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ABSTRACT 

Many existing multi-planar structures such as bridges, buildings and others are fabricated 

using square hollow section (SHS) members. There are no guidance’s available in the design 

codes to assess the safety and integrity of these cracked multi-planar SHS joints till date. 

This paper proposes a new set of equations for determining the reduction factor )( ARF of 

cracked multi-planar SHS TT-, YT- and KT-joints. A completely new and robust finite 

element (FE) mesh generator is developed and it is validated using the experimental test 

results. Parametric study is carried out for multi-planar SHS joints subjected to axial loading 

at the brace end. The results reveal that the crack area and the brace to chord width ratio (β) 

have an important effect on the plastic collapse load of the cracked SHS joints. For a 

particular β value, the ARF varies up to 4.37% for different values of crack area. 

Keywords: Finite element analysis; Multi-planar joints; Plastic collapse load; Reduction 

factor; Surface crack 

Nomenclature  

  
 

  a  crack depth 

 
cA
 crack area 
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0b  chord width 

 
1b , 2b  brace width 

 E  Young's modulus 

 
ARF  reduction factor  

g  gap distance 

 
0h  chord height 

 
1h , 2h  brace height 

 
cl  chord length  

 
wl  weld length 

 
cP  plastic collapse load 

 
0t  chord thickness 

 
1t , 2t  brace thickness 

 α chord length to half chord width ratio 

β brace to chord width ratio 

 
γ 

chord half width to thickness 

ratio 
 τ brace thickness to chord thickness ratio 

1θ , 2θ  brace to chord angle 

 
1. Introduction 

The previous research works conducted on multi-planar tubular joints focus solely on 

uncracked models [1-5]. Yu et al. [1] observed that the load capacity for uncracked multi-

planar rectangular hollow section (RHS) TT-joints at plastic collapse limit is increased by up 

to 26% more than that of uncracked uni-planar RHS T-joint. However, their work did not 

vary the geometric parameters such as β and γ, and they recommended that further 

parametric studies are required to quantify the multi-planar effect of the joints covering the 

whole range of geometrical parameters. The design resistance or plastic collapse load )( cP  

for each relevant plane of an uncracked multi-planar joint is determined by applying an 

appropriate multi-planar factor to the strength of the corresponding uncracked uni-planar 
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joint [6]. For the case of cracked multi-planar joints, a reduction factor )( ARF must be used. 

The ARF  when multiplied with the cP load of uncracked multi-planar SHS joints, gives the 

cP load of cracked multi-planar SHS joints. 

The ARF equation for uni-planar circular hollow section (CHS) tubular joints proposed by 

Burdekin et al. [7] has been incorporated in BS7910:2005 [8], Guide to methods for 

assessing the acceptability of flaws in metallic structures, and is expressed as 
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where Q
β
 is the geometrical modifier which depends on brace to chord width ratio () 

values, and it is expressed as  

 

Q
β
 = 1, for β ≤ 0.6                                                                                                                  (2) 

Q
β

=
0.3

[β(1−0.833β)]
 , for β > 0.6                                                                                             (3) 

For tubular joints containing part-thickness flaws, mq = 0 and for tubular joints containing 

through-thickness flaws, mq = 1. There are two main limitations in using the above equations 

for cracked multi-planar SHS TT-, YT- and KT-joints. Firstly, the study used to derive ARF

shown in equation (1) was carried out on uni-planar CHS joints [7]. So it may not produce 

optimal solutions for other joints such as cracked multi-planar SHS TT-, YT- and KT-joints.  

Secondly, it is given in the BS7910:2005 [8] that for CHS tubular joints containing part-

thickness flaws (surface cracks), mq = 0. In that case, the (
1

Qβ

) 
mq

 term from equation (1) will 

become one indicating that the ‘β’ has no effect in the estimation of ARF for cracked CHS 
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tubular joints. However, the present parametric study shows that the β has an influence on 

the ARF values for cracked multi-planar SHS TT-, YT- and KT-joints containing surface 

cracks; the results of which will be described in the subsequent sections. Therefore, the main 

objective of this paper is to propose a new set of equations for determining the ARF of 

cracked multi-planar SHS TT-, YT- and KT-joints subjected to axial tensile loading at the 

brace end. The ARF equations for cracked uni-planar SHS T-joints subjected to axial tensile 

loading at the brace end are already published by the authors [9]. 

