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Presented herein is a review of the research programmes and findings on the fatigue performances of 

tubular joints. The studies, conducted at the Nanyang Technological University, embraced a number of 

welded tubular joints types that have been used in both onshore and offshore structures. Research 

efforts also focussed on the development of research methodologies, new modelling and assessment 

tools that are applicable to different types of commonly used tubular joints. Based on the key results 

obtained from the studies, those parameters that critically affect the fatigue performance of tubular 

joints are identified. In addition, some potential areas for further extensions of the presented works are 

suggested. 
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1. Introduction 

In the design of tubular steel structures, the importance of the fatigue performance on safety was well 

appreciated as evidenced by the two-part Eurocode 3 (EN 1993, 2004) devoted to specifying the design 

standard against fatigue and fracture failure. As the design of structural joints is a critical design step 

for all tubular steel structures (Zhao et al. 2000 and Wardenier 2002), fatigue assessment of welded 

tubular hollow section joints is one of the most intensively studied topics in tubular joints. 

Traditionally, studies on the fatigue performance of tubular joints are largely based on the members’ 

geometries (circular hollow section (CHS) or rectangular hollow section (RHS)) and the joint 

configurations (T/Y/K/N/X joints) used. The reason is that different member geometries and joint 

configurations affect the stress concentration factor (SCF) and the peak hot spot stress (HSS) along the 

weld path. These stress concentrations and hot spot stresses eventually determine when and where  

fatigue cracks are formed and subsequently affect the fatigue life of the joints. In the research of fatigue 

performance of welded tubular joints, full scale experimental studies are often carried out to understand 

the performance of joints (Chiew et al. 2004, 2007, Lie et al. 2006b, Lee et al. 2007a). However, since 

experimental studies are expensive and time consuming to conduct, the alternative methodology of 

numerical modelling (Chiew et al. 2001, Lie et al. 2004, 2006a, 2006c, Lee et al. 2005, 2007) is 

commonly employed to complement experimental studies, especially when the responses for a wide 

range of geometrical parameters are needed. Regarding the procedure for assessing the fatigue 

performance of a welded joint, two different levels of approaches are possible, namely, (1) the 

assessment of an intact, uncracked joint using either the classification method or the hot spot stress 

method and (2) the assessment of a cracked joint using the fracture mechanics method (Zhao et al. 

2000). In general, due to the existence of the crack, the assessment of a cracked joint is more 

complicated than an intact joint and detailed finite element (FE) modelling is almost mandatory. 

When the authors’ research group started to investigate the fatigue behaviour of tubular joints, it 

was realized quickly that while different procedures are needed for the modelling of uncracked and 

cracked joints, the assessment procedures for uncracked and cracked joints should be considered as two 

parts of an integrated fatigue assessment scheme that follows the service life of the joints. Furthermore, 

consistent numerical modelling procedures should be developed to study the responses of different 

joint types. This paper reviews the research findings from a series of research projects carried out by 

the author’s research group at the Nanyang Technological University (NTU) over the ten years. 

Emphases will be given to describe the research methodology adopted, the key research findings 

discovered and the modelling tools and assessment procedures developed. The layout of the paper is as 

follows: In the next section, a concise summary on the general research methodology adopted and the 
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scope of works done will be given. These will be followed by a summary of the modelling and 

assessment tools developed. Section 4 will be devoted to reporting the key findings. Finally, 

conclusions of the research studies done and some potential future extensions will be given. 

 

2. Main study procedures and scope of works done 

2.1 General requirements 

It was realised at the beginning of the research work that the following general requirements are needed 

for all fatigue studies, regardless of the joint type under consideration: 

(1) Fatigue studies on both uncracked and cracked welded joints are needed. In fact, studies on the 

cracked joints should be regarded as an inevitable follow up assessment for the uncracked joints 

after they are built and committed for years of services. 

(2) To obtain the responses of the joints, full scale tests are the best approach. 

(3) Since full scale experimental studies are expensive, any specimen should be fully tested for both 

uncracked and cracked conditions. In addition, if possible, further fracture and failure tests should 

be applied to the cracked joint. 

(4) Numerical modelling is the only feasible approach to carry out parametric studies in order to 

investigate the effects of different geometries and loading parameters. 

(5) In numerical parametric studies, a large number of models corresponding to different geometrical 

parameters are to be created. Hence, a consistent geometrical model and an automatic model (FE 

meshes) creation tool are mandatory to ensure the quality of the modelling results and to allow the 

parametric study to be completed in a reasonable time. 

Based on the above requirements, the whole study procedure for a given joint type was designed to 

consist of two main components, namely, the experimental component and the numerical component 

complementing each another. Figures 1 and 2 show their overall flow charts. 

