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Abstract  9 

For rectangular hollow section (RHS)-to-RHS and circular hollow section (CHS)-to-CHS connections situated 10 

near a truss/girder end, reinforcement using a chord-end cap plate is common; however, for fatigue design, 11 

formulae in current design guidelines [for calculation of stress concentration factors (SCFs)] cater to: (i) 12 

unreinforced connections, with (ii) sufficient chord continuity beyond the connection on both sides. To develop 13 

definitive design guidelines for end connections with rigid cap plates, previous full-scale connection test results 14 

have been used to validate a finite element (FE) modelling approach, and a total of 496 FE models with different 15 

chord end distance-to-width (or diameter) (e/b0 or e/d0), branch-to-chord width (β), branch-to-chord thickness 16 

(τ), and chord slenderness (2γ) ratios have been modelled and analyzed. Existing SCF formulae in CIDECT 17 

Design Guide 8 are shown to be inaccurate if applied to cap plate-reinforced end connections. SCF correction 18 

factors (ψ), and parametric formulae to estimate ψ based on e/b0 (or e/d0), β, τ and 2γ, are derived. 19 
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 Introduction 24 

Current design standards and guidelines [1-9] for welded hollow structural section (HSS) connections 25 

tabulate limit states, associated formulae (for calculation of connection strength), and ranges of validity for 26 

formulae; however, these provisions assume a chord member (as labelled in Figs. 1a and 1d) with sufficient 27 

continuity on both sides of the connection [i.e. large end distances (e)]. Such connections are referred to in this 28 

paper as “regular” connections.  29 

 30 

   

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

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 

 31 
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The chord-continuity assumption inherent to current design provisions is important for connection strength 32 

calculations for several limit states, e.g. chord plastification for Rectangular Hollow Section (RHS)-to-RHS and 33 

Circular Hollow Section (CHS)-to-CHS connections, and sidewall buckling for RHS-to-RHS connections. In 34 

such cases, sufficient end distances (e) are required on both sides of the connection to develop the predicted 35 

failure mechanism(s) and, in turn, the full (predicted) connection strength. 36 

For connections at the end of a truss/girder, branch(es) are usually situated near a chord end (as shown in 37 

Figs. 1b,c and 2b,c). In such cases, existing design formulae (e.g. in [1-9]) do not apply (because the chord-38 

continuity assumption is violated). Guidance on design of these so-called “end” connections has become 39 

increasingly sought after.  40 

To address the challenge of designing end connections, research was performed by [10-16] on directly 41 

welded RHS-to-RHS, CHS-to-CHS, and branch plate-to-CHS end connections near an open (uncapped) chord 42 

end. It was found (by [10-16]) that the static strength of the connections (and welds thereto) was reduced relative 43 

to their regular-connection counterparts. In light of this, amendments were made to EN 1993-1-8 [7] (via 44 

prEN1993-1-8 Clause 9.1.2(10) [17]), and Tables K2.1A, K3.1A and K3.2A of AISC 360-16 [5], giving 45 

requirements for so-called minimum end distances (emin). A review of the above research can be found in [18,19].  46 

When the distance from the near side of a connecting HSS branch member (or branch plate) to the open end 47 

of a chord (e in Fig. 1b) is less than emin, AISC 360-16 [5] suggests (via the Commentary to Chapter K) a 48 

uniform reduction in predicted connection strength of 50% for RHS-to-RHS and plate-to-RHS connections; both 49 

prEN1993-1-8 Clause 9.1.2(10) [17] and AISC 360-16 [5] also suggest that providing a chord-end cap plate 50 

(Figs. 1c and 1f) is an effective design alternative. For the latter (AISC 360-16), this allows a waiver of the 51 

connection strength reduction requirement.  52 

It should be noted that the current emin requirement in AISC 360-16 [5] Table K3.2A for RHS-to-RHS truss 53 

connections (𝑒𝑚𝑖𝑛 = 𝑏0√1 − 𝛽 where b0 = chord width and β = branch-to-chord width ratio) was developed 54 

based on the “chord face plastification” limit state only. Recent research [15] have shown that this limit is, in 55 

fact, unconservative, since it does not consider other limit states. [15] considered “chord side wall buckling” in 56 

addition to “chord face plastification” and proposed: (a) a new limit of emin = 0.75b0 for HSS connections with 57 

RHS chords and (b) a reduction in strength by 40% (instead of 50%) if e < emin = 0.75b0. 58 
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Prior to the above research and design standard updates, there was no definitive design guidance on 59 

truss/girder-end HSS connections under static loading. For HSS truss design and fabrication, it is a common 60 

practice to control the total number of different section sizes for cost saving, logistic and esthetic reasons. 61 

Therefore, the truss/girder-end connection and its nearby connections often have the same branch and chord 62 

sizes. However, a higher load carrying capacity is often required for end connections for load transfer to 63 

truss/girder supports. Thus, the above research and design standard updates for HSS end connections under static 64 

loading is particularly useful in this regard, as this has been a practical problem encountered by engineers 65 

[14,15]. Similarly, for an HSS truss/girder under fatigue loading, design of an end connection can often govern 66 

the branch and chord sizing for its nearby structure. Thus, it is deemed necessary in this research to extend the 67 

recent design standard updates to cover also HSS end connections under fatigue loading, as there is currently no 68 

definitive design guidance on this issue. 69 

Research has been performed by [18,19] to address fatigue design of RHS-to-RHS and CHS-to-CHS axially 70 

loaded X-connections near an open chord end. For the connections studied, [18,19] found that existing formulae 71 

in CIDECT Design Guide 8 (DG8) [8], for the calculation of Stress Concentration Factors (SCF) (for regular 72 

connections) can be highly inaccurate. SCF correction factors (ψ), and parametric formulae to estimate ψ based 73 

on e, and non-dimensional connection parameters, were proposed. (Use of the ψ factor is discussed in Section 74 

