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Abstract

Tubular joints cover a large range of applications, including bridges, lattice masts, frames and
trusses, combining nice appearance and excellent structural properties. Currently, Eurocode and
other standards provide engineers with clear and simple design rules for the design of tubular
joints. However, the recent invention of new types of connections and high strength steels en-
courages researchers to develop new, more unified design rules to obtain all benefits of tubular
structures in the construction industry.

One of the most reliable solutions for the design of tubular joints can be provided by the compo-
nent method, which recently has been proposed as a unified approach for the design of most types
of connections. The method has been extended for tubular joints in the comprehensive research
conducted by CIDECT. Although the CIDECT recommendations present a consistent design ap-
proach for the resistance of joints, there are still many issues that remain unsolved.

Following the CIDECT studies conducted recently on this topic, this thesis specifies the compo-
nent method for rectangular hollow section (RHS) T joints under arbitrary loading, including bi-
axial bending and axial loading. Employing simple mechanical models and extensive numerical
analyses, the thesis develops theoretical solutions for the initial stiffness of RHS T joints under
in-plane bending and axial loading. To incorporate the effect of chord axial stresses, the thesis
proposes chord stress functions for the initial axial and rotational stiffness of joints. Moreover,
the research investigates the most challenging issues of high strength steels in RHS T joints, in-
cluding significant reduction factors for resistance and the extremely large throat thicknesses of
full-strength fillet welds. In addition, the thesis discovers the improving effect of fillet welds on
the structural properties of tubular joints. Attention is also paid to the influence of initial imper-
fections, such as geometrical imperfections and welding residual stresses. Finally, the thesis con-
structs a surrogate model for the initial rotational stiffness of RHS Y joints, demonstrating its
effectiveness for solving engineering tasks with no analytical solution.

The results of the research can help to make a step forward in developing a sustainable and con-
sistent approach for the design of tubular joints, including their resistance, initial stiffness and
ductility.

Keywords: tubular joint; rectangular hollow section; resistance; initial stiffness; component
method; initial imperfections; residual stresses; high strength steel.
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All science is either physics or stamp collecting.

ERNEST RUTHERFORD

1.1 Background for the design of RHS T joints

1.1.1 Traditional approach

Rectangular hollow sections combine excellent structural properties, simple possibilities for connection and
attracting appearance. Due to these advantages, they are widely used in a large range of applications, including
bridges, lattice masts, trusses and buildings with large openings. The simplest RHS joint configuration, a T
joint, is shown in FIGURE 1.

RHS T joint.

The first empirical equations for the resistance of RHS joints were proposed in 1970s by Eastwood & Wood
(1971) and Davie & Giddings (1971). The equations were further developed in (Brockenbrough 1972; Korol
et al. 1977; Kanatani et al. 1981). A comprehensive research on tubular joints was conducted by Wardenier
(1982), who proposed the design approach based on the classical yield line theory of Johansen (1962). Cur-
rently, Wardenier’s equations are employed in the failure mode approach realized in many design standards,

1 Introduction
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such as EN 1993-1-8:2005 (CEN 2005b), ISO 14346:2013 (IIW 2013) and CIDECT Design Guide No.3
(Packer et al. 2009).

The equations of Wardenier served as the basis for further investigations on RHS joints. Szlendak (1991) and
Packer (1993) considered the design of RHS connections under in-plane bending moment. Yu (1997) con-
ducted a comprehensive research for multiplanar RHS T and X joints. Lu et al. (1994) proposed the so-called
3%b0 deformation limit to determine the resistance of joints with no peak loads in their load-deformation
curves, limiting the deformations of joints in some specific cases. Later Zhao (2000) extended this limit to find
the resistance of RHS joints with other failure modes.

However, the recent invention of new types of connections, e.g. bird-beak joints (Christitsas et al. 2007) or
hybrid-column joints (Sadeghi et al. 2017), have shown that the current failure mode approach has a limited
validity range and cannot serve as a universal design method for all RHS joints. In addition, the traditional
approach does not allow to calculate the initial stiffness of joints. These problems can be solved by the com-
ponent method.

1.1.2 Component method

The component method was originally proposed by Zoetemeijer (1974) for bolted beam-to-column connec-
tions and developed by Tschemmernegg et al. (1987). Later it was extended to column bases by Wald (1995)
and Jaspart & Vandegans (1998). Grotmann & Sedlacek (1998) applied the component method to calculate
the initial rotational stiffness of RHS T joints. In addition, the component method was also extended to steel
joints subjected to fire (Leston-Jones 1997; Simões da Silva et al. 2001; Taib & Burgess 2011; Block et al.
2007), impact loading (Ribeiro et al. 2015; D’Antimo et al. 2018) and blast loading (Fang et al. 2013; Stoddart
et al. 2013; Yim & Krauthammer 2012). For composite structures, it was used in (Haremza et al. 2016;
Pitrakkos & Tizani 2015; Kozlowski 2016; Hoang et al. 2015; Demonceau & Jaspart 2004; Bučmys et al.
2018). The component method for joints under arbitrary loading was developed by Da Silva (2008). For bolted
end-plate connections the method was used by Girão Coelho & Bijlaard (2007), Heinisuo et al. (2012) and
Thai & Uy (2016). Perttola (2017) proposed a rakes-based component method for end-plate joints under arbi-
trary loading. Currently, the component method is implemented to EN 1993-1-8:2005 for joints connecting H
or I sections.

For hollow section joints, the method was first proposed by Weynand & Jaspart (2001). The main concepts of
the component method for RHS joints have been developed in the CIDECT projects 5BP (Jaspart et al. 2005)
and 16F (Weynand et al. 2015). These documents develop a component model for tubular joints, identify
potential components and provide equations for their resistance and stiffness. The documents are supported by
detailed examples and guidelines. Although the authors present clear design rules for resistance, the equations
for initial stiffness are not so straightforward and remain questionable.
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1.1.3 Initial stiffness

The current design rules for tubular joints, such as EN 1993-1-8:2005 (CEN 2005b) and CIDECT Design
Guide No. 3 (Packer et al. 2009), are based on the failure mode approach and allow calculating their design
resistance, providing however no information for initial stiffness. At the same time, it has been shown that
significant cost savings can be achieved by considering the initial rotational stiffness of semi-rigid joints, both
in sway frames (Simões 1996; Grierson & Xu 1993) and in non-sway frames (Bzdawka 2012). In addition,
many researchers (Boel 2010; Snijder et al. 2011; Haakana 2014) demonstrated that initial rotational stiffness
plays the key role in the buckling of tubular truss members. In addition, axial stiffness plays a very important
role in the design of shallow Vierendeel girders (Korol et al. 1977).

Many publications on tubular joints investigate the behavior of tubular joints under in-plane bending moment
(Tabuchi et al. 1984; Szlendak 1991; Packer 1993; Yu 1997) and axial loading (Feng & Young 2008; Feng &
Young 2010; Pandey & Young 2018; Zhao & Hancock 1991; Nizer et al. 2016; Becque & Wilkinson 2017;
Davies & Crockett 1996). However, very few of them investigate initial stiffness. Mäkeläinen et al. (1988)
presented a theoretical approach for the initial stiffness of CHS T joints. An extensive parametric study of
axially loaded joints was conducted in (de Matos et al. 2015a), but no theoretical equation was proposed for
their initial stiffness. Some equations for initial rotational stiffness of CHS joints were presented in (Wardenier
1982) and validated in (Boel 2010).

A considerable step forward in this issue was made by the invention of the component method, which allowed
to compute the stiffness of the joint, decomposing it into simple components. Grotmann & Sedlacek (1998)
presented the theoretical approach based on the component method for the rotational stiffness of RHS T joints.
As a unified approach for all tubular joints, the component method was proposed in (Weynand & Jaspart 2001).
The axial stiffness of a RHS-to-IPE web was presented in (Silva et al. 2003) and accepted later by CIDECT as
the stiffness of the component “chord face in bending”. An alternative equation for the stiffness of this com-
ponent was developed in (Málaga-Chuquitaype & Elghazouli 2010). The stiffness of the component “chord
side walls in compression” was investigated in the doctoral thesis of Jaspart (1991) and later by López-Colina
et al. (2011). An outstanding research on the component method in relation to RHS joints was conducted in
the CIDECT reports 5BP (Jaspart et al. 2005) and 16F (Weynand et al. 2015). Although the documents devel-
oped a detailed design procedure for resistance, the initial stiffness of tubular joints is covered insufficiently.
In addition, in contrast to resistance, the design rules for initial stiffness were validated with the very limited
amount of experimental data and many uncertainties remain regarding their applicability and limitations.

As a rule, in addition to the brace loading, tubular joints are also loaded by an axial force and a bending moment
in the chord. Such loading produces additional axial stresses in the chord, considerably affecting the structural
behavior of joints. Originally this phenomenon was investigated by Wardenier (1982), who proposed a so-
called chord stress function to consider the influence of axial stresses on the resistance of tubular joints. Later
considerable research has been conducted on this issue and new chord stress functions were proposed in
(Wardenier et al. 2007b) for RHS K gap joints and in (Liu et al. 2004; Wardenier et al. 2007a) for RHS X and
T joints. Some recent studies have been published for RHS joints in (Nizer et al. 2016) and CHS joints in (Lipp
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& Ummenhofer 2015). Currently, the chord stress functions are available for the resistance of joints in many
design standards (CEN 2005b; IIW 2013; Packer et al. 2009) and handbooks (Ongelin & Valkonen 2016). At
the same time, no such function exists for the initial stiffness of joints, neither axial nor rotational. The influ-
ence of chord axial loading on the stiffness of RHS joints was investigated in (de Matos et al. 2010); however,
no chord stress function was developed.

1.1.4 Issues of high strength steels

The developments in manufacturing processes and material technologies increased the strength of steels avail-
able in the building market (Raoul 2005). As the strength of connected members becomes greater, the re-
sistance of joints also increases, reducing the material consumption, the amount of welding works and the CO2

emissions. However, the current design rules for tubular joints have been mostly developed and validated for
regular steels and very limited research has been conducted for high strength steels. Generally, regular steels
include the steel grades with fy ≤ 355 MPa, although Eurocodes from 1993-1-1 to EN 1993-1-11 specify the
design rules for the steel grades with fy ≤ 460 MPa, where fy denotes the nominal yield stress of the steel. EN
1993-1-12:2007 (CEN 2007) defines high strength steel as 460 MPa < fy ≤ 700 MPa.

Currently, the design of HSS tubular joints is regulated by the same Eurocode that is used for the joints made
of regular steels, i.e. EN 1993-1-8:2005 (CEN 2005b). However, it specifies the additional coefficients (re-
duction factors) that reduce the resistance of HSS joints. In particular, clause 7.1.1(4) of EN 1993-1-8:2005
specifies the factor 0.9 for the design resistances of tubular joints if a nominal yield strength of their members
exceeds 355 MPa. In addition, clause 2.8 of EN 1993-1-12:2007 (CEN 2007) presents the reduction factor 0.8
for steel grades greater than S460 up to S700. Identical requirements can be found in CIDECT Design Guide
No.3 (Packer et al. 2009). For some joints, these factors lead to very conservative design and do not allow to
obtain all benefits from using high strength steels. To maximize the usage of high strength steels in the con-
struction industry, the reduction factors must be further clarified and specified.

According to (Zhao et al. 2014) and CIDECT Design Guide No.3 (Packer et al. 2009), the need for the reduc-
tion can be explained by the relatively larger deformations that take place in joints with nominal yield strengths
of approximately 450 to 460 MPa, when the plastification of the connecting RHS face occurs. According to
(Jiao et al. 2015; Pirinen 2013), the reduction can be caused by the softening of HAZ. Javidan et al. (2016)
have shown that welding stresses can reduce the tensile strength of HSS tubes by 8%. Dunđer et al. (2007)
presented the t8/5 cooling time-hardness relationship for the HAZ softening of S420 steel, proving the influence
of weld-heat input on the behavior of HSS joints. Nevertheless, no reduction due to the softening of HAZ is
included in EN 1993-1-8:2005 and EN 1993-1-12:2007. To avoid this omission, corresponding reduction fac-
tors have been added to some National Annexes, e.g. the Finnish one (Ministry of Environment, 2017), which
reduces the yield strength of steel with the coefficients 1.0 for S500, 0.85 for S700 with a linear interpolation
between them. However, these reduction factors do not apply to clause 2.8/7.1.1(4) of EN 1993-1-12:2007,
meaning that the discussed reduction factors (0.8 and 0.9) have another nature.
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A broad discussion on the relevance of the reduction coefficients is provided in (Feldmann et al. 2016). Based
on 100 tests on axially loaded HSS RHS joints, the document justified smaller reduction: the factor 0.9 for
S700 and no reduction for S500. Having analyzed 23 RHS X joints, Björk & Saastamoinen (2012) showed
that there is no need in the reduction factor of 0.9 for joints made of S420 grade. In any case, this issue remains
open and requires considerable experimental research.

Another problem of HSS joints is the high cost of welding. This issue becomes particularly important for full-
strength fillet welds, which are characterized by very large sizes. According to EN 1993-1-8:2005 (CEN 2005b)
and (Ongelin & Valkonen 2016), the throat thickness of full-strength fillet welds can be significant: 1.48t1 for
S420, 1.61t1 for S500 and 1.65t1 mm for S700. Taking into account the high costs of welding, such large welds
considerably raise the cost of the welding process in HSS joints. However, some investigations show that the
throat thicknesses of full-strength welds can be considerably reduced. In particular, Feldmann et al. (2016)
demonstrated that for axially loaded RHS T joints the thicknesses can be reduced to 1.0t1 for S500, 1.2t1 for
S700 and 1.4t1 for S960. Björk & Saastamoinen (2012) showed that the throat thickness of 1.11t1 can be used
instead of 1.48t1 for RHS X joints made of S420.

The described issues state that the applicability and competitiveness of HSS tubular joints is challenged by the
reduction coefficients and the very strict requirements regarding the thickness of welds. These obstacles com-
plicate the active implementation of high strength steels into the modern building market; therefore, additional
studies have to be conducted to overcome the mentioned challenges.

1.1.5 Initial imperfections

Finite element modeling represents a very effective tool in the analysis of tubular joints. To provide most
reliable results, numerical simulations are carried out in such a way as to most accurately repeat the real be-
havior of structures. The current rules for FE modeling (CEN 2006b) oblige scientists and engineers to con-
struct their numerical models considering initial imperfections. However, not all joints are sensitive to initial
imperfections. Often consideration of initial imperfections brings no reasonable improvements in the accuracy
of results, but severely complicates numerical simulations. In such cases, the influence of imperfections can
be effectively replaced by a simple theoretical equation or neglected entirely.

Tubular welded joints are generally influenced by three types of imperfections:

 initial geometrical imperfections,
 welding residual stresses,
 residual stresses that occur from the cold-forming process (only for cold-formed members).

The latter have been studied in (Dubina et al. 2012; Jiao & Zhao 2003; Feldmann et al. 2016) and demonstrated
a negligibly small influence on the behavior of tubular members. However, very little research has been con-
ducted for the first two.
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Although welding enables fast and simple connection of sections, it represents a complex thermomechanical
process, which requires very high temperatures. When a welded joint is cooled to room temperature, the oc-
curring shrinkage of the material leads to huge residual stresses in the welded zone. These stresses should be
thoroughly investigated to ensure that they have no negative effect on the structural properties of tubular joints.

Many papers experimentally evaluate residual stresses in simple welded connections. Chen et al. (2017) have
shown that residual stresses can lead to the reduction of tensile strength for butt-welded plates by 10%. Some
authors came to the conclusion that the reduction of tensile strength of HSS butt joints can reach 3-8%
(Hochhauser et al. 2012), and even 15% (Khurshid et al. 2015). In other publications, welding stresses are
investigated numerically. Currently there are various programs for FE modeling and simulation of welding
processes, including Abaqus (Teng et al. 2001), SYSWELD (Bate et al. 2009), Simufact Welding (Islam et al.
2014), Virfac (Majumdar & D’Alvise 2014) and many others. Günther et al. (2012) numerically and experi-
mentally investigated the ultimate load and the behavior of longitudinal fillet welds in lap joints. Detailed
recommendations for the FE simulation of residual stresses in welds are provided in (Knoedel et al. 2017).

However, very few publications evaluate welding residual stresses in relation to hollow section joints. Brar &
Singh (2014) have shown a possibility to increase the tensile strength of tubular X joints by 24% by changing
welding input parameters and reducing residual stresses in HAZ. A sophisticated study of residual stresses in
SHS T joints has been carried out by Moradi Eshkafti (2017). The author concludes that the load-bearing
capacity of joints can differ by 10% depending on the welding sequence. At the same time, the direct compar-
ison of structural properties considering and neglecting welding residual stresses has not been conducted.

Another type of imperfection that requires consideration is initial geometrical imperfections. These imperfec-
tions occur during the manufacturing process, transportation and the construction process itself. Usually, geo-
metrical imperfections are modelled using the common approach described in Appendix C.5 of EN 1993-1-
5:2006 (CEN 2006b). It represents the simulation of equivalent imperfections, when buckling modes are ob-
tained from a linear buckling analysis and implemented to a model with perfect geometry. Although the re-
sulting distribution of imperfections represents a rather simplified pattern, this approach is widely used for
thin-walled structures (Schafer & Peköz 1998; Nazmeeva & Vatin 2016).

The required magnitudes of local imperfections for RHS tubes can be found in the design rules. In particular,
Appendix C.5 of EN 1993-1-5:2006 specifies local imperfections equal to b0/200 and h0/200. The same am-
plitudes are used in many publications (Hoang et al. 2014; Pavlovčič et al. 2007). Another value can be found
in EN 10219-2:2006 (CEN 2006a), which limits the concavity and convexity of cold-formed RHS tubes by
0.8% with a minimum of 0.5 mm. This corresponds to the values of b0/125 and h0/125. The same limit can be
found in (Ongelin & Valkonen 2016). It has been shown experimentally that real imperfections generally do
not exceed these amplitudes (Hayeck et al. 2017; Ellobody & Young 2005; Jiao & Zhao 2003). Therefore, the
latter can be effectively used as the most conservative limitation for modeling geometrical imperfections in
RHS members and their joints.
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1.1.6 Surrogate modeling

Many tasks dealing with the optimization of tubular structures require effective methods to calculate the struc-
tural properties of tubular joints. More to the point, these methods should be sufficiently fast to make the
optimization procedure meaningful. Generally, analytical solutions provide the best option, since they can be
easily programmed in the optimization software. However, for some tasks analytical solutions do not exist or
are extremely complicated, requiring other methods to be employed. The solution can be found in surrogate
modeling.

A surrogate model, also known as metamodel, represents an approximation of the Input/Output function that
is employed by the developed simulation model (Kleijnen 2009). Generally, surrogate models are fitted to the
data produced by an experiment or a simulation model and replace computationally expensive analytical solu-
tions. Surrogate modeling is actively used in many engineering fields, including aerospace (Queipo et al. 2005)
and structural (Roux et al. 1998) applications. In civil engineering, surrogate models have been employed in
the design of semi-rigid steel connections (Jadid & Fairbairn 1996; de Lima et al. 2005; Guzelbey et al. 2006;
Stavroulakis et al. 1997). Díaz et al. (2012) demonstrated the effectiveness of surrogate models for the opti-
mum design of steel frames with semi-rigid joints.

The optimization of tubular trusses often requires extensive calculations of the initial rotational stiffness of the
joints comprising these trusses (Bel Hadj Ali et al. 2009). Although there is a simple theoretical solution for
the initial rotational stiffness of T joints (Grotmann & Sedlacek 1998), no such solution exists for Y joints.
The finite element method can be employed for this purpose; however, it requires considerable efforts to de-
velop a FE model for each joint, calculate it and extract the required outcome. Obviously, this method cannot
be directly used in the optimization tasks that require thousands evaluations to be calculated extremely quickly.
For such tasks, metamodeling can serve as the only possible method.

1.1.7 Discussion

The conducted literature review has shown that the component method has been actively applied for a wide
variety of connections. The method has proved itself for its simplicity, clarity and versatility. Considerable
research has been conducted on the expansion of the method to welded tubular joints. Although a clear and
reliable procedure has been developed for the design resistance of tubular joints, the major concern of the
method relate to the calculation of initial stiffness. Additional studies are required to check the equations for
the stiffness of the components. In case of unsatisfactory results, new equations should be developed and ex-
perimentally verified. Another concern of the method is the influence of chord axial stresses on the behavior
of joints. Although a number of chord stress functions exist to incorporate this effect to the resistance of tubular
joints, very few publications investigate this issue in relation to initial stiffness.

In addition, attention should be paid on other issues of tubular joints that are common for both the traditional
approach and the developed component method. The first issue is the design of tubular joints made of high
strength steels. The current design rules apply the same approach for the design of HSS joints but specify the
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additional reduction factors for the yield strength of connected members. These factors considerably reduce
the design resistance of joints, making questionable the implementation of stronger steels in the construction
industry. At the same, some experimental investigations on this topic have shown that in many cases joints
demonstrate sufficient load-bearing capacity without the reduction factors or, at least, with “less strict” ones.
Definitely, these observations cannot be extended for the whole range of joints and loading cases, but they
prove that this issue demands significant additional studies supported with extensive experimental results.

The second issue to be considered is the influence of initial imperfections, such as geometrical imperfections
and welding residual stresses. The current rules ignore imperfections in the design of welded tubular joints. To
ensure that such disregard does not lead to unsafe results, some investigations should be conducted in this field.
Moreover, very little research has been conducted to the influence of welds on the behavior of joints.

Some attention should be also paid on the practical aspects of the design. To enable extensive optimization
procedures for tubular structures, fast and reliable methods should be developed to facilitate the design of
connections. One method that has proved its reliability in civil engineering is surrogate modeling. However,
very few surrogate models have been developed for the design of tubular joints.

1.2 Scope and aims of the thesis

The aim of this study is to present a fully consistent approach for the design of RHS T joints, including their
resistance and initial stiffness. For this purpose, the thesis employs the component method, which has already
proved its efficiency for many types of connections and loading cases. The thesis goes in line with the research
conducted recently in this field, i.e. CIDECT projects 5BP (Jaspart et al. 2005) and 16F (Weynand et al. 2015),
which made the first step in the extension of the component method to tubular joints. The thesis identifies and
solves the most challenging issues of the component method in relation to RHS T joints. The following re-
search tasks are going to be addressed in this doctoral thesis:

1. Develop a component model for RHS T joints under arbitrary loading and validate it against experi-
mental data (Article I).