 

2.2 Experimental component 

The experimental component can be further divided into three phases, namely, the planning phase, the 

testing phase and the analysis phase (Fig. 1). The planning phase involves the selection of section 

geometry and joint type. Note that the section and joint types eligible for experimental study are largely 

depended on the capacity and limitations of the equipment available. An appreciation on the constraint 

of existing equipment is critical during the planning phase (Steps P1 and P2 in Fig. 1). In the 

construction technology laboratory of NTU, the testing frame available is the 25-tonne multi-axis 

dynamic testing frame (The “Orange Rig”, Fig. 3). This testing frame was designed to conduct fatigue 
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simulations for structural joints. It is possible to mount and test T-, Y- and K joints on this rig. The 

three dynamic actuators mounted on the frame can apply cyclic loadings in three perpendicular (X-Y-

Z) axes. The capacities of the actuators are 250kN in the X and Y axes and 100kN in the Z axis and all 

with a stroke range of ±125 mm. Sophisticated dynamic loading control system is connected to the 

actuators so that the magnitudes and the frequencies (up to 5Hz) of the cyclic loadings applied by each 

actuator can be controlled and pre-fixed independently. The maximum capacities of these actuators 

(250kN and 100kN) allow fatigue tests of full scale tubular joints with section size up to ∅400mm and 

thickness up to 25mm to be conducted. In the planning phase, the availability of a reasonable 

preliminary numerical model (Step P4 in Fig. 1) is critical to the design of the test and specimen sizes. 

A good preliminary numerical model can indicate the position and the stress range of the peak HSS 

during cyclic loading to avoid yielding. It also allows the researcher to estimate the number of loading 

cycles needed to fail the specimen. 

In the test phase, two compulsory tests, namely, the static test and the fatigue test, were 

conducted. The main objective of the static test (Step T2 in Fig. 1) is to study the responses and the 

characteristics of the uncracked joint under different loading conditions. Hence, extensive strain 

gauging around the welded joint is needed (Fig. 4). Furthermore, the static test results are employed to 

validate the correctness of the experimental set up and the accuracy of the FE model constructed based 

on the pre-test measurement (Step T1). After the static test is completed, fatigue test (Step T3) is 

conducted by using the three actuators to apply cyclic loading to the specimen. The fatigue test usually 

needs the longest time to complete as in some cases (Chiew et al. 2007, Lee et al 2007) more than one 

million loading cycles are needed to fail the joint. To monitor the crack growth rate along the weld 

profile and the penetration rate through the thickness of the section, the alternating current potential 

drop (ACPD) technique (Technical Software Consultant Ltd., 1991, Fig. 5) were employed. Normally, 

due to the constraints of the ACPD equipment, only a portion (e.g. one of the four corners for a RHS 

joint) of the weld path can be monitored. In this case, the static test and the FE model results are 

employed to predict the fatigue crack location. The advancement of the fatigue crack is usually scanned 

for every 200 to 1000 loading cycles and the history of the crack profile is recorded (Fig. 6) until the 

crack penetrated through the thickness of the affected section. After the fatigue test is completed, if 

further study on the failure strength of the crack section is required (Lie et al 2006b, 2006c, 2007), the 

cracked joint could be relocated to another test frame for fracture and failure tests. 

After the main test phase is completed, the specimen is opened up along the cracked region 

(Step A1) for measurement of the length, depth and profile of the final crack for validation against the 

ACPD results (Step A2). Since one of the main objectives for all fatigue studies is to predict the crack 
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growth rate, it is essential that in the FE model the shape of the crack surface and front are modelled 

correctly (Lie et al. 2003, 2005a, Lee et al. 2007). Toward this end, the crack surface shape is measured 

using a simple clay mould method (Lee et al. 2007, Nguyen 2008) so that the crack surface shape is 

captured and digitized (Step A3). Finally, in Step A4, the actual crack penetration rate at a given point 

of the crack can be obtained by processing the ACPD results which recorded the relationship between 

the crack depth a and the number of loading cycles applied, N. Differentiation of the smoothed data 

obtained yields the crack growth rate da/dN which can be used with the Paris’ law (Paris and Erdogan 

1963) 

 mK)C(
dN
da

Δ=  (1) 

for the estimation of the SIF variation along the crack mouth. In Eq. (1), C and m are two material 

parameters which can be obtained either from the section supplier or from previous studies (Barsom 

and Novak 1977). ΔK is the range of the SIF in one loading cycle and is equivalent to the maximum 

SIF value when the minimum loading is set to zero. 

 

2.3 Numerical component 

For the numerical component, it can be divided into three phases (Fig. 2) namely, modelling of 

uncracked joint (Steps U1-U4), modelling of cracked joint (Steps C1 to C5) and development of tools 

and assessment methods (Steps D1-D4). For both the modelling of uncracked and cracked joints, the 

procedures employed are similar and involve the following three steps: 

(1) Construction of geometrical models to describe the joint geometry and other key details such as 

the weld profile, shapes of crack surface and front (Steps U1 and C1). 