4.3).  75 

As another step towards developing comprehensive fatigue design rules for chord-end RHS-to-RHS and 76 

CHS-to-CHS X-connections, this paper presents an FE parametric study to determine SCFs for such connections 77 

reinforced with cap plates. Using FE modelling approaches validated in previous investigations [18,19], this 78 

study consists of: 79 

(1) 256 RHS connection models with variations in chord slenderness (2γ = b0/t0, where b0 = chord width and 80 

t0 = chord thickness), branch-to-chord width ratio (β = b1/b0, where b1 is the branch width), branch-to-81 

chord thickness ratio (τ = t1/t0, where t1 is the branch thickness] and e (on one side of the of the 82 

connection) = 0.1, 0.25, 1.0 and 3.0 times b0. This terminology (for RHS-to-RHS connections) is 83 

illustrated in Fig. 2a. 84 
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(2) 240 CHS connection models with variations in chord slenderness (2γ = d0/t0, where d0 = chord diameter 85 

and t0 = chord thickness), branch-to-chord diameter ratio (β = d1/d0, where d1 is the branch diameter), 86 

branch-to-chord thickness ratio (τ = t1/t0, where t1 is the branch thickness] and e (on one side of the of 87 

the connection) = 0.1, 0.25, 1.0 and 3.0 times d0. This terminology (for CHS-to-CHS connections) is 88 

illustrated in Fig. 2b. “α” in Fig. 2b is the chord length parameter (= 2l0/d0) from CIDECT DG8 [8] for 89 

consideration of chord length effect in connections symmetric about branch centerline. The details are 90 

discussed in Section 5.1. 91 

It should be noted that e = 3.0d0 (the upper value of e, above) is a conservative upper limit beyond which end-92 

distance effects can be safely ignored [10-16].  93 

For each connection model, SCFs at the critical locations are determined numerically and compared to the 94 

predicted values by CIDECT DG 8 [8] (for regular connections) to examine the applicability of the existing 95 

formulae. SCF correction coefficients (ψ) – and parametric formulae to estimate ψ (based on e/b0, 2γ and β) – are 96 

then derived to increase the accuracy of the SCF predictions. 97 

  
 

(a) RHS-to-RHS connection 

 

(b) CHS-to-CHS connection 

 

Fig. 2. Connection terminology (end plate not shown, for clarity) 

 98 

 99 

β = b1/b0

2γ = b0/t0

τ = t1/t0

β = d1/d0

2γ = d0/t0

τ = t1/t0

α = 2l0/d0
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 Relevant research on chord lengths and end conditions 100 

In a recent experimental study on RHS-to-RHS connections with medium β-ratios [14], different yield line 101 

patterns were observed in regular connections and connections near an open chord end (see Fig. 3). Due to the 102 

reduction in the total yield line length, the static strength of an RHS-to-RHS connection near an open chord end 103 

– for the “chord face plastification” limit state – was found to be significantly smaller than that of its regular-104 

connection counterpart. The research done by [14] broadly supports the emin requirement already present in AISC 105 

360-16 [5] Table K3.2A for RHS-to-RHS truss connections (Eq. 1), i.e.: 106 

 107 
 

min 0 1e b = −  (1) 

 108 

 109 

  

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

 

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

 110 

 111 

The study by [14] was extended by [15], via a FE parametric study to consider both the “chord side wall 112 

buckling” and the “chord face plastification” limit states. A new limit of emin = 0.75b0 was proposed for 113 

connections with RHS chords. A 40% strength reduction (instead of 50%) was recommended when e < emin = 114 

0.75b0.  115 
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The research by [15] also found that reinforcing the open chord end with a rigid cap plate (Fig. 1c) 116 

effectively restrains the connection deformation and allows it to develop connection static strength comparable 117 

to regular connections (Fig. 1a). Therefore, for cap plate-reinforced connections, the emin requirement does not 118 

apply. 119 

Research on the effects of end distance and boundary conditions on CHS-to-CHS connections has also been 120 

performed, by [10,11].  CHS T- and X-connections covering a wide range of non-dimensional parameters (β, 2γ 121 

and τ) and chord length parameters (α = 2lo/do, where lo = chord length) under branch axial loading were 122 

modelled. The effect of rigid chord end cap plate was also studied numerically. To prevent a significant strength 123 

reduction, the research proposed simple limits of α ≥ 20 (for chords with 2γ > 25) and α ≥ 12 (for chords with 2γ 124 

≤ 25). These limits were later confirmed for transverse branch plate-to-CHS T- and X-connections [14,15].  125 

The FE parametric study by [10,11] showed that the minimum end distance requirement can be waived with 126 

the addition of a chord end cap plate, as – similar to connections with RHS chords – it largely restrained chord 127 

ovalization. In response to this research, an amendment was made to EN 1993-1-8 [7] (via prEN1993-1-8 Clause 128 

9.1.2(10) [17]) which stipulates that:  129 

“for joints with a chord end not connected to other members, the chord end shall be at a distance of at least 130 

(2γ/10)d0 from the heel or toe of the closest brace, with a minimum of 2.5d0. For RHS chords, substitute d0 by 131 

the largest of b0 or h0”.  132 

When the end-distance requirement cannot be met, the amendment suggests that the chord end shall be 133 

“welded to a cap plate with a thickness of at least 1.5t0, at a minimum distance of 0.5d0(1 – β) or 0.5b0(1 – β)” 134 

from the branch toe or heel of the joint to prevent the strength reduction.  135 

It should be noted that the minimum end distance requirement in prEN1993-1-8 Clause 9.1.2(10) [17] was 136 

developed based on research on CHS-to-CHS connections only. In this amendment to EN 1993-1-8 [7], the same 137 

requirement was transcribed to cover RHS-to-RHS connections, by replacing the CHS external diameter (d0) 138 

with the RHS external width (b0). However, no research evidence was available to support this transcription at 139 

the time. 140 

Clearly, there is quite a disparity between the minimum end distance requirements in AISC 360-16 [7] and 141 

prEN1993-1-8 [19], mainly because the research by [10,11] focused on connections that were symmetrical about 142 
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the branch member, while the research by [14,15] catered to end connections with reduced chord length on only 143 

one side of the connection. Nonetheless, all the above research and recent updates to design standards on 144 

connection static strength acknowledge the addition of chord-end cap plate as a solution allowing waiver of the 145 

end-distance requirement. 146 

While research has been performed to develop design rules for HSS-(or plate-)to-HSS end connections 147 

under static loading, only limited research has been conducted on fatigue design of end connections. Recently, 148 

