bo/to T= tl/to
=1/t a = 2ly/d,
(a) RHS-to-RHS connection (b) CHS-to-CHS connection

Fig. 2. Connection terminology (end plate not shown, for clarity)
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Relevant research on chord lengths and end conditions
In a recent experimental study on RHS-to-RHS connections with medium g-ratios [14], different yield line

patterns were observed in regular connections and connections near an open chord end (see Fig. 3). Due to the

2 reduction in the total yield line length, the static strength of an RHS-to-RHS connection near an open chord end

— for the “chord face plastification” limit state — was found to be significantly smaller than that of its regular-
connection counterpart. The research done by [14] broadly supports the emin requirement already present in AISC

360-16 [5] Table K3.2A for RHS-to-RHS truss connections (Eg. 1), i.e.:

e, =by1- /3 1)

() Regular RHS connection (b) RHS connection near an open chord end

Fig. 3. Typical yield line patterns (adapted from [14])

The study by [14] was extended by [15], via a FE parametric study to consider both the “chord side wall
buckling” and the “chord face plastification” limit states. A new limit of emn = 0.75bo was proposed for
connections with RHS chords. A 40% strength reduction (instead of 50%) was recommended when e < epin =

0.75h.
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The research by [15] also found that reinforcing the open chord end with a rigid cap plate (Fig. 1c)
effectively restrains the connection deformation and allows it to develop connection static strength comparable
to regular connections (Fig. 1a). Therefore, for cap plate-reinforced connections, the emin requirement does not
apply.

Research on the effects of end distance and boundary conditions on CHS-to-CHS connections has also been
performed, by [10,11]. CHS T- and X-connections covering a wide range of non-dimensional parameters (5, 2y
and 7) and chord length parameters (o = 2l./do, where I, = chord length) under branch axial loading were
modelled. The effect of rigid chord end cap plate was also studied numerically. To prevent a significant strength
reduction, the research proposed simple limits of a > 20 (for chords with 2y > 25) and a > 12 (for chords with 2y
< 25). These limits were later confirmed for transverse branch plate-to-CHS T- and X-connections [14,15].

The FE parametric study by [10,11] showed that the minimum end distance requirement can be waived with
the addition of a chord end cap plate, as — similar to connections with RHS chords — it largely restrained chord
ovalization. In response to this research, an amendment was made to EN 1993-1-8 [7] (via prEN1993-1-8 Clause
9.1.2(10) [17]) which stipulates that:

“for joints with a chord end not connected to other members, the chord end shall be at a distance of at least
(2y/10)do from the heel or toe of the closest brace, with a minimum of 2.5do. For RHS chords, substitute do by
the largest of bo or ho”.

When the end-distance requirement cannot be met, the amendment suggests that the chord end shall be
“welded to a cap plate with a thickness of at least 1.5to, at @ minimum distance of 0.5do(1 — ) or 0.5bo(1 — f)”
from the branch toe or heel of the joint to prevent the strength reduction.

It should be noted that the minimum end distance requirement in prEN1993-1-8 Clause 9.1.2(10) [17] was
developed based on research on CHS-to-CHS connections only. In this amendment to EN 1993-1-8 [7], the same
requirement was transcribed to cover RHS-to-RHS connections, by replacing the CHS external diameter (do)
with the RHS external width (bg). However, no research evidence was available to support this transcription at
the time.

Clearly, there is quite a disparity between the minimum end distance requirements in AISC 360-16 [7] and

prEN1993-1-8 [19], mainly because the research by [10,11] focused on connections that were symmetrical about

7
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the branch member, while the research by [14,15] catered to end connections with reduced chord length on only
one side of the connection. Nonetheless, all the above research and recent updates to design standards on
connection static strength acknowledge the addition of chord-end cap plate as a solution allowing waiver of the
end-distance requirement.