(2) Implementation of corresponding model generation tools (FE mesh generation schemes) to 

discretize the geometrical models into FE models (Steps U2 and C2). 

(3) Verification and amendments (Step C3 and U3) of the geometrical and the FE models developed 

by checking the modelling results against experimental measurements. 

In Steps C2 and U2, well defined mathematical descriptions of the modelled joints are essential. The 

main reason is that in order to study the general behaviour of the selected joint type, large parametric 

studies (Step U4 and C4) comprise a large numbers of FE models to cover the ranges of geometrical 

parameters selected. Hence, in order to obtain reliable modelling results, rather than to define the 

geometry of the joints based on preferences and selections from an individual analyst, all the FE 

models must be created based on a common geometrical description. In addition, consistent modelling 
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assumptions should be used when developing both the uncracked and the cracked models so that the 

latter model can be considered as an extension of the former model. For the development of 

geometrical models for large parametric FE studies, it is necessary to implement automatic model 

(mesh) generation tools for fast model generation so that the parametric study can be completed in a 

reasonable time. For the modelling of a cracked joint, similar to the experimental component, an 

optional step (Step C5) could be carried out for the modelling of ultimate failure strength and failure 

mode of the cracked joint (Lie et al. 2006b, 2006c, 2007). 

Upon completion of the experimental and numerical studies, the development steps (Steps D1 to 

D4) follow to conclude the results and to deliver the following design aids to the user: 

(1) Prediction tools of SCF and HSS values under different loading conditions. 

(2) A prediction tool of the SIF values for surface cracks.  

(3) Computation procedures for residual fatigue life of a cracked joint 

(4) Failure assessment for the cracked joint. 

One remark on the experimental and the numerical components is that they should not be treated as 

two separate and independent parts of the study. As shown in Figs. 1 and 2, they are highly coupled 

and they complement each another. Without the experimental investigation component, it is unlikely 

that reliable numerical models can be constructed and their predictions verified. On the other hand, 

without the numerical modelling component, planning for the experimental studies shall become a trial 

and error process and it shall be much harder to design a series of tests to obtain useful responses. 

 

3. Joint type studies and tools developed 

3.1 Joint type studies and scope of works 

Table 1 lists the research projects conducted in a chronological order from 1998 to 2008. Joints made 

up of different section types (RHS and CHS) and configurations (T/Y/K) were tested. In Table 1, it can 

be seen that at least two full scale tests on both uncracked and cracked conditions were carried out in 

all projects. In addition, for the project RHS-T, the cracked joints were also re-configured for fracture 

and failure studies. The study period listed in Table 1 includes the time for both experimental and 

numerical studies, together with time spent to develop the modelling tools and to deliver the 

assessment methods. In general, it was found that the experimental component is the most expensive 

and time consuming part and accounted for about 75% of the project expenditures and 50% of the 

project time. A summary of the projects is tabulated in chronological order to show the increasing 

complexity of the joint type studied and the overlapping of the study periods between different 

projects. Such a project schedule was designed to optimize the use of the test rig so that by the time 
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when the experimental component of one project was finished, the test rig can be continuously used for 

the next project. Finally, it should be noted that due to the constraints imposed by the orange rig, all the 

studies only involved planar joints. 

 

3.2 Tools and procedures developed 

The tools and procedures developed can be classified into two distinctive sets. The first set consists of 

tools for the modelling of uncracked and cracked joints. The second set consists of procedures for the 

fatigue assessments of uncracked and cracked joints. 

Tools for modelling of tubular joints 

(1) A consistent geometrical modelling procedure for the weld 

As the weld quality critically affects the fatigue performance of tubular joints (AWS 2008, API 2007), 

careful investigations were carried out to construct a realistic model for the weld profile along the 

tubular joint. The weld geometrical model developed (Lie et al. 2001) eventually served as the base for 

all numerical analyses with weld details. The model was constructed by considering the welding 

specifications from the design codes (AWS 2008, API 2007) in which the dihedral angle γ (Fig. 7a) is 

the main parameter that determines the minimum weld thickness, Tw at the chord face (Figs. 7c and 

7d). The geometrical model developed defines Tw by considering the variation of γ at different points 

along the weld perimeter path. At any point Tw is equal to the sum of three thicknesses T1, T2 and T3 

(Figs. 7b – 7d) which account for the contact thickness based on pure geometrical intersection (T1) and 

the effects of the weld fill in and cut out (T2 and T3) (Lie et al. 2003, 2006b, Chiew et al. 2004, 2007, 

Nguyen 2008). The final form of the model is refined and validated against many actual measurements. 