2. New finite element (FE) mesh generator 

The new FE mesh generator for cracked multi-planar SHS TT-, YT- and KT-joints is 

developed based on some on-going research works in Nanyang Technological University, 

Singapore [9-18]. Based on the experiment test results [11, 12], the fatigue crack is modelled 

in the numerical model, and they are introduced at the corner of the weld toe at the hot spot 

stress location. It is observed that the shape of the crack is not symmetrical. Yang [11] 

approximated the crack shape as two half semi-elliptical cracks, and therefore, it is also 

adopted in the present study. The conventional dimensional notations used in the SHS joints 

are given in Fig. 1 [6, 19]. 

2.1.   Meshing details 

A completely new and robust FE mesh generator is developed by the authors to generate 

meshes automatically for different types of uncracked and cracked SHS joints [9, 16, 17, 

18].  The new FE mesh generator uses one type of element .i.e. 20 nodes hexahedral element 

to model the cracked SHS joints. Different types of elements such as hexahedral elements 

with 20 nodes, pyramid elements with 20 nodes, Prism elements with 15 nodes and 
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tetrahedron elements with 10 nodes were used in previous study [11]. The usage of different 

types of elements resulted in generation of elements with very sharp angles. Therefore, the 

convergence of solutions is not achieved whenever large strain values are involved.  

Another drawback of the previous study is the early termination of FE analysis especially for 

very large deformation [11]. This tendency was predominantly observed for elastic-plastic 

analyses during the calculation of J-integral. The elements at the crack tip are observed to 

collapse during elastic-plastic analyses and therefore, appropriate convergence of solutions is 

not achieved. The new FE mesh generator addresses this issue by using a key-hole for the 

modelling the crack tip used in elastic-plastic analyses. In general, there are two methods to 

construct crack tip elements for elastic-plastic analyses. Fig. 2.a shows the first method 

where the crack tip nodes are coincident and untied. This method results in the development 

of crack tip blunting due to large strains formed during the analyses. If the deformation at the 

crack is relatively small, it can still generate accurate elastic-plastic J-integral (Jep) results 

[17]. However, if the deformation is very large, the crack tip elements may collapse, 

producing invalid elastic-plastic J-integral (Jep) results. For a very large plastic deformation, 

it is frequently encountered that the solution cannot converge. In order to overcome this 

difficulty, Anderson [20] recommended using a key-hole, shown in Fig. 2.b, having a finite 

radius within the plastic zone at the crack tip. Therefore, crack tip elements having a finite 

radius key-hole are adopted in the present study. This helps greatly in avoiding the elements 

enclosing the crack tip from collapsing and ensuring convergence even at a very large plastic 

deformation. The selection of finite radius needs to be carefully chosen. If the finite radius is 

too small, the elements around the crack tip may still collapse, while if the finite radius is too 

large, it may affect the accuracy of the results because the finite radius of key-hole should lie 
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within the plastic zone [12]. The value of key-hole radius is adopted in accordance with the 

recommendations given in API RP579 [21], i.e. it should be at least five times smaller than 

tip radius in the deformed state. In the new FE mesh generator, the finite radius of the key-

hole is set as a variable so that an appropriate value can be chosen by the users. It was 

observed that the value of 0.1mm is sufficient to accommodate the large scale non-linear 

deformation at the crack tip without the collapsing of elements. So from the current research 

study, the authors recommend a range for key-hole radius form 0.05 to 0.15 with 0.1 as the 

most desirable value for load values in the range of 1000 kN. 

One another major limitation of the previous approach relates to the overall mesh design 

approach used for cracked SHS models [11]. The crack block is inserted into the previously 

generated uncracked SHS model. The border segments of the inserted crack block should 

exactly coincide with the mesh of uncracked SHS models. This requirement restricts the 

crack end position or in other words, the mesh generator is not flexible enough to account for 

cracks with varying lengths. In the new FE mesh generator, crack block is embedded in the 