[18,19] performed a series of experimental and FE study to determine SCFs for directly welded RHS-to-RHS 149 

and CHS-to-CHS axially loaded X-connections at 90° near an open chord end. It was found that the existing 150 

formulae in CIDECT DG8 [8] (for regular connections) led to inaccurate SCF predictions. SCF correction 151 

factors (ψ), and parametric formulae to estimate ψ based on chord end distance and member cross-sectional 152 

dimensions (i.e. β, 2γ, τ and e/b0) were hence derived [18,19], allowing SCFs in end connections near open chord 153 

ends to be predicted by multiplying ψ by the SCF values calculated using the existing CIDECT DG8 formulae 154 

[8]. 155 

Since it has been confirmed by [10-15] already that a chord-end cap plate can largely restrain chord 156 

deformation, and influence connection behaviour, it was deemed necessary to extend the work by [18,19] to 157 

investigate SCFs chord-end RHS-to-RHS and CHS-to-CHS X-connections with cap plates. 158 

 159 

 Finite Element Model Validation 160 

3.1. Connection modelling 161 

Commercial software programs (ANSYS and ABAQUS) [20,21] were used to conduct FE modelling and 162 

analyses of the RHS-to-RHS and CHS-to-CHS connections considered herein (see Section 1). The modelling 163 

approaches were previously validated by comparing the responses of the FE models with the experimental data 164 

of identical connections [18,19]. All modelling parameters were varied in sensitivity studies to ensure that FE 165 

models were not excessively large (computationally), but still provided convergence. The recommendations in 166 

CIDECT DG8 were followed throughout the modelling and analyses, including element selection, mesh 167 
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refinement, weld details, boundary conditions and extrapolation of hot spot stress. Detailed discussions can be 168 

found in [18,19].  169 

For modelling of RHS-to-RHS connections, four layers of solid elements (C3D20R in ABAQUS) through 170 

the branch and chord wall thicknesses were used. A “one-half model” (which was permissible due to symmetry 171 

in geometry, loading and boundary conditions along the “cut face”), as shown in Fig. 4, was used. A “symmetry 172 

boundary condition” was applied to all nodes on the “cut face”. The connection models contained fixed nodes at 173 

the bottom end of the lower branch, while the nodes on the top end of the top branch were free. The chord ends 174 

were free as well. Similarly, for modelling of CHS-to-CHS connections, four layers of solid elements (SOLID45 175 

in ANSYS) through the branch and chord wall thicknesses were used. For regular CHS-to-CHS connections, 176 

both chord ends were pin-supported. The bottom end of the CHS lower branch was fixed, while the top end of 177 

the top CHS branch was free. For CHS-to-CHS end connections, the chord end of the shorter side was free. The 178 

selected boundary conditions are consistent with the design rules and formulae in CIDECT DG8 [8]. The 179 

selection of element type, element size and mesh pattern meet the CIDECT DG8 requirements for accurate 180 

modelling. Detailed discussions can be found in [18,19].  181 

For practical design purpose, in the recent amendment to EN 1993-1-8 [7] via prEN1993-1-8 Clause 182 

9.1.2(10) [17], it is recommended that when the minimum chord end distance requirement cannot be met, the 183 

end shall be welded to a cap plate with a thickness of at least 1.5t0. The recommended minimum cap plate 184 

thickness is determined based on [10]. Cap plate with such thickness is proven by [10] to have sufficient 185 

stiffness relative to chord sidewalls. It completely restrains local chord deformation. The cap plate has a rigid 186 

behaviour in this case. 187 

The approach used by [10,11,16] was adopted to model the rigid chord end plates [by adding a row of stiff 188 

(E = 2×109 MPa) linear-elastic solid elements to the short chord end (Figs. 4b and 4d)]. A half of each 189 

connection was modelled, by taking advantage of the symmetries of geometry, loading and boundary conditions, 190 

to save computational time. Symmetry boundary conditions were applied along the cut face.  191 

A literature survey was performed on previous research involving modelling of welds in HSS connections 192 

[22-36], and the weld modelling approach(es) was found to be consistent. A similar approach was adopted 193 

herein. It should be noted that the CIDECT DG8 approach for SCF calculation considers the uneven stress 194 
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distribution around the perimeter of the welded joint, and excludes effects related to configuration of the weld 195 

(and the local condition of the weld toe). 196 

Linear elastic material properties, including Young’s modulus (E) = 200 GPa, and Poisson’s ratio (ν) = 0.3, 197 

were applied to both the steel and weld materials in the FE models. Fig. 4 shows the geometry, mesh layout and 198 

boundary conditions of typical models (RHS-to-RHS and CHS-to-CHS). For each model, an axial compression 199 

force was applied in the upper branch with nodes on the end of the lower branch restrained from translation.   200 

 201 

  

(a) Regular RHS connection (b) RHS connection with rigid chord end 

  

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

 202 

In accordance with the CIDECT DG8 [8] recommendations, the welded joint location was partitioned and 203 

meshed, carefully, to allow accurate calculation of hot spot stresses within the extrapolation zones. The 204 

extrapolation zones at the critical locations are shown in Tables 1 and 2. For all FE models in this study, the hot 205 

spot stresses were calculated by using the extrapolation approach [8]. The branch nominal stress was hence 206 

calculated by dividing the applied force by the branch cross-sectional area. The SCF-values at the critical 207 

locations were then calculated by dividing the hot spot stresses by the branch nominal stress. 208 

 209 

Table 1.  Boundaries of extrapolation region for RHS-to-RHS connections 210 

Distance from 

weld toe 
Locations B, C and D Locations A and E 

Lr,min * 0.4t0 0.4t1 

Lr,max  Lr,min + t0 Lr,min + t1 

* Minimum value for Lr,min is 4 mm. 