The objective of this modelling procedure is not to reproduce exactly the weld profiles created in actual 

joints. As it is well known that due to the nature of the fabrication process, it is impractical to assume 

that the final weld profile constructed will always satisfy precisely the pre-defined thickness 

requirement. In fact, it is found that for a carefully constructed joint, the actual weld thickness achieved 

is often greater than the minimum requirement. Hence, the present model developed is designed in 

such a way that weld thickness generated is (i) a continuous function along the whole intersection, (ii) 

satisfies the minimum requirements given by the design code and (iii) less than the thickness for most 

actual joints constructed. 
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(2) A consistent geometrical modelling procedure for the crack surface and front 

The geometrical models for the crack surface and front (Lie et al. 2003, 2005a, 2006a, Lee et al. 2005) 

were developed based in the experimental measurements obtained from full scale tests (Chiew et al. 

2004, 2007, Lie et al. 2006b). In the crack surface model, the crack surface is defined implicitly by 

considering its cross sections perpendicular to the tubular sections (Fig. 8a). After investigating the 

measurements obtained from full scale tests, it is found that the geometry of the crack surface can be 

defined conveniently by the angle ω as shown in Fig. 8a. In addition, ω can be considered as a constant 

for CHS joints (Lie et al. 2003, 2005a, Lee et al. 2005, Nguyen 2005) while it can be modelled as a 

linear function of the crack depth for RHS joints (Lee et al. 2007, 2009b). Once the crack surface is 

defined, the crack front can be constructed by measuring the relative positions of the two crack tips and 

the deepest point of the crack with respected to a fixed reference point on the section surface (Figs. 8b 

and 8c). The crack surface and front models are linked by a mapping procedure so that the crack front 

is described as a unsymmetrical bi-elliptical curve (Fig. 8b) on a projected plane. Such modelling 

procedure is again validated against all the experimental measurements obtained from the ACPD 

technique and is found to be reliable and gave good numerical modelling results. 

 

(3) Standardized procedures for measuring the weld profile and crack surface shape 

In order to gather information about the geometries of the weld profile and the crack surface from the 

test results and to validate the geometrical models developed, simple measurement procedures using 

clay moulding technique are developed. The common step of these procedures is to apply mouldable 

clay around the interested area and the moulding material is left to set (Fig. 9). The dried clay mould is 

then removed and measured to obtain the values of the desired parameters. For the measurement of the 

weld profile, a “slave” section is often employed to trace out the weld profile on a tracing paper which 

can then be digitized. For crack surface shape, a more complicated procedure is needed (Fig. 10). The 

cracked part is first cut out from the joint and opened up. Clay mould is applied to capture the shape of 

the crack surface which is then cut into sections for scanning and digital measurements. One advantage 

of these methods is that the clay mould is inexpensive to make and all measurement procedures are 

non-destructive so that repeated measurements could be applied to the specimen until successful 

measurements are obtained. 

 

(4) A hierarchical mesh generation procedure for tubular joints 

As large scale parametric study consists of thousands of analyses, it is infeasible to create FE meshes 

manually and the use of automatic mesh generation procedures is mandatory. Furthermore, as the 
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modelling of cracked joints is considered as the continuation of the modelling of uncracked joints, a 

hierarchical mesh generation procedure (Lee 2009b) was developed. This procedure allows a series of 

meshes with increasing levels of geometrical details to be created automatically. All the meshes in the 

series are consistent in the sense that all geometrical details included in the simpler meshes are 

inherited to the more complex meshes. An example of a partially overlapped CHS K-joint is shown in 

Figs. 11 and 12 to demonstrate the essential mesh generation steps. The simplest model and mesh 

created is a surface mesh (Fig. 11a) based in the geometrical intersection of the CHS sections. This 

surface mesh is generated by the general purpose mesh generation scheme developed by Lee (Lee 

2003a, 2003b) and could be used for ultimate strength analysis. If detailed stress analysis is needed 

near the joint for fatigue assessment of uncracked joints, solid meshes with or without weld details 

(Fig. 11b and 11c) could be generated from the surface mesh by using a special thin-walled structure 

mesh generation scheme (Lee and Xu 2005) and a weld part generation procedure (Nguyen 2008). 

Finally, if cracked details are needed for the computation of SIF, an additional procedure (Nguyen 

2008, Lee et al. 2009b) which extracts the crack affected zone (Fig. 12a) and creates the joint block 

(Fig. 12b) and the crack block (Figs. 12c and 12d) will be applied to the solid mesh. This automatic 

mesh generation procedure allows the modeller to create a large number of models in a short time for 

the parameter study and all the meshes generated are consistent regardless to the actual dimensions of 

the joints. 