While research has been performed to develop design rules for HSS-(or plate-)to-HSS end connections
under static loading, only limited research has been conducted on fatigue design of end connections. Recently,
[18,19] performed a series of experimental and FE study to determine SCFs for directly welded RHS-to-RHS
and CHS-to-CHS axially loaded X-connections at 90° near an open chord end. It was found that the existing
formulae in CIDECT DG8 [8] (for regular connections) led to inaccurate SCF predictions. SCF correction
factors (), and parametric formulae to estimate yw based on chord end distance and member cross-sectional
dimensions (i.e. £, 2y, t and e/bo) were hence derived [18,19], allowing SCFs in end connections near open chord
ends to be predicted by multiplying y by the SCF values calculated using the existing CIDECT DG8 formulae
[8].

Since it has been confirmed by [10-15] already that a chord-end cap plate can largely restrain chord
deformation, and influence connection behaviour, it was deemed necessary to extend the work by [18,19] to

investigate SCFs chord-end RHS-to-RHS and CHS-to-CHS X-connections with cap plates.

Finite Element Model Validation

3.1. Connection modelling

Commercial software programs (ANSYS and ABAQUS) [20,21] were used to conduct FE modelling and
analyses of the RHS-to-RHS and CHS-to-CHS connections considered herein (see Section 1). The modelling
approaches were previously validated by comparing the responses of the FE models with the experimental data
of identical connections [18,19]. All modelling parameters were varied in sensitivity studies to ensure that FE
models were not excessively large (computationally), but still provided convergence. The recommendations in

CIDECT DG8 were followed throughout the modelling and analyses, including element selection, mesh
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refinement, weld details, boundary conditions and extrapolation of hot spot stress. Detailed discussions can be
found in [18,19].

For modelling of RHS-to-RHS connections, four layers of solid elements (C3D20R in ABAQUS) through
the branch and chord wall thicknesses were used. A “one-half model” (which was permissible due to symmetry
in geometry, loading and boundary conditions along the “cut face”), as shown in Fig. 4, was used. A “symmetry
boundary condition” was applied to all nodes on the “cut face”. The connection models contained fixed nodes at
the bottom end of the lower branch, while the nodes on the top end of the top branch were free. The chord ends
were free as well. Similarly, for modelling of CHS-to-CHS connections, four layers of solid elements (SOLID45
in ANSY'S) through the branch and chord wall thicknesses were used. For regular CHS-to-CHS connections,
both chord ends were pin-supported. The bottom end of the CHS lower branch was fixed, while the top end of
the top CHS branch was free. For CHS-to-CHS end connections, the chord end of the shorter side was free. The
selected boundary conditions are consistent with the design rules and formulae in CIDECT DG8 [8]. The
selection of element type, element size and mesh pattern meet the CIDECT DG8 requirements for accurate
modelling. Detailed discussions can be found in [18,19].

For practical design purpose, in the recent amendment to EN 1993-1-8 [7] via prEN1993-1-8 Clause
9.1.2(10) [17], it is recommended that when the minimum chord end distance requirement cannot be met, the
end shall be welded to a cap plate with a thickness of at least 1.5to. The recommended minimum cap plate
thickness is determined based on [10]. Cap plate with such thickness is proven by [10] to have sufficient
stiffness relative to chord sidewalls. It completely restrains local chord deformation. The cap plate has a rigid
behaviour in this case.

The approach used by [10,11,16] was adopted to model the rigid chord end plates [by adding a row of stiff
(E = 2x10° MPa) linear-elastic solid elements to the short chord end (Figs. 4b and 4d)]. A half of each
connection was modelled, by taking advantage of the symmetries of geometry, loading and boundary conditions,
to save computational time. Symmetry boundary conditions were applied along the cut face.

A literature survey was performed on previous research involving modelling of welds in HSS connections
[22-36], and the weld modelling approach(es) was found to be consistent. A similar approach was adopted

herein. It should be noted that the CIDECT DG8 approach for SCF calculation considers the uneven stress

9
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distribution around the perimeter of the welded joint, and excludes effects related to configuration of the weld

(and the local condition of the weld toe).