 

 211 

Table 2.  Boundaries of extrapolation region for CHS-to-CHS connections 212 

 Chord Branch 

Distance from 

weld toe 
Saddle Crown Saddle Crown 

Lr,min * 0.4t0 0.4t0 0.4t1 0.4t1 

Lr,max ** 0.09r0 0.4(r0t0r1t1)0.25 0.65(r1t1)0.5 0.65(r1t1)0.5 

r0 = external radius of CHS chord member 

r1 = internal radius of CHS branch member 

* Minimum value for Lr,min is 4 mm. 

** Minimum value for Lr,max is Lr,min + 0.6t1 

 

 213 

 214 

 Chord-End RHS-to-RHS X-Connections with Cap Plates 215 
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In CIDECT DG8 [8], connection fatigue life is determined by using hot spot stress vs. fatigue life (S-N) 216 

curves. The hot spot stresses are calculated by multiplying the member nominal stresses by the SCFs at the 217 

critical locations. In this section, the SCF data from the parametric study for RHS-to-RHS connections are 218 

compared to the predicted values calculated using the existing SCF formulae in CIDECT DG8 [8]. The 219 

relationships among the SCF-values, the member cross-sectional dimensions, and the chord end distances are 220 

explored. Revised formulae are developed for calculation of SCFs in chord-end RHS-to-RHS X-connections 221 

with cap plates. 222 

 223 

4.1. CIDECT Design Guide 8 Formulae 224 

For RHS connections, CIDECT DG8 [8] considers five hot spot stress locations (locations A to E in Table 225 

1). The CIDECT DG8 SCF formulae for regular RHS-to-RHS axially loaded T- and X-connections at these 226 

locations are as follows:  227 

• For the chord: 228 

 ( )( )( )21.377 1.715 1.1032 0.750.143 0.204 0.064 2BSCF
 

   
+ −

= − +  
(2) 

 229 
 ( )( )( )21.565 1.874 1.0282 0.750.077 0.129 0.061 0.0006 2CSCF

 
    

+ −
= − + −  

(3) 

 230 
 ( )( )( )20.925 2.389 1.8812 0.750.208 0.387 0.209 2DSCF

 
   

+ −
= − +  

(4) 

 231 
where SCFB, SCFC, and SCFD = chord SCFs at hot spot B, C, and D, respectively.  232 

• For the branch(es): 233 

 ( )( )( )20.790 1.898 2.10920.013 0.693 0.278 2A ESCF SCF
 

  
+ −

= = + −  
(5) 

 234 
where SCFA = SCFE = branch SCF at hot spots A and E, respectively.  235 

Eqs. (2)-(5) are valid within the following range of validity: 0.35 ≤ β ≤ 1.0, 12.5 ≤ 2γ ≤ 25, 0.25 ≤ τ ≤ 1.0. 236 

For connections with fillet welds, SCFA and SCFE are multiplied by 1.4, and for X-connections with β = 1.0, 237 

SCFC is multiplied by 0.65 and SCFD is multiplied by 0.50. A minimum SCF-value of 2.0 is recommended by 238 

CIDECT DG8 [8] at all locations. 239 

 240 
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4.2. Parametric Study 241 

The FE parametric study for RHS-to-RHS X-connections consisted of 64 regular connection models and 192 242 

cap plate-reinforced end connection models. A constant RHS chord member external width and height (b0 = h0) 243 

of 200 mm, and  a wide ranges of non-dimensional parameters (β = 0.35, 0.5, 0.65, and 0.8; 2γ = 12.5, 16, 20 and 244 

25; and τ = 0.25, 0.5, 0.75, and 1.0) were applied. The chord thickness (t0) and branch cross-sectional dimensions 245 

(b1 = h1 and t1) were hence determined based on the selected non-dimensional parameters. The end distance (e) 246 

was varied between 0.1b0, 0.5b0, 1.0b0 and 3.0b0, with 3.0b0 representing a conservative upper, beyond which 247 

“end effects” can be safely ignored [10-16]. The 64 “control models”, with e = 3b0 on both sides, served as the 248 

basis for the parametric study. For the control models, the SCF formulae in CIDECT DG8 [8] [i.e. Eqs. (2)-(5)] 249 

are valid, in theory.  250 

For the control models, the numerically obtained SCF-values on the two sides of the connections are the 251 

same due to symmetry. For the end connection models (i.e. those with e < 3.0b0), the SCFs were obtained at the 252 

critical locations (Locations A to E, in Table 1) on both the long chord side and the cap plate-reinforced (short) 253 

chord side of the connection (see Fig. 2a). The values on the two sides were then compared – to identify the 254 

governing side. Representative data is shown in Fig. 5. According to the comparison using all parametric study 255 

results, it was found, for RHS-to-RHS end connections, that the long chord side is always the governing side.  256 

As shown by the representative data in Fig. 5 (on the following page), the cap plate-reinforced short chord 257 

side has smaller SCFs values at all hot-spot locations. It is pointed out in CIDECT DG8 [8] that, for regular 258 

RHS-to-RHS X-connections under branch axial loading, the lower the 2γ ratio, the lower is the SCF, where 2γ = 259 

b0 / t0 is an indicator of connection flexibility. In other words, for regular RHS-to-RHS connections, the SCFs at 260 

all hot-spot locations increase as the connection flexibility increases. This is consistent with the trend shown in 261 