2. Develop a theoretical approach for the initial stiffness of RHS T joints under in-plane bending and
axial brace loading (Articles II and VIII).

3. Determine the relevance of the reduction factors for the resistance of HSS RHS T joints (Article III).

4. Determine the influence of initial imperfections, such as welding residual stresses and geometrical
imperfections, on the structural behavior of RHS T joints (Articles IV, V and VI).

5. Determine the influence of fillet welds on the structural behavior of RHS T joints (Article VII).

6. Develop a surrogate model for the initial rotational stiffness of RHS joints (Article VII).
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a) b)

RHS T joint: a) notations; b) loading cases.

By these means, a unified validated and verified theory can be developed for the structural analysis of HSS
RHS T joints, taking into account their resistance, stiffness and ductility in arbitrary loading cases, as well as
the effects of residual stresses and initial imperfections. A T joint represents the simplest joint configuration,
when a brace is welded to a chord at an angle of 90°, as shown in FIGURE 2a. The thesis considers only the
joints that meet the requirements of EN 1993-1-8:2005 (CEN 2005b), implying the restrictions provided in
TABLE 1. The joints are assumed to be comprised of cold-formed or hot-rolled sections, with the steel grades
from S355 to S700. The joints are investigated under static arbitrary loading, which includes axial brace load-
ing N, in-plane bending Mip and out-of-plane bending Mop, as shown in FIGURE 2b.

TABLE 1. Eurocode limitations for RHS T joints.

Brace width 0.25 ≤ β ≤ 1.0
Section wall thickness 10 ≤ 2γ ≤ 35
Section aspect ratio 0.5 ≤ bi/hi ≤ 2.0, i = 0; 1
Cross-section class 1; 2

Some parts of the thesis consider other types of RHS joints, such as X and Y joints. An X joint represents a
joint with two braces welded to a chord at an angle of 90°, as shown in FIGURE 3a. The study considers only
X joints with equal braces, i.e. equal-brace X joints. A Y joint represents a joint with a brace welded to a chord
at an arbitrary angle φ, as demonstrated.in FIGURE 3b. Generally, the angle φ is restricted to 30° ≤ φ ≤ 90°,
for the purposes of welding and symmetry. From that point of view, T joints can be considered as a particular
case of Y joints with an angle of 90°.
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a) b)

Other types of RHS joints: a) equal-brace X joint; b) Y joint.
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2.1 Component method for RHS T joints

This thesis investigates the structural behavior of RHS T joints employing the widely known component
method. The basic concept of the component method represents the joint by means of basic elements (compo-
nents) and calculates the behavior of the joint combining the resistances and stiffnesses of the introduced com-
ponents. Due to its generic nature, the method can be applied to a wide variety of joints, including tubular
joints. The method effectively correlates with the existing design methods, e.g., for tubular joints it employs
the existing equations from the failure mode approach realized in the current Eurocode. One of the main ad-
vantages of the component method is the possibility to calculate the initial stiffness of joints, which is unavail-
able for tubular joints in the current Eurocode.

Article I applies the component method for RHS T joints considering three loading cases: axial loading, in-
plane bending and out-of-plane bending. The paper is based on the CIDECT project 16F (Weynand et al. 2015),
hereinafter in this section – CIDECT, which specified the method to tubular joints. This section shortly presents
the main concept of the component method in relation to RHS T joints and discusses its main issues, which
are solved in the further sections. The component method-based design rules for RHS T joints are collected in
Section 2.10.

The component method models the joints by means of the combination of springs and gradually simplifies the
model so that it can be effectively used in the design. In the first approximation, the component method as-
sumes the load to be transferred from the brace to the chord through four loading zones located in the corners
of the brace, as demonstrated in FIGURE 4a. This assumption can be justified by Wardenier (1982), who
demonstrated a non-uniform distribution of elastic stresses along the cross-section of the brace, with consid-
erable stress concentrations in its corners.

2 Discussion
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a) b) c)

Local model for RHS T joint: a) loading zones, b) component model; c) simplified component model.

On the second step, every loading zone is replaced by a system of linear springs, as illustrated in FIGURE 4b.
The springs correspond to the following components:

a) chord face in bending,
b) chord side walls in tension / compression,
c) chord side walls in shear,
d) chord face under punching shear,
e) brace flange / webs in tension / compression,
f) chord section in distortion,
g) welds.

The components from a to f were proposed by CIDECT. Article I proposes welds as a new independent com-
ponent, based on the need to check weld resistance in case of undersized welds (welds smaller than full-
strength welds). In addition, welds have been already proposed as a component in the previous CIDECT report
(Jaspart et al. 2005) but have been excluded from the list of the components later. The distances between the
springs along the face of the chord, i.e. lever arms, are calculated as

1 1

1 1

ip

op

z h t

z b t

 

 
(1)

Each spring (component) has its own resistance Fi,Rd and stiffness ki, which are derived from mechanics. It
should be noted that the resistance and stiffness of the components should differ for the three loading cases
given above. For example, the component a has its individual resistances under axial loading, in-plane bending
and out-of-plane bending denoted respectively as Fa,N,Rd, Fa,Mip,Rd and Fa,Mop,Rd.

Further, the serially connected springs in every corner of the brace can be replaced by equivalent springs,
which are characterized by equivalent resistance Fmin,Rd and stiffness keq. Such simplified model is shown in
FIGURE 4c. The resistance of the equivalent springs is found as the minimum resistance among all the con-
sidered springs:

loading
zone
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The stiffness of the equivalent springs can be calculated as the stiffness of serially connected springs:
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Very often, the resistance of some components under particular loading case can be very large in relation to
the remaining components. In such cases, it is highly unlikely that these components can have the minimum
resistance in Eq. (2), i.e. serve as a limiting component. To simplify the design, the list of the components can
be shortened to include only “active” components, i.e. those that can be potentially considered as critical due
to their relatively small resistance. Oppositely, “inactive” components are unlikely to be critical for the given
loading type and do not have to be considered in Eq. (2). Similarly, some components may have extremely
high stiffness in comparison to others, i.e. infinite stiffness; therefore, they do not considerably contribute to
the stiffness of the equivalent strings. For this reason, they can be also considered as “inactive” and excluded
from the further design. It should be noted that active and inactive components are different for resistance and
stiffness. For example, the component b (chord side walls in compression / tension) is never critical (inactive)
for joints with β ≤ 0.85; however, it still contributes (active) to initial stiffness.

Finally, the RHS joint can be modelled by one linear and two rotational springs, which respectively represent
its structural behavior under axial loading, in-plane bending and out-of-plane bending. In total, these springs
form the local design model of the RHS T joint, which is illustrated in FIGURE 5. This local joint model can
be used in the global frame analysis. The resistance and stiffness of these springs represent the resistance and
initial stiffness of the joint under the considered loading types. They are computed by combining the corre-
sponding values of the equivalent springs. In particular, the resistances are found as
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The stiffnesses of the joint are calculated as
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Local design model for RHS T joint.

This study assumes that the three loading cases do not interact and the behavior of the springs can be defined
separately, as demonstrated in (Boel 2010; Haakana 2014). If the joint is subjected to combined bending and
axial force, its resistance can be checked using the linear relationship, specified by Wardenier (1982) and EN
1993-1-8:2005 (CEN 2005b):

, ,

, ,

1.0ip Ed op EdEd

Rd ip Rd op Rd

M MN
N M M

   (6)

where indices Ed and Rd correspond to design internal force and design resistance, respectively.

Attention should be paid on the location of the local design model. For open section joints, considerable re-
search on this issue has been conducted in (Sokol et al. 2002; Li et al. 1995; Wu & Chen 1990; Del Savio et
al. 2009; da Silva et al. 2004; Bursi & Jaspart 1998), which can be also applied for tubular joints. At the
moment, there is no agreement on the position of the local model in tubular joints. EN 1993-1-8:2005 (CEN
2005b) and some references (Rondal et al. 1992; Hornung & Saal 1998; Galambos 1998) position the model
at the intersection of the midlines of the connected members. However, this thesis follows the conclusions of
(Boel 2010; Snijder et al. 2011; Haakana 2014) and CIDECT, according to which the local model is located
on the chord top face and connected with the axis of the chord by a rigid beam.

Another issue that requires attention is the influence of axial stresses in the chord on the structural behavior of
tubular joints. For resistance, this effect is considered by the chord stress function presented in EN 1993-1-
8:2005, which reduces the resistance of joints with compressive axial stresses. However, a similar effect is
also observed for initial stiffness of joints, as can be seen in the following examples. The first evidence can be
found in the tests of Zhao & Hancock (1991), who investigated the structural behavior of RHS T joints under
a pure brace axial load and under its combination with chord bending. In particular, the behavior of a joint
with β = 1.0 under these two loadings is presented in (Zhao & Hancock 1991, Figure 10a). The joint S1B1C12

chord axis
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NRd
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is located on the rigid floor; therefore, it experiences no axial stresses in the chord, i.e. it is loaded by pure
axial loading. Oppositely, the joint S3B1C12A2 is simply supported at the ends of the chord, which allowes
bending of the chord resulted from the brace axial load. The bending of the chord creates axial stresses in the
chord, as it is discussed in details in (Packer et al. 2017). The graph shows the local deformations of the joint,
i.e. the deformation obtained from the chord bending are subtracted from the total deformation of the specimen.
As can be seen, chord axial stresses considerably reduce the initial stiffness of the joint from the very beginning
of the loading process. A similar phenomenon is observed also for a joint with β = 0.50, which is depicted in
(Zhao & Hancock 1991, Figure 10b). Similarly, the joint S1B1C23 is located on a rigid floor (pure axial load),
while the joints S3B1C23A0.5, S3B1C23A0.75 and S3B1C23A1.5 are simply supported with the spans of 0.5
m, 0.75 and 1.5 m, respectively. A particular reduction of initial stiffness is observed for the case
S3B1C23A1.5, as it has the largest span.

Another example can be found in the tests of Nizer et al. (2016), where a simply supported RHS T joint is
tested under a brace axial load in the combination with a varying chord axial load. The comparative experi-
mental behavior of the joints is presented in (Nizer et al. 2016, Figure 5). The joints TN01N0 and TN02N0 are
loaded with no axial force in the chord. In addition to a brace loading, the joints TN03N50+ and TN04N70+
are loaded with a tensile chord load leading to axial stresses accounting to 50% and 70% from the yield stress,
respectively. Similarly, the joints TN05N70- and TN06N50- are loaded with corresponding compressive chord
loads. As can be seen, chord axial stresses similarly affect the initial stiffness of the joint.

Another results can be found in (de Matos et al. 2015b), who conduct an extensive FE analysis of RHS T joints
loaded by a brace axial load combined with a chord axial loading. According to the presented values of initial
stiffness – see Table 6 in (de Matos et al. 2015b) – the stiffness of a joint with a compressed chord can reach
only 64% from the stiffness of an identical joint with a chord in tension. Similar results are obtained by the FE
analyses conducted for moment-loaded joints in Article II. As can be seen in Fig. 6, the initial stiffness of
joints considerably differs for the joints with small β, even if n ≤ 1.0 and no yielding appears in the chord.

The foresaid references clearly show that axial stresses in the chord considerably influence the initial stiffness
of joints. It should be noted that this phenomenon is observed in the elastic stage of behavior, i.e. when no
yielding is observed in the chord. Such effect can be taken into account by the introduction of a chord stress
function, similar to the one that exists for resistance. Taking into account the chord stress functions, Eq. (5)
should be modified as
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where ksn,N, ksn,ip and ksn,op denote the chord stress functions under the corresponding loading type. As can be
seen in Eq. (7), the chord stress functions are applied globally to the whole joint. However, this contradicts the
general concept of the component method, which requires the functions to be applied to the individual com-
ponents, as it is done for resistance. At the same time, the existing experimental results only allow to observe
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the global influence on initial stiffness but do not allow to trace the components with which it is associated. In
case of resistance, the influence of chord axial stresses can be associated with a certain component, since such
component is easily determined from the list of all components as the one with the minimum resistance. How-
ever, the design of initial stiffness requires all components to contribute to the stiffness of the joint. And the
contribution of these components cannot be easily defined. For example, if the component “chord face in
bending” governs the behavior of a moment-loaded joint, then the observed chord stress function for resistance
is directly connected with this component. However, in the design of its initial stiffness, all three components
(“chord face in bending”, “chord side walls in tension / compression” and “chord walls in shear”) contribute
to the stiffness of the joint. For this reason, the chord stress function for initial stiffness cannot be associated
to a particular component, although it is clearly observed globally.

As can be seen in Fig. 6 of Article II, the influence of chord axial stresses on initial stiffness is particularly
pronounced for small β and decreases for greater β. This allows to conclude that the major part of the chord
stress function accounts for the component “chord face in bending”, which governs the behavior of joints with
small β. However, it is not possible to determine the exact “share” of this component. Based on these conclu-
sions, the chord stress functions for initial stiffness are introduced only globally. To be in line with the com-
ponent method, the functions can be specified in the further research.

The second part of Article I verifies the component method with EN 1993-1-8:2005 (CEN 2005b) and vali-
dates it with the experimental results available in the literature. The considered examples of the joints under
three loading types allow to make the following conclusions:

1. To calculate the resistance of joints, the component method employs the inverted equations from the
failure mode approach realized in EN 1993-1-8:2005. For this reason, the method provides exactly the
same resistance as EN 1993-1-8:2005, however requires more computations.

2. Employing the Eurocode equations, the component method should follow its limitations in terms of
steel properties. EN 1993-1-8:2005 and EN 1993-1-12:2007 specify the reduction factors 0.9 and 0.8
for the joints with a nominal yield strength higher than 355 N/mm2. To be consistent with the current
Eurocode, these reduction factors must be also considered in the design of resistance, as shown in the
examples. A detailed discussion on the relevance of these factors is provided in Section 2.6.

3. The major concerns of the component method are related to the design of initial stiffness. The suffi-
ciently accurate initial in-plane rotational stiffness was obtained only using the improved equation for
the component a. The design of axial stiffness was found to overestimate the experimental stiffness of
joints. Moreover, the strict validity requirements for the stiffness of the component a allow applying
it only for the joints with very small braces. The design of out-of-plane rotational stiffness is not cov-
ered at all.

These issues are considered further in this thesis. The final design rules for RHS T joints based on the compo-
nent method are provided in Section 2.10.
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2.2 Resistance of hollow section joints

The behavior of tubular joints is best described by load-deformation curves. However, the direct analysis of
these curves represents quite a difficult task; therefore, the behavior of joints is usually evaluated by their
structural properties, such as initial stiffness and resistance, which are determined from these curves. Although
initial stiffness can be easily extracted from a load-deformation curve, the determination of resistance often
represents a challenging issue, which is still under discussion among the scientific community. Based on the
existing publications, this section provides a short summary to determine the resistance of RHS T joints. The
procedure is considered simultaneously for all the three loading cases analyzed in this thesis, i.e. axial loading,
in-plane and out-of-plane bending moments, given the similarities between the load-deformation curves for
these loading cases. Currently there are two options to determine the resistance of such joints.

The first method was developed for joints with a noticeable hardening phase and used later in many publica-
tions, e.g. (Packer et al. 1980), (Zhao & Hancock 1991) and (Grotmann & Sedlacek 1998). The load-defor-
mation curve for such joints is depicted in FIGURE 6. In the beginning of the loading, the joint demonstrates
elastic behavior. This phase is called elastic and characterized by initial stiffness Sj,ini (Cj,ini). As the stresses
reach the yield strength of steel, chord face bending starts to develop, followed by a noticeable decline in the
slope. Due to a considerable membrane effect, the joint continues to resist the load, and the curve exhibits a
clearly observed hardening phase, which is characterized by so-called hardening (membrane) stiffness Sj,h (Cj,h).
When the joint cannot resist any more load, it fails by cracking in HAZ, which corresponds to the maximum
load Mmax (Nmax). Obviously, the maximum load corresponds to very large deformations φmax (δmax); therefore,
it cannot be considered as the resistance of the joint. In this regard, the method determines the resistance of the
joint as the intersection of two straight lines adjusted to initial and hardening stiffnesses. Such resistance is
called plastic resistance Mpl (Npl), or yield load. As can be seen, the method is applied mainly for the joints that
have a noticeable hardening phase, i.e. governed by chord face failure. Therefore, it cannot be applicable if the
hardening phase is negligible.

Plastic resistance of RHS T joint.

elastic
phase

hardening
phase

chord face
failure

overall
failure
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The second method was proposed by Zhao (2000), based on the deformation limit of Lu et al. (1994), which
restricts the deformation of tubular joints to 0.03b0. The resistance is called ultimate resistance and it depends
on the position of the maximum load in relation to the deformation limit. If the maximum load Nmax corresponds
to a deformation larger than 0.03b0, the resistance depends on the ratio of the load N3%b0 to the serviceability
load N1%b0. If the ratio N3%b0 / N1%b0 is less than 1.5, the ultimate resistance is determined as N3%b0, as shown in
FIGURE 7a. If the ratio N3%b0/ N1%b0 exceeds 1.5, the ultimate resistance is taken as 1.5N1%b0, as illustrated in
FIGURE 7b. If the joint has a peak load Nmax at a deformation smaller than 0.03b0, the peak load Nmax is
assumed to be the ultimate resistance of the joint, as shown in FIGURE 8. Analytically, this approach can be
represented by Eq. (8).
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(8)

a) b)

Ultimate resistance of RHS T joint, δmax > 0.03b0: a) N3%b0 / N1%b0 ≤ 1.5; b) N3%b0 / N1%b0 >1.5.

Although this procedure was developed for axially loaded joints, it can be also extended to joints under in-
plane and out-of-plane bending due to the similarities between the load-deformation curves for these loading
cases. This method requires no curve-fitting procedure; therefore, it can be employed for any joint, regardless
of its hardening phase.
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Ultimate resistance of RHS T joint, δmax < 0.03b0.

Currently, the scientific community has no single opinion regarding the most suitable approach to determine
the resistance of tubular joints. As plastic resistance obviously corresponds to the initiation of a yielding mech-
anism in the chord, it should correspond to the ultimate limit state. Oppositely, the second approach was de-
veloped based on the serviceability limit state, restricting the deformation of the joint to 3% of the chord. Since
the thesis primarily investigates the ultimate limit state of tubular joints, it employs plastic resistance to calcu-
late the strength of tubular joints. The comparison of the discussed two approaches in (Garifullin 2018) demon-
strates that plastic resistance leads to 10-20% lower resistance than ultimate resistance. This allows to ensure
that the application of plastic resistance does not result in unsafe results. If plastic resistance cannot be deter-
mined due to an inconsiderable hardening phase in a curve, the thesis employs the second approach.

2.3 FE model for RHS T joints

This thesis actively employs the FE analysis in the design of tubular joints. This section shortly describes the
used FE model for RHS T joints under two loading cases, such as axial loading and in-plane bending moment.
The model was constructed using the general-purpose FE software Abaqus/Standard (Abaqus 2012). To ex-
clude a possible effect of the chord end conditions, the length of the chord was selected as 6b0 (van der Vegte
& Makino 2010), while the brace length was chosen as 4b1. According to (van der Vegte et al. 2010), the model
was constructed using quadratic solid finite elements with reduced integration (C3D20R), with two elements
in the thickness direction. Material properties were modelled either using true stress-strain curves obtained
from tensile coupon tests or employing one of the simplified models proposed in Appendix C.6 of EN 1993-
1-5:2006 (CEN 2006b). FIGURE 9a depicts the FE model constructed following the provided recommenda-
tions.



34

a) b) c)

FE model: a) meshing; b) butt welds modeling; c) fillet welds modeling.

Particular attention was paid to the modelling of welds. Butt welds were modelled as the base material of the
brace, as shown in FIGURE 9b. The contact between the connected members was modelled using the tie
constraint, which ties two surfaces together such that there is no relative motion between them. This tool is
used by many researchers (Heinisuo et al. 2014; AlHendi & Celikag 2015; Haakana 2014) and it allows to use
independent meshes for the connected members without matching their nodes, thus considerably reducing the
labor intensity of the modelling process. Fillet welds were modelled as a part of the brace, as shown in FIGURE
9c. The contact between the weld and the chord was modelled with the tie constraint; however, no interaction
was introduced between the chord and the brace itself. Strictly speaking, the latter should be modelled with
the contact interaction to avoid possible penetration of brace nodes into the chord resulting from compressive
loads (Tuominen et al. 2018). However, it has been shown in Article IV that the penetration takes place only
at very large deformations and does not influence the results in the practical range of interest. It should be
noted that when the chord and the brace are of equal width (β = 1.0), fillet welds parallel to the chord axis
cannot be performed and are replaced by partial/full penetration butt welds.

Loading was performed with a force-controlled nonlinear static analysis. The load was applied by a concen-
trated in-plane moment M or an axial force N to the reference point connected rigidly with the end of the brace.
If the joint is simply supported on its ends, the axial force N in the brace causes in-plane bending of the chord,
producing additional axial stresses on its faces. These stresses affect the structural behaviour of tubular joints,
reducing their resistance (Packer et al. 2017). To consider the behaviour of joints under pure axial load, this
effect should be eliminated by several possible approaches. The most reliable one employs a contact interaction
with a “rigid floor” modelled with extremely stiff elements, as shown in FIGURE 10a. Although this method
is the most accurate, it is computationally very demanding. The second approach introduces constraints against
vertical displacements along the length of the chord, as shown in FIGURE 10b. This technique is rather simple
but it allows no disconnection between the contacted surfaces during the loading process. For this reason, it
slightly overestimates the stiffness of the model. The third method applies compensating moments
M0 = 0.25N(L0 – h1) at the ends of the chord, resulting to zero bending moment in the area of connection
(Packer et al. 2017), as shown in FIGURE 10c. In the thesis, this method was found to provide excessive
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stiffness of joints compared to the first two. Based on the presented comparison, the thesis employed the second
approach (FIGURE 10b), as the one that provides accurate results with relatively simple modeling.

a) b) c)

Possibilities to eliminate chord bending: a) contact interaction with “rigid floor”; b) vertical con-
straints; b) compensating moments.