Linear elastic material properties, including Young’s modulus (E) = 200 GPa, and Poisson’s ratio (v) = 0.3,

were applied to both the steel and weld materials in the FE models. Fig. 4 shows the geometry, mesh layout and

boundary conditions of typical models (RHS-to-RHS and CHS-to-CHS). For each model, an axial compression

force was applied in the upper branch with nodes on the end of the lower branch restrained from translation.

Symmetry
boundary
condition

(a) Regular RHS connection

Symmetry
boundary
connection

(c) Regular CHS connection

10

One row of
rigid elements
Symmetry
boundary
condition

v
gt

(b) RHS connection with rigid chord end

One row

of rigid
Symmetry elements
boundary

connection

(d) CHS connection with rigid chord end
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Fig. 4. Typical connection model geometry, mesh layout, and boundary conditions

In accordance with the CIDECT DG8 [8] recommendations, the welded joint location was partitioned and
meshed, carefully, to allow accurate calculation of hot spot stresses within the extrapolation zones. The
extrapolation zones at the critical locations are shown in Tables 1 and 2. For all FE models in this study, the hot
spot stresses were calculated by using the extrapolation approach [8]. The branch nominal stress was hence
calculated by dividing the applied force by the branch cross-sectional area. The SCF-values at the critical

locations were then calculated by dividing the hot spot stresses by the branch nominal stress.

Table 1. Boundaries of extrapolation region for RHS-to-RHS connections

Distance from

Locations B, C and D Locations A and E
weld toe
Lr.min * 0.4t 0.4t
Lr,max Lr,min + tO Lr,min + tl

* Minimum value for L min is 4 mm.

Table 2. Boundaries of extrapolation region for CHS-to-CHS connections

Chord Branch
Distance from Saddle Crown Saddle Crown
weld toe
Ly min * 0.4ty 0.4ty 0.4t 0.4t
Lrmax ** 0.09r¢ 0.4(rotol’1t1)o'25 O.65(r1t1)°-5 0.65(|’1t1)0'5

** Minimum value for Ly max iS Lrmin + 0.611

ro = external radius of CHS chord member
r; = internal radius of CHS branch member

* Minimum value for Ly min is 4 mm.

Chord-End RHS-to-RHS X-Connections with Cap Plates

11
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In CIDECT DG83 [8], connection fatigue life is determined by using hot spot stress vs. fatigue life (S-N)
curves. The hot spot stresses are calculated by multiplying the member nominal stresses by the SCFs at the
critical locations. In this section, the SCF data from the parametric study for RHS-to-RHS connections are
compared to the predicted values calculated using the existing SCF formulae in CIDECT DG8 [8]. The
relationships among the SCF-values, the member cross-sectional dimensions, and the chord end distances are
explored. Revised formulae are developed for calculation of SCFs in chord-end RHS-to-RHS X-connections

with cap plates.

4.1. CIDECT Design Guide 8 Formulae

For RHS connections, CIDECT DG8 [8] considers five hot spot stress locations (locations A to E in Table
1). The CIDECT DG8 SCF formulae for regular RHS-to-RHS axially loaded T- and X-connections at these
locations are as follows:

e For the chord:

SCF, =(0.143-0.2048+0.0643° ) (2 y)(l'““-”*"/’*-l‘)”z) 078 )
SCFC = (0_077 —-0.1294 + 0.061ﬁ2 _ 0.00067/)(27/)(1.565+1.874/3—1.028/12) 7075 (3)
SCF,, =(0.208-0.387 3 +0.2098° )(2y)(°'925*2'389’**1-88”’2) 075 (4)

where SCFg, SCF¢, and SCFp = chord SCFs at hot spot B, C, and D, respectively.

e For the branch(es):

SCF, =SCF; = (0.013 +0.6933-0.27858° )(27/)(0A790+1.898ﬁ—2109/32) 5)

where SCFa= SCFe = branch SCF at hot spots A and E, respectively.
Egs. (2)-(5) are valid within the following range of validity: 0.35 < <1.0, 12.5<2y<25,0.25<7<1.0.

For connections with fillet welds, SCFa and SCFe are multiplied by 1.4, and for X-connections with g = 1.0,
SCFc is multiplied by 0.65 and SCFp is multiplied by 0.50. A minimum SCF-value of 2.0 is recommended by

CIDECT DGS8 [8] at all locations.