SHS model. Separate FE mesh models are created for both uncracked and cracked SHS 

joints. The new FE mesh generator is versatile enough to account for cracks of any arbitrary 

length and is also flexible for modelling various combinations of unsymmetrical cracks 

having different depths. The “spider web” configuration which is the most efficient mesh 

design for the crack tip region enables a smooth conversion from a fine mesh to a coarser 

mesh away from the high stress concentration region. Mesh refinement and zoning 

techniques are extensively used in the new FE mesh generator so that it is robust to model 

different types of uni-planar and multi-planar SHS welded joints with and without cracks. 
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The basic sequence to form the brace part of a SHS T-joint is illustrated in Fig. 3. The crack 

tube, transition zone and crack block of a flat plate are modelled first. Transition zones are 

then used to connect the crack tube with the other parts of the structure. Thereafter, adjacent 

mesh zones of the flat plate are modelled. Subsequently, the flat plate is converted to T-butt 

geometry by adding weld attachments. In this study, mapping techniques are used to 

transform 2-D crack front of the parent T-butt geometry into 3-D crack front of the SHS 

joints. Finally, the remaining parts of brace and chord are generated to complete the 

modelling of SHS joints. Figs. 4 to 6 show the completed mesh of cracked multi-planar SHS 

TT-, YT- and KT-joints, respectively. 

2.2.   Experimental validation of new FE mesh generator 

Full-scale SHS T-, Y- and K-joints experimental tests had previously been tested to failures 

in the industry sponsored project completed by the authors [11, 12]. The above mentioned 

experimental test results are used to check the validity and accuracy of the new FE mesh 

generator. A specifically designed test rig shown in Fig. 7 is used to test the cracked SHS T-

joints. The rig comprises of two servo-hydraulic actuators which can produce ±1000 kN load 

and ±125 mm displacement capacity respectively. The loads are applied to the two ends of 

the spread beam by the actuators. Subsequently, the loads are transferred to the brace end via 

the 6 bolts stiffened to the spread beam as depicted in Fig. 8. As a result, a total maximum 

axial load of 2000 kN can be applied to the specimen. Instron 8500 controller is used to 

control the actuators. The controller can be set either in load control or in displacement 

control. Regarding the support condition at both chord ends, pinned end condition were 

created by using a pin and a roller placed on top of 600 mm × 600 mm concrete supports as 

illustrated in Fig. 8.  
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For SHS Y- and K-joints, another test rig was used for the static tests as shown in Fig. 9. The 

ends of the chord were fixed with the yellow rig as shown in Figs. 10(a) and 10(b) for Y- 

and K-joints respectively. Two hydraulic jackets were used to apply the loads on the end of 

the brace. Each hydraulic jacket can produce 1000 kN load capacity. 

Figs. 11 to 13 represent the load-displacement curves obtained from experimental test results 

as well as numerical results using the new FE mesh generator. The load-displacement curves 

for SHS T-, Y- and K-joints clearly reveal the analogous trends between experimental and 

numerical models. Hence, the numerical models created using the new FE mesh generator 

are accurate and slightly un-conservative, and it can be used to carry out extensive 

parametric study of cracked SHS T-, Y- and K-joints. Further extensive numerical validation 

of the new FE mesh generator can also be found in other published works reported by the 

authors [9, 16, 17, 18]. 

3. Parametric study 

The various codes of practises recommend a correction factor to uni-planar joint strength 

which is equivalent to the cP load to determine the cP load of corresponding uncracked 

multi-planar SHS joints [6, 19, 23]. As mentioned before, when ARF is multiplied with the 

cP load of uncracked multi-planar SHS joints, gives the cP load of cracked SHS joints. The 

equations for determining the cP load of uncracked multi-planar SHS joints takes into 

consideration of the effect of β, and hence, due importance is given for the same in the 

current parametric study. The next critical parameter to be considered in the parametric 

study is crack area factor. The crack area factor represents the percentage of crack area with 

respect to the total cross-sectional area. From equation (1), it can be seen that the total cross-
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sectional area is obtained by multiplying total weld length with the chord thickness. For 

example, a crack area factor of 10% indicates that the value of

% 100  
 thicknesschordlength weld

areacrack 
 










 is equal to 10%. 

3.1.   Geometry and material properties  

The details of various geometries used in the parametric study are given in Table 1. 11 

different values of β are analyzed for crack area values of 5.8%, 10%, 20% and 0%. The 

dimensions of the new multi-planar brace such as the length and width of the brace as well 

as the weld details are kept the same as the brace of uni-planar joints. The brace thickness to 

chord thickness ratio (τ) is kept constant throughout the parametric study. The thickness for 

the brace and chord used is 16.0 mm. All the chord length to half chord width ratio (α) 

values used in the parametric study are above 8.0 so that the effect of α on estimating the cP

load of multi-planar SHS TT-, YT- and KT-joints is eliminated [24]. 