Fig. 5. For the cap plate-reinforced short chord side, the connection deformation is largely restrained by the cap 262 

plate (i.e. the long chord side is more flexible). In the following discussion, only the SCF-values from the 263 

governing sides are used for formulae development.   264 
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(a) Control model (e = 3b0) 

 

(b) End connection model (e = 1.0b0) 

  

(c) End connection model (e = 0.5b0) (d) End connection model (e = 0.1b0) 

 

Fig. 5. SCFs for RHS-to-RHS connection models with β = 0.65, 2γ = 12.5 and τ = 0.5  

 265 

The SCF-values from the end connection models (with different end distances) were also compared to the 266 

predictions using the existing CIDECT DG8 [8] formulae for regular connections [i.e. Eq. (2)-(5)]. According to 267 

the representative comparisons shown in Fig. 6, the application of existing formulae can be excessively 268 

conservative. Therefore, modified formulae catering specifically to chord-end RHS-to-RHS X-connections with 269 

cap plates are deemed necessary.  270 

The relationships among the SCF-values, the connection nondimensional parameters, the chord end distance 271 

and chord end cap plate were further explored using the parametric study results by calculating ψ equal to the 272 

ratios of SCFs in the cap plate-reinforced end-connection models (SCFend connection) to those in the corresponding 273 
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control models (SCFcontrol model). Representative plots of ψ (= SCFend connection/ SCFcontrol model) vs. e/b0 at the five 274 

hot-spot locations (identified in Table 1) are shown in Figs. 7-9, where e/b0 is the chord end distance-over-chord 275 

width ratio. The following observations can be made (for all hot-spot locations): 276 

i) ψ in general decreases as e/d0 decreases.  277 

ii) For different e/d0, ψ increases as β decreases, or as 2γ increases.  278 

iii) ψ does not change significantly for different τ. 279 

  

(a) β = 0.5, 2γ = 12.5 and τ = 0.75 

 

 

(b) β = 0.8, 2γ = 12.5 and τ = 0.75 

  

(c) β = 0.5, 2γ = 25 and τ = 0.75 (d) β = 0.8, 2γ = 25 and τ = 0.75 

 

 

Fig. 6. Comparison of FE results for RHS-to-RHS end connections with predictions by CIDECT DG8 [8]  
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(a) Location A (b) Location B 

  

(c) Location C (d) Location D 

 

 

 

  

(e) Location E  

 

Fig. 7. Effects of e/b0 and β on SCFs in RHS-to-RHS end connections (2γ=20 and τ=0.75) 
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(a) Location A (b) Location B 

  

(c) Location C (d) Location D 
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Fig. 8. Effects of e/b0 and 2γ on SCFs in RHS-to-RHS end connections (β=0.65 and τ=0.75) 
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(a) Location A (b) Location B 

  

(c) Location C (d) Location D 
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Fig. 9. Effects of e/b0 and τ on SCFs in RHS-to-RHS end connections (β=0.65 and 2γ=20) 
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4.3. Proposed Formulae 283 

According to the parametric study, the SCFs in regular RHS X-connections and chord-end RHS X-284 

connections with cap plates can differ considerably. For the latter, predictions using the existing CIDECT DG 8 285 

[8] SCF formulae are inaccurate [because the change of chord end distance and boundary conditions (i.e. effects 286 

of chord end distance and cap plate) were not considered in their development].  287 

As shown by Eq. 6, the ψ-factors presented above can be used in conjunction with existing CIDECT DG8 288 

SCF formulae [i.e. by multiplying the result of Eqs. (2)-(5) by ψ] to determine the SCFs in axially loaded chord-289 

end RHS X-connections with cap plates; i.e.: 290 

 ,end i iSCF SCF =   (6) 

 291 
where SCFi = SCF at hot spot i in a regular HSS-to-HSS X-connection [calculated using Eqs. (2)-(5)]; ψ = 292 

correction factor; SCFend,i = SCF at hot spot i in a chord-end HSS-to-HSS X-connection with cap plate. 293 

As discussed in Section 4.2, in the parametric study, SCFs were obtained from the cap plate-reinforced end 294 

connection models (with e = 0.1b0, 0.5b0, 1.0b0), and from the control connections (with e = 3b0). The correction 295 

factors (ψ) were obtained by dividing the former by the latter.  296 

The parametric study shows that, for each chord-end RHS X-connection with cap plate, the ψ-values for 297 

each hot spot location (i.e. A-E) are nearly constant for a given set of non-dimensional parameters. For example, 298 

for any given e/b0 in Figs. 7, 8 and 9, the ψ-values for hot spot locations A-E only vary slightly. This is because 299 

all locations are adjacent to the branch corner at the welded joint. It was thus deemed appropriate to use a single 300 

formula to estimate the maximum of the five ψ-values (from locations A-E) in a chord-end RHS X-connection 301 

with cap plate for determination of SCFs according to Eq. (6).  302 

As discussed in Section 4.2, for all hot spot locations, ψ changes as e/d0, β and 2γ change. ψ does not vary 303 

significantly for different τ. An extensive evaluation of different types of formulae was conduct, followed by a 304 

non-linear least-squares regression analysis. The resulting approximate “best-fit” equation is given by Eq. (7): 305 

 ( ) ( )
0.61

01 0.78 2.10 2e b  = − −   (7) 

 306 
Figs. 7-9 show sample comparisons between: (i) ψ-values calculated using Eq. (7) and (ii) ψ-values obtained 307 

by dividing SCFend connection by SCFcontrol model (based on the parametric study results). Table 3 includes the key 308 
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statistics from comparisons based on the complete parametric study (i.e. 64 regular connection models and 192 309 

end connection models). As shown in Figs. 7-9 and Table 3, Eq. (7) is reasonably accurate over the range of 310 

parameters considered. For consistency with CIDECT DG 8 [8], a minimum SCF-value of 2.0 is still 311 

recommended.  312 

 313 

Table 3. Mean values and COVs of FE-to-predicted ψ based on Eq. (7) for 192 RHS-to-RHS cap plate-314 

reinforced end X-connection models 315 

Location Mean COV 

A 0.98 0.03 

B 0.98 0.03 

C 0.98 0.03 

D 0.98 0.04 

E 0.98 0.03 

  316 
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 Chord-End CHS-to-CHS X-Connections with Cap Plates 317 