 

Procedures for fatigue assessments of tubular joints 

(1) Interpolation technique for prediction of responses of tubular joints 

In most design codes for tubular joints, the variations of key responses (e.g. SCF and SIF) with respect 

to the geometrical and loading parameters are described by some empirical equations. These equations 

are obtained by using multi-variable regression analysis based on the results obtained from numerical 

parametric studies. For simple joint types such as CHS T-joint under simple loading condition, these 

empirical equations are usually able to provide reasonable predictions. However, for the cases of a 

more complicate joint or a simple joint under complex loading, such an approach would often result in 

lengthy equations (Shao 2004). Furthermore, due to the complexity of the joint and the presence of 

many parameters, these lengthy equations would not be able to give good predictions over the whole 

range of parameters. To overcome this problem, a new approach was proposed (Shao 2004, Lie et al. 

2005b, 2006d). The main concept of this new approach is that since the responses of the joints over the 

selected parametric ranges at some fixed intervals are computed during the parametric study, a logical 

way to approximate the variation of the responses can be obtained by using the standard Lagrangian 
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interpolation functions (Zienkiewicz et. al. 2005) that are frequently used in the FE analysis. Figure 13 

shows an example where the variation of the response Φ is a function of a certain parameter ξ in the 

range [ξ1, ξ8]. The values of Φ at the nodes, ξi, i = 1,..,8 are already computed during the parametric 

study and are denoted as Φi. If the value of Φ at ξ = ξeval is required, the third interval [ξ3, ξ4] that 

contains ξeval is first identified. The approximated value ( )evalξΦ~  is then computed as 

 ( ) ( ) ( ) 4eval23eval1eval ΦξLΦξLξΦ +=~  (2) 

In Eq. (1), ( )ξjL , j=1, 2 are the first order Lagrangian interpolation function defined as 

 ( ) ( ) 3i ,
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( 2
eval

1
eval ξ,ξ ) is enclosed by 22=4 nodal points (Fig. 14). The i1th interval along the ξ1 axis and the i2th 

interval along the ξ2 axis that enclosing ( 2
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In general, such an interpolation approach could be extended to the M-dimensional space involving a 

set of M parameters ξk, k=1,….,M. In this case, the desired point of evaluation 

evalξ =( M
eval

2
eval

1
eval ξ,....,ξ,ξ ) is enclosed by a hypercube with 2M nodes and M intervals [ k

i
k
i 1kk
ξ,ξ

+
] such 

that k
i

k
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k
i 1kk

ξξξ
+

≤≤  for k=1,….,M. The expression of the approximated value at evalξ , ( )eval
~ ξΦ , is 

given by 
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In Eq. (6), 1−+ kk αiΦ  denotes the known nodal value of Φ at the node ( k
1αi

2
1αi

1
1αi MM2211

 ,....,, −+−+−+ ξξξ ).  
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In an extensive numerical study carried out to access the performance of the above interpolation 

approach for the prediction of the SIF at the deepest point of surface cracks for gap CHS K-joints 

(Shao 2004), it was found that this approach could lead to more accurate and reliable response 

predictions with a lower relative error and a smaller error range (Fig. 15). In addition, by using this 

method, it is possible to estimate the upper error bound of the predicted responses and allows the user 

to obtain conservative response estimations during design. 

 

(2) A procedure for the residual fatigue life prediction for cracked joints 

With the geometrical models and the automatic mesh generation procedure, it is possible to estimate 

the residual fatigue life of a cracked joint. The starting point of this procedure is again the Paris Law 

(Eq. 1). After a series of FE models with different maximum crack depths are created and solved, the 

corresponding values of ΔK can be extracted from the modelling results. As C and m in Eq. (1) are 

independent of a, N and ΔK. Eq. (1) can now be integrated and the residual fatigue life of the cracked 

joint (normally defined as the number of loading cycles needed for the crack to penetrate through the 

affected section) can be computed as 

 ∫∫ = mK)C(
dadN
Δ

 (7) 

As the values of ΔK for different values of a are available, Eq. (7) can be evaluated by using numerical 

integration so that the residual fatigue life, Nresidual for a cracked section with thickness t and current 

maximum crack depth ac can be estimated as  

 ∑∫
=

⎟⎟
⎠

⎞
⎜⎜
⎝

⎛
≈=

Q

i

t

ac
1

m
i

imresidual )KC(
1w

K)C(
daN

ΔΔ
 (8) 

where Q is the number of integration points (depths) used. wi  and ΔKi are the weight and value of ΔK 

for the ith integration point, respectively. It is found that low (either first or second) order Newton-