12
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4.2. Parametric Study

The FE parametric study for RHS-to-RHS X-connections consisted of 64 regular connection models and 192
cap plate-reinforced end connection models. A constant RHS chord member external width and height (bo = ho)
of 200 mm, and a wide ranges of non-dimensional parameters (8 = 0.35, 0.5, 0.65, and 0.8; 2y = 12.5, 16, 20 and
25; and 7=0.25, 0.5, 0.75, and 1.0) were applied. The chord thickness (to) and branch cross-sectional dimensions
(b1 = hy and t1) were hence determined based on the selected non-dimensional parameters. The end distance (e)
was varied between 0.1bo, 0.5bo, 1.0bg and 3.0bo, with 3.0bo representing a conservative upper, beyond which
“end effects” can be safely ignored [10-16]. The 64 “control models”, with e = 3bo on both sides, served as the
basis for the parametric study. For the control models, the SCF formulae in CIDECT DGS8 [8] [i.e. Egs. (2)-(5)]
are valid, in theory.

For the control models, the numerically obtained SCF-values on the two sides of the connections are the
same due to symmetry. For the end connection models (i.e. those with e < 3.0hbo), the SCFs were obtained at the
critical locations (Locations A to E, in Table 1) on both the long chord side and the cap plate-reinforced (short)
chord side of the connection (see Fig. 2a). The values on the two sides were then compared — to identify the
governing side. Representative data is shown in Fig. 5. According to the comparison using all parametric study
results, it was found, for RHS-to-RHS end connections, that the long chord side is always the governing side.

As shown by the representative data in Fig. 5 (on the following page), the cap plate-reinforced short chord
side has smaller SCFs values at all hot-spot locations. It is pointed out in CIDECT DG8 [8] that, for regular
RHS-to-RHS X-connections under branch axial loading, the lower the 2y ratio, the lower is the SCF, where 2y =
bo / to is an indicator of connection flexibility. In other words, for regular RHS-to-RHS connections, the SCFs at
all hot-spot locations increase as the connection flexibility increases. This is consistent with the trend shown in
Fig. 5. For the cap plate-reinforced short chord side, the connection deformation is largely restrained by the cap
plate (i.e. the long chord side is more flexible). In the following discussion, only the SCF-values from the

governing sides are used for formulae development.

13
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L X X X " X X X
Q4 | o4 +
[%2] (9]
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X Control model Long side M Short side
(@) Control model (e = 3bo) (b) End connection model (e = 1.0bo)
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Long side M Short side Long side M Short side
(c) End connection model (e = 0.5bp) (d) End connection model (e = 0.1by)

Fig. 5. SCFs for RHS-to-RHS connection models with g = 0.65, 2y = 12.5and = 0.5

The SCF-values from the end connection models (with different end distances) were also compared to the
predictions using the existing CIDECT DG8 [8] formulae for regular connections [i.e. Eq. (2)-(5)]. According to
the representative comparisons shown in Fig. 6, the application of existing formulae can be excessively
conservative. Therefore, modified formulae catering specifically to chord-end RHS-to-RHS X-connections with
cap plates are deemed necessary.

The relationships among the SCF-values, the connection nondimensional parameters, the chord end distance
and chord end cap plate were further explored using the parametric study results by calculating w equal to the
ratios of SCFs in the cap plate-reinforced end-connection models (SCFeng connection) t0 those in the corresponding

14
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control models (SCFcontrol moder). Representative plots of y (= SCFend connection/ SCFeontrol model) VS. €/bo at the five
hot-spot locations (identified in Table 1) are shown in Figs. 7-9, where e/by is the chord end distance-over-chord
width ratio. The following observations can be made (for all hot-spot locations):

i)  wingeneral decreases as e/dy decreases.

ii)  For different e/do, w increases as f decreases, or as 2y increases.

iii)  w does not change significantly for different z.
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Fig. 6. Comparison of FE results for RHS-to-RHS end connections with predictions by CIDECT DG8 [8]
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4.3. Proposed Formulae

According to the parametric study, the SCFs in regular RHS X-connections and chord-end RHS X-
connections with cap plates can differ considerably. For the latter, predictions using the existing CIDECT DG 8
[8] SCF formulae are inaccurate [because the change of chord end distance and boundary conditions (i.e. effects
of chord end distance and cap plate) were not considered in their development].