In this section, the SCF data from the parametric study for CHS-to-CHS connections are compared to the 318 

predicted values calculated using existing SCF formulae in CIDECT DG8 [8]. The relationships among the SCF-319 

values, the member cross-sectional dimensions and the chord end distances are explored. A modified approach is 320 

developed for calculation of SCFs in chord-end CHS-to-CHS X-connections with cap plates. 321 

 322 

5.1. CIDECT Design Guide 8 Formulae 323 

For a CHS-to-CHS connections with a 90° branch-to-chord angle, CIDECT DG8 [8] considers four hot spot 324 

stress locations (the chord saddle, chord crown, branch saddle and branch crown, as shown in Table 2). The 325 

CIDECT formulae for regular CHS-to-CHS axially loaded X-connections for calculation of SCFs at these 326 

locations are as follows:  327 

• For the chord: 328 

 
_ , 1 2ch saddle axSCF X F=   (8) 

 329 

 
_ , 2ch crown axSCF X=  (9) 

 330 

where SCFch_saddle,ax = chord SCF at the saddle point; SCFch_crown,ax = chord SCF at the crown point; and F2 = 331 

reduction factor to account for “chord length effect” [19].  332 

• For the branch(es): 333 

 
_ , 3 2b saddle axSCF X F=   (10) 

 334 

 
_ , 4b crown axSCF X=  (11) 

 335 

where SCFb_saddle,ax = branch SCF at the saddle point; and SCFb_crown,ax = branch SCF at the crown point.  336 

The parameters X1, X2, X3, X4 and F2 are given as: 337 

 338 

 ( )
1.71.8

1 3.87 1.10 sinX      =    −    (12) 

 339 

 ( )
20.2

2 2.65 5 0.65 3 sinX       =  +  − −   
 

 (13) 

 340 
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 ( )0.5 0.9 1.7 2.5

3 1 1.9 1.09 sinX     = +     −   (14) 

 341 

 ( )1.2 2

4 3 0.12 exp 4 0.011 0.045X    = +   −  +  −   (15) 

 342 

If α ≥ 12: 
2 1.0F =  (16) 

 343 

If α < 12: ( ) ( )2 0.04 1.38 2.5

2 1 1.43 0.97 0.03 exp 0.71F     −= −  −  −   −     (17) 

 344 

where θ = acute angle between the branch and chord (in degrees). 345 

The above equations [Eqs. (8)-(17)] are valid within the following range of validity: 0.2 ≤ β ≤ 1.0, 15 ≤ 2γ ≤ 64, 346 

0.2 ≤ τ ≤ 1.0, 4 ≤ α ≤ 40, and 30° ≤ θ ≤ 90°. As for RHS-to-RHS connections, a minimum SCF-value of 2.0 is 347 

still recommended [8]. 348 

It can be seen from Eqs. (16) and (17) the CIDECT DG8 [8] acknowledges end effects on SCFs in CHS-to-349 

CHS connections. Detailed discussion on the background of these formulae can be found in [18,19]. The 350 

correction factor (F2) is, for selected connection geometries, plotted against α over its range of validity (4 ≤ α ≤ 351 

12), and beyond its range of validity (α < 4) to illustrate the predicted end effect in Fig. 10.  352 

  

(a) Effect of β (γ = 24) (b) Effect of γ (β = 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 353 

The FE parametric study for CHS-to-CHS X-connections consisted of 60 regular connection models and 180 354 

cap plate-reinforced end connection models. A constant CHS chord member external diameter (d0) of 300 mm 355 

was applied, with chord member thickness ranging from 2.4 to 15.0 mm, covering a wide range of non-356 

dimensional parameters (β = 0.30, 0.45, 0.60, and 0.75; 2γ = 20, 35, 50 and 65; and τ = 0.4, 0.6, 0.8, and 1.0). 357 

The branch member external diameter (d1) and thickness (t1) were determined based on the selected non-358 

dimensional parameters. The end distance (e) was varied between 0.1b0, 0.5b0, 1.0b0 and 3.0b0, with 3.0b0 359 

representing a conservative upper limit for which “end effects” could be safely ignored [10-16].  360 

For the 60 regular connection models (i.e. control models), the numerically obtained SCF-values on the two 361 

sides of the connections are the same due to geometrical symmetry. For the 180 end connection models, the 362 

SCFs were obtained at the hot-spot locations shown in Table 2, including: (a) chord saddle and branch saddle in 363 

Table 2; and (b) chord crown and branch saddle on both the long chord side and the cap plate-reinforced short 364 

chord side of the connection. The values on the two sides were compared to identify the governing side.  365 

According to the comparison using parametric study results from the 180 CHS-to-CHS end connection 366 

models, it was found that for the chord crown and branch crown locations of the end connections, the cap plate-367 

reinforced short chord side is always the governing side. As shown by the representative data in Fig. 11, the cap 368 

plate-reinforced short chord side has larger SCF-values at the critical locations. It is pointed out in CIDECT DG8 369 

[8] that for regular CHS-to-CHS X-connections under branch axial loading, for the crown location, the lower the 370 

2γ ratio, the higher is the SCF, where 2γ = b0 / t0 is an indicator of connection flexibility. In other words, for the 371 

crown locations in regular CHS-to-CHS connections, the SCFs increase as the connection flexibility decreases. 372 

This is consistent with the trend shown in Fig. 11. For the cap plate-reinforced short chord side, the connection 373 

deformation is largely restrained by the cap plate (i.e. the long chord side is more flexible). Therefore, for all 180 374 