To analyze the local behavior of the joint, its local deformations are extracted from the results of the FE anal-
ysis. For moment-loaded joints, this procedure is described in Article III, for other loading cases it is per-
formed similarly. The constructed model was used as for the joints that are governed by chord face failure
(β ≤ 0.85), as well as for those that fail from chord side walls buckling (β > 0.85). The model was actively
employed to develop the initial stiffness of joints with the corresponding chord stress functions (Articles II
and VIII). Numerical simulations were also conducted for studying initial geometrical imperfections (Article
VI) and the influence of fillet welds (Article VII). A similar model with some required adjustments was also
used to investigate welding residual stresses (Articles IV and V). In addition, extensive FE analyses were used
to calculate the responses of the sample points in the surrogate modeling (Article VII).

2.4 Initial in-plane rotational stiffness

Article II finds a theoretical solution for the initial rotational stiffness of tubular joints under in-plane bending.
As a starting point, the paper evaluates the existing approach, which is based on the component method and
presented by CIDECT (Weynand et al. 2015). According to the report, only three components contribute to
the initial rotational stiffness of RHS T joints:

 Chord face in bending (component a),
 Chord side walls in compression (component b),
 Chord side walls in shear (component c).

The stiffness of the remaining components is assumed to be infinite and does not affect the stiffness of the
joint. Therefore, the stiffness of the joint Sj,ini can be presented as:
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(9)

where ka, kb and kc denote the stiffnesses of the corresponding components. In Eq. (9), the components ka and
kb are counted twice, since they are considered independently for the compressive and tensile parts of the joint.
Generally, ka limits the behavior of joints with β ≤ 0.85, being considerably smaller than the stiffness of the
remaining components:

0.1 ; 0.1 ;a b a ck k k k  (10)

This simplifies Eq. (9) to
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As can be seen, the accuracy of Eq. (11) primarily depends on the accuracy of the component ka. The stiffness
of this component can be found in the CIDECT report (Weynand et al. 2015). However, this thesis employs
an equation, which is proposed in the other CIDECT report (Grotmann & Sedlacek 1998):
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where leff,cf is the effective width determined as

, 1 02 1eff cfl t b    (13)

The validation against the experimental data have shown that the proposed theoretical approach significantly
underestimates the initial stiffness of RHS T joints. For most of joints, the predicted stiffness accounted 30-
45% from the experimental values. Given the leading contribution of the component a to the stiffness of the
joint, a new equation has been proposed for its stiffness:
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(14)

Eq. (14) was developed based on the direct fitting of the theoretical stiffness to the experimental values. For
the investigated joints, Eq. (14) allowed to predict initial stiffness in the range from 0.64 to 0.94 from the
experimental values. Still observed underestimation for some joints is connected with the influence of fillet
welds, which considerably increase the experimental stiffness of joints but are not considered in the theoretical
calculations.
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The second part of the paper investigated the influence of chord axial stresses on the initial rotational stiffness
of RHS T joints. For resistance, the influence of chord axial stresses is taken into account in EN 1993-1-8:2005
(CEN 2005b) by the chord stress function:
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where N0 and M0 are respectively axial force and bending moment applied in the chord, A0 and Wel0 are respec-
tively the cross-sectional area and elastic section modulus of the chord.

However, no such function exists for initial stiffness. The paper numerically investigated the effect of axial
stresses on the stiffness of RHS T joints. The FE analyses were conducted in two steps. On the first one, an
axial force was applied to the chord to create axial stresses. On the second step, the joint was loaded by an in-
plane bending moment using a single increment. The joints were analyzed on the whole range specified by
EN 1993-1-8:2005: 0.25 ≤ β ≤ 1.0, 10 ≤ 2γ ≤ 35, considering a single steel grade S500. The results demon-
strated that tensile axial stresses increase rotational stiffness of joints, while compressive stresses, oppositely,
reduce it. The effect was found particularly pronounced for the joints with small β and high 2γ (+30% of
stiffness for tension and -50% for compression). Some examples are demonstrated in FIGURE 11, where S/S0

denotes stiffness in relation to the stiffness with no axial force in the chord. For joints with β = 1.0, the effect
was found independent on 2γ.

Influence of chord axial stresses on initial rotational stiffness of RHS T joints.
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To take this influence into account, the paper developed a following chord stress function ksn,ip:
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The function was validated against a series of independent FE analyses, considering the joints made of steel
grades S355 and S700. The validation demonstrated that the influence of axial stresses depends on the steel
grade, i.e. the changes of stiffness were more pronounced for S700 than for S355, as shown in FIGURE 12.
Based on the numerical data for S500, the chord stress function provided the results intermediate between
S355 and S700. However, the function demonstrated a satisfactory correlation with the numerical results and
was found suitable for the design.

Validation of the proposed chord stress function.
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2.5 Initial axial stiffness

Article VIII develops a theoretical solution for the initial axial stiffness of RHS T joints on the basis of the
component method. As was determined in Article I, only two components contribute to the initial axial stiff-
ness of RHS T joints:

 Chord face in bending (component a),
 Chord side walls in compression (component b).

The remaining components are not considered due to their relatively high stiffness. Based on that, the initial
axial stiffness Cj,ini of the RHS T joint with β ≤ 0.85 can be expressed as

, 1 1j ini

a b

EC

k k




(18)

where ka and kb denote the stiffnesses of the corresponding components. For joints with β > 0.85, the compo-
nent a becomes irrelevant, and the axial stiffness of the joint can be simplified to

,j ini bC Ek (19)

The stiffnesses of the components a and b are proposed in the CIDECT report (Weynand et al. 2015). For the
component a, CIDECT presents two options for its stiffness (see Section 1.1.3). As a starting point, the paper
validated the existing approach against the experimental results available in the literature. Despite the similar-
ities between the behavior of T and X joints, the latter demonstrated significantly greater initial stiffness and
were excluded from the analysis. The validation allowed to make the following conclusions:

1. For the joints with β ≤ 0.85, theoretical stiffness noticeably (2.0 times in average) overestimated ex-
perimental stiffness for T joints, if the stiffness of the component a was calculated using the first
CIDECT option. Moreover, the vast majority of the considered joints violated the validity range of
this equation. Only the joints with very small braces were found to meet the introduced limitations.

2. If stiffness was calculated using the second CIDECT option for the component a, then the results were
considerably underestimated (0.08 from experimental). This equation was found inapplicable for tub-
ular joints and was not considered further in the paper.

3. For the joints with β > 0.85, theoretical stiffness also (2.1 times) overestimated experimental stiffness
for T joints. Since in this case the stiffness of the joint is represented by a single component b, Eq. (19),
the equation for the stiffness of this component was found inaccurate.

4. The stiffness of the component b does not take into account the brace-to-chord width ratio β, meaning
that the same equation is proposed for joints with both β = 1.0 and β < 1.0.
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The observed unsatisfactory prediction of the stiffness by the theoretical approach demonstrated that none of
the proposed equations for the stiffness of the components can be effectively used in the design of RHS T
joints. Based on simple mechanical models, the paper developed the equations for the stiffness of the compo-
nents a and b. The equations employed the concept of the effective length and width, which were determined
based on the extensive numerical simulations. The following equation was proposed for the stiffness of the
component a:
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where L = b0 – 2t0; leff is the effective length determined as

   1 02 1.25 1effl h b     (21)

The following equation was proposed for the stiffness of the component b:
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where beff is the effective width determined as
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The reliability of the proposed equations was validated against the same experimental data. The joints demon-
strated sufficient agreement between theoretical and experimental stiffness, particularly when the influence of
fillet welds was taken into account.

The second part of the paper investigated the effect of chord axial stresses on the axial stiffness of RHS T
joints. The paper analyzed the joints on the whole range specified by EN 1993-1-8:2005 (CEN 2005b):
0.25 ≤ β ≤ 1.0, 10 ≤ 2γ ≤ 35, considering three steel grades S355, S500 and S700. Similar to initial rotational
stiffness, tensile axial stresses increased the axial stiffness of joints, with the opposite influence for compres-
sive stresses. The effect was found particularly pronounced for the joints with small β and high 2γ and high
steel grades (+30% of stiffness for tension and -60% for compression). Some examples are demonstrated in
FIGURE 13, where C/C0 denotes stiffness in relation to the stiffness with no axial force in the chord. For the
joints with β = 1.0, the effect did not depend on 2γ.
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Influence of axial stresses on initial axial stiffness of RHS T joints.

To consider the influence of chord axial stresses in the design, the paper developed a corresponding chord
stress function. In contrast to the function for initial rotational stiffness (Section 2.4), the developed chord
stress function took into account the influence of the steel grade:
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Tthe validity of the proposed function was limited to the joints that meet the following requirements:

2 12; 0.9; 40 2 11       (26)

Outside this domain, axial stresses demonstrated a very small influence on axial stiffness. In these cases, the
introduction of the chord stress function had no practical reason, since the possible error of the function was
comparable to the error obtained from its ignorance.

The validation of the proposed chord stress function was conducted with a series of independent FE results
and employing the same FE model. The validation was considered for the joints with a different chord size
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100×100 and steel grades S420 and S600. The function demonstrated good agreement with the numerical
results, as can be seen in FIGURE 14.

Validation of the proposed chord stress function.

2.6 Issues of high strength steels

As was mentioned before, the design of HSS tubular joints is complicated by the two following issues:

 very conservative reduction factors for resistance of joints
 very large throat thicknesses of full-strength fillet welds

The reduction factors kHSS are determined according to EN 1993-1-8:2005 (CEN 2005b) and EN 1993-1-
12:2007 (CEN 2007) in relation to the nominal steel grade of the chord:
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Both issues are discussed in Article III, which presents the experimental tests conducted in Häme University
of Applied Sciences (HAMK). The tests included twenty HSS SHS T joints under in-plane bending. The paper
considered joints with β = 0.67 and 0.80, three steel grades (S420, S500 and S700) and three types of welds (6
mm and 10 mm fillet welds and 1/2v butt welds). The details of the tested joints are presented in TABLE 2,
where the naming of the test specimens is presented in the format [chord steel]_[brace steel]_[weld type].
Index WiPF denotes robot welding. All fillet welds were undersized (throat thickness was smaller than that of
full-strength fillet welds), as shown by the relative weld size aw / aw,fs. The analyses were performed with
measured section dimensions and the material properties obtained from tensile coupon tests.
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TABLE 2. In-plane bending tests: tests matrix.

Joint b0
[mm]

h0
[mm]

t0
[mm]

Chord
Steel

b1
[mm]

h1
[mm]

t1
[mm] β Brace

Steel
aw

[mm] aw /aw,fs

S420_S420_a6

150 150 8

S420 100 100 8 0.67 S420

6

0.51
S500_S420_a6 S500 100 100 8 0.67 S420 0.51
S500_S500_a6 S500 100 100 8 0.67 S500 0.47
S700_S420_a6 S700 100 100 8 0.67 S420 0.51
S700_S500_a6 S700 100 100 8 0.67 S500 0.47
S700_S500_a6_WiPF S700 100 100 8 0.67 S500 0.47
S700_S700_a6 S700 120 120 8 0.80 S700 0.45
S420_S420_a10

150 150 8

S420 100 100 8 0.67 S420

10

0.84
S500_S420_a10 S500 100 100 8 0.67 S420 0.84
S500_S500_a10 S500 100 100 8 0.67 S500 0.78
S700_S420_a10 S700 100 100 8 0.67 S420 0.84
S700_S500_a10 S700 100 100 8 0.67 S500 0.78
S700_S500_a10_WiPF S700 100 100 8 0.67 S500 0.78
S700_S700_a10 S700 120 120 8 0.80 S700 0.76
S420_S420_1/2v

150 150 8

S420 100 100 8 0.67 S420

butt -

S500_S420_1/2v S500 100 100 8 0.67 S420
S500_S500_1/2v S500 100 100 8 0.67 S500
S700_S420_1/2v S700 100 100 8 0.67 S420
S700_S500_1/2v S700 100 100 8 0.67 S500
S700_S700_1/2v S700 120 120 8 0.80 S700

All twenty tests were performed until the overall failure of the specimens. All joints demonstrated clearly seen
plastification of the chord face (chord face failure), which is typical for joints β ≤ 0.85. At the same time, the
joints experienced considerable post-yielding behavior (hardening phase) due to strain hardening and the mem-
brane effect. Finally, all joints failed from cracking in HAZ (punching shear failure). The example of the
deformation pattern for joint S420_S420_a6 is presented in FIGURE 15a. The plastic resistance of the joints
Mpl,exp was determined as the intersection of the tangent lines corresponding to initial and hardening stiffness,
as shown in FIGURE 15b. Experimental resistance was compared to the current theoretical solution presented
in EN 1993-1-8:2005 (CEN 2005b) as:
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To determine the necessity for HSS reduction coefficients, the resistance of joints was normalized in respect
to steel grade and geometry. FIGURE 16 presents non-dimensional moment resistance Mpl,exp/(fy0·t0

2·h1) in re-
lation to β, where the joints are grouped by the weld size. The detailed comparison between the theoretical and
experimental results is provided in TABLE 3. As can be seen, all joints with 10 mm fillet welds
(aw/aw,fs = 0.76…0.84) demonstrate safe results: experimental resistance clearly exceeds the theoretical predic-
tion with sufficient safety margins. Even without the reduction, theoretical resistance is rather conservative.
Obviously, no reduction of resistance is required for these joints.
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a) b)

Joint S420_S420_a6: a) chord face failure; b) definition of resistance.

The joints with 6 mm fillet welds (aw/aw,fs = 0.45…0.51) depend on the case: the theoretical results are very
close to the experimental values with extremely small safety margins. Moreover, the ratio Mip,1,Rd / Mpl,exp ex-
ceeds 1.0 in two cases, S700_S420_a6 and S700_S500_a6 (both have the chord made of S700). This means
that reduction is needed only for the joints with the chord made of grade S700, or the grades above S500, more
generally. However, kHSS = 0.9 was found to be sufficient, instead of the original value of 0.8. No reduction is
required for the joints made of grade S500 and below. Regarding the butt-welded joints, none of them show
safe results, with the ratio Mip,1,Rd / Mpl,exp exceeding 1.0 in all cases. With the reduction factors, all joints show
safe performance. Therefore, the reduction factors are required for butt-welded joints in all cases.

Comparison of normalized experimental resistance with EN solution.
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TABLE 3. Comparison of experimental and theoretical resistance.

Joint β aw /
aw,fs

Mip,1,Rd
[kNm] kHSS

Mpl,exp
[kNm]

Mip,1,Rd
/ Mpl,exp

kHSS*Mip,1,Rd
/ Mpl,exp

S420_S420_a6 0.66 0.51 20.0 0.9 21.2 0.95 0.85
S500_S420_a6 0.67 0.51 24.1 0.8 24.3 0.99 0.79
S500_S500_a6 0.67 0.47 24.1 0.8 25.0 0.96 0.77
S700_S420_a6 0.67 0.51 30.1 0.8 27.7 1.09 0.87
S700_S500_a6 0.67 0.47 30.1 0.8 29.4 1.02 0.82
S700_S500_a6_WiPF 0.67 0.47 30.1 0.8 31.2 0.96 0.77
S700_S700_a6 0.80 0.45 52.6 0.8 61.2 0.86 0.69
Average 0.98 0.79
S420_S420_a10 0.67 0.84 20.1 0.9 31.6 0.64 0.57
S500_S420_a10 0.67 0.84 24.1 0.8 35.1 0.69 0.55
S500_S500_a10 0.67 0.78 24.1 0.8 37.2 0.65 0.52
S700_S420_a10 0.67 0.84 29.9 0.8 38.5 0.78 0.62
S700_S500_a10 0.67 0.78 30.1 0.8 45.5 0.66 0.53
S700_S500_a10_WiPF 0.67 0.78 30.0 0.8 37.6 0.80 0.64
S700_S700_a10 0.80 0.76 53.1 0.8 70.1 0.76 0.61
Average 0.71 0.58
S420_S420_1/2v 0.67 - 20.2 0.9 18.5 1.09 0.98
S500_S420_1/2v 0.67 - 24.2 0.8 21.1 1.15 0.92
S500_S500_1/2v 0.67 - 24.2 0.8 21.0 1.15 0.92
S700_S420_1/2v 0.67 - 30.0 0.8 24.2 1.24 0.99
S700_S500_1/2v 0.67 - 30.4 0.8 26.4 1.15 0.92
S700_S700_1/2v 0.81 - 54.6 0.8 46.8 1.17 0.93
Average 1.16 0.94

The observed results are in good correlation with other publications on this issue. In particular, Feldmann et
al. (2016) proposed the following reduction factors for axially loaded RHS T joints: 1.0 for S500, 0.9 for S700
and 0.8 for S960. Björk & Saastamoinen (2012) demonstrated that axially loaded RHS X joints made of S420
grade provide sufficient resistance without the reduction factor of 0.9. TABLE 4 presents the summary of the
recommended reduction factors based on this paper and other publications for the four steel grades commonly
used in the construction industry. It should be noted that Article II employed plastic resistance to determine
the experimental strength of the joints. At the same time, Section 2.2 shows that plastic resistance leads to 10-
20% smaller resistance than ultimate resistance based on the 3%b0 deformation limit. This allows to conclude
that if the latter was used to determine the resistance of the joints, the theoretical calculation would have been
even more conservative, leading to more beneficial (greater) reduction factors.

TABLE 4. Proposed reduction factors.

Eurocode Proposal,
butt welds

Proposal,
fillet welds

Feldmann et
al. (2016)

Björk &
Saastamoinen (2012)

Loading
case all in-plane

bending
in-plane
bending axial axial

S420 0.9 0.9 1.0 no data 1.0
S500 0.8 0.8 1.0 1.0 no data
S700 0.8 0.8 0.9 0.9 no data
S960 no data no data no data 0.8 no data

The observed difference between the experimental resistances of the joints with various types of welds can be
explained by the considerable improving effect of fillet welds. Fillet welds enlarge the cross-section of the
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brace at the connection area, effectively increasing β and resulting to greater resistance. For this reason, the
lowest experimental resistance is observed for the butt-welded joints, while the greatest one corresponds to the
joints with 10 mm fillet welds. A detailed comparison of the experimental resistances of these joints is provided
in Section 2.8.1. At the same time, the Eurocode solution does not take into account the beneficial influence
of fillet welds, providing the same equation regardless the type and the size of welds. This means that the
conclusions on the reduction factors are considerably influenced by the effect of fillet welds. If the effect was
taken into account, as it is proposed in Section 2.8 by using an enlarged β, this could have led to higher theo-
retical resistance of the joints, as shown in FIGURE 17. Therefore, this could have led to smaller safety margins
between the experimental and theoretical resistances or even unsafe results, requiring greater reduction and
less favorable (smaller) HSS reduction factors. Until the beneficial influence of fillet welds is incorporated
into the standards, the reduction factors proposed in the thesis can be recommended for the design of RHS T
joints. If the influence of fillet welds is included into the standards, the HSS reduction factors have to be
redefined to avoid possible unsafe results.

a) b)

Behavior of RHS T joint: a) influence of fillet welds is ignored, no reduction is needed; b) influence
of fillet welds is considered, greater theoretical resistance, reduction is needed.

Article III also considered the ductility of the joints, evaluating their ability to provide sufficient rotation
capacity. The rotation capacity of the joint was determined as the rotation φmax corresponding to the maximum
resistance of the joint and was compared to the 3%b0 deformation limit φ3%b0 of Lu et al. (1994). The results
showed that all joints demonstrated sufficient rotation capacity, with the φ3%b0 / φmax ratio in the range of
0.33…0.61 for the joints with β = 0.67 and 0.68…0.88 for the joints with β = 0.80. This finding has shown the
reliability of joints with welds smaller than full-strength fillet welds.

In addition, Article III proposed the design procedure for the resistance of welds. The equations are based on
the Directional method provided in EN 1993-1-8:2005 (CEN 2005b) and are developed separately for fillet
and butt welds. The comparison of weld resistance Mw,Rd with the maximum resistance Mmax of the joints (the
maximum load the joint can resist) demonstrates that the proposed equation for fillet welds is safe but rather
conservative, as shown in FIGURE 18a. The resistance of butt welds was found to be unsafe, clearly exceeding
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maximum resistance for all the considered joints, as depicted in FIGURE 18b. This indicates that the developed
equations can be limited only for the joints with fillet welds, requiring additional studies for butt-welded joints.

a) b)

Resistance of welds: a) joint with fillet welds; b) joint with butt welds.

It should be noted that the results obtained in Article III are based on the joints with β < 0.85, 2γ = 18 and
subjected to in-plane bending. The need for a reduction factor may also depend on the failure mode: ductile,
e.g. chord face in bending, or brittle, e.g. punching shear or weld failure. More research is required to develop
more generalized conclusions, considering joints with various geometry, steel grades and loading cases, in-
cluding axial loading and out-of-plane bending.

In addition to the 0.8 and 0.9 reduction factors addressed in the thesis, the last discussions in CEN SC3/TC250
WG8 have recently led to the introduction of an extra coefficient of 0.8 for the steel yield stress for some
failure modes. By the time of the thesis, this proposal was not available; therefore, this coefficient was not
considered.

2.7 Influence of initial imperfections

This section investigates the influence of initial imperfections on the structural behavior of RHS T joints. In
particular, this thesis analyzes initial geometrical imperfections and welding residual stresses.

2.7.1 Initial geometrical imperfections

The effect of initial geometrical imperfection has been investigated in Article VI by means of the FE analysis.
Since the deformation of the joint is governed by the deformation of the chord (chord face bending and chord
side walls buckling), the paper considered only the local imperfections of the chord. The analyses measured
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the resistance and initial stiffness of joints under two loading cases: in-plane bending and axial brace loading.
Imperfections were modelled using the traditional approach for thin-walled sections, when buckling modes are
scaled in accordance with allowable fabrication tolerances and applied to the perfect model. The buckling
modes were obtained from the linear buckling analysis and were applied in the most unfavorable ways, so that
the obtained imperfect geometry replicated the deformed shape of the joint under a corresponding loading as
closely as possible. The allowable amplitude of imperfections was determined according to EN 10219-2:2006
(CEN 2006a), which limits the concavity and convexity of cold-formed RHS tubes by ε0 = 0.8%. Both perfect
and imperfect joints were then loaded by a nonlinear static analysis.