The material used in the present study for cracked multi-planar SHS TT-, YT- and KT-joints 

is BS4360 structural steel of grade 50D, and the stress-strain curve of the material is shown 

in Fig. 14. The axial tensile loads are applied at the brace ends using displacement control. In 

the FE analyses, the new FE mesh generator produce the input files (models) automatically, 

which are then analysed using the commercial ABAQUS software [25]. In ABAQUS, 

loading can be either applied through load-control or displacement control. The present 

study uses displacement control. Gradually increasing displacement values are applied to the 

brace end, which are equivalent to applying gradually increasing load values. Finally, the 

load-displacement curves are obtained for each model and subsequent calculations are 

carried out. The Young’s modulus and Poisson’s ratio of the material used are 210 kN/mm2 
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and 0.3, respectively. Regarding the boundary conditions, the nodes at the brace end where 

the axial loading is applied is set free. And all the chord ends and non-loaded brace ends are 

pinned (Fig. 15). For all the cases used in the present study, the chord length is kept at a 

constant value of 3000 mm. A long value of chord length ensures that the effect of chord end 

boundary conditions on the failure of damaged joints is negligible [11]. 

4. Results and discussion 

In the present study, the twice-elastic compliance (TEC) criterion is used to determine the 

deformation limits. Past studies have used the TEC criterion to determine the cP load of 

cracked tubular joints [17, 26, 27]. This plastic criterion is defined in ASME VIII Division 2 

[28] as the twice-elastic slope (TES) criterion. The TEC criterion is established on the load-

deformation response of a structure in the plastic analysis as shown in Fig. 16. The cP load is 

the load corresponding to the intersection of the load-deformation curve and the twice elastic 

compliance line. The twice elastic compliance line start from the origin of the load-

deformation curve and has twice the slope of the initial elastic response [17], which is 

obtained using the equation  

θtan2tan                                                                                                                          (4)                       

where  and θ are the angles measured from the load axis as shown in Fig. 16.  

The comparison of numerical model with the real fractured sample is illustrated in Fig. 17. It 

is clearly observed that the failure mode for both the cases is punching shear. The FE mesh 

model of a typical multi-planar SHS TT-joint used in the parametric study is depicted in Fig. 

18. The shape of model before and after the analysis is illustrated, and it can be observed that 

a considerable yielding has occurred particularly around the brace-chord intersection which 
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is the high stress concentration region. The load-displacement curves for the multi-planar 

SHS TT-joints are represented in Figs. 19 to 21. Brace end axial loading values are plotted 

against brace end displacement for crack area values of 5.8%, 10% and 20%. In the curves, 

results from lower and higher β values are plotted, and it is observed that the cP load of the 

multi-planar SHS TT-joints joints increases with increasing value of β. Similar variation is 

observed for the load versus displacement curves for SHS YT- and KT-joints, and hence, 

they are not shown in this paper. 

4.1.   Effect of brace to chord width ratio (β) 

Using the FE analyses results, the load-displacement relationship of the SHS TT-, YT- and 

KT-joints are plotted to obtain the cP  load. The reduction factor ( ARF ) is calculated using 

the following expression, 

joint SHS uncracked of load collapse Plastic

joint SHS cracked of load collapse Plastic
AR F                                                            (5) 

Similar to the observation made for cracked uni-planar SHS joints [9], the present study 

shows that β has an influence on ARF  for cracked multi-planar SHS TT-, YT- and KT-joints 

(Figs. 22 to 24). For a particular value of crack area, ARF vary from 0.31% to 2.71% for 

different values of β. It is observed that the influence of β value in ARF estimation for multi-

planar joints is less when compared to uni-planar joints. In other words, ARF obtained for 

multi-planar joints are higher when compared to the same for uni-planar joints. This is 

expected since the presence of an additional brace in multi-planar joints increases the cP

load, and thereby, increasing the stiffness of the brace-chord intersection zone in multi-

planar joints. For low brace to chord width ratio (β) value, the failure mode observed is 
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punching shear, and it is observed for a β value up to 0.50. In the case of higher β values, the 

failure mode observed is chord face plastification. In chord face plastification failure mode, 

extensive bending of the chord face is observed. 

4.2.   Effect of crack area factor 

The reduction factor )( ARF is primarily introduced to account for the reduction in cP load 

due to the presence of cracks in tubular joints. Therefore, the crack area has the most 

significant influence on ARF of cracked multi-planar SHS TT-, YT- and KT-joints. Figs. 25, 

27 and 29 depict the variation in the ARF with the crack area for punching shear failure 

mode; while Figs. 26, 28 and 30 depict the same for chord face plastification failure mode. 