Cotes quadrature with Q = 10-15 is sufficient to evaluate Eq. (8) (Lee et. al. 2007, Nguyen 2008). Note 

that Eq. (8) is applicable to any joint type and it shows that estimation of residual fatigue life for a 

cracked joint is a computational intensive process as at least Q ≥ 10 FE models are required to be 

created and solved before Eq. (8) can be evaluated. 
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4. Key research findings 

4.1 Effects of weld details on SCF prediction 

From the studies carried out to validate the correctness of the weld profile model, it is found that the 

weld thickness adopted in the numerical model can significantly affect the value of SCF computed. In 

addition, it was found that if no weld detail is included in the numerical model, this could result in a 

considerable overestimation of SCF. Figure 16 shows the variations of the SCF along the through brace 

of a partially overlapped K-joint (Nguyen 2008) predicted by using different weld profile models. The 

curves shown in Fig. 16 were obtained from 3D FE solid models and the quadratic extrapolation 

method for HSS calculation (Zhao et al. 2000, Wardenier 2002). It can be seen that while the numerical 

model constructed by using the actual measured weld thickness gave the best prediction within 5% 

error, the model without any weld detail overestimated the maximum SCF by 40% and is too 

conservative if used for fatigue assessment. While the actual weld profile gave the best prediction of 

SCF, it has no practical use in the design stage as the actual weld profile can only be obtained after the 

joint is constructed. 

 

4.2 Effects of the angle parameter ω in SIF computation 

After carried out many numerical experiments, it was found that the most critical geometrical 

parameter influencing the accuracy of the SIF prediction is the angle ω (Fig. 8a) that defines the shape 

of the crack surface. In general, a good SIF prediction could only be obtained when the difference 

between the value of ω adopted in the numerical model and the exact value is less than 10°. Detailed 

measurements conducted on cracked joints showed that for CHS joints, ω normally varies within the 

range of [0°-10°]. Hence, a constant value of ω = 0° could normally lead to good prediction of SIF for 

CHS joints. However, for RHS joints, ω could increase from 0° at the surface of the section to >75° 

when the crack depth approaches the thickness of the section (Chiew et al. 2007). This implies that a 

more complex geometrical model that allows for the variation of ω with respect to the crack depth (Lee 

et al. 2007) is needed for RHS joints. Figure 17 shows an example of the predicted SIF obtained by 

using different models of ω for a RHS joint (Lee et al. 2007). It shows that all models adopting a 

constant value of ω eventually leaded to poor predictions near the end of the fatigue life of the joint. 

The same figure also shows that a reasonably conservative prediction of SIF values could be obtained 

from a properly constructed surface model (Lee et al. 2007) in which the variation of ω is close to the 

actual value. Furthermore, the SIF values predicted from the proposed model are only slightly less 
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accurate than those obtained from the measured surface model which can only be constructed in an ad 

hoc manner after the cracked joint is opened and measured. 

 

4.3 Accuracy of residual life estimation for cracked joints 

Since Eq. (8) involves the integration of the term 1/(ΔK)m, it is more difficult to predict the residual life 

of a cracked joint than the SIF as all the errors incurred during the estimation of the SIF shall 

accumulate and contribute to the total error of the residual life prediction. In practice, it is found that 

even with a fairly accurate estimation of the SIF (e.g. < 5%) over the entire crack growth history, the 

final error for the fatigue life prediction could be as high as 30%. Figure 18 shows an example that 

demonstrates such an error accumulation effect. It can be seen that even by adopting the measured 

surface model, it is difficult to achieve a 10% error in fatigue life prediction, especially during the 

initial phase of the crack growth when the crack depth is less than 15%-20% of the section thickness. 

 

5. Conclusions and future studies 

 

Presented in this paper is a summary of the research studies and findings on the fatigue performance of 

tubular joints obtained in the past ten years by the authors’ research group at the Nanyang 

Technological University. Emphases are given to highlight the overall research methodology adopted. 

Both experimental study and numerical modelling are essential and they should complement each 

another in all stages of the study. This paper also summarizes the tools and procedures developed for 

fatigue performance assessments of uncracked and cracked joints. Finally, the key research findings 

discovered that are applicable to different tubular joint types are reported. 

While it is demonstrated that the presented modelling procedures could lead to reasonable fatigue 

performance predictions for the joint types studied, there is certainly rooms for further research works 

and improvement. Some of the potential future research areas are listed below:  

(1) More efficient procedure for residual fatigue life estimation 

As mention in Section 3 residual fatigue life prediction is a computational expensive process. In case 

an urgent assessment for a cracked joint is required, a computationally less intensive procedure to 

evaluate Eq. (8) is needed. One possible approach to reduce the computational cost is to combine the 

interpolation approach with Eq. (8). Assumed that a parametric study on the variation of ΔK has been 

completed, the interpolation technique could then be employed to obtain the approximated values of 

ΔKi without any additional FE analysis. However, from Section 4.3, this introduces an additional error 
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that could reduce the reliability of the predicted fatigue life. Thus, further research works are necessary 

to ensure that a reasonable conservative prediction could be obtained from such an approach. 