As shown by Eq. 6, the w-factors presented above can be used in conjunction with existing CIDECT DG8
SCF formulae [i.e. by multiplying the result of Egs. (2)-(5) by ] to determine the SCFs in axially loaded chord-
end RHS X-connections with cap plates; i.e.:

SCF,

enai = SCF -y (6)
where SCF; = SCF at hot spot i in a regular HSS-to-HSS X-connection [calculated using Egs. (2)-(5)]; v =
correction factor; SCFeng; = SCF at hot spot i in a chord-end HSS-to-HSS X-connection with cap plate.

As discussed in Section 4.2, in the parametric study, SCFs were obtained from the cap plate-reinforced end
connection models (with e = 0.1ho, 0.5b, 1.0bg), and from the control connections (with e = 3bg). The correction
factors () were obtained by dividing the former by the latter.

The parametric study shows that, for each chord-end RHS X-connection with cap plate, the y-values for
each hot spot location (i.e. A-E) are nearly constant for a given set of non-dimensional parameters. For example,
for any given e/bo in Figs. 7, 8 and 9, the w-values for hot spot locations A-E only vary slightly. This is because
all locations are adjacent to the branch corner at the welded joint. It was thus deemed appropriate to use a single
formula to estimate the maximum of the five y-values (from locations A-E) in a chord-end RHS X-connection
with cap plate for determination of SCFs according to Eqg. (6).

As discussed in Section 4.2, for all hot spot locations, w changes as e/do, # and 2y change. y does not vary

significantly for different z. An extensive evaluation of different types of formulae was conduct, followed by a

non-linear least-squares regression analysis. The resulting approximate “best-fit” equation is given by Eq. (7):
w =1-0.78(2.10—¢/b, )/(2y/ B)*™ )
Figs. 7-9 show sample comparisons between: (i) w-values calculated using Eq. (7) and (ii) w-values obtained

by dividing SCFend connection BY SCFeontrol model (Dased on the parametric study results). Table 3 includes the key
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statistics from comparisons based on the complete parametric study (i.e. 64 regular connection models and 192
end connection models). As shown in Figs. 7-9 and Table 3, Eq. (7) is reasonably accurate over the range of
parameters considered. For consistency with CIDECT DG 8 [8], a minimum SCF-value of 2.0 is still

recommended.

Table 3. Mean values and COVs of FE-to-predicted w based on Eq. (7) for 192 RHS-to-RHS cap plate-

reinforced end X-connection models

Location Mean COV

A 0.98 0.03
B 0.98 0.03
C 0.98 0.03
D 098 0.04
E 0.98 0.03
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Chord-End CHS-to-CHS X-Connections with Cap Plates

In this section, the SCF data from the parametric study for CHS-to-CHS connections are compared to the

predicted values calculated using existing SCF formulae in CIDECT DG83 [8]. The relationships among the SCF-

values, the member cross-sectional dimensions and the chord end distances are explored. A modified approach is

developed for calculation of SCFs in chord-end CHS-to-CHS X-connections with cap plates.

5.1. CIDECT Design Guide 8 Formulae

For a CHS-to-CHS connections with a 90° branch-to-chord angle, CIDECT DGS8 [8] considers four hot spot
stress locations (the chord saddle, chord crown, branch saddle and branch crown, as shown in Table 2). The
CIDECT formulae for regular CHS-to-CHS axially loaded X-connections for calculation of SCFs at these
locations are as follows:

e For the chord:

SCI:ch_saddle,ax = Xl ’ FZ (8)
SCFch_crown,ax = X2 (9)

where SCFeh sagdie.ax = chord SCF at the saddle point; SCFcn_crownax = chord SCF at the crown point; and F, =
reduction factor to account for “chord length effect” [19].

e For the branch(es):

SCFb_saddle,ax = x3 ' FZ (10)
SCFb_crown,ax = X4 (11)

where SCFy_saddie,ax = branch SCF at the saddle point; and SCFy_crown,ax = branch SCF at the crown point.