The first part of the article investigated different buckling modes and their applicability to simulate initial
imperfections. For axial loading, the most conservative results were obtained when imperfections were simu-
lated by the mode that repeated as close as possible the deformation pattern under the compressive axial force.
This pattern represented the convexity of the chord side walls in the area of the connection, as illustrated in
FIGURE 19a. The corresponding buckling mode is shown in FIGURE 19b. The consideration of other buck-
ling modes and their possible combinations brought no reasonable changes in the results and was found un-
necessary. For moment loading, all the obtained buckling modes demonstrated the maximum deformations in
the brace; therefore, none of them was found suitable for the simulation of imperfections located in the chord.
For this reason, initial imperfections for moment-loaded joints were modelled using the buckling modes ob-
tained from axial loading.

The second part of the paper conducted several parametric studies, evaluating the influence of initial imper-
fections by comparing joints with perfect and imperfect geometry. Geometrical imperfections demonstrated a
small negative effect on the structural behavior of joints, both those governed by chord face failure (β ≤ 0.85),
and those governed by chord side walls failure (β > 0.85). The effect was more pronounced for the joints with
comparatively thin walls but was found independent on the steel grade and brace-to-chord width ratio β. The
maximum observed reduction of resistance accounted 3% and 5% for in-plane bending and axial loading,
respectively. Initial stiffness decreased correspondingly by 4% and 7%. These findings allow to conclude that
geometrical imperfections do not seriously affect the structural behavior of RHS T joints in the range specified
in the current design rules. For this reason, this type of imperfections can be safely ignored in the design.

a) b)

a) Deformation pattern under axial loading; b) corresponding buckling mode.
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2.7.2 Welding residual stresses

The influence of welding residual stresses has been numerically investigated in Articles IV and V. Article IV
develops and validates the FE model for a RHS T joint, simulating fillet welds in Abaqus Welding Interface,
which represents an Abaqus plugin for the simulation of welding processes. To allow modeling of the welding
process with significant thermal and stress gradients, the FE model from the previous numerical analyses (Sec-
tion 2.3) required considerable adjustments. The new model had a noticeably finer mesh, particularly in welds
and in the connection area. The conducted mesh convergence study recommended the optimal mesh size equal
to the minimum between t0/3 and aw/3. The number of elements in the thickness direction was also increased
from two to three. To meet the requirements of Abaqus Welding Interface, the model was created as a single
part with corresponding partitioning, instead of using a tie constraint to connect the chord and the brace. For
the correct interpretation of the connection by means of fillet welds, a small gap was introduced between the
brace and the chord. To reduce calculation time, significantly increased due to better FE discretization, quad-
ratic finite elements were replaced by linear finite elements (C3D8). In addition, the model required the accu-
rate introduction of the thermal steel properties, including heat capacity, thermal conductivity and thermal
expansion. All these properties, including mechanical ones, were introduced as temperature-dependent. Atten-
tion was paid particularly on the calibration of the weld heat input, i.e. the welding speed and the corresponding
target torch heat-up temperature. The validation with the existing experimental results has shown that the de-
veloped model properly captures the local behavior of joints and can be effectively used for further studies.

a) b)

a) Distribution of welding residual stresses; b) idealized welding sequence.

The companion paper, Article V, determines the influence of welding residual stresses on the structural be-
havior of RHS T joints, employing the model developed in Article IV. The model with obtained welding
residual stresses was considered under in-plane bending and axial loading, conducting nonlinear static analyses
in Abaqus/Standard. Firstly, the paper analyzed the welding sequences that are mostly often employed for RHS
T joints. The results have showed that the considered welding sequences resulted to the same distribution of
welding residual stresses in the joint, illustrated in FIGURE 20a. The maximum welding stresses occur in the
weld, spreading to the surface of the chord and the brace. In addition, all considered sequences led to the same
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structural behavior of joints, with equal resistance and initial stiffnesses under in-plane bending and axial load-
ing. To reduce computational efforts in the analyses, the paper proposed an idealized welding sequence, when
the whole weld is performed simultaneously at the same time, as shown in FIGURE 20b. This sequence al-
lowed to reduce calculation time more than four times in comparison to the other considered sequences.

The conducted parametric studies demonstrated a positive effect of residual stresses on the resistance of the
joints. The maximum observed improvement accounted for 19% for moment resistance and 17% for axial
resistance. The behaviour of a joint with varying wall thickness, with and without welding stresses is illustrated
in FIGURE 21, where index w corresponds to joints with welding stresses. In case of in-plane bending, the
improving effect was more pronounced for higher steel grades, smaller chord wall thickness and smaller welds.
For axial loading, the effect was found to increase only for smaller chord wall thickness. At the same time,
residual stresses reduced initial rotational and axial stiffness by 5-14%. No changes were observed for maxi-
mum resistance and deformation capacity.

Influence of welding stresses (chord 100×100 mm, brace 50×50 mm, S355).

The nature of the observed phenomenon is not fully clear. The conducted comparative analysis has demon-
strated that the positive effect is not caused by welding-induced deformations but primarily connected with
welding residual stresses. The same values of maximum resistance (the maximum load the joint can resist) for
the joints with and without residual stresses show that residual stresses do not increase the load-bearing capac-
ity of joints but postpone the initiation of yielding in the area of the connection. This allows joints to resist an
additional load in the elastic phase of the loading process. In reality, welding residual stresses are always
present in tubular joints and obviously cannot be avoided. The obtained results demonstrate the difference
between the two approaches for the FE simulation of the behaviour of tubular joints: one considering welding
residual stresses and one neglecting them. The disregard of welding stresses underestimates the resistance of
joints, providing thus an additional safety margin. At the same time, the observed underestimation is not so
large to be considered as conservative. Given the considerable computational efforts required for the simula-
tion of welding stresses, they can be safely ignored in the design of tubular joints.
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It should be noted that Articles IV and V considered only fillet-welded joints with β ≤ 0.85, i.e. governed by
chord face bending. The conclusions regarding the influence of welding residual stresses can be different for
butt-welded joints, as well as for joints with other governing failure modes. Additional research is also required
for the joints under out-of-plane bending. The observed results can be validated experimentally by comparing
welded joints with the joints that received a stress-relief heat treatment before the loading. This will allow to
directly compare the behaviour of tubular joints with and without welding residual stresses.

2.8 Influence of fillet welds

Currently, most RHS joints are welded using two weld types: butt welds and fillet welds. A joint with idealized
full-penetration butt welds is presented in FIGURE 22a. Butt welds are comparatively compact and therefore
can be considered as the continuation of the brace. From that point of view, it can be assumed that butt welds
do not increase the cross-section of the brace and do not influence the structural behaviour of RHS joints.

a) b) c)

Idealization of welds: a) butt welds; b) fillet welds; c) equivalent joint with butt welds.

In contrast, fillet welds enlarge the cross-section of the brace in the area of connection, increasing simultane-
ously its brace-to-chord width ratio β, as can be seen in FIGURE 22b. The increased β leads to higher resistance
and stiffness in comparison to the joint with the same geometry and butt welds. Such improvement of structural
properties can be particularly noticeable for joints with full-strength fillet welds, which have very large throat
thickness. The equation for calculating the throat thickness of full-strength fillet welds can be found in (Ongelin
& Valkonen 2016):
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     (29)

where βw is the strength factor. It should be noted that yield strength fy and ultimate tensile strength fu are
considered in relation to the brace material. TABLE 5 provides the throat thicknesses of full-strength fillet
welds calculated in accordance with Eq. (29) for the steels that are commonly used in construction. As can be
seen, full-strength fillet welds have very large throat thicknesses, particularly for high strength steels. Such
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welds can increase the cross-section of the brace so severely that neglecting them can lead to the very con-
servative design of resistance and stiffness. These statements are supported by the following examples.

TABLE 5. Throat thicknesses of full-strength fillet welds.

Brace material S355 S460 S500 S550 S700
aw 1.20t1 1.53t1 1.60t1 1.62t1 1.64t1

2.8.1 HAMK tests

The first example considers the results of the HAMK tests discussed earlier in Section 2.6. As can be found in
TABLE 3, the ratio Mip,1,Rd / Mpl,exp (theoretical resistance in relation to experimental resistance) accounts for
1.16, 0.98 and 0.71 for the joints with butt welds, the joints with 6 mm fillet welds and the joints with 10 mm
fillet welds, respectively. This means that the joints with 10 mm fillet welds have in average 1.16 / 0.71 = 1.63
times higher experimental resistance than the joints with butt welds. The similar trend is observed also for
initial rotational stiffness: it is increased by 63% for the 10 mm fillet-welded joints in comparison to the joints
with butt welds. It should be noted that in the tests, the largest fillet welds accounted 0.85 from full-strength
fillet welds. If the latter were used instead, the results could have been even more conservative. The significant
effect of fillet welds can be clearly demonstrated in FIGURE 23, which directly compares the behaviour of the
joints with matching geometry and steel grades but varying welds. The joints are named in the way [chord
steel grade]_[brace steel grade], while a10, a6 and 1/2v denote 10 mm fillet welds, 6 mm fillet welds and butt
welds, respectively.

2.8.2 Numerical simulations

The second example represents a short numerical study conducted in Article VII. A comparative FE analysis
was performed on SHS Y joints with butt and full-strength fillet welds, measuring their initial in-plane rota-
tional stiffness. The results are presented in FIGURE 24, which plots the ratio Sfillet / Sbutt (initial stiffness of
fillet-welded joint in relation to butt-welded joint) for steel grades S355 and S700. The joints are named in the
manner [“C”b0×t0]-[“B”b1×t1]-[φ] and are arranged in the ascending order of β. As can be seen, fillet welds
significantly increase the initial stiffness of the joints. The influence is particularly strong for the joints with
high β, reaching more than 2.0 times for S355 and more than 3.0 times for S700. Obviously, if the improving
effect of fillet welds is disregarded, it may lead to very the conservative design of tubular joints.
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Structural behaviour of joints with varying weld types.
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Comparison of initial stiffness of Y joints with butt welds and full-strength fillet welds.

In addition, Article VII attempted to take into account the effect of fillet welds on the initial stiffness of RHS
Y joints. It was assumed that a joint with fillet welds can be considered as a butt-welded joint with the equiv-
alent width beq > b1 so that both joints have the same stiffness (FIGURE 22c). According to FIGURE 22b, the
equivalent width beq was limited by the following boundaries:

1 1 2 2eq wb b b a   (30)

Therefore, an exact equation for beq was searched in the following way:

1 2 2eq w fwb b a k   (31)

where kfw is a correlation coefficient. In the paper, it was determined by FE analyses through several steps. On
the first step, the stiffness of a joint with fillet welds was obtained from the analysis. On the second step, a
butt-welded joint with the equivalent width beq was found such that its stiffness fitted that of the given fillet-
welded joint. The equivalent width beq was first determined randomly and then refined through several itera-
tions. Finally, when beq was known, the correlation coefficient kfw was calculated according to Eq. (31). For all
the joints, the correlation coefficient kfw was found in the range 0.42…0.79. Based on that, a following simpli-
fied rule was proposed for kfw:

0.6, S355
0.7, S700
linear interpolation between

fwk

 



(32)

0.0 1.0 2.0 3.0 4.0

C100×4-B70×4-90
C100×4-B70×4-30

C200×7.1-B140×7.1-90
C200×7.1-B140×7.1-60
C200×7.1-B140×7.1-30

C300×12.5-B200×7.1-90
C100×4-B40×4-90

C100×7.1-B40×4-90
C300×12.5-B80×5-90
C200×7.1-B50×4-90
C200×7.1-B50×4-60
C200×7.1-B50×4-30

C200×12.5-B50×4-90
C200×12.5-B50×4-60
C200×12.5-B50×4-30

Sfillet / Sbutt

S355

S700
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Introducing Eq. (32) to Eq. (31), the equation for beq can be presented as

1

1

1.7 , S355
2.0 , S700

linear interpolation between

w

eq w

b a
b b a


 



(33)

TABLE 6. Influence of fillet welds: validation of the proposed equation.

Joint b1
[mm] β kfw

beq
[mm] βeq

Sj,ini [kNm/rad]
no

welds
with

welds test no welds /
test

with welds
/ test

S420_S420_a6 100.3 0.66 0.62 110.8 0.73 804 1010 1115 0.72 0.91
S500_S420_a6 100.2 0.67 0.62 110.7 0.74 892 1131 1083 0.82 1.04
S500_S500_a6 100.7 0.67 0.64 111.6 0.74 890 1140 995 0.89 1.15
S700_S420_a6 101.0 0.67 0.62 111.5 0.74 862 1092 1082 0.80 1.01
S700_S500_a6 100.5 0.67 0.64 111.4 0.74 859 1097 1108 0.78 0.99
S700_S500_a6_WiPF 100.6 0.67 0.64 111.5 0.74 859 1097 1282 0.67 0.86
S700_S700_a6 120.6 0.80 0.70 132.5 0.88 1982 2865 1990 1.00 1.44
Average 0.81 1.06
S420_S420_a10 100.9 0.67 0.62 118.4 0.78 814 1235 1692 0.48 0.73
S500_S420_a10 100.8 0.67 0.62 118.3 0.79 894 1370 1701 0.53 0.81
S500_S500_a10 100.5 0.67 0.64 118.7 0.79 895 1397 1452 0.62 0.96
S700_S420_a10 100.8 0.67 0.62 118.3 0.78 847 1287 1521 0.56 0.85
S700_S500_a10 100.6 0.67 0.64 118.8 0.79 856 1325 1705 0.50 0.78
S700_S500_a10_WiPF 100.6 0.67 0.64 118.7 0.79 852 1316 1455 0.59 0.90
S700_S700_a10 120.6 0.80 0.70 140.4 0.93 2009 3593 2268 0.89 1.58
Average 0.59 0.94
S420_S420_1/2v 100.3 0.67 - 100.3 0.67 828 828 893 0.93 0.93
S500_S420_1/2v 100.8 0.67 - 100.8 0.67 896 896 977 0.92 0.92
S500_S500_1/2v 100.6 0.67 - 100.6 0.67 897 897 1003 0.89 0.89
S700_S420_1/2v 100.9 0.67 - 100.9 0.67 854 854 971 0.88 0.88
S700_S500_1/2v 100.2 0.67 - 100.2 0.67 873 873 961 0.91 0.91
S700_S700_1/2v 121.5 0.81 - 121.5 0.81 2084 2084 1990 1.05 1.05
Average 0.93 0.93

This thesis validates the proposed equation against the results of the HAMK tests, discussed earlier in
Section 2.8.1. The theoretical stiffness of the joints is calculated using the approach developed in Article II
(Section 2.3), which also provides the experimental values of stiffness. The results of the validation are col-
lected in TABLE 6, where “no welds”, “with welds” and “test” respectively denote theoretical stiffness ignor-
ing the influence of welds, theoretical stiffness including it and experimental stiffness. As can be seen, the
consideration of welds allows to obtain significantly more accurate prediction of stiffness. It should be noted
that the stiffness is noticeably overestimated for the cases with the nominal β = 0.80. Such error can be caused
by the greater influence of β on the stiffness of joints when β approaches 0.85. In addition, Eq. (33) correlates
with the solution of de Matos et al. (2015), who proposed a similar equation for axially loaded T joints:

1 1.6eq wb b a  (34)
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The developed approach can be recommended as a rule of thumb to consider the improving effect of fillet
welds on the rotational stiffness of RHS Y joints, including T joints. At the same time, an additional research
is required to extend it to other loading cases as well as develop a similar equation for resistance.

It should be noted that the beneficial effect of fillet welds significantly influences the conclusions on HSS
reduction factors (see Section 2.6): using an increased β can require the introduction of less favorable (smaller)
HSS reduction factors. If the influence of fillet welds is included into the standards, the HSS reduction factors
have to be carefully redefined to avoid unsafe results.

2.9 Surrogate model for initial stiffness of RHS Y joints

Sometimes the optimization of tubular structures requires their structural properties to be calculated extremely
fast. In the absence of an analytical solution, surrogate modeling can serve as a reliable solution for such tasks.
Article VII developed a surrogate model for the initial rotational stiffness of SHS Y joints. The study consid-
ered only butt-welded Y joints that followed the requirements of EN 1993-1-8:2005 (CEN 2005b) and were
made of the cold-formed tubes from the catalogue of the steel manufacturer SSAB (Ongelin & Valkonen 2016).

Behavior of the surrogate model: a) no pseudo points; b) with pseudo points.

The surrogate modeling employed the ooDACE toolbox for Matlab (Couckuyt et al. 2014), which was devel-
oped for the construction of metamodels by the Kriging method. The model was considered as a function of
four independent variables: b0, t0, β and φ (FIGURE 3b). The sampling was conducted in such a way as to
evenly cover the practical scope of interest and meet the requirements of the design rules. The outcome of the
sample points (initial stiffness) was calculated numerically, employing the FE model developed in Section 2.3.
The first attempts were unsuccessful and led to negative stiffness for some joints, as shown in FIGURE 25a,
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where S denotes initial stiffness. The problem was solved by the implementation of the so-called “pseudo”
points, which stabilized the behavior of the model by introducing additional boundary conditions, as demon-
strated in FIGURE 25b. The pseudo points were calculated manually in MS Excel, extrapolating and interpo-
lating the values of the sample points by polynomial regressions. This technique allowed to significantly in-
crease the amount of the sample points without computationally demanding FE analyses. The behavior of the
model in relation to some variables is provided in FIGURE 26.
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Behavior of the surrogate model in relation to the pairs of variables.

The developed model was tested using a set of independent validation points, which were calculated similarly
to sample points. The validation demonstrated a good correlation with the numerical results, with R2 = 0.99,
average error of 4% and the maximum error of 16%. In addition, this thesis validates the model against the
experimental data, which are provided in Article II. TABLE 7 summarizes the results of the validation, which
includes the HAMK tests (Havula et al. 2018), the tests of TH Karlsruhe (Mang & Bucak 1982), the tests of
the Kobe University (Kanatani et al. 1981) and the University of Thrace tests (Christitsas et al. 2007). In the
table, Ssm and Sexp respectively denote initial stiffness determined by the surrogate model and experimentally.
For the HAMK tests, the stiffness of the joints is computed taking into account the improving influence of
fillet welds (Section 2.8); for the remaining tests, this influence is ignored since the joints violate the validity
range of the proposed equation by steel properties. The accuracy of the model was evaluated by the coefficient
of determination R2. According to (Díaz et al. 2012), a metamodel can be considered as accurate if R2 ≥ 0.85.
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TABLE 7. Validation of surrogate model.

Tests Joint b0
[mm]

t0
[mm] β φ

[deg]
Ssm

[kNm/rad]
Sexp

[kNm/rad]
Ssm /
Sexp

R2

HAMK

S420_S420_a6 151.7 7.98 0.73 90 1693 1115 1.52

0.89

S500_S420_a6 149.6 7.97 0.74 90 1844 1083 1.70
S500_S500_a6 149.9 7.97 0.74 90 1806 995 1.81
S700_S420_a6 150.7 7.91 0.74 90 1806 1082 1.67
S700_S500_a6 150.6 7.91 0.74 90 1779 1108 1.61
S700_S500_a6_WiPF 150.8 7.91 0.74 90 1781 1282 1.39
S700_S700_a6 150.8 7.91 0.88 90 4022 1990 2.02
S420_S420_a10 151.4 7.98 0.78 90 2442 1692 1.44
S500_S420_a10 149.7 7.97 0.79 90 2608 1701 1.53
S500_S500_a10 149.5 7.97 0.79 90 2634 1452 1.81
S700_S420_a10 151.2 7.91 0.78 90 2450 1521 1.61
S700_S500_a10 150.9 7.91 0.79 90 2573 1705 1.51
S700_S500_a10_WiPF 151.2 7.91 0.79 90 2623 1455 1.80
S700_S700_a10 150.5 7.91 0.93 90 4687 2268 2.07
S420_S420_1/2v 150.6 7.98 0.67 90 1067 893 1.20
S500_S420_1/2v 149.7 7.97 0.67 90 1039 977 1.06
S500_S500_1/2v 149.6 7.97 0.67 90 1034 1003 1.03
S700_S420_1/2v 150.7 7.91 0.67 90 1012 971 1.04
S700_S500_1/2v 150.5 7.91 0.67 90 1059 961 1.10
S700_S700_1/2v 150.1 7.91 0.81 90 2992 1990 1.50
Average 1.52

TH
Karlsruhe

M44 160 4 0.63 90 249 130 1.91

0.96M45 160 5 0.63 90 301 260 1.16
& Kobe

University
S12 200 9 0.75 90 3528 2000 1.76
S23 250 6 0.70 90 903 875 1.03
Average 1.47

University
of Thrace

80c150t5 150 5 0.53 90 121 135 0.89

0.94

80c150t6 150 6 0.53 90 181 208 0.87
80c150t8 150 8 0.53 90 359 407 0.88
100c150t5 150 5 0.67 90 273 301 0.91
100c150t6 150 6 0.67 90 448 494 0.91
100c150t8 150 8 0.67 90 1125 712 1.58
120c150t5 150 5 0.80 90 853 741 1.15
120c150t6 150 6 0.80 90 1361 1366 1.00
120c150t8 150 8 0.80 90 2825 1927 1.47
Average 1.07

As can be seen from the table, R2 exceeds 0.85 for all the tests, meaning that the model correlates with the
experimental results. However, a considerable deviation of stiffness is observed for some points, which is
connected with the insufficient amount of the sample points. Increasing the amount of the sample points could
have reduced the observed errors. The second reason that affects the accuracy of the results is the deviation of
Young’s modulus: the model employs the theoretical value of E = 210 GPa, while in the tests the values are
generally lower (in the range of 190-200 GPa).

The constructed model has showed its efficiency to solve engineering tasks, for which no theoretical solution
can be found. It should be noted that the model is based on the Kriging method; therefore, it behaves accurately
only for the joints inside the domain of the sample points. However, outside the domain, the accuracy of results
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is not guaranteed. Generally, as a surrogate model might have a considerable amount of variables, the validity
range of the model should be carefully defined. Although the variation of the individual parameters can be
easily determined, this can be not so straightforward when the variables are considered in combinations with
each other.

2.10 Design rules for RHS T joints

This part summarizes the design rules for the resistance and initial stiffness of RHS T joints under axial loading,
in-plane bending moment and out-of-plane bending moment. The rules follow the component method and
contain the equations from the CIDECT report 16F (Weynand et al. 2015), hereinafter – CIDECT, as well as
the equations developed in this thesis.