CHS-to-CHS end connection models in the parametric study, the cap plate-reinforced short sides are the 375 

governing sides. In the following discussion, only the SCF-values from the governing sides are used for 376 

formulae development.  377 

 378 
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(a) End connection model 

(e = 1.0b0) 

 

(b) End connection model 

(e = 0.5b0) 

 

(c) End connection model 

(e = 0.1b0) 

 

 
Fig. 11. SCFs for CHS-to-CHS connection models with β = 0.45, 2γ = 20 and τ = 0.6 

 379 

 380 

The “F2” factor (Eq. 17) adopted by CIDECT DG8 [8] for consideration of chord length effect in symmetric 381 

connections is also evaluated using the FE results from the end connection models (with different end distances). 382 

Representative comparisons are shown in Figs. 12 and 13, where the ratios of SCFs in the end-connection 383 

models (SCFend connection) to those in the control models (SCFcontrol model) – herein denoted as ψ – are plotted. The 384 

ratio ψ = SCFend connection/ SCFcontrol model is akin to the factor F2 in Eq. 17. Using the α value corresponding to the 385 

end distance of the “short side”, the actual and extrapolated values of F2 for the chord and branch saddle 386 

locations are calculated using Eq. 17, and plotted in Figs. 12 and 13. The following observations can be made:  387 

(1) The SCFs at the chord crown and branch crown locations of chord-end CHS X-connections with cap 388 

plates can be significantly larger than those in the regular connection counterparts, since the 389 

corresponding ψ-values are larger than unity. Currently, CIDECT DG8 [8] does not have a dedicated 390 

formula for consideration of the effects of chord-end cap plate on the SCFs at the chord crown and 391 

branch crown locations. For the chord saddle locations, the ψ-values are significantly smaller than the 392 

F2-values calculated by Eq. 17. On the then hand, for the branch saddle locations, the ψ-values and the 393 

F2-values are similar.  394 
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(2) In all cases, the ψ-values approach unity when the e/d0-value approaches 3.0 (i.e. the effects of chord 395 

length and boundary condition become negligible), which is consistent with the findings in previous 396 

research [10-16]. 397 

In all, the existing CIDECT DG8 formula for consideration of chord length effects (i.e. Eq. 17) cannot be 398 

directly applied to chord-end CHS-to-CHS X-connections with cap plates. 399 

 400 

 401 

  402 
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(a) Chord crown 

 

(b) Chord saddle 

  

(c) Branch crown (d) Branch saddle 

 

 
 

Fig. 12. SCFs for CHS-to-CHS connection models in Table 4 with β = 0.45  

 403 

0

1

2

3

4

0 0.5 1 1.5

ψ
 o

r
F

2

e / d0

0

0.4

0.8

1.2

0 0.5 1 1.5

ψ
 o

r
F

2

e / d0

Eq. (17)Extrapolation

F2 calculated 

using Eq. (17)

0

3

6

9

0 0.5 1 1.5

ψ
 o

r
F

2

e / d0

0

0.4

0.8

1.2

0 0.5 1 1.5

ψ
 o

r
F

2

e / d0

Eq. (17)Extrapolation

F2 calculated 

using Eq. (17)

0

0.2

0.4

0.6

0.8

1

1.2

0 0.5 1 1.5 2 2.5 3

S
C

F
en

d
 c

o
n

n
ec

ti
o

n
/ 

S
C

F
co

n
tr

o
l 
m

o
d

el

e / d0

β=0.45  2γ = 20 β=0.45  2γ = 35

β=0.45  2γ = 50 β=0.45  2γ = 65

DG8 F2 for β=0.45  2γ = 20 DG8 F2 for β=0.45  2γ = 35

DG8 F2 for β=0.45  2γ = 50 DG8 F2 for β=0.45  2γ = 65

0

0.2

0.4

0.6

0.8

1

1.2

0 0.5 1 1.5 2 2.5 3

S
C

F
en

d
 c

o
n

n
ec

ti
o

n
/ 

S
C

F
co

n
tr

o
l 
m

o
d

el

e / d0

β=0.45  2γ = 20 β=0.45  2γ = 35

β=0.45  2γ = 50 β=0.45  2γ = 65

DG8 F2 for β=0.45  2γ = 20 DG8 F2 for β=0.45  2γ = 35

DG8 F2 for β=0.45  2γ = 50 DG8 F2 for β=0.45  2γ = 65

2γ = 20

2γ = 50

DG8 F2 for 2γ = 20

DG8 F2 for 2γ = 50

2γ = 35

2γ = 65

DG8 F2 for 2γ = 35

DG8 F2 for 2γ = 65



 

27 

 

  

(a) Chord crown 

 

(b) Chord saddle 

  

(c) Branch crown (d) Branch saddle 

 

 

 

Fig. 13. SCFs for CHS-to-CHS connection models in Table 4 with β = 0.60  
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The relationships among the SCF-values, the connection nondimensional parameters, the chord end distance 407 

and chord end cap plate are further explored, using the parametric study results. Representative results of ψ (= 408 

SCFend connection/ SCFcontrol model) vs. e/d0 at the four hot-spot locations (shown in Table 2) are shown in Figs. 14-16, 409 

where e/b0 is the chord end distance-over-chord diameter ratio. The following observations can be made: 410 

(1) For the chord saddle and branch saddle locations, ψ increases as e/d0 increases. On the other hand, for 411 

the chord crown and branch crown locations, ψ in many cases increases as e/d0 decreases. For the chord 412 

crown location, the relationships between ψ and e/d0 can be nonlinear. 413 

(2) For the chord crown and branch crown locations, for different e/d0, ψ in general increases as 2γ, τ and β 414 

increase.  415 

(3) For the chord saddle and branch saddle locations, for different e/d0, ψ in general increases as 2γ 416 

decreases, or as β increases.  417 

(4) For the chord saddle and branch saddle locations, for different e/d0, ψ does not change significantly for 418 

different τ. 419 

  420 
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(a) Chord crown 

 