The parameters X1, Xo, X3, X4 and F; are given as:

X,=3.87-y-7-B[1.10- p**|-(sino)"” (12)

X, =7°% 2 265+5-(-0.65) | -3-7-§-sino (13)
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Xy=1+19-y-7°- f°° (109~ B7)-sin** 0 (14)

X, =3+7"*.[0.12-exp(—4- §)+0.011- §* ~0.045 | (15)
Ifo>12: F,=10 (16)
foa<l12 F =1-(143-5-097- 2 ~0.03) "% -exp(-0.71 y* . o*%) (17)

where 6 = acute angle between the branch and chord (in degrees).
The above equations [Egs. (8)-(17)] are valid within the following range of validity: 0.2 < < 1.0, 15 < 2y < 64,
02<7<1.0,4 <a<40, and 30° < 8 <90°. As for RHS-to-RHS connections, a minimum SCF-value of 2.0 is
still recommended [8].

It can be seen from Egs. (16) and (17) the CIDECT DGS8 [8] acknowledges end effects on SCFs in CHS-to-
CHS connections. Detailed discussion on the background of these formulae can be found in [18,19]. The
correction factor (F2) is, for selected connection geometries, plotted against a over its range of validity (4 < a <

12), and beyond its range of validity (a < 4) to illustrate the predicted end effect in Fig. 10.

Extrapolation Eq. (17) Extrapolation Eq. (17)
<> 71>
1 / 1 /
08 ~ 08 |
o — L
0.6 - 06 |
04 1 1 1 1 J 04 1 1 1 1 J
0 2 4 6 8 10 12 0 2 4 6 8 10 12
a=2ly/d, a=2ly/d,
—f=0.2 y=24 p=0.4 y=24 —f=0.6 y=38 p=0.6 y=16
p=0.6 y=24 p=0.8 y=24 p=0.6 y=24 p=0.6 y=32
(a) Effect of g (y = 24) (b) Effect of y (8 = 0.6)

Fig. 10. Effects of chord length and non-dimensional parameters on SCFs in CHS-to-CHS axially loaded X-
connections based on CIDECT DG 8 [8] and extrapolation
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5.2. Parametric Study

The FE parametric study for CHS-to-CHS X-connections consisted of 60 regular connection models and 180
cap plate-reinforced end connection models. A constant CHS chord member external diameter (do) of 300 mm
was applied, with chord member thickness ranging from 2.4 to 15.0 mm, covering a wide range of non-
dimensional parameters (# = 0.30, 0.45, 0.60, and 0.75; 2y = 20, 35, 50 and 65; and z = 0.4, 0.6, 0.8, and 1.0).
The branch member external diameter (di) and thickness (t1) were determined based on the selected non-
dimensional parameters. The end distance (e) was varied between 0.1bo, 0.5bo, 1.0by and 3.0bo, with 3.0bg
representing a conservative upper limit for which “end effects” could be safely ignored [10-16].

For the 60 regular connection models (i.e. control models), the numerically obtained SCF-values on the two
sides of the connections are the same due to geometrical symmetry. For the 180 end connection models, the
SCFs were obtained at the hot-spot locations shown in Table 2, including: (a) chord saddle and branch saddle in
Table 2; and (b) chord crown and branch saddle on both the long chord side and the cap plate-reinforced short
chord side of the connection. The values on the two sides were compared to identify the governing side.