2.10.1 Resistance

The active components for resistance are selected in accordance with TABLE 8, where an alphanumerical code
corresponds to the component in TABLE 9. The symbol “–” corresponds to an inactive component. Attention
should be paid to the following issues:

1. The chord stress function for the component b (chord side walls in tension / compression), kN,chord,b, is
provided in CIDECT, but is not presented in EN 1993-1-8:2005 (CEN 2005b). Probably, it was in-
cluded in CIDECT since it appears in the ongoing version of Eurocode. However, new Eurocode spec-
ifies it only for the case of axial loading with no extension to moment loading.

2. CIDECT provides no resistance for the component f (chord section in distortion), assuming that the
distortion of the chord has to be prevented in the design. However, EN 1993-1-8:2005 provides a
corresponding equation for this component, which has been also included in TABLE 9.

3. The equation for the component e (brace flange / webs in tension / compression) in the case of in-
plane bending is taken from CIDECT. The same equation can be found in the new version of Eurocode.
However, current EN 1993-1-8:2005 provides a slightly different equation:
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(35)

4. The resistances of the component g (welds) are developed in Section 2.6.
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TABLE 8. Active components for resistance.

Compo-
nent

Axial force In-plane moment Out-of-plane moment
β ≤ 0.85 0.85 < β ≤ (1–1/γ) β > (1–1/γ) β ≤ 0.85 0.85 < β ≤ 1.0 β ≤ 0.85 0.85 < β ≤ 1.0

a a-1 – – a-2 – a-3 –
b – b-1 b-1 – b-2 – b-3
c – – – – – – –
d – d-1 – – – – –
e – e-1 e-1 – e-2 – e-3
f – – – – – – f-1
g g-1 g-1 g-1 g-2 g-2 g-3 g-3

TABLE 9. Resistances of components.
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1) For 0.85 ≤ β ≤ 1.0 linear interpolation between the component a at β = 0.85 and the component b at
β = 1.0.

2)   is the reduction factor for flexural buckling obtained from EN 1993-1-1 (CEN 2005a) using the

relevant buckling curve and a normalized slenderness   determined from:
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3) Only fillet welds with a throat thickness of aw.

Limiting resistances are determined among the active ones as
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Finally, the resistances of the joint are computed using the following equations:
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For steel grades with a nominal yield strength greater than 355 MPa, the resistances should be multiplied by
the HSS reduction factors, which are collected in TABLE 10 for the three loading cases and four steel grades.
For intermediate grades, the factor can be computed by a linear interpolation.

TABLE 10. HSS reduction factors.

Axial loading In-plane bending Out-of-plane bending
butt welds fillet welds

S420 1.0 0.9 1.0 no data
S500 1.0 0.8 1.0 no data
S700 0.9 0.8 0.9 no data
S960 0.8 no data no data no data

2.10.2 Initial stiffness

The active components for initial stiffness are selected in accordance with TABLE 11, where an alphanumer-
ical code corresponds to the component in 0. The symbol “∞” corresponds to an inactive component (a com-
ponent with “infinite” stiffness).

TABLE 11. Active components for initial stiffness.

Component
Axial force In-plane moment Out-of-plane moment

β ≤ 0.85 0.85 < β ≤ 1.0 β ≤ 0.85 0.85 < β ≤ 1.0 β ≤ 0.85 0.85 < β ≤ 1.0
a a-1 ∞ a-2 ∞ a-3 ∞
b b-1 b-1 b-2 b-2 b-3 b-3
c ∞ ∞ c-1 c-1 ∞ ∞
d ∞ ∞ ∞ ∞ ∞ ∞
e ∞ ∞ ∞ ∞ ∞ ∞
f ∞ ∞ ∞ ∞ f-1 f-1
g ∞ ∞ ∞ ∞ ∞ ∞

It should be noted that the equations for the stiffness of the components were simplified to be presented in the
shortest and most convenient form, e.g. the stiffness of the component a for in-plane bending was simplified
as follows:
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(39)

In addition, Articles II and VIII, which respectively considered initial in-plane and axial stiffness, employed
the different definition of components than is used in the original concept of the component method (Article I).
To avoid a possible confusion and go in line with the originally denoted components, the stiffness equations
were modified in the corresponding way. For example, the component a (chord face in bending) in case of
axial stiffness was developed for the whole section of the brace, which corresponds to four strings working
simultaneously:
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TABLE 12. Stiffnesses of components.

a ak effl

a-1
 

3
0

3
0 0 12

effl t

b t b 
   1 02 1.25 1h b   

a-2
   

3
0

2 3
0

10

1 2 4
efft l

b   1 02 1t b  

a-3 not solved
b bk effb ,eff cwl

b-1 0

0 0

0.5 effb t
h t

  0
1

2.40.025 9 1
1.2

bh 


 
   

b-2 0

0 03
effb t

h t
, 11.4 eff cwl t 0 0 0

0 0

0.5 2.5
max

0.5 1 0.5

t b t

b h

 


 
b-3 not solved
c ck

c-1
 0 0 0

1

0.38t h t
h



f fk

f-1 not solved

 

3
0

, 3
0 0 1

4

2
eff

a N

l t
k

b t b


 
(40)

To apply it for a single string located in the corner of the brace, the stiffness was divided by 4:
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Similarly, the component a in case of in-plane bending, Eq. (39), was developed for the compressed flange of
the brace, which corresponds to two strings. To apply it for a single string located in the corner of the brace,
the stiffness was divided by 2:
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Equivalent stiffnesses can be calculated as
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The inactive components (the components with infinite stiffness) do not have to be included in Eq. (43). The
components a and b in case of in-plane bending (ka,ip and kb,ip) must be included in Eq. (43) separately for a
compressive and a tensile parts.

Finally, the initial stiffnesses of the joint are computed using the following equations:
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(44)

Unless actual Young’s modulus is not known, the value of E = 210 GPa is recommended in Eq. (44).

The chord stress function for initial axial stiffness:
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where
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The chord stress function for initial in-plane rotational stiffness:
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No chord stress function has been developed for initial out-of-plane rotational stiffness.
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3.1 The outcome of the research

The main objective of this thesis was to make a step forward in the application of the component
method to the design of tubular joints. Following the existing research conducted by CIDECT,
the study tried to solve the most challenging issues of the component method in relation to RHS
T joints under three loading cases, namely axial loading, in-plane bending and out-of-plane bend-
ing. The verification of the component method with EN 1993-1-8:2005 demonstrated that the
method employs the inverted Eurocode equations and therefore provides the same resistance of
joints. However, the main concerns of the method relate to the design of initial stiffness.

To employ extensive numerical studies in the analyses, the thesis developed a FE model for RHS
T joints. The model was constructed with two quadratic solid finite elements in the thickness
direction. Some recommendations are proposed in regards to the required length of the members
and the possibilities for the modeling of butt and fillet welds. In addition, the thesis presented
three methods to investigate pure axial loading of the joint, preventing the in-plane bending of the
chord. The FE model was employed further in the thesis to develop the design equations for the
initial stiffness of joints, investigate the influence of initial imperfections and fillet welds, as well
as the surrogate modeling.

The main attention of the thesis was paid to the initial stiffness of RHS T joints. The validation
with the experimental results showed that the theoretical solution provided by CIDECT consid-
erably underestimates the in-plane rotational stiffness of joints. A more accurate equation was
proposed for the component “chord face in bending”. The equation demonstrated good correlation
with the experimental data. In terms of initial axial stiffness, the CIDECT report showed consid-

3 Conclusions
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erable overestimation of the experimental values. New equations were developed for the compo-
nents “chord face in bending” and “chord side walls in compression”. In addition, the thesis nu-
merically investigated the influence of chord axial stresses on the initial rotational and axial stiff-
ness of RHS T joints. The compressive stresses were found to reduce considerably the stiffness
of joints, with the opposite trend for tensile stresses. The influence was found particularly strong
for the joints with small braces (β = 0.25) and wall thickness (2γ = 35). To consider this effect in
the design, the thesis developed and verified corresponding chord stress functions.

Another part of the thesis investigated the beneficial effect of fillet welds on the structural behav-
ior of tubular joints. The FE analyses of RHS Y joints demonstrated that the joints with full-
strength fillet welds had considerably higher initial stiffness than the identical joints with butt
welds. The influence was particularly strong for the joints with high β, reaching more than 2.0
times for S355 and more than 3.0 times for S700. The observed phenomenon was also supported
by a series of experimental results on RHS T joints, which demonstrated the difference of 60%
between the resistance and stiffness of the joints with large fillet welds and the butt-welded joints.
The current building standards do not take this effect into account, providing the same resistance
regardless the type and the size of welds. To avoid conservative results, the thesis proposed a
simple equation to consider the influence of fillet welds on the initial in-plane stiffness of RHS Y
joints. Although the equation is based on a limited number of joints, additional studies can be
conducted to develop a more general solution, incorporating resistance and other loading cases.

Attention was also paid to the issue of the reduction factors for HSS tubular joints. A study ana-
lyzed the experimental results of HSS RHS T joints under in-plane bending with varying geome-
try, steel grades and three types of welds. The comparison between the experimental results and
the existing Eurocode equation for moment resistance demonstrated the need for the reduction
factors only for butt-welded joints. The joints with large fillet welds showed sufficiently safe
resistance without any reduction. Applying the factors for these joints would have led to exces-
sively conservative results. The necessity of the reduction for the joints with small fillet welds
depended on the steel grade: the factors were needed only for the joints with steel grades above
S500. In all cases, the required reduction coefficients were greater than those specified by Euro-
code, leading to smaller reduction of resistance. The thesis proposes certain values of the reduc-
tion coefficients (factors) for moment-loaded joints, depending on the steel properties and the
relative throat thickness of the weld. The proposed coefficients well correlate with the observa-
tions of other researchers for axially loaded RHS joints. It should be noted that the recommended
values of the reduction factors do not consider the substantial beneficial influence of fillet welds.
If this effect is accepted in the standards, the recommended values of the HSS reduction factors
have to be further specified.

The same experimental data was used to evaluate the ductility of HSS RHS joints. The results
showed that all considered joints demonstrated sufficient rotation capacity, clearly exceeding the
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specified 3%b0 deformation limit for tubular joints. This finding allows to conclude that RHS T
joints can be safely designed with undersized welds (welds smaller than full-strength fillet welds),
provided that the resistance of welds is checked. This finding is supported for axially loaded joints
by the recent European research (Feldmann et al. 2016).

In addition, the thesis considered the influence of initial imperfections on the behavior of RHS T
joints, such as welding residual stresses and initial geometric imperfections. Welding residual
stresses were investigated numerically, with the simulation of the welding process and the subse-
quent static loading of the joint under in-plane bending moment and axial loading. The results
showed that the welding sequence did not influence the structural behavior of the analyzed joints;
therefore, the idealized simplified sequence was proposed to reduce computational efforts. In the
considered range of joints, welding residual stresses were found to increase the resistance of joints.
The conducted parametric studies demonstrated that the improving effect was particularly pro-
nounced for the joints with small wall thickness (large 2γ ratio), reaching 19% for in-plane bend-
ing and 17% for axial loading. The observed influence on initial stiffness was insignificant. The
obtained results allow to conclude that welding residual stresses can be safely ignored in the the-
oretical and numerical design of RHS T joints, with no unbeneficial consequences.

The influence of initial geometrical imperfections was investigated numerically, considering RHS
T joints under in-plane bending and axial loading. The analyses employed the common approach
for the modeling of geometrical imperfections on thin-walled structures, applying scaled buckling
modes to the joint with perfect geometry. The buckling modes were scaled according to the al-
lowable tolerances specified in Eurocode. In case of axial loading, the most conservative results
were observed when imperfections were modelled by the buckling mode that repeats the defor-
mation pattern under the corresponding loading. In case of in-plane bending moment, none of the
buckling modes was found suitable for modeling imperfections; therefore, they were simulated
using the modes from axial loading. The conducted parametric studies demonstrated the reducing
effect of imperfections on the resistances and initial stiffness of the tested joints, both those gov-
erned by chord face failure (β ≤ 0.85), and those governed by chord side walls failure (β > 0.85).
However, the effect was inconsiderable, reaching 5% for resistance and 7% for initial stiffness.
In practice, such small reductions do not have to be considered in the design.

Finally, the thesis developed a surrogate model for initial rotational stiffness of RHS Y joints.
The model was constructed employing the Kriging method and using the sample points calculated
numerically. The model considered the joints in the whole range of the practical interest, follow-
ing the limitations of Eurocode. The model allowed to receive an immediate and relatively accu-
rate outcome without considerable computational efforts. Such a method demonstrated that sur-
rogate modeling can represent a very effective tool for the engineering tasks with extensive com-
putations and for which no analytical solution exists.
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3.2 The need for further research

3.2.1 Initial stiffness of joints

It should be noted that to derive the stiffness equations, the thesis employs the “effective length”
concept, which is associated to the formation of a yield mechanism. In reality, the effective length
to be considered in the elastic range is not the same as the one used in the design of resistance.
To overcome this obstacle for the components of open section joints, the relation has been derived
between the “elastic effective length” and the “plastic effective length”. Based on that, Eurocode
presents stiffness equations that artificially depend on the “plastic effective lengths”, while in
reality they are based on elastic effective length values. A similar concept can be also utilized in
future works for tubular joints to develop stiffness coefficients that are in line with the existing
design of resistance.

3.2.2 Out-of-plane bending

Although the structural behavior of tubular joints under axial loading and in-plane bending has
been investigated in this thesis and many other publications, there is still a lack of research on
RHS T joints under out-of-plane bending. Some additional research can be conducted to check
the reliability of the Eurocode equation for chord distortion. In addition, considerable research is
required to investigate initial stiffness under this type of loading.

A series of tests on HSS RHS T joints under out-of-plane bending is planned to be conducted in
the nearest future. The experimental program includes the joints with varying geometry (β, 2γ),
steel grades (S420, S500, S700) and weld types (fillet welds with different throat thickness). The
geometry of the joints is selected so that the joints are going to fail from chord face bending, chord
side walls buckling and the combination of the two. The aims of the tests include:

 to check the existing component method rules for the resistance of joints
 to determine the relevance of the reduction factors for HSS joints
 to evaluate the influence of fillet welds on the structural behavior of joints
 to develop and validate equations for initial out-of-plane rotational stiffness with corre-

sponding chord stress functions

3.2.3 Beneficial influence of fillet welds

The experimental research and the extensive numerical simulations conducted in this thesis
demonstrated a considerable improving effect of fillet welds on the structural behavior of RHS
joints. The current design guides for tubular joints do not consider this influence, providing the
same theoretical equation regardless the type of welds. However, this thesis demonstrated that a
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RHS T joint might have 60% higher resistance and stiffness if large fillet welds are used instead
of butt welds. In addition, some Y joints with full-strength fillet welds showed 3 times higher
initial rotational stiffness than the butt-welded joints with matching geometry. Such underestima-
tion of structural behavior may lead to the situation that the whole potential of high strength steels
is not realized in the construction industry, making the application of high strength steels not as
beneficial as it can be.

This thesis proposed an equation to take into account the size of fillet welds in the design of initial
rotational stiffness of SHS Y joints. Additional numerical studies supported by experimental tests
are required to develop a similar rule of thumb for resistance, considering RHS joints in the whole
scope of applications specified by the design rules. However, the beneficial effect of fillet welds
on the resistance of tubular joints can noticeably affect the HSS reduction factors. If the former is
accepted in the standards, the HSS reduction factors have to be correspondingly adjusted to avoid
unsafe results due to the simultaneous consideration of these two issues.

3.2.4 Issues of high strength steels

The thesis shows that the existing design rules cannot be applied for HSS joints without corre-
sponding adjustments by the reduction factors. At the same time, the conducted research demon-
strates that no single conclusion can be made in relation to the relevance of these factors. In this
research, the reduction factors were investigated for SHS T joints with chord face failure as a
governing failure mode, a single 2γ ratio and under in-plane bending. Additional experimental
studies are required to extend the presented conclusions to joints with other failure modes and
loading cases, considering the geometry on the whole scope specified by the design standards.

3.2.5 Practical aspects in the design of tubular joints

This thesis pays particular attention to the design of initial stiffness of RHS joints, since it has
been shown to be the main parameter that affects the buckling of members in tubular trusses. In
particular, previous studies have shown that in a tubular truss, the consideration of initial stiffness
can reduce the effective lengths of compressed diagonals or posts. However, the actual practical
benefits resulted from this assumption are not yet clear. In the future, this issue can be further
investigated by conducting a design of a tubular truss, taking into account the initial stiffness of
joints. The design should also incorporate the issues addressed in this thesis, i.e. the chord stress
functions for initial stiffness and the beneficial influence of fillet welds. A similar design can be
also conducted for welded portal frames, which are widely utilized in industry. Such frames usu-
ally operate under heavy loads with considerable chord stress functions in joints.
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Appendix A1. Moment-rotation curves, HAMK tests.
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In the frame analysis, the local analysismodel of the jointmust follow the behavior of the joint.When completing
the elastic global analysis, the initial rotational stiffness of the joints should be known to obtain the reliable mo-
ment distribution between themembers of the frame. This paper evaluates the existing calculation approach for
the initial rotational stiffness of welded rectangular hollow section T joints. Validation with the experiments
shows that the current calculation approach significantly underestimates their initial rotational stiffness. Based
on the existing experimental data, the paper proposes the improvement for determining the initial stiffness.
The second part of the article investigates the effect of the axial force in themainmember on the initial rotational
stiffness of the joint. The conductednumerical study on square hollow section T joints shows that the reduction of
their initial stiffness can reach 50%, when the main member experiences the normal stresses close to yielding.
Using the curve fitting approach, the paper proposes and validates a corresponding chord stress function, similar
to the existing ones for the moment resistance.

© 2017 Elsevier Ltd. All rights reserved.
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1. Introduction

Feasibility study dealing with safety of the structure starts from the
global analysis of the structure. In the frame analysis, which is conduct-
ed using beam elements, the local analysis model of the joint must fol-
low the behavior of the joint. In this regard, the stiffness, in this case
the initial rotational stiffness, becomes the important quantity of joints.
It has been shown that significant cost savings can be achieved by con-
sidering the initial rotational stiffness of semi-rigid joints, both in sway
frames [1,2] and in non-sway frames [3]. Moreover, the rotational stiff-
ness has a significant effect on the buckling behavior of members [4–6].

Comprehensive research on tubular joints loaded by in-plane bend-
ing moments was conducted by Wardenier [7], who proposed the de-
sign resistance equations, which are currently presented in many
design standards, such as EN 1993-1-8:2005 [8] and ISO 14346:2013
[9]. After that, extensive studies have been undertaken dealing with
the strength of hollow section joints. Tabuchi et al. [10] presented ex-
perimental results for in-plane moment loaded rectangular hollow sec-
tion (RHS) T joints and examined their local failures. Szlendak [11] and
Packer [12] developeddesign procedures for RHS connections under the
moment loading. Intensive research for uniplanar and multiplanar RHS

joints was conducted by Yu [13]. The deformation limit of RHS joints
was investigated by Lu [14] and Zhao [15].

In the joint, normal stresses may occur at the surface of the main
member, where the connected member is located. Generally, the effect
of these stresses is measured using the so-called chord stress functions,
which are available for the resistances of joints in many design stan-
dards [8,9] and handbooks [16]. The design equation for the chord stress
functionwas originally presented in [7] for the resistance of hollow sec-
tion joints. Later considerable research has been conducted worldwide
dealing, however, only with the resistance of joints. The results for
RHS K gap joints are provided in [17] and for RHS X and T joints in
[18,19]. Recent studies have been published for RHS joints in [20] and
circular hollow section (CHS) joints in [21].

At the same time, considerably less research has considered the ro-
tational stiffness of tubular joints. Korol & Mirza [22] described several
methods to determine the behavior of joints, including the post-elastic
phase. Mäkeläinen et al. [23] presented the rotational stiffness of circu-
lar hollow sections (CHS) T joints, based on the semi-analytical models.
The componentmethod, the origin of which can be tracked back to [24],
enables calculating the stiffness of the joint, decomposing it to the basic
components. Calculation methods for the rotational stiffness of RHS T
joints are presented in [25,26]. Both based on the component method,
they employ different mechanical models and equations to determine
the stiffnesses of the components. However, in contrast to the resis-
tance, the initial stiffness design rules were validated with the very
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limited amount of experimental data. Moreover, none of the presented
publications considers the effect of the axial forces in themain member
on the stiffnesses of the joint.

The focus of the present study is on the local initial rotational stiff-
ness of welded RHS T joints loaded by the in-plane bending moment.
The T joint is a joint where a RHS member is connected in an angle of
90° to another RHS member, called the main member. The connected
member can be a brace of a truss or a beam of a frame, whereas
the main member usually represents a chord of a truss or a column.
Fig. 1a shows a RHS T joint loaded with the in-plane momentM acting
on the connected member and with the axial force N acting on the
main member. The main properties of such joint are its brace-to-chord
width ratio β and chord width-to-thickness ratio γ:

β ¼ b1
b0

; γ ¼ b0
2t0

ð1Þ

As can be seen in Fig. 1a, shear forces and bendingmoments occur in
themainmember to compensate themomentM. Considering the chord
stress function in the joint, it is essential to construct the test specimen
and itsmechanicalmodel so that the stresses on the surface on themain
member correspond with the actual stresses [13,27]. In Fig. 1a, the
mechanical model assumes the axial stresses in the joint to be anti-
symmetric with respect to the mid-line of the joint, when the axial
force in themainmember is zero. At the symmetric axis, the axial stress-
es are zero, and this is considered as the case without axial stresses in
the main member.

The first section of this paper provides the theoretical background
for the initial rotational stiffness of joints [25] and proposes the im-
proved stiffness equation for one of the components. Section 2 validates
the proposed improvements with the experimental data. Section 3
studies the effect of the axial force in themainmember on the initial ro-
tational stiffness and proposes the corresponding chord stress function,
using the curve-fitting approach.

1.1. Theoretical background for the design of initial rotational stiffness

1.1.1. Local analysis model
The different beamelement local analysismodels forwelded tubular

joints have been evaluated in [4,5]. This paper employs the best varia-
tion of [4], which is composed of the elastic and rigid beams, as present-
ed in Fig. 1b, where Sj denotes the in-plane rotational stiffness of the
joint. It should be noted, that the rotation of the joint and, consequently,
its rotational stiffness, are defined at the point where the member is
connected to the surface of the main member, not at the intersection
point of the connected and main member midlines, as is defined in

[8]. The motivation for such assumption is provided in [28,29]. This as-
sumption is also used in [26], where it is shown that the local analysis
model is located at the top flange of the main member. The properties
of the beam elements should follow those they represent, i.e., the con-
nected and main members.