(2) Studies on structural joints built from alternative materials 

All the summaries, tools and procedures reported herein are developed for tubular joints constructed 

from hot rolled steel sections. Theoretically, all these works could be extended to tubular joints 

fabricated from other alternative materials such as high strength steel sections or cold formed steel 

hollow sections. In order to extend the presented methodology and tools for these materials, some 

fundamental studies on the basic fatigue behaviour for these alternative materials are needed. 

(3) Improvement of modelling technique for a cracked joint 

While the presented modelling procedures for cracked joints could lead to good SIF predictions for 

surface cracks with depths greater than 10% of the thickness of the section, it could not always lead to 

a good prediction for long and shallow cracks. Moreover, in order to obtain an accurate prediction of 

SIF, a large number of nodes and elements are required to capture the crack surface and crack mouth 

details. Hence, a possible direction of future research is to employ a more advanced modelling 

procedure such as the extended finite element method (Areias and Belytschko, 2005) to simplify the 

model generation process, to reduce the computational cost needed and to extend the range of 

application. 
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Figure 1. An overall flow chart for the experimental component  

(P1) Selection of section 
(CHS/RHS) and joint types (e.g. 
T/Y/K) for study 

(P2) Determine the number of 
full scale tests needed 

(P4) With the help from 
preliminary numerical modelling 
results, design of specimens, 
loading applied and testing 
procedure  

(T1) Pre-testing measurements of 
actual geometrical parameters 
(e.g. dimensions of specimens, 
actual weld profile) 

(T2) Uncracked joint test (static 
test) using the “orange rig” 
Apply static loading on 
uncracked joint for strain 
concentration distribution and hot 
spot strain measurements. 
Estimation of crack location, 
cross check with numerical 
modelling predictions 

(T3) Cracked joint test (fatigue 
test) using the “orange rig” 
Apply cyclic loading on joint 
until through thickness crack 
formed. Crack growth monitored 
by the ACPD technique  

(T4 Optional) Fracture and 
failure test on cracked joint using 
another test rig 
Apply quasi-static loading on the 
cracked joint to determine the 
ultimate strength and failure 
mode of the cracked joint. Crack 
mouth opening monitored by  the 
ACPD technique  

(A2) Measurement of exact crack 
length, depth and crack front for 
final profile. Results obtained 
comparing with ACPD records 
and for amendment of the 
numerical model if needed 

(A3) Detail measurement of 
crack surface shape using the 
clay moulding method. Results 
obtained for the construction of 
the geometrical and the 
numerical models 

(A4) Calculation of crack growth 
rate and stress intensity factor 
based on ACPD measurements  

(a) Planning phase (P1-P4) 

(A1) Cutting of joint parts and 
opening of tested joints 
Cleaning (sand blasting) and 
preparing of crack/failure 
surfaces. 

(b) Testing phase (T1-T4) 

(c) Analysis phase (A1-A4) 
Steps coupled with numerical 
modelling (Fig. 2) 

(P3) Coupon test on materials to 
determinate main material 
parameters (e.g. Young’s 
modulus, yield/proof/ultimate 
strains/stresses) 
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Figure 2. An overall flow chart for the numerical component 

(D2) Development of SIF 
prediction tools for cracked 
joints: 
(i) Empirical equations 
(ii) Interpolation method 
Validation against parametric 
studies 

(D4 Optional) Safety assessment, 
fracture load and mode of 
cracked joint under quasi-static 
loading: 
(i) use of nonlinear FE model 
(ii) Failure assessment diagram 
(FAD) 

(D1) Development of SCF/HSS 
prediction tools for uncracked 
joints: 
(i) Empirical equations 
(ii) Interpolation method 
Validation against actual test 
results and parametric studies 

(c) Development of tools and assessment methods (D1-D4) 

(U1) Construction of geometrical 
models (both intersection and 
welding) for uncracked joint  

(U2) Mesh generation methods 
for FE model generation using 
solid elements 

(U3) Verification of models and 
the modelling results against 
actual measurements of weld 
profile and test results. 
Amendment of mode if needed  

(U4) Large scale parametric 
study for the targeted ranges of 
geometrical parameters and 
results analyses 

(a) Modelling of uncracked joint 
(U1-U4) 

(C1) Extension of geometrical 
model to include surface and 
through thickness crack 

(C2) Extension of mesh 
generation procedure for FE 
model generation including crack 
details and special elements for 
SIF computation 

(C3) Verification of the model 
and the modelling results against 
actual geometrical measurements 
of crack surface/front and test 
results (crack growth rate and 
SIF from the ACPD records) 

(C4) Estimation of residual 
fatigue life based on the proposed 
model and parametric study on 
the target range of cracked joint 
geometries.  