According to the comparison using parametric study results from the 180 CHS-to-CHS end connection
models, it was found that for the chord crown and branch crown locations of the end connections, the cap plate-
reinforced short chord side is always the governing side. As shown by the representative data in Fig. 11, the cap
plate-reinforced short chord side has larger SCF-values at the critical locations. It is pointed out in CIDECT DG8
[8] that for regular CHS-to-CHS X-connections under branch axial loading, for the crown location, the lower the
2y ratio, the higher is the SCF, where 2y = bo / to is an indicator of connection flexibility. In other words, for the
crown locations in regular CHS-to-CHS connections, the SCFs increase as the connection flexibility decreases.
This is consistent with the trend shown in Fig. 11. For the cap plate-reinforced short chord side, the connection
deformation is largely restrained by the cap plate (i.e. the long chord side is more flexible). Therefore, for all 180
CHS-to-CHS end connection models in the parametric study, the cap plate-reinforced short sides are the
governing sides. In the following discussion, only the SCF-values from the governing sides are used for

formulae development.
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Fig. 11. SCFs for CHS-to-CHS connection models with = 0.45, 2y =20 and t = 0.6

The “F,” factor (Eq. 17) adopted by CIDECT DG83 [8] for consideration of chord length effect in symmetric
connections is also evaluated using the FE results from the end connection models (with different end distances).
Representative comparisons are shown in Figs. 12 and 13, where the ratios of SCFs in the end-connection
models (SCFend connection) t0 those in the control models (SCFcontrol model) — herein denoted as y — are plotted. The
ratio y = SCFend connection/ SCFcontrol modet 1S @kin to the factor F; in Eq. 17. Using the « value corresponding to the
end distance of the “short side”, the actual and extrapolated values of F, for the chord and branch saddle
locations are calculated using Eq. 17, and plotted in Figs. 12 and 13. The following observations can be made:

(1) The SCFs at the chord crown and branch crown locations of chord-end CHS X-connections with cap

plates can be significantly larger than those in the regular connection counterparts, since the
corresponding w-values are larger than unity. Currently, CIDECT DG8 [8] does not have a dedicated
formula for consideration of the effects of chord-end cap plate on the SCFs at the chord crown and
branch crown locations. For the chord saddle locations, the w-values are significantly smaller than the
F»-values calculated by Eq. 17. On the then hand, for the branch saddle locations, the yw-values and the

F»-values are similar.
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(2) In all cases, the w-values approach unity when the e/do-value approaches 3.0 (i.e. the effects of chord
length and boundary condition become negligible), which is consistent with the findings in previous
research [10-16].

In all, the existing CIDECT DG8 formula for consideration of chord length effects (i.e. Eg. 17) cannot be

directly applied to chord-end CHS-to-CHS X-connections with cap plates.
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The relationships among the SCF-values, the connection nondimensional parameters, the chord end distance
and chord end cap plate are further explored, using the parametric study results. Representative results of v (=
SCFend connection/ SCFeontrot moder) VS. €/do at the four hot-spot locations (shown in Table 2) are shown in Figs. 14-16,
where e/by is the chord end distance-over-chord diameter ratio. The following observations can be made:

(1) For the chord saddle and branch saddle locations, y increases as e/do increases. On the other hand, for
the chord crown and branch crown locations, w in many cases increases as e/do decreases. For the chord
crown location, the relationships between y and e/do can be nonlinear.

(2) For the chord crown and branch crown locations, for different e/do, v in general increases as 2y, r and f
increase.

(3) For the chord saddle and branch saddle locations, for different e/do, w in general increases as 2y
decreases, or as f3 increases.

(4) For the chord saddle and branch saddle locations, for different e/do, y does not change significantly for

different 7.
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5.3. Proposed Formulae

The parametric study presented in Section 5.2 showed that the existing SCF formulae in CIDECT DG8 [8]
for regular CHS-to-CHS X-connections under branch axial loading, utilizing the F, factor [Eqg. (17)], produce
unsafe predictions when applied to chord-end CHS X-connections with cap plates. Like the approach presented
in Section 4.3, this section presents formulae for correction factors (y) to consider the effects of chord end
distance and cap plate in SCF calculation.