1.1.2. Initial rotational stiffness
The initial rotational stiffness is determined using the component

method, which is currently employed by [8] for the joints connecting
H and I sections. It was also applied for RHS joints in [25]. According
to [8], the initial rotational stiffness of the joint, Sj,ini, is calculated as

Sj;ini ¼ Ez2X
i

1
ki

ð2Þ

where E is the Young's modulus; z = h1 is the lever arm; ki is the stiff-
ness coefficient for basic joint component i. Based on [25], the following
stiffness coefficients ki should be consideredwhen calculating the initial
stiffness of the welded RHS T joint:

• kcf is the coefficient for the deformation of the main member surface,
where the connected member is welded;

• kcw is the coefficient for compression and tension deformation of the
main member webs;

• ksh is the coefficient for the shear deformation of the main member
webs, denoted as ki in [25].

Other coefficients, which relate to the weld deformations and the
axial deformations of the brace, are not considered for RHS joints. Nor-
mally, the coefficient kcf is the smallest, whichmeans that the deforma-
tion of the main member face is the most essential when defining the
rotational stiffness of the joint, particularly for the joints with small β.

1.1.2.1. Coefficient kcf. Following Eq. (2.5.19) in [25], the coefficient kcf is
calculated as

kcf ¼
8t30leff ;cf
1−βð Þ3b30

� 1

2þ 6β
1−β

ð3Þ

Table 2.5.1 in [25] presents two options for calculating the effective
width leff,cf:

leff ;cf ¼ t1 þ 2 � b0
ffiffiffiffiffiffiffiffiffiffiffi
1−β

p
ð4Þ

Fig. 1. a) RHS T joint; b) its local design model.
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leff ;cf ¼
h1
2

þ b0 �
ffiffiffiffiffiffiffiffiffiffiffi
1−β

p
ð5Þ

Based on the classical yield line theory of Johansen [30], it can be
seen that Eq. (4) represents the length of the total yield line pattern
for the chord loaded with a perpendicular load in the flange of the
brace. Eq. (5) represents the extension of Eq. (4) to the case where the
chord is loaded with a half of the brace. In this paper, the effective
width leff,cf is determined using Eq. (4). The local design model of the
joint consists of the compressive and tensile parts, which are assumed
to behave similarly [25]. Therefore, the coefficient kcf can be used also
for the tensile part of the model and thus is counted twice in Eq. (2).

Validation with the experimental data has shown that Eq. (3) signif-
icantly underestimates the stiffness of the component, leading thus to
very conservative results of the overall initial rotational stiffness. To
avoid this, a more accurate solution is proposed in Eq. (6). The justifica-
tion for that is presented in Section 2.

kcf ¼
20t30leff ;cf
1−βð Þ3b30

� 1

2þ 6β
1−β

ð6Þ

1.1.2.2. Coefficient kcw. Following clause 2.6.2 of [25], the coefficient kcw is
defined as

kcw ¼ 2 � t0 � beff ;cw;el

h0−3t0
ð7Þ

where

beff ;cw;el ¼ 2 � 0:7 � leff ;cw þ t1 ð8Þ

leff ;cw ¼ max
t0 �

ffiffiffiffiffiffiffiffiffiffiffi
b0

2 � t0

s
≤2:5 � t0

b0
2

�
ffiffiffiffiffiffiffiffiffiffiffi
1−β

p
≤
h0
2

8>>><
>>>:

ð9Þ

The first part of Eq. (9) limits the spread of the yield to 2.5t0 at both
sides of theflange of the brace,while the origin of the secondpart comes
from the yield condition. Similarly to kcf, the coefficient kcw is the same
in tension and compression and is taken into account twice in Eq. (2).

1.1.2.3. Coefficient ksh. According to clause 6.11 of [8], the shear coeffi-
cient ksh is determined as

ksh ¼ 0:38 � AVC

r z
ð10Þ

where r ≈ 1 is the transformation parameter (Table 5.4, [8]), z is the
lever arm and, following Eq. (2.7.8) in [25], the shear area is:

AVC ¼ 2t0 h0−t0ð Þ ð11Þ

The coefficient ksh is taken into account only once in Eq. (2).

1.1.3. Initial rotational stiffness
Taking into account all the above, the initial rotational stiffness is cal-

culated as

Sj;ini ¼
Ez2

2
kcf

þ 2
kcw

þ 1
ksh

ð12Þ

2. Validation of the initial rotational stiffness for RHS T joints

This section validates the calculation approach for the initial rota-
tional stiffness with the experimental tests available in the literature.
The steel grades of the members are provided in the following way:
steel grade of the main member/steel grade of the connected member.
The theoretical initial rotational stiffness Sj,ini is compared to the exper-
imental value Sj,ini,exp. For the theoretical values, the coefficient kcf is cal-
culated using both Eq. (3), presented in [25], and the proposed Eq. (6).
The Sj,ini/Sj,ini,exp ratio is provided in the following way: the absolute
value, the average value and the (standard deviation).

2.1. HAMK tests

Consider first the tests of [31], which represent twenty experiments
of HSS square hollow section T joints with varying section dimensions,
steel grades, weld sizes and welding types (Table 1). Although only
the nominal values of member sizes are provided, the theoretical initial
stiffness is calculated using their measured values. It can be seen that
the original approach, Eq. (3), considerably underestimates the initial
rotational stiffness of the joints. On the contrary, Eq. (6) provides
more accurate prediction, particularly for the butt-welded joints. How-
ever, for the joints with fillet welds, the results are still underestimated.

2.2. Tests of TH Karlsruhe and Kobe University

The next validation (Table 2) is conducted using the results of the TH
Karlsruhe [32] and the Kobe University [33]. The initial rotational stiff-
nesses are extracted from the moment-rotation curves (Figs. 2 and 3),
provided in [25]. As in the case with HAMK tests, the calculation is
much more accurate, if Eq. (6) is used instead of Eq. (3).

2.3. University of Thrace tests

This validation is conducted using the tests of Christitsas et al. [34],
who present the experimental stiffness of the square hollow section X
joints subject to in-plane bending moment (Table 3). The results are
in linewith the previous observations: Eq. (6) yieldsmore accurate pre-
diction of the initial rotational stiffness.

2.4. Discussion concerning initial stiffness

As can be seen from the validation results, Eq. (3), originally pro-
posed in [25], provides very conservative results: the Sj,ini/Sj,ini,exp ratio
is 0.29…0.45 for HAMK tests, 0.35 for the tests of TH Karlsruhe and
the Kobe University and 0.41 for the University of Thrace tests. Oppo-
sitely, Eq. (6) provides considerably more accurate values, with the
Sj,ini/Sj,ini,exp ratio close to one.

Comparing the results of HAMK tests, it can be noted that the joints
with fillet welds have significantly higher initial stiffness than those
with butt welds, in average 13% higher for the 6 mm weld joints and
36% higher for the 10 mmweld joints. This allows making a conclusion
that fillet welds significantly affect the initial rotational stiffness of
joints. This corresponds well with the results of [35], who proposed a
simple rule to calculate the initial rotational stiffness of Y joints using
the equivalent brace width:

b1;eq ¼ b1 þ 2
ffiffiffi
2

p
awkfw ð13Þ

where aw is the fillet weld size, kfw is a correlation coefficient, deter-
mined as 0.6 for S355 and 0.7 for S700. Overall, Eq. (13) leads to
the additional width of ð0:6…0:7Þ �

ffiffiffi
2

p
aw at both sides of the connected

member, which is very close to the proposal 0:8 �
ffiffiffi
2

p
aw for open cross-

sections in Fig. 6.8 of [8].

355M. Garifullin et al. / Journal of Constructional Steel Research 139 (2017) 353–362



Table 1
HAMK tests.

Case Main member Connected member Steel grade aw [mm] β Sj,ini [kNm/rad] Sj,ini,exp [kNm/rad] Sj,ini/Sj,ini,exp

Eq. (3) Eq. (6) Eq. (3) Eq. (6)

1111 150 × 150 × 8 100 × 100 × 8 S420/S420 6 0.66 401 913 1115 0.36 0.39 (0.06) 0.82 0.87 (0.10)
2111 150 × 150 × 8 100 × 100 × 8 S500/S420 6 0.67 422 956 1083 0.39 0.88
2211 150 × 150 × 8 100 × 100 × 8 S500/S500 6 0.67 421 954 995 0.42 0.96
3111 150 × 150 × 8 100 × 100 × 8 S700/S420 6 0.67 405 919 1082 0.37 0.85
3211 150 × 150 × 8 100 × 100 × 8 S700/S500 6 0.67 403 916 1108 0.36 0.83
3214 150 × 150 × 8 100 × 100 × 8 S700/S500 6 0.67 403 916 1282 0.31 0.71
3311 150 × 150 × 8 120 × 120 × 8 S700/S700 6 0.80 1030 2113 1990 0.52 1.06
1121 150 × 150 × 8 100 × 100 × 8 S420/S420 10 0.67 407 924 1692 0.24 0.29 (0.07) 0.55 0.64 (0.13)
2121 150 × 150 × 8 100 × 100 × 8 S500/S420 10 0.67 423 958 1701 0.25 0.56
2221 150 × 150 × 8 100 × 100 × 8 S500/S500 10 0.67 424 959 1452 0.29 0.66
3121 150 × 150 × 8 100 × 100 × 8 S700/S420 10 0.67 397 903 1521 0.26 0.59
3221 150 × 150 × 8 100 × 100 × 8 S700/S500 10 0.67 401 913 1705 0.24 0.54
3224 150 × 150 × 8 100 × 100 × 8 S700/S500 10 0.67 399 908 1455 0.27 0.62
3321 150 × 150 × 8 120 × 120 × 8 S700/S700 10 0.80 1048 2141 2268 0.46 0.94
1131 150 × 150 × 8 100 × 100 × 8 S420/S420 Butt 0.67 414 940 893 0.46 0.45 (0.05) 1.05 1.00 (0.06)
2131 150 × 150 × 8 100 × 100 × 8 S500/S420 Butt 0.67 424 960 977 0.43 0.98
2231 150 × 150 × 8 100 × 100 × 8 S500/S500 Butt 0.67 425 961 1003 0.42 0.96
3131 150 × 150 × 8 100 × 100 × 8 S700/S420 Butt 0.67 401 911 971 0.41 0.94
3231 150 × 150 × 8 100 × 100 × 8 S700/S500 Butt 0.67 409 930 961 0.43 0.97
3331 150 × 150 × 8 120 × 120 × 8 S700/S700 Butt 0.81 1100 2222 1990 0.55 1.12

Table 2
Tests of TH Karlsruhe and Kobe University.

Case Main member Connected member Steel grade aw [mm] β Sj,ini [kNm/rad] Sj,ini,exp [kNm/rad] Sj,ini/Sj,ini,exp

Eq. (3) Eq. (6) Eq. (3) Eq. (6)

M44 160 × 160 × 4 100 × 100 × 3 S235/S235 3 0.63 41 100 130 0.31 0.35 (0.10) 0.77 0.82 (0.20)
M45 160 × 160 × 5 100 × 100 × 3 S235/S235 3 0.63 79 191 260 0.30 0.73
S12 200 × 200 × 9 150 × 150 × 6 S235/S235 6 0.75 1043 2325 2000 0.52 1.16
S23 250 × 250 × 6 175 × 175 × 6 S235/S235 6 0.70 226 550 875 0.26 0.63
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Fig. 2. Initial rotational stiffness extracted from the tests of the TH Karlsruhe, [25], Annex B.3.
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Fig. 3. Initial rotational stiffness extracted from the tests of the Kobe University, [25], Annex B.4.
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3. Chord stress function for initial rotational stiffness

The axial forces acting in themainmember are known to reduce the
resistance of the joint [7]. This reduction is defined by chord stress

functions, the simplest of which, Eq. (14), is presented in Eurocode [8].
The extensive research on the chord stress functions for RHS joints is
also provided in [18,19].

kn ¼ 1:3−
0:4 nj j
β

≤1:0; nN0

1:0; nb0

8<
: ð14Þ

where n is the ratio of the normal stress in themainmember to its yield
strength:

n ¼ σ0

f y0
¼ N0

A0 f y0
þ M0

Wel0 f y0
¼ N0

A0 f y0
ð15Þ

where A0 is the cross-sectional area of the main member and N0 is the
axial load in the main member. In Eurocode [8], negative n means

Table 3
University of Thrace tests.

Case Main member Connected member Steel grade aw [mm] β Sj,ini [kNm/rad] Sj,ini,exp [kNm/rad] Sj,ini/Sj,ini,exp

Eq. (3) Eq. (6) Eq. (3) Eq. (6)

80c150t5 150 × 150 × 5 80 × 80 × 5 S235/S235 6 0.53 46 111 135 0.34 0.41 (0.08) 0.82 0.94 (0.17)
80c150t6 150 × 150 × 6 80 × 80 × 5 S235/S235 6 0.53 78 189 208 0.38 0.91
80c150t8 150 × 150 × 8 80 × 80 × 5 S235/S235 6 0.53 183 430 407 0.45 1.06
100c150t5 150 × 150 × 5 100 × 100 × 5 S235/S235 6 0.67 104 249 301 0.34 0.83
100c150t6 150 × 150 × 6 100 × 100 × 5 S235/S235 6 0.67 177 417 494 0.36 0.84
100c150t8 150 × 150 × 8 100 × 100 × 5 S235/S235 6 0.67 408 924 712 0.57 1.30
120c150t5 150 × 150 × 5 120 × 120 × 5 S235/S235 6 0.80 279 634 741 0.38 0.86
120c150t6 150 × 150 × 6 120 × 120 × 5 S235/S235 6 0.80 469 1028 1366 0.34 0.75
120c150t8 150 × 150 × 8 120 × 120 × 5 S235/S235 6 0.80 1041 2119 1927 0.54 1.10

Table 4
FEM parameters.

Main member 300×300× t0
t0 [mm] 8.5 10 12 15 20 30
2γ 35 30 25 20 15 10

Connected member b1×b1× t1
b1 [mm] 75 150 225 255 300
β 0.25 0.50 0.75 0.85 1.00

Steel grade S500 (both for main and connected members)
n −0.99, −0.95, −0.80, −0.60, −0.40, −0.20, 0, 0.20, 0.40,

0.60, 0.80, 0.95, 0.99

a) b)

Fig. 4. a) Meshing; b) boundary conditions.

a) b) c) 

Fig. 5. a) Tie constraint; b) FE model for β = 0.50; c) FE model for β = 1.0.
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tension in themain member, while the positive one indicates compres-
sion. However, many publications [18,19,21] employ the inverse order
for n, which is also used in this paper.

As has been proposed in [36], such phenomenon can be observed
not only for resistance of joints, but also for their initial stiffness. Al-
though in predominantly statically loaded trusses there is no need to
take into account joint stiffnesses for the load distribution if the critical
parts have sufficient rotation capacity, in frame structures stiffnesses of
joints have to be considered in the global analysis. From that point of
view, such an effect can lead to the noticeable redistribution of forces
in themembers of frames, making the results of the analysis unreliable.
This fact justifies the necessity to develop the chord stress function for
the initial stiffness of joints. For that reason, Eq. (2) should be modified
in the following way:

Sj;ini ¼
ksn;ipEz

2

X
i

1
ki

ð16Þ

where ksn,ip is the chord stress function for the initial rotational stiffness.
This section evaluates the effect of the axial force in the main mem-

ber on the initial in-plane rotational stiffness of hollow section T joints.
On the first step, the FEM analysis is conducted to investigate the effect
of the chord stress on the initial stiffness. The obtained results are then

approximated using the linear and polynomial regressions, proposing
the final chord stress function.

3.1. FEM

The numerical analyses were performed with the FE package
ABAQUS/Standard [37]. The described FE model was verified and vali-
dated against experimental results in [38]. The scope of the study was
restricted to square hollow sections, since RHS joints would have re-
quired considering the additional variable b0/h0, thus leading to the sig-
nificant increase of the sample points. The FEM analyses were
conducted for a single main member size 300 × 300. Following the re-
quirements of the [8], the main member wall thickness t0 varied from
8.5 mm (2γ= 35) to 30 mm (2γ= 10), whereas the connected mem-
ber width changed from 75 mm (β = 0.25) to 300 mm (β = 1.00), as
shown in Table 4. The wall thickness t1 of the connected member was
chosen so that it did not exceed the thickness of the main member t0.
According to [39], all the sections were modelled with round corners,
meaning cold-formed sections. To exclude the possible effects of
the main member end conditions, its length was selected as 10b0,
as recommended in [40], while the connected member length was
chosen as 4b1, following [13]. The relative stress in the main member,
n, was determined using Eq. (15). The analyses were conducted for a
single steel grade S500, both for main and connected members, as
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Fig. 6. Chord stress function depending on γ. The function weakens with the decrease of γ. For β = 1.0, the difference is negligibly little.
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the average steel grade in the range of ones considered in this paper
(S355…S700).

The sectionsweremodelled using 20-noded solid quadratic finite el-
ements with reduced integration (C3D20R in Abaqus), with two ele-
ments in thickness direction (Fig. 4a). Since the deformation of the
main member top face represents the dominating failure mode, its
mesh was refined closer to the connected face (Fig. 4a). Fig. 4b illus-
trates the boundary conditions of the FE model. The T joints were
modelled with butt welds, meaning no welds, using the tie constraint
of Abaqus (Fig. 5a), which ties two separate surfaces together so that
there is no relativemotion between [37]. This approach allows using in-
dividual meshes for the main and connected members without
matching their nodes (Fig. 5b) and is employed by many researchers
[41,42]. The joints with β = 1.0 were modelled with end preparations
of the connected member (Fig. 5c).

The analyses were conducted in two steps: after the axial load was
applied to the main member on the first step, the end of the connected
member was loaded with the concentrated in-plane momentMip using
only one increment, corresponding approximately to 0.1 rad andmean-
ing no yielding at the joint area. All calculations employed the same
ideal plastic material model for S500 steel, with E = 210 GPa and ν =
0.3. The outcome of the FEM was the overall rotation in the end of the
connected member φFEM. To obtain the rotation φj corresponding to

the in-plane rotational stiffness Sj,ini, φFEM was reduced by the rotation
of the brace φbr and the rotation of the chord φch:

φ j ¼ φFEM−φbr−φch ð17Þ

The rotation of the brace was found as

φbr ¼
Mipl1
EI1;ip

ð18Þ

where l1 and I1,ip are the length and the in-plane moment of inertia of
the brace, respectively.

The rotation of the chord was determined as

φch ¼ Mipl0
12EI0;ip

ð19Þ

where l0 and I0,ip are the length and the in-plane moment of inertia of
the chord, respectively.
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Fig. 7. Chord stress function depending on β. The function weakens with the increase of β. For small γ (2γ = 15 and 2γ= 10), the difference is negligibly little.
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Finally, the initial rotational stiffness was be presented as

Sj;ini ¼
Mip

φ j
ð20Þ

The observed influence of the axial force in themainmember on the
initial rotational stiffness was found to have the similar pattern as in the
case with themoment resistance, as depicted in Figs. 6 and 7. According
to the graphs, the reduction of the stiffness can be extremely high, N50%
for the joints with small β and large γ. Similarly, for the same joints, the
increase of the initial stiffness can reach 30%. For −0.8≤n≤0.8, the re-
sponse is generally linear, being nonlinear when 0.8b |n |≤0.99. In addi-
tion, the effect was observed to weaken with the increase of β and the
decrease of γ. For the joints with β = 1.0, the dependence on γ is neg-
ligibly little.

3.2. Chord stress function for initial rotational stiffness

To take into account the effect of the axial stresses in themainmem-
ber on the initial rotational stiffness of the joint, the corresponding
chord stress function was developed using the obtained numerical re-
sults. Following the above observations, the function was found depen-
dent on three variables: β, γ and n. To compare the values of the
proposed functionwith the FEM results, the coefficient of determination
R2, the average percent error Δav and the maximum percent error Δmax

were selected as the assessment criteria. On the first step, the existing
chord stress functions for the moment resistance were tested for appli-
cability to the case of the initial stiffness.

3.2.1. Existing chord stress functions for moment resistance
As a starting point for the approximation, the current chord stress

function in [8] was selected, Eq. (14) (Case 1). Since it does not consider
the increase of the stiffness for n N 0, it was found to provide very inac-
curate results (Table 5). Case 2, the development of Case 1 extended also
for positive n, did not bring reasonable results. The similar performance
was obtained for the chord stress functions proposed in [19], Cases 3
and 4, and [18], Cases 5 and 6. None of these functions considers the in-
crease of stiffness for n N 0, and thus cannot be extended for the initial
stiffness.

3.2.2. Proposed chord stress function
This section develops a chord stress function for the initial stiffness,

using the stated above assessment criteria. Following the numerical
observations, the approximation was assumed consisting of a linear
and two nonlinear parts (Fig. 8), with the following corresponding
equations:

ksn;ip ¼
1þ A � f βð Þ � n � γB−C1 � nj j−0:8ð Þ2; −0:99≤ nb−0:8
1þ A � f βð Þ � n � γB; −0:8≤ n≤−0:8
1þ A � f βð Þ � n � γB−C2 � n−0:8ð Þ2; 0:8 b n≤0:99

8<
: ð21Þ

Analyzing the FEM results, B = 2 in Eq. (21) was found to provide
the most accurate approximation for 0.25 ≤ β ≤ 0.85; whereas for
the joints with β = 1.0, the function was observed not to depend on
γ. From that point of view, the curve fitting was conducted separately
for the joints with 0.25 ≤ β ≤ 0.85 and β = 1.0, proposing the linear
interpolation for 0.85 b β b 1.0. Eq. (22) presents the final chord
stress function with the following parameters: R2 = 0.95, Δav = 1.8%,
Δmax = 9.3%.