(b) Chord saddle 

  

(c) Branch crown (d) Branch saddle 

 

 

 

Fig. 14. Effects of e/d0 and 2γ on SCFs in connections (β = 0.6 and τ = 0.6)  
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(a) Chord crown 

 

(b) Chord saddle 

  

(c) Branch crown (d) Branch saddle 

 

 

 

Fig. 15. Effects of e/d0 and τ on SCFs in connections (β = 0.6 and 2γ = 35)  
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(a) Chord crown 

 

(b) Chord saddle 

  

(c) Branch crown (d) Branch saddle 

 

 

 

Fig. 16. Effects of e/d0 and β on SCFs in connections (2γ = 20 and τ = 0.6)  
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5.3. Proposed Formulae 425 

The parametric study presented in Section 5.2 showed that the existing SCF formulae in CIDECT DG8 [8] 426 

for regular CHS-to-CHS X-connections under branch axial loading, utilizing the F2 factor [Eq. (17)], produce 427 

unsafe predictions when applied to chord-end CHS X-connections with cap plates. Like the approach presented 428 

in Section 4.3, this section presents formulae for correction factors (ψ) to consider the effects of chord end 429 

distance and cap plate in SCF calculation. 430 

After an extensive evaluation of different types of formulae, and a subsequent non-linear least-squares 431 

regression analysis, the approximate “best-fit” equations are given, as follows: 432 

• For the chord saddle: 433 

 ( ) ( ) ( ) ( ) ( )( ) ( )
2 2

0 00.483 0.474 1.49 0.081 1.33 0.003 2 0.197e d e d     = + + − − − −  (19) 

 434 

• For the chord crown: 435 

 ( ) ( )( ) ( )( ) ( )( )
2 2

0 01.22 0.219 2 0.00203 2 3.38e d e d     = + − −   (20) 

 436 

• For the branch saddle: 437 

 ( ) ( ) ( ) ( ) ( ) ( ) ( )
2 2 2

0 00.862 / 0.0001 2 0.012 2 0.100 0.414 /e d e d     = + + + − − − −  (21) 

 438 

• For the branch crown: 439 

 ( )( ) ( )( )( ) ( )( )( ) ( )( )( ) ( ) ( )
4

0 09 0.216 2 0.035 2 / 6.30 / 10.3e d e d           = + − − −  (22) 

 440 
Figs. 14-16 show sample comparisons between the above equations and the ψ-values obtained by dividing 441 

SCFend connection by SCFcontrol model (based on the parametric study). Table 4 includes the key statistics from the 442 

comparison. As shown in Figs. 14-16 and Table 4, Eqs. (19)-(22) are reasonably accurate over the range of 443 

parameters considered. For consistency with CIDECT DG8 [8], a minimum SCF-value of 2.0 is still 444 

recommended.   445 



 

33 

 

Table 4. Mean values and COVs of FE-to-predicted ψ based on 180 CHS-to-CHS cap plate-reinforced end X-446 

connection models 447 

Location Equation No. Mean COV 

Chord Saddle (19) 1.01 0.11 

Chord Crown (20) 0.97 0.18 

Branch Saddle (21) 1.00 0.06 

Branch Crown (22) 1.01 0.23 

 448 

 449 

 Conclusions 450 

To establish definitive design provisions for chord-end RHS-to-RHS and CHS-to-CHS X-connections with 451 

cap plates, a total of 496 FE models were developed and analysed in the parametric study presented in this paper. 452 

Based on the results, SCF correction factors (ψ), and parametric formulae to estimate ψ based on chord end 453 

distance-to-width (or diameter) (e/b0 or e/d0), branch-to-chord width (β), branch-to-chord thickness (τ), and 454 

chord slenderness (2γ) ratios, were derived. The ψ formulae developed in this study can be used in conjunction 455 

with the existing SCF formulae in CIDECT Design Guide 8 (or other design guides) for calculation of SCFs in 456 

cap plate-reinforced RHS-to-RHS and CHS-to-CHS end connections. 457 

 458 

 459 
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Nomenclature 467 

E Young’s modulus 

F2 reduction factor to account for “end effects” in CIDECT Design Guide 8 

Lr,max distance from weld toe to end point of extrapolation zone 

Lr,min distance from weld toe to starting point of extrapolation zone 

SCFA branch SCF at hot spot A 

SCFB chord SCF at hot spot B 

SCFC chord SCF at hot spot C 

SCFD chord SCF at hot spot D 

SCFE branch SCF at hot spot E 

SCFb_crown,ax branch SCF at the crown point 

SCFb_saddle,ax branch SCF at the saddle point 

SCFch_crown,ax chord SCF at the crown point 

SCFch_saddle,ax chord SCF at the saddle point 

SCFend connection SCF in end-connection model 

SCFcontrol model SCF in control model (connection with sufficient chord continuity)  

SCFend,i SCF at hot spot i in an RHS-to-RHS axially loaded X-connection near an open chord end 

SCFi SCF at hot spot i in an RHS-to-RHS axially loaded X-connection 

X1-4 SCF parameter for CHS-to-CHS X-connections 

b0 RHS chord width 

b1 RHS branch width 

bp branch plate width 

d0 CHS chord diameter 

d1 CHS branch diameter 

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

emin minimum required end distance 

h0 chord height 

h1 branch height 

l0 chord length 

ri inner corner radius 

ro outer corner radius 

r1 inner radius of CHS branch member 

r0 outer radius of CHS chord member 

t0 chord wall thickness 

t1 branch wall thickness 
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α chord length parameter (= 2l0/d0) 

β branch-to-chord diameter ratio (= d1/d0); branch-to-chord width ratio (= b1/b0) 

γ half chord diameter-to-thickness ratio (= d0/2t0); half chord width-to-thickness ratio (= b0/2t0) 

τ branch-to-chord thickness ratio (= t1/t0) 

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

ψ reduction factor for end connection 

 468 

 469 
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