(b) Modelling for cracked joint 
(C1-C5) 

(C5 Optional) Modelling of 
ultimate fracture and failure 
mode of cracked joint under 
quasi-static loading, comparing 
with experimental results

(D3) Computation procedure for 
prediction of residual life  and 
assessment of cracked joints 
Validation of results against 
actual test results and parametric 
studies 

Steps coupled with experimental 
investigation (Fig. 1) 
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Figure 3. The 25-tonne multi-axis dynamic testing frame (the “Orange Rig”) for fatigue testing  
 

 
 

Figure 4. Typical set up of strain gauges during static test 
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(a) Set up of ACPD during testing 
 

 

 
 

(b) ACPD probes attached to specimens 
 

Figure 5. Typical set up of ACPD equipment for crack monitoring during fatigue test 
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Figure 6. Typical crack profile recorded by using ACPD technique 

(each line corresponding to 1000 cycles of cyclic loading) 
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(a) Definition of dihedral angle for a CHS joint 

(c) Section view for section 1-1: (30° ≤ γ < 90°) 

 
 

(b) Weld profile of the joint (plan view) 
 

(d) Section view for Section 2-2: (90° ≤ γ < 180°) 

Figure 7. Geometrical model for the welding of CHS tubular joints 
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(b) Definition of the crack front in the parametric space 
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(c) Mapping to physical crack surface 
 

Figure 8: Geometrical models for the crack surface and front 

mapping 
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(a) Applied wet, soft clay along joint 

 

 
(b) Removal of dried clay 

 

 
(c) Weld profile printed on clay  

 
(d) Weld profile traced out using a “slave” section 

 
Figure 9. A simple procedure for weld profile measurement 
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(a) Opening of cracked joint 

 
(b) Cutting out of cracked part 

 
(c) Apply clay mould 

 
(d) Removal and marking on clay mould 

 
(e) Define different sections for surface 

 
(f) Cut clay mould in sections 

 
(g) Section ready for scanning

 
 

(h) Scanned section into CAD software 
 

(i) Measurement of surface profile digitally 

Figure 10. A simple procedure for measurement of crack surface and front shapes 
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(a) Surface mesh with weld details 

 
 

 

 
 
 
 

 

 
(b) Solid mesh without weld details 

 
 

 

 
 
 
 

 

(c) Solid mesh with weld details 
 

Figure 11. Mesh generation schemes for uncracked joint 
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(a) Mesh with cracked region extracted 

 

 
(d) Zoom in view near crack mouth 

 
(b) Joint block between extracted region and the crack block 

 

 
(c) Mesh for the crack block 

 
 

Figure 12. Mesh generation for cracked joint 
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Figure 13. Computation of Φ by the interpolation method for the single parameter (1D) case 

 
 
 

 
 

Figure 14. Computation of Φ by the interpolation method for the two parameters (2D) case 
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Figure 15. Comparison of error distribution between estimated responses obtained from the 

interpolation method and regression analysis  
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Figure 16. Effect of weld details on the modelling results for a partial overlapped K-joint: A plot of the 

through brace SCF variation under in-plane bending 
 
 
 
 



9 

 

 
Figure 17. Predictions of SIF at the deepest point for a square-to-square RHS joint using different 

models of ω (a’ = depth of the surface crack, Figure 8a, t0 = thickness of section) 
 

 
Figure 18. Prediction of residual fatigue life using different models of ω shown in Figure 17 

(a’ = depth of the surface crack, Figure 8a, t0 = thickness of section) 
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Table 1  A summary on the projects completed and scope of works 

 
 

Project 
name 

Period of 
study 

Section 
Type 

Joint 
configuration 

Number of 
full scale tests 

Scope of work Reference 

CHS-T 1998-2002 CHS T joint 3 uncracked and cracked 
fatigue analysis 

Chiew et. al 2001, 2004 
Lie et al. 2003, 2004 

CHS-GK 2000-2004 CHS Gapped K joint 2 uncracked and cracked 
fatigue analysis 

Lee et al. 2005 
Lie et al. 2005a, 2005b, 
2006d 

RHS-T 2002-2006 RHS T joint 4 uncracked and cracked 
fatigue analysis 
Fracture and failure for 
cracked joint

Chiew et al. 2007 
Lee et al. 2007 
Lie et al. 2006a, 2006b, 
2006c. 2007

CHS-LK 2004-2008 CHS Partially 
overlapped K 
joint 

3 uncracked and cracked 
fatigue analysis 

Lee and Xu 2005 
Lee et al. 2009a, 2009b 
Sopha et al. 2008 
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