After an extensive evaluation of different types of formulae, and a subsequent non-linear least-squares

regression analysis, the approximate “best-fit” equations are given, as follows:

For the chord saddle:
w =0.483+ 0.474(e/d0)+1.49(ﬂ)2 —0.081(r)—1.33(ﬂ)—0.003(ﬂ)(2;/)—0.197(e/d0)2 (19)

For the chord crown:

w =1.22(e/d,)+0.219(8)(2y)-0.00203( 5)(2y)" - 3.38( 8)(e/d, )’ (20)

For the branch saddle:

w =0.862+(e/d,)+(p)" +0.0001(2y)" ~(B)~0.012(2y)~0.100(z)-0.414(e/ d, )’ (1)

For the branch crown:

w =9(B)(r)+0.216(8)(2y)(z)-0.035(27)(7)(e/ dy) - 6.30(8)(r)(e/ d, ) -10.3(B)* () (22)

Figs. 14-16 show sample comparisons between the above equations and the w-values obtained by dividing
SCFend connection BY SCFeontrol model (Dased on the parametric study). Table 4 includes the key statistics from the
comparison. As shown in Figs. 14-16 and Table 4, Egs. (19)-(22) are reasonably accurate over the range of
parameters considered. For consistency with CIDECT DGS8 [8], a minimum SCF-value of 2.0 is still

recommended.
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Table 4. Mean values and COVs of FE-to-predicted y based on 180 CHS-to-CHS cap plate-reinforced end X-

connection models

Location Equation No. Mean COV

Chord Saddle (29) 1.01 011
Chord Crown (20) 097 0.18
Branch Saddle (21) 1.00 0.06
Branch Crown (22) 1.01 0.23

Conclusions

To establish definitive design provisions for chord-end RHS-to-RHS and CHS-to-CHS X-connections with
cap plates, a total of 496 FE models were developed and analysed in the parametric study presented in this paper.
Based on the results, SCF correction factors (), and parametric formulae to estimate y based on chord end
distance-to-width (or diameter) (e/bo or e/do), branch-to-chord width (f), branch-to-chord thickness (z), and
chord slenderness (2y) ratios, were derived. The y formulae developed in this study can be used in conjunction
with the existing SCF formulae in CIDECT Design Guide 8 (or other design guides) for calculation of SCFs in

cap plate-reinforced RHS-to-RHS and CHS-to-CHS end connections.
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Nomenclature

E
F>
Lr max

Lr,min

SCFa

SCFs

SCFc

SCFp

SCFe
SCFb_crown,ax
SCFy_saddle,ax
SCFeh_crown,ax
SCFch_saddle,ax
SCFend connection
SCFcontrol model
SCFend;i

SCF;

Xi-4

bo

b1

by

do

ds

e

€min

ho

hy

lo

i

lo

r

lo

to

t1

Young’s modulus

reduction factor to account for “end effects” in CIDECT Design Guide 8
distance from weld toe to end point of extrapolation zone

distance from weld toe to starting point of extrapolation zone
branch SCF at hot spot A

chord SCF at hot spot B

chord SCF at hot spot C

chord SCF at hot spot D

branch SCF at hot spot E

branch SCF at the crown point

branch SCF at the saddle point

chord SCF at the crown point

chord SCF at the saddle point

SCF in end-connection model

SCF in control model (connection with sufficient chord continuity)
SCF at hot spot i in an RHS-to-RHS axially loaded X-connection near an open chord end
SCF at hot spot i in an RHS-to-RHS axially loaded X-connection
SCF parameter for CHS-to-CHS X-connections

RHS chord width

RHS branch width

branch plate width

CHS chord diameter

CHS branch diameter

end distance = distance from the heel/toe of the closest branch to the chord end
minimum required end distance

chord height

branch height

chord length

inner corner radius

outer corner radius

inner radius of CHS branch member

outer radius of CHS chord member

chord wall thickness

branch wall thickness
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a chord length parameter (= 2lo/do)

B branch-to-chord diameter ratio (= di/do); branch-to-chord width ratio (= ba/bg)

y half chord diameter-to-thickness ratio (= do/2to); half chord width-to-thickness ratio (= bo/2to)
T branch-to-chord thickness ratio (= ti/to)

0 acute angle between the branch and chord (in degrees)

W reduction factor for end connection
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