The parametric study reveals that for cracked multi-planar SHS joints, ARF varies from 

1.52% to 4.37% for different values of crack area. For the uni-planar SHS joints, the 

variation range from is 1.9% to 5.3% [9].  Generally, it is observed that ARF decreases with 

an increase in crack area value. As the crack size increases, the cP load of the cracked multi-

planar SHS TT-, YT- and KT-joints decreases, thereby, weakening the strength of joints. 

Therefore, a lower value of ARF which is calculated as per equation (5) is obtained. 

The parametric study shows that the ARF decreases to 4.37% in the case of cracked multi-

planar SHS TT- and YT-joints and 4.15% in the case of cracked multi-planar SHS KT-joints 

for crack area of 20%. It is worth to mention the above smaller percentage reduction value 

for KT-joints relative to TT- and YT-joints. The presence of an additional brace in KT-joints 

increases the local stiffness of the joint, and thereby, increasing the bearing capacity to 

withstand the effect of cracks. 
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4.3.   Proposed equations for reduction factor )( ARF  

It is clear from the Sub-sections 4.1 and 4.2 that ARF vary non-linearly with β and crack area 

for SHS TT-, YT- and KT-joints. This non-linear variation necessitates the use of non-linear 

regression techniques to curve fit the numerical data obtained from the parametric study. 

Hence, for the two failure modes observed for cracked multi-planar SHS TT-, YT- and KT-

joints, two set of equations are proposed after carrying out the non-linear regression. 

The proposed equations for TT- and YT-joints are as follows: 
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The proposed equations for KT-joints are as follows: 
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where cA is the crack area, wl  is the weld length and 0t is the chord thickness. 

The coefficient of determination values for TT- and YT- joints are 0.957 and 0.903, and for 
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KT-joints are 0.959 and 0.912. These high values for the non-linear regression justify the 

statistical accuracy of the proposed equations. For verifying the proposed equations further, 

the reduction factor )( ARF values from the numerical data and the ARF values obtained from 

the regression equations are plotted and compared as shown in Figs. 31 to 36. The plots 

reconfirm the accuracy of the proposed regression equations as the values for both the 

considered cases exhibit good agreement. 

5. Conclusions 

Plastic collapse analyses of cracked multi-planar SHS TT-, YT- and KT-joints are performed 

for the first time in the present study. It can be observed clearly that the stress at the brace-

chord intersection corner is the highest compared to the other regions of the SHS TT-, YT- 

and KT-joints. The reduction factor )( ARF obtained for multi-planar joints are higher when 

compared to the same for uni-planar joints due to the presence of an additional brace which 

increases the cP load, and thereby, increasing the stiffness of the brace-chord intersection 

zone in multi-planar joints. For a particular value of crack area, ARF vary from 0.31% to 

2.71% for different values of β. The crack area has the most significant influence on ARF of 

cracked multi-planar SHS TT-, YT- and KT-joints. The study reveals that the ARF decreases 

to 4.37% in the case of cracked multi-planar SHS TT- and YT-joints and 4.15% in the case 

of cracked multi-planar SHS KT-joints for crack area of 20%. Non-linear regression 

techniques are used to curve fit the numerical data obtained from the parametric study and a 

new set of equations for ARF of cracked multi-planar SHS TT-, YT- and KT-joints are 

proposed. The ARF values from the numerical data and the regression equations are plotted 

and compared. The plots reconfirm the accuracy of the proposed regression equations as the 
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values for both the considered cases exhibit good agreement 
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Table 1    

Dimensions of specimens for crack area of 5.8%, 10%, 20 % and 0%  

1b  2b  0t  1t  cl  β 0b   α τ 

150.0 150.0 16 16 3000 0.25 600.0 18.8 10.0 1 

150.0 150.0 16 16 3000 0.30 500.0 15.6 12.0 1 

150.0 150.0 16 16 3000 0.35 428.6 13.4 14.0 1 

150.0 150.0 16 16 3000 0.40 375.0 11.7 16.0 1 

150.0 150.0 16 16 3000 0.45 333.3 10.4 18.0 1 

150.0 150.0 16 16 3000 0.50 300.0 9.4 20.0 1 

150.0 150.0 16 16 3000 0.55 272.7 8.5 22.0 1 

150.0 150.0 16 16 3000 0.60 250.0 7.8 24.0 1 

150.0 150.0 16 16 3000 0.65 230.8 7.2 26.0 1 

150.0 150.0 16 16 3000 0.70 214.3 6.7 28.0 1 

150.0 150.0 16 16 3000 0.75 200.0 6.3 30.0 1 
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Fig. 1   Dimensional notations used by CIDECT [6] and IIW [19]  