For 0:25≤β≤0:85 :

ksn;ip ¼
1þ 0:001 � 1þ 1:7β−2:6β2

� �
� n � γ2−2:7 � nj j−0:8ð Þ2; −0:99≤nb−0:8

1þ 0:001 � 1þ 1:7β−2:6β2
� �

� n � γ2; −0:8bnb0:8

1þ 0:001 � 1þ 1:7β−2:6β2
� �

� n � γ2−3:1 � n−0:8ð Þ2; 0:8bn≤0:99

8>>><
>>>:

For 0:85bβb1:0 :
ksn;ip is the linear interpolation between β ¼ 0:85 and β ¼ 1:0
For β ¼ 1:0 :

ksn;ip ¼
1þ 0:06 � n−3:5 � nj j−0:8ð Þ2; −0:99≤nb−0:8
1þ 0:06 � n; −0:8bnb0:8
1þ 0:06 � n−2:8 � n−0:8ð Þ2; 0:8bn≤0:99

8<
:

ð22Þ

3.3. Validation of the proposed chord stress function

The validation of the final chord stress function was conducted with
the independent FE results but using the same FE model. To prove
that the proposed function is scalable in the main member width, two
chord sizes were considered, 100 × 100 and 200 × 200, with 2γ =
12.5 and 2γ = 25 (Table 6). Validation was performed for two brace
widths (β=0.40 and β=0.90) and two steel grades (S355 and S700).

The validation results are presented graphically in Figs. 9 and 10. As
was expected, when the joints are not loaded by the axial load in the

Table 5
Approximation based on the existing chord stress functions for the moment resistance.

Case Equation A B C R2 Δav [%] Δmax [%]

1
ksn;ip ¼ 1:3− 0:4jnj

β ≤1:0; nb0
1:0; nN0

� – – – 0.34 12.7 160.5

2 ksn;ip ¼ 1þ A n
βþB ; −0:99≤n≤0:99 0.419 0.917 – 0.63 10 37.1

3
ksn;ip ¼ ð1−jnjÞ0:6−0:5β ;nb0

ð1−jnjÞ0:1;nN0

� – – – 0.32 20.9 88.0

4 ksn,ip=(1+n)A+Bβ −0.148 0.031 – 0.25 13.6 93.2
5 ksn,ip=(1−n2)0.8−0.8β+0.01γ – – – 0.04 26.0 96.0
6 ksn,ip=(1−n2)A+Bβ+Cγ 0.018 −0.035 0.004 0.05 7.8 55.7
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Fig. 8. Approximation model for the chord stress function.

Table 6
Validation parameters.

Main member 100×100× t0 200×200×t0
t0 [mm] 4 8 8 16
2γ 25 12.5 25 12.5

Connected member b1×b1× t1 b1×b1× t1
b1 [mm] 40 90 80 180
β 0.40 0.90 0.40 0.90

Steel grade S355, S700
n −0.99, −0.95, −0.80, −0.60, −0.40, −0.20, 0, 0.20, 0.40,

0.60, 0.80, 0.95, 0.99
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mainmember (n=0), their initial rotational stiffness, Sj,ini, is found not
to depend on the steel grade: the joints made of S355 steel have exactly
the same initial stiffness as the corresponding ones made of S700.
However, the stresses in themainmember lead to noticeable discrepan-
cy in the stiffness values for different steel grades. The difference in-
creases with the increase of n, leading to the same discrepancy in the
chord stress function, ksn,ip,FEM. The largest differences Δ are observed
for n = −0.99 (16%) and n = 0.99 (14%).

At the same time, the proposed chord stress function ksn,ip is devel-
oped for all steel grades. Based on the numerical data for S500, it pro-
vides the results intermediate between S355 and S700, with the
largest errors in the cases close to yielding (n=±0.95…0.99). Howev-
er, in the practical range − 0.95 ≤ n ≤ 0.95, the observed discrepancy

between the results does not exceed 10% and can be neglected. The
manual calculations of the chord stress function, presented in Table 7,
show that the change of the steel grade with a constant axial force
in the chord affects the relative axial force n, which finally influences
the chord stress function. Therefore, in principle, the function is not
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Fig. 9. Validation of the proposed chord stress function, main member size 100 mm.

0.60

0.70

0.80

0.90

1.00

1.10

1.20

1.30

-1.0 -0.8 -0.6 -0.4 -0.2 0.0 0.2 0.4 0.6 0.8 1.0

k s
n,

ip

n

Main member 200x8, 

FEM, S355
FEM, S700
Prediction

0.80

0.85

0.90

0.95

1.00

1.05

1.10

-1.0 -0.8 -0.6 -0.4 -0.2 0.0 0.2 0.4 0.6 0.8 1.0

k s
n,

ip

n

Main member 200x8, 

FEM, S355
FEM, S700
Prediction

0.85

0.90

0.95

1.00

1.05

1.10

-1.0 -0.8 -0.6 -0.4 -0.2 0.0 0.2 0.4 0.6 0.8 1.0

k s
n,

ip

n

Main member 200x16, 

FEM, S355
FEM, S700
Prediction

0.80

0.85

0.90

0.95

1.00

1.05

1.10

-1.0 -0.8 -0.6 -0.4 -0.2 0.0 0.2 0.4 0.6 0.8 1.0

k s
n,

ip

n

Main member 200x16, 

=0.4 =0.9

=0.4 =0.9

FEM, S355
FEM, S700
Prediction

Fig. 10. Validation of the proposed chord stress function, main member size 200 mm.

Table 7
Validation of the chord stress function. Main member 200 × 200 × 8, 2γ = 25, β = 0.40.

N [kN] A [cm2] fy0 [MPa] n ksn,ip ksn,ip,FEM ksn,ip/ksn,ip,FEM

−2000 59.24 355 −0.95 0.75 0.82 0.91
−2000 59.24 500 −0.68 0.87 0.85 1.02
−2000 59.24 700 −0.48 0.90 0.87 1.03
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dependent on the steel grade but on the stress and strain level of the
chord. The overall evaluation of the results shows that the developed
chord stress function provides rather accurate prediction, with the
final average error of 3.0% for steels in the range from S355 to S700.

4. Conclusions

This article analyzes the approach provided in [25] for analytical
evaluation of the initial rotational stiffness for welded RHS T joints. By
the comparisonwith the experimental data, it is shown that the original
approach considerably underestimates the initial stiffness of the joints.
To obtain more accurate results, the improved equation is proposed
for the component ‘main member flange in bending’. It is also found
that the size of the fillet weld noticeably affects the initial rotational
stiffness of the joint.

Based on the 3D FEM analysis of square hollow section joints, the
axial stress in themain member is found to affect significantly their ini-
tial rotational stiffness, with the maximum decrease of stiffness by 50%
for compressive loads and the maximum increase by 30% for tensile
loads. The observed effect is found to depend on the brace-to-chord
width ratio β and the chord width-to-thickness ratio γ.

To get reliable results in frame analyses, the chord stress function for
the initial rotational stiffness of T joints is proposed, similar to that for
moment resistance. The function is developed using the curve fitting
technique, based on the obtained numerical results. The function is pre-
sented divided in three parts: the linear part in the range−0.8 ≤ n ≤ 0.8
and two nonlinear parts with−0.99 ≤ n b −0.8 and 0.8 b n ≤ 0.99. The
different functions are proposed for the range 0.25 ≤ β ≤ 0.85 and β =
1.0, with the linear interpolation for 0.85 b β b 1.0. In the considered
range, the proposed solution matches well to the numerical results
and can be recommended for using in the frame design of square hollow
section joints. However, more research is required to extend the func-
tion for RHS joints.
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A B S T R A C T

Based on recent studies, high strength steels (HSS) can be efficiently used in civil engineering, reducing the
consumption of material and CO2 emissions. The present Eurocode contains the reduction coefficients (0.8 and
0.9 depending on the steel grade) for high strength steel joints. These reduction factors lead to the excessive
consumption of material, making the usage of HSS for construction not as economically viable as it might be. The
scope of this paper is to present experimental results dealing with the welded in-plane moment-loaded HSS
joints. Twenty tests on square hollow section T joints were performed to observe their moment-rotation re-
lationship, studying the following parameters: (1) bending resistance, (2) rotational stiffness, (3) ductility. The
results show that the reduction factors are needed only for butt-welded joints, as well as for joints with small
fillet welds and made of steel grades higher than S500. The required ductility was achieved by all specimens,
even when using welds smaller than full-strength fillet welds. In addition, it was shown experimentally that fillet
welds considerably increase the resistance and stiffness of joints.

1. Introduction

The application field for high strength steel (HSS) joints covers a
wide range of structures, including bridges, lattice masts, towers and
buildings with large openings. Hollow section joints subject to bending
moment are found in beam-to-column connections or as a simple joint
configuration in Vierendeel girders. The beam-to-column T joint is
comprised of a brace member connected at an angle of 90° to a chord
member.

The developments in manufacturing processes and material tech-
nologies increased the strength of available steels worldwide [1].
Generally, the steel grade fy≤ 355MPa is considered as regular steel,
although basic Eurocodes EN 1993-1-1 to EN 1993-1-11 consider steel
grades up to fy≤ 460MPa, where fy is the yield strength. Following EN
1993-1-12:2007 [2], high strength steel is defined as 460MPa <
fy≤ 700MPa. To make the usage of HSS in construction as viable as
possible, more precise and accurate calculation methods should be
developed for HSS structures. Attention should be paid particularly to
the resistance and rotational stiffness of joints. The increase of joint
resistance clearly reduces material consumption, while the increase of
stiffness affects the load distribution in the structure and reduces the
buckling length of members, contributing to the reduction of costs.

Currently, EN 1993-1-8:2005 [3] and EN 1993-1-12:2007 [2] con-
tain additional rules for HSS joints. Following these rules, clause
7.1.1(4) of EN 1993-1-8:2005 requires using the factor 0.9 for the static

design resistances of end-products with a nominal yield strength higher
than 355 N/mm2. This rule must be fulfilled for the design equations in
Section 7; however, it does not concern the design of welds. In addition,
clause 2.8 of EN 1993-1-12:2007 specifies the reduction factor 0.8 for
steel grades greater than S460 up to S700. The identical requirements
can be found in the latest CIDECT Design Guide No. 3 [4]. In the design
of HSS joints, these factors considerably reduce the design resistance of
joints, making their design very conservative.

Currently, there is no clear evidence regarding the origin of these
reduction factors. It should be noted that the rules for HSS have been
developed based on a very limited number of experiments with variable
types of joints, especially when considering full-scale HSS joints. The
lack of experimental data could have led to the necessity to reduce the
design resistance of HSS joints, leading to the introduction of these
factors. According to [5] and CIDECT Design Guide No. 3 [4], the need
for the reduction factors can be explained by the relatively larger de-
formations that take place in joints with nominal yield strengths of
approximately 450–460MPa, when the plastification of the connecting
tubular face occurs. A broad discussion on this issue can be found in
[6]. Based on about 100 tests on HSS joints, it proposes no reduction for
a steel grade S500, but implies the reduction factor 0.9 for the a grade
S700 when the connected brace is loaded with an axial load.

At the same time, the reduction can be also caused by the softening
of the heat affected zone (HAZ) [7–9]. According to [8], the effect of
weld-induced heat on the mechanical properties of steel tubes results in
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an overall reduction around of 8% in HSS. Dunđer et al. [10] present
the t8/5 cooling time–hardness relationship for TStE 420 steel HAZ
softening, clearly indicating the importance of HAZ and weld-heat input
when considering the resistance of HSS welded joints. However, both
EN 1993-1-8:2005 and EN 1993-1-12:2007 require no reductions in
HAZ. Only the Finnish National Annex for EN 1993-1-12:2007 [11]
contains a rule to reduce the yield strength, with the factors 1.0 for
S500, 0.85 for S700 and linear interpolation in between. However, this
reduction does not concern the design equations for hollow section
joints in Section 7 of EN 1993-1-8:2005. In any case, this issue remains
open and requires more research for moment-loaded joints.

Another problem of HSS joints is the high price of welding when
full-strength welds are used. According to [12], full-strength fillet welds
result in extremely large throat thickness, namely 1.48 t1 for S420,
1.61 t1 for S500 and 1.65 t1 mm for S700, where t1 is the wall thickness
of the connected tube. Such large welds increase the number of welding
runs and thus, taking into account the high costs of welding, make the
welding process extremely expensive for HSS joints. According to [6],
the full-strength fillet-weld throat thicknesses can be reduced to 1.0 t1
for S500, 1.2 t1 for S700 and 1.4 t1 for S960, provided that they can
resist the loads.

Subsequent to the above discussion, the scope of this paper is to
present the experimental results of welded moment-loaded HSS joints.
Twenty tests on square hollow section T joints were performed to:

• observe the moment-rotation relationship in the whole range of
loading: initial stiffness, hardening stiffness, plastic and ultimate
moment resistances and ductility;

• determine the need for the reduction coefficients and propose
smaller ones, if possible;

• evaluate the ductility of joints and justify the use of welds that are
smaller than full-strength ones.

The paper considers only joints with the brace-to-chord width ratio
β = b1/b0≤ 0.85, i.e., when chord face bending governs the deforma-
tion of the specimen. Joints with fillet and butt welds are considered.
Fig. 1 presents the typical moment-rotation relationship for a hollow
section joint with β≤ 0.85. In the figure, Mpl,exp and Mu,exp denote
plastic and ultimate moment resistances, respectively; Sj,ini and Sj,h
denote initial and hardening rotational stiffness, respectively; φu de-
notes rotation corresponding to ultimate resistance. According to [13],
for this type of joints plastic moment resistance Mpl,exp is determined as
the intersection of the two tangent lines corresponding to initial and
hardening stiffness.

2. Literature review

2.1. Moment resistance

The first equations for the strength of moment-loaded hollow sec-
tion joints can be found in [14–17]. A comprehensive research on
tubular joints was conducted by Wardenier [18], who first proposed the
design formulae based on the classical yield line theory. Currently,
these rules are used in many design standards, such as EN 1993-1-
8:2005 [3], ISO 14346:2013 [19], and CIDECT Design Guide No. 3 [4].
Some newer experimental tests are presented in [20,21]. Tabuchi et al.
[22] presented experimental results for in-plane moment-loaded rec-
tangular hollow section (RHS) T joints and examined their local fail-
ures. Szlendak [23] and Packer [24] developed design procedures for
RHS connections under the moment loading. Intensive research for
uniplanar and multiplanar RHS joints was conducted by Yu [25]. The
deformation limit of RHS joints was investigated by Lu et al. [26] and
Zhao [27]. The comparison of conventional and bird-beak RHS joints
under in-plane bending moment has been conducted in [28]. Cyclic
tests on welded RHS connections were performed in [29]. Fatigue tests
on hollow section joints made of HSS can be found in [30]. However,
most of the presented tests have been conducted for regular steels; no
experiments can be found for HSS tubular joints under static moment
loading.

2.2. Rotational stiffness

In addition to moment resistance, rotational stiffness is an important
quantity in the design of joints, needed particularly in a global analysis
model based on beam elements. In addition, initial rotational stiffness
has a great effect when cost optimal solutions are sought, both in sway
frames [31–35] and non-sway frames [36]. Moreover, rotational stiff-
ness was shown to have an influence on the buckling lengths of truss
members [37–39]. Grotmann and Sedlacek [13] employed the com-
ponent method to propose theoretical equations for the initial rota-
tional stiffness of RHS T joints. Later, these equations were validated
against experimental results in [40].

2.3. Ductility

The ductility requirements are not as straightforward as those for
moment resistance and initial stiffness, being dependent on the case. EN
1993-1-8:2005 and EN 1993-1-12:2007 provide the requirements for
the basic steel material using the ultimate strain εu. Annex C of EN
1993-1-5:2006 [41] recommends a value of 5% for the principal strain
at the ultimate limit state. To evaluate the ductility of members, the
factor R, the ratio of plastic and elastic rotation, is used, being depen-
dent on the layout of the frame and the loading conditions [42,43]. A
continuous beam with R=3, the most unfavorable system, is accepted
in EN 1993-1-1:2005 [44] as the minimum requirement for the mem-
bers belonging to the cross-section class 1, allowing the global plastic
design of the frame.

Rotation capacity has been studied by Beg et al. [45], who limited
the rotation capacity of the entire joint by limiting the relevant prin-
cipal strains of distinct components to 10–20%. EN 1998-1:2004 [46]
proposes a general limit of 0.035 rad for joint rotation to fulfil the re-
quirements for the seismic design. This rule is aimed to allow joints
form a sufficient plastic hinge to carry cyclic loads without a brittle
fracture in the connection [47].

For tubular joints, the ultimate deformation limit was proposed by
Lu et al. [26] to define the strength of joints that do not exhibit a
pronounced peak load. Later it was discussed in [27,48]. Following this
rule, the local displacement of the chord is limited to 3% of the width of
the chord b0. Applying this rule to moment-loaded joints, the rotation of
the joint φ is limited to φlim,3%=0.03b0/(h1/2), where h1 is the height
of the brace. This limit is based on the observation that hollow sectionFig. 1. Typical M-φ relationship for hollow section T joint with β ≤ 0.85.
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joints that did exhibit a peak load had a corresponding local deforma-
tion of the chord face between 2.5 and 4% of b0 [48]. Currently the
limit is adopted by the International Institute of Welding (IIW) as the
ultimate deformation limit to define and compare the strength of
welded hollow section connections.

3. Experimental study

A total of twenty experiments with tubular T joints were performed
at the Sheet Metal Centre at Häme University of Applied Sciences
(HAMK), Finland. The specimens differed in steel grade, the size of
welds and the type of welding. The brace of the specimen was welded at
the midpoint of the chord at an angle of 90°, as shown in Fig. 2a. The
brace-to-chord width ratio β varied from 0.67 to 0.80. Both the chord
and the brace had a length of 700mm. The 170× 170×10 mm plates
were welded at the ends of the chord, and 120×120×10 mm plates
(140×140×10 for 120mm brace) were welded at the ends of the
brace, all made of S355 steel. The measured cross-section dimensions of
the tubes are presented in Table 1, where the naming of the test spe-
cimens is presented in the format [chord material]_[brace material]_
[weld type] and the measured dimensions follow the notations of
Fig. 2b. The thicknesses (tm1, tm2, tm3, tm4) of the tubes were measured
on the four sides of each tube. Radius rm is an average value of the
measured values. Three steel grades and their combinations were
considered: S420, S500 and S700. Table 2 presents the details of steels
and their properties obtained from tensile coupon tests.

Three weld types, a6 and a10 fillet welds and 1/2v butt welds, were
selected to determine the effect of the weld type and size on the re-
sistance and stiffness of the joints (Table 3). The 1/2v butt welds were
performed following EN ISO 9692-1:2013 [49], with no root support
and with an 8mm deep bevel all around the end of the brace (Fig. 3).
The bevel shape complied with EN ISO 9692-1:2013, Table 1, Ref. No.
1.9.1, meaning a zero air gap (allowed max 2–4mm) and a 45° angle
(allowed 35–60°). However, the rules were violated in terms of the zero
peak (straight part) at the bevel end (allowed 1–2mm). The groove
support was made by welding firstly a small weld at the groove tip,
followed by the final load-bearing weld.

The throat thicknesses of welds aw were chosen to be less than the
required full-strength weld sizes aw,fs. This can be justified by clause
7.3.1 (6) of EN 1993-1-8:2005, which states: “The criterion given in
7.3.1(4) may be waived where a smaller weld size can be justified both
with regard to resistance and with regard to deformation capacity and
rotation capacity.” The throat thicknesses were selected so that for
some joints (a6 joints) the design resistance of welds was knowingly

lower than the moment resistance based on chord face failure, while for
others (a10 joints) it was higher. The throat thicknesses of full-strength
fillet welds were determined according to [12]: aw,fs=1.48 t1 for S420,
aw,fs=1.61 t1 for S500 and aw,fs=1.65 t1 for S700; where t1= 8mm is
the thickness of the brace. The ratio aw/aw,fs is provided in Table 3.

Two welding processes were used: MAG (manual welding) and MAG
Wise (manual welding with Wise features), developed by Kemppi Oy
(Lahti, Finland) and used for robot welding. The welding positions PB
and PF were determined following DIN EN ISO 6947. The specimens
were welded by a certified welder, following the instructions of the
steel manufacturer in terms of heat input, weld speed, and cooling time
t8/5 to obtain the required strength of the weld. All filler materials were
over-matching, meaning that the yield strength of the filler materials
was larger than the base material in all tests. The actual weld sizes were
not measured and all calculations were performed using the nominal
values.

Fig. 4 shows the test setup and the static model of the test specimen
with the locations of the displacement transducers and the load cell.
The corresponding measured displacements are denoted as vD1, vD2, vD3,
vD4 and vD5. Transducers D1 and D2 measured the same displacement.
Transducer D1 was located inside the hydraulic cylinder. Transducer D2
was supported from the floor and was used to validate transducer D1,
since the hydraulic cylinder could move up under high loads, increasing
the values of transducer D1. The force F was measured by the load cell
installed at the head of the hydraulic cylinder (max load 250 kN). All
tests were displacement-controlled, with the 20mm/min loading speed.

The vertical displacement at the end of the brace δb was calculated
according to Eq. (1), subtracting the following from displacement vD1:

(1) the axial displacement vD5, corresponding to the vertical displace-
ment of the upper end of the specimen in relation to the floor, as
shown in Fig. 5a.

(2) the rigid body motion of the test specimens δrb due to the dis-
placements at the supports vD3 and vD4, as shown in Fig. 5b.

= − − = − − +
+ −δ v v δ v v L h

L t
v v/2 ·( )b D D rb D D

ep
D D1 5 1 5

1 0

0
4 3

(1)

The local rotation of the joint φ was defined at the point where the
brace was connected to the face of the chord. Generally, displacement
δb corresponds to the global behavior of the specimen, which in-
corporates three simultaneous processes: the elastic bending of the
brace (Fig. 6a), the elastic bending of the chord (Fig. 6b) and the local
deformation of the joint (Fig. 6c). The latter is used to evaluate the
moment-rotation behavior of the joint. Therefore, to obtain the local

Fig. 2. Test specimen: (a) overall view, (b) measured dimensions of tube. Plate 1 corresponds to compressed flange of brace.
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rotation of the joint φ, the displacement δb was reduced by the dis-
placement due to elastic bending of the brace δdb and the displacement
due to elastic bending of the chord δdc:

= − −φ δ δ δ
L

b db dc

1 (2)

Displacements of the brace and the chord were found according to
the equations from strength of materials:

=δ FL
EI3db
1
3

1 (3)

= ⎡
⎣⎢
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where E is the Young’s modulus of steel; I1 and I0 are correspondingly
the second moments of inertia of the brace and the chord;
M= F·(L1+ h0/2) is the bending moment defined at the line where the
brace is connected to the center line of the chord. It should be noted
that the paper does not consider the second order effects due to the
deflection of the chord (e.g., the horizontal movement of the loading
point), as well as the shear deflection of the connected members.