 

 
(a)                                   (b) 

 

Fig. 2   Different methods used to model the crack tip for elastic-plastic analyses 
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Fig. 3   Sequence to form the main brace of SHS T-joint 

 

 

 

 

Crack block Plate 

T-butt 

joint 

Brace of 

SHS joint 

Curve T-butt to 

form brace 



- 21 - 

 

 

Fig. 4   The completed mesh of a cracked multi-planar SHS TT-joint 

 

 

Fig. 5   The completed mesh of a cracked multi-planar SHS YT-joint 
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Fig. 6   The completed mesh of a cracked multi-planar SHS KT-joint 

 

 

 

Fig. 7   Test rig for SHS T-joint [11] 
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Fig. 8   Setup of the experimental test [11] 

 

 

Fig. 9   Test rig used to test the Y- and K-joints [11] 

 

 



- 24 - 

 

 
 

(a)                                                            (b) 

Fig. 10   Schematic view of the test rig used to test the Y- and K-joints [11] 
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Fig. 11   Comparison of load-displacement curves of uni-planar and multi-planar SHS T-

joints  
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Fig. 12   Comparison of load-displacement curves of uni-planar and multi-planar SHS Y-

joints 
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Fig. 13   Comparison of load-displacement curves of uni-planar and multi-planar SHS K-

joints 
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Fig. 14   Stress-strain curve of the BS4360-50D structural steel 

 

 

 

Fig. 15   Loading and boundary conditions  
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Fig. 16   Twice elastic compliance criterion 

 

 

Fig. 17   Comparison with real fractured sample 
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Fig. 18   Typical multi-planar SHS models: (a) before FE analysis; (b) after FE analysis, 

with deformation plotted using a scale of 1.5:1 
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Fig. 19   Load vs displacement curve for crack area 5.8% for multi-planar TT-joints 
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Fig. 20   Load vs displacement curve for crack area 10% for multi-planar TT-joints
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Fig. 21   Load vs displacement curve for crack area 20% for multi-planar TT-joints 
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Fig. 22   ARF vs β plot comparison for multi-planar SHS TT-joints 
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Fig. 23   ARF vs β plot comparison for multi-planar SHS YT-joints 
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Fig. 24   ARF vs β plot comparison for multi-planar SHS KT-joints 
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Fig. 25   Comparison of ARF vs crack area plot of multi-planar SHS TT-joints for β<0.5 
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Fig. 26   Comparison of ARF vs crack area plot of multi-planar SHS TT-joints for β≥0.5 
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Fig. 27   Comparison of ARF vs crack area plot of multi-planar SHS YT-joints for β<0.5 
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Fig. 28   Comparison of ARF vs crack area plot of multi-planar SHS YT-joints for β≥0.5 
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Fig. 29   Comparison of ARF vs crack area plot of multi-planar SHS KT-joints for β<0.5 
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Fig. 30   Comparison of ARF vs crack area plot of multi-planar SHS KT-joints for β≥0.5 

 



- 35 - 

 

0.45 0.50 0.55 0.60 0.65 0.70 0.75 0.80

0.90

0.91

0.92

0.93

0.94

0.95

0.96

0.97

0.98

0.99

1.00

1.01

1.02

F
A

R



 Numerical, Crack area = 5.8% 

 Equation, Crack area = 5.8%

 Numerical, Crack area = 10%

 Equation, Crack area = 10%

 Numerical, Crack area = 20%

 Equation, Crack area = 20%

 

Fig. 31   Comparison of equation predictions with the numerical data for multi-planar SHS 

TT-joints for β≥0.5 
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Fig. 32   Comparison of equation predictions with the numerical data for multi-planar SHS 

TT-joints for β<0.5 
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Fig. 33   Comparison of equation predictions with the numerical data for multi-planar SHS 

YT-joints for β≥0.5 
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Fig. 34   Comparison of equation predictions with the numerical data for multi-planar SHS 

YT-joints for β<0.5 
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Fig. 35   Comparison of equation predictions with the numerical data for multi-planar SHS 

KT-joints for β≥0.5 
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Fig. 36   Comparison of equation predictions with the numerical data for multi-planar SHS 

KT-joints for β<0.5 

 

 