4. Theoretical calculations

4.1. Design moment resistance

Generally, the structural behavior of tubular joints is complicated by
a non-uniform stress distribution over the surface of the chord. As it is
shown in [18], the elastic stress distribution becomes particularly non-
uniform for joints with small β, sharply increasing in the corners of the
brace. For this reason, an analytical solution for joint resistance is very
complicated and is generally replaced by a semi-analytical approach,
which assumes an uniform distribution [18]. Moreover, as stresses
reach the yield strength of steel and initiate plastic deformations, the
stress distribution becomes more uniform, justifying the adopted as-
sumption.

According to EN 1993-1-8:2005, the deformation of RHS T joints
with β≤ 0.85 is governed by chord face failure. Since the specimens
had welds smaller than full-strength welds, the resistance of welds was
also checked. In accordance with the foregoing, the moment joint re-
sistance was found by

=M M Mmin { , }j Rd ip Rd w Rd, ,1, , (5)

where Mip,1,Rd is the bending moment resistance based on chord face
failure and Mw,Rd is the bending moment resistance based on weld
failure.

Table 1
Measured section dimensions [mm].

Specimen β Member Section tm1 tm2 tm3 tm4 rm bm1 bm3 bm4 bm2

S420_S420_a6 0.67 Chord 150×150×8 7.88 8.00 7.95 8.07 21.00 151.70 151.70 151.30 151.30
Brace 100×100×8 7.92 7.99 7.88 7.96 20.30 100.30 100.30 100.70 100.70

S500_S420_a6 0.67 Chord 150×150×8 7.89 8.05 7.90 8.03 19.50 149.60 149.60 150.00 150.00
Brace 100×100×8 7.92 7.99 7.88 7.96 21.50 100.20 100.20 100.70 100.70

S500_S500_a6 0.67 Chord 150×150×8 7.89 8.05 7.90 8.03 20.50 149.90 149.90 151.50 151.50
Brace 100×100×8 7.90 8.02 8.04 8.01 21.00 100.66 100.66 100.50 100.50

S700_S420_a6 0.67 Chord 150×150×8 7.84 7.95 7.89 7.97 19.50 150.70 150.70 151.60 151.60
Brace 100×100×8 7.92 7.99 7.88 7.96 20.35 101.00 101.00 100.20 100.20

S700_S500_a6 0.67 Chord 150×150×8 7.84 7.95 7.89 7.97 19.50 150.60 150.60 150.90 150.90
Brace 100×100×8 7.90 8.02 8.04 8.01 19.50 100.50 100.50 100.40 100.40

S700_S500_a6_WiPF 0.67 Chord 150×150×8 7.84 7.95 7.89 7.97 19.50 150.80 150.80 151.10 151.10
Brace 100×100×8 7.90 8.02 8.04 8.01 19.50 100.60 100.60 100.55 100.55

S700_S700_a6 0.80 Chord 150×150×8 7.84 7.95 7.89 7.97 21.00 150.80 150.80 150.60 150.60
Brace 120×120×8 7.96 7.96 8.01 7.96 20.50 120.60 120.60 120.40 120.40

S420_S420_a10 0.67 Chord 150×150×8 7.88 8.00 7.95 8.07 20.50 151.40 151.40 150.80 150.80
Brace 100×100×8 7.92 7.99 7.88 7.96 20.00 100.94 100.94 100.33 100.33

S500_S420_a10 0.67 Chord 150×150×8 7.89 8.05 7.90 8.03 19.50 149.70 149.70 151.00 151.00
Brace 100×100×8 7.92 7.99 7.88 7.96 20.50 100.80 100.80 100.30 100.30

S500_S500_a10 0.67 Chord 150×150×8 7.89 8.05 7.90 8.03 20.00 149.50 149.50 150.70 150.70
Brace 100×100×8 7.90 8.02 8.04 8.01 19.50 100.50 100.50 100.40 100.40

S700_S420_a10 0.67 Chord 150×150×8 7.84 7.95 7.89 7.97 19.50 151.20 151.20 151.50 151.50
Brace 100×100×8 7.92 7.99 7.88 7.96 22.00 100.80 100.80 100.15 100.15

S700_S500_a10 0.67 Chord 150×150×8 7.84 7.95 7.89 7.97 20.00 150.90 150.90 151.80 151.80
Brace 100×100×8 7.90 8.02 8.04 8.01 20.00 100.60 100.60 100.50 100.50

S700_S500_a10_WiPF 0.67 Chord 150×150×8 7.84 7.95 7.89 7.97 20.50 151.20 151.20 151.90 151.90
Brace 100×100×8 7.90 8.02 8.04 8.01 21.50 100.58 100.58 100.64 100.64

S700_S700_a10 0.80 Chord 150×150×8 7.84 7.95 7.89 7.97 20.50 150.50 150.50 151.30 151.30
Brace 120×120×8 7.96 7.96 8.01 7.96 20.50 120.64 120.64 120.60 120.60

S420_S420_1/2v 0.67 Chord 150×150×8 7.88 8.00 7.95 8.07 20.50 150.60 150.60 151.60 151.60
Brace 100×100×8 7.92 7.99 7.88 7.96 20.50 100.33 100.33 100.85 100.85

S500_S420_1/2v 0.67 Chord 150×150×8 7.89 8.05 7.90 8.03 19.50 149.70 149.70 150.30 150.30
Brace 100×100×8 7.92 7.99 7.88 7.96 19.50 100.84 100.84 100.35 100.35

S500_S500_1/2v 0.67 Chord 150×150×8 7.89 8.05 7.90 8.03 20.50 149.60 149.60 151.40 151.40
Brace 100×100×8 7.90 8.02 8.04 8.01 21.00 100.60 100.60 100.58 100.58

S700_S420_1/2v 0.67 Chord 150×150×8 7.84 7.95 7.89 7.97 20.00 150.70 150.70 151.70 151.70
Brace 100×100×8 7.92 7.99 7.88 7.96 18.50 100.85 100.85 99.90 99.90

S700_S500_1/2v 0.67 Chord 150×150×8 7.84 7.95 7.89 7.97 20.50 150.50 150.50 151.70 151.70
Brace 100×100×8 7.90 8.02 8.04 8.01 18.50 100.16 100.16 101.46 101.46

S700_S700_1/2v 0.80 Chord 150×150×8 7.84 7.95 7.89 7.97 19.50 150.10 150.10 150.90 150.90
Brace 120×120×8 7.96 7.96 8.01 7.96 19.00 121.50 121.50 120.50 120.50
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4.1.1. Moment resistance based on chord face failure
The moment resistance based on chord face failure Mip,1,Rd was

calculated according to Table 7.14 of EN 1993-1-8:2005, with the
measured yield strengths and the section dimensions and taking into
account the reduction factor kHSS:

= ⎛
⎝⎜

+ − + −
⎞
⎠⎟

M k f k t h
η β

η
β

γ1
2

2
1 1

/ ,ip Rd n y HSS M,1, 0 0
2

1 5
(6)

where kn is the chord stress function (not needed in this case), kHSS is
the reduction factor for HSS, β = b1/b0 is the brace-to-chord width
ratio, η= h1/b0 is the brace height-to-chord width ratio. In keeping
with the conditions for the reduction factors determined in the
Introduction, they would take the following values (the given steel
grades refer to the chord):

= ⎧⎨⎩k 0.9, S420
0.8, S500, S700HSS

(7)

4.1.2. Moment resistance based on fillet-weld failure
In this paper, the design resistance of fillet welds is determined

using the Directional method presented in EN 1993-1-8:2005. The
welds related to b1 are assumed to carry only the axial force P, while the
welds related to h1 are assumed to carry the shear load (Fig. 7a).

The load P acting in the weld:

= = −P M
z

M
h t

,
1 1 (8)

where the lever arm = −z h t1 1 is taken from EN 1993-1-8:2005, Figure
6.15.

The stress is calculated by dividing P by the throat area Aw (EN
1993-1-8:2005, 4.5.3.2(2)):

= = = −σ P
A

P
ab

M
ab h t( )w

w 1 1 1 1 (9)

Stresses acting in the weld (Fig. 7b):

Table 2
Measured material properties.

Specimen Chord E0 [GPa] fy0 [MPa] fu0 [MPa] Brace E1 [GPa] fy1 [MPa] fu1 [MPa]

S420_S420_a6 S420 185 507 562 S420 181 502 557
S500_S420_a6 Optim 500 MH 196 602 662 S420 181 502 557
S500_S500_a6 Optim 500 MH 196 602 662 Optim 500 MH 185 563 627
S700_S420_a6 Optim 700 Plus MH 197 769 850 S420 181 502 557
S700_S500_a6 Optim 700 Plus MH 197 769 850 Optim 500 MH 185 563 627
S700_S500_a6_WiPF Optim 700 Plus MH 197 769 850 Optim 500 MH 185 563 627
S700_S700_a6 Optim 700 Plus MH 197 769 850 Optim 700 Plus MH 199 734 854

S420_S420_a10 S420 185 507 562 S420 181 502 557
S500_S420_a10 Optim 500 MH 196 602 662 S420 181 502 557
S500_S500_a10 Optim 500 MH 196 602 662 Optim 500 MH 185 563 627
S700_S420_a10 Optim 700 Plus MH 197 769 850 S420 181 502 557
S700_S500_a10 Optim 700 Plus MH 197 769 850 Optim 500 MH 185 563 627
S700_S500_a10_WiPF Optim 700 Plus MH 197 769 850 Optim 500 MH 185 563 627
S700_S700_a10 Optim 700 Plus MH 197 769 850 Optim 700 Plus MH 199 734 854

S420_S420_1/2v S420 185 507 562 S420 181 502 557
S500_S420_1/2v Optim 500 MH 196 602 662 S420 181 502 557
S500_S500_1/2v Optim 500 MH 196 602 662 Optim 500 MH 185 563 627
S700_S420_1/2v Optim 700 Plus MH 197 769 850 S420 181 502 557
S700_S500_1/2v Optim 700 Plus MH 197 769 850 Optim 500 MH 185 563 627
S700_S700_1/2v Optim 700 Plus MH 197 769 850 Optim 700 Plus MH 185 734 854

(1) E0 is the Young’s modulus of the chord.
(2) fy0 is the yield strength of the chord.
(3) fu0 is the ultimate strength of the chord.
(4) E1 is the Young’s modulus of the brace.
(5) fy1 is the yield strength of the brace.
(6) fu1 is the ultimate strength of the brace.

Table 3
Weld properties.

Specimen Welding process
and position

Weld aw [mm] aw,fs [mm] aw/aw,fs

S420_S420_a6 MAG & PB a6 6 11.9 0.51
S500_S420_a6 MAG & PB a6 6 11.9 0.51
S500_S500_a6 MAG & PB a6 6 12.9 0.47
S700_S420_a6 MAG & PB a6 6 11.9 0.51
S700_S500_a6 MAG & PB a6 6 12.9 0.47
S700_S500_a6_WiPF MAG Wise &

PB+PF
a6 6 12.9 0.47

S700_S700_a6 MAG & PB a6 6 13.2 0.45

S420_S420_a10 MAG & PB a10 10 11.9 0.84
S500_S420_a10 MAG & PB a10 10 11.9 0.84
S500_S500_a10 MAG & PB a10 10 12.9 0.78
S700_S420_a10 MAG & PB a10 10 11.9 0.84
S700_S500_a10 MAG & PB a10 10 12.9 0.78
S700_S500_a10_WiPF MAG Wise &

PB+PF
a10 10 12.9 0.78

S700_S700_a10 MAG & PB a10 10 13.2 0.76

S420_S420_1/2v MAG & PB 1/2v – – –
S500_S420_1/2v MAG & PB 1/2v – – –
S500_S500_1/2v MAG & PB 1/2v – – –
S700_S420_1/2v MAG & PB 1/2v – – –
S700_S500_1/2v MAG & PB 1/2v – – –
S700_S700_1/2v MAG & PB 1/2v – – –

Fig. 3. 1/2v bevel welds.
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= =⊥ ⊥σ τ σ
2
w

(10)

The design resistance of the fillet weld is sufficient if the following is
satisfied (EN 1993-1-8:2005, 4.5.3.2(6)):

+ + ⩽⊥ ⊥σ τ τ
f

β γ
3( ) ,u

w M

2 2
||
2

2 (11)

where βw=1 is the correlation factor for steel grades higher or equal to
S420 and fu is the minimum ultimate strength.

By putting (10) to (11):

=σ
f

γ 2w
u

M2 (12)

Equalizing (9) to (12):
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Thus, the moment resistance of the weld for normal stresses:
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In the case of shear force, only shear stresses act on the throat area:

= =τ F
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1 (15)

Eq. (11) takes the form:
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Equalizing (15) to (16):

=F
γ

ah f2
3M

u
2

1
(17)

The moment resistance of the weld for shear stresses:

= =M FL ah
f
γ

L2
3fw S Rd

u

M
, , 1 1

2
1

(18)

The fillet weld final resistance is the minimum of the two:

=M M Mmin { , }fw Rd fw N Rd fw S Rd, , , , , (19)

4.1.3. Moment resistance based on 1/2v butt weld failure
Similar to fillet welds, the design resistance of 1/2v butt welds is

determined using the Directional method and the same assumptions.
For the 1/2v butt weld, the stress components are found by

Fig. 4. Test setup: (a) test arrangement overview, (b) static model of test specimen.

Fig. 5. Corrections to calculate the displacement at the end of the brace: (a) axial deformation of the chord, (b) motion of the supports.
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= = =⊥ ⊥σ σ τ τ; 0w || (20)

Equalizing (20) to (11):
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w M2 (21)

Equalizing (9) to (21):
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Taking into account a= t1, the bending resistance of the butt weld
is found by

= −
M

f t b h t
γ
( )

bw Rd
u

M
,

1 1 1 1

2 (23)

4.2. Rotation capacity

As mentioned in the Introduction, the rotation limit for the joints is
calculated according to the 3%b0 deformation rule of Lu et al. [26],
leading to the following rotation limit:

= =φ b
h η
0.03

/2
0.06

lim,3%
0

1 (24)

5. Results

All twenty tests were performed until the overall failure of the
specimens. Since all joints had the brace-to-chord width ratio in the
range β < 0.85, their deformation was governed by chord face failure,
as shown in Fig. 8a. In addition, chord side walls buckling was observed

as a minor failure mode in all specimens (Fig. 8b). Strain hardening and
the membrane effect allowed the considerable post-yielding behavior of
the joints. Finally, cracking in HAZ led the specimens to punching shear
failure, as shown in Fig. 8c.

Graphically, the behavior of T joints can be presented by a corre-
sponding moment-rotation (M-φ) curve. As an example, the M-φ re-
sponse for case S700_S500_a6 is shown in Fig. 9; the remaining mo-
ment-rotation curves are provided in Appendix. The presented curves
for all joints are found to be similar to that shown in Fig. 1, with the
following clearly observed phases:

– linear elastic phase, corresponding to elastic deformations with in-
itial rotational stiffness Sj,ini;

– transitional phase, when the yielding of the joint starts and the slope
declines;

– hardening phase, corresponding to hardening stiffness Sj,h;
– final failure, when the load starts to drop, corresponding to the
failure in HAZ or weld.

The following parameters were extracted from the test data and are
summarized in Table 4:

– Sj,ini, initial joint stiffness (defined by the manual curve fitting);
– Sj,h, joint stiffness at the hardening phase (defined by the manual
curve fitting);

– Mpl,exp, plastic moment resistance (determined according to Fig. 1);
– Mu,exp, ultimate moment resistance;
– φu, rotation corresponding to ultimate moment resistance.

The joints with β = 0.80 (cases S700_S700_a6, S700_S700_a10 and
S700_S700_1/2) had a considerably smaller hardening phase than the

Fig. 6. Behavior of joint under loading: (a) bending of brace; (b) bending of chord; (c) local deformation of joint.

Fig. 7. Design of welds: (a) load components; (b) stress components in weld.
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joints with β = 0.67. This can be explained by the different influence of
β on the resistance of joints: for higher β plastic resistance increases
more radically than the resistance of welds. This leads to smaller post-
yielding behavior of the joint. For this reason, the manual curve-fitting
approach was not so straightforward for these cases and allowed several
possible solutions to determine the corresponding hardening stiffness.

To investigate the dependence of plastic resistance on the brace-to-
chord width ratio β, it was normalized in respect to steel grade and
geometry. Fig. 10a presents non-dimensional plastic moment resistance
Mpl,exp/(fy0·t02·h1) in relation to β; for convenience, the points are
grouped by weld size. The experimental results are compared to the
theoretical equation, which is derived from Eq. (6) (η= β in all cases):

= = + − + −f β η
M
f t h η β

η
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2

2
1 1

ip Rd
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0 0
2

1 (25)

Fig. 10b presents the experimental plastic resistance normalized in
relation to joint geometry Mpl,exp/(t02·h1·f(β,η)) and plotted against
chord yield strength fy0. The experimental results are compared to the
theoretical equation, which in this case represents a linear regression:
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As can be seen in Fig. 10, the experimental results confirm the
general trend: the brace-to-chord width ratio β significantly affects the
resistance of joints representing the main factor in their structural be-
havior. Moreover, the results prove the linear dependence of plastic

resistance on chord yield strength. In both cases, resistance is found
dependent on welds: the joints with a10 fillet welds have significantly
higher resistance than those with a6 mm; the latter have higher re-
sistance than those with butt welds. This can be explained by the fact
that fillet welds enlarge the cross-section of the brace at the connection
area, increasing thus the total length of the yielding mechanism and
leading to higher plastic resistance. No trend was observed in relation
to the influence of the brace material on the resistance of joints.

The theoretical moment resistances based on the chord face failure
were calculated according to Section 3, with and without the reduction
factor kHSS. All theoretical data is collected in Table 5 with the fol-
lowing notations:

– Mip,1,Rd, the bending moment resistance based on the chord face
failure (current Eurocode rules);

– M∗
ip,1,Rd, the bending moment resistance based on the chord face

failure without kHSS;
– Mw,Rd, the bending moment resistance based on the weld failure
(Mfw,Rd or Mbw,Rd);

– Mj,Rd, the moment resistance of the joint, min{Mip,1,Rd, Mw,Rd};
– M∗

j,Rd, the moment resistance of the joint without kHSS; min{M∗
ip,1,Rd,

Mw,Rd};
– φlim,3%, the rotation limit.

Experimental plastic resistance Mpl,exp was compared to theoretical
moment resistance based on chord face failure Mip,1,Rd, with and

Fig. 8. Observed failure modes: (a) chord face failure; (b) chord side walls failure; (c) punching shear.

Fig. 9. Moment-rotational curve, specimen S700_S500_a6.
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without kHSS. Similarly, the rotation corresponding to ultimate moment
resistance was compared to the rotation limit φlim,3%. Table 6 provides
the summary of the comparative analysis.

6. Discussion

6.1. Resistance

In respect of joint resistance, attention is paid to the following two
issues: the need for the reduction factors kHSS in case of plastic re-
sistance (chord face failure) and other possible improvements to the
resistance calculation. The results show that theoretical resistance
considerably underestimates experimental plastic resistance for the
joints with a10 fillet welds (aw/aw,fs=0.76…0.84) with the average
Mip,1,Rd/Mpl,exp ratio of 0.58. Even without the reduction, the average
ratio is 0.71. This observation justifies no need for the reduction for
joints with large fillet welds (aw/aw,fs≥ 0.75).

For joints with a6 fillet welds (aw/aw,fs=0.45–0.51), the situation is
not so straightforward. With the reduction coefficient kHSS, all joints are
on the safe side, with the average Mip,1,Rd/Mpl,exp ratio of 0.79. When
the reduction is not taken into account, the averageM∗

ip,1,Rd/Mpl,exp ratio
is 0.98, which also yields safe results. However, the ratio exceeds 1.0 for
two cases, S700_S420_a6 and S700_S500_a6 (both have the chord made

of S700). This implies the following rule: for joints with 0.45≤ aw/
aw,fs < 0.75, no reduction may be needed, when the steel grade is
below S700 (S500 can be the optimal limit). For steel grade S700, the
reduction is needed; however, kHSS=0.9 seems to be sufficient, instead
of the conservative value of 0.8. This conclusion is in line with the
observations of [6], who proposed no reduction for S500 and the re-
duction factor 0.9 for S700.

Regarding the butt-welded joints, without reduction their theore-
tical moment resistance exceeds the experimental values in all cases,
with an average M∗

ip,1,Rd/Mpl,exp ratio of 1.16. At the same time, taking
into account the reduction factors, all joints show safe performance,
with the average Mip,1,Rd/Mpl,exp ratio being 0.94. Therefore, for butt-
welded joints, reduction is required, provided that butt welds are
completed as in this research and their resistance is calculated as in this
paper. Table 7 contains a summary of the observations regarding the
reduction coefficients.

Different findings for joints with various welds can be explained by
the fact that experimental plastic resistance directly depends on the
fillet weld size. Table 4 and Fig. 10 clearly show that the joints with
fillet welds have higher experimental resistance than the joints with
butt welds and the same geometry and material properties (compare,
e.g., S420_S420_1/2v, S420_S420_a6 and S420_S420_a10). However,
EN 1993-1-8:2005 does not take this phenomenon into account and

Table 4
Experimental results.

Specimen β Weld Mpl,exp [kNm] Mu,exp [kNm] φu [rad] Sj,ini [kNm/rad] Sj,h [kNm/rad]

S420_S420_a6 0.66 a6 21.2 34.6 0.270 866 56
S500_S420_a6 0.67 24.3 38.6 0.235 939 68
S500_S500_a6 0.67 25.0 39.3 0.227 861 69
S700_S420_a6 0.67 27.7 41.6 0.212 926 86
S700_S500_a6 0.67 29.4 50.2 0.283 900 80
S700_S500_a6_WiPF 0.67 31.2 39.5 0.147 888 79
S700_S700_a6 0.80 61.2 67.5 0.111 2052 82

S420_S420_a10 0.67 a10 31.6 48.7 0.263 1255 71
S500_S420_a10 0.67 35.1 57.3 0.302 1285 78
S500_S500_a10 0.67 37.2 48.1 0.201 1369 69
S700_S420_a10 0.67 38.5 53.4 0.201 1310 91
S700_S500_a10 0.67 45.5 58.0 0.175 1525 89
S700_S500_a10_WiPF 0.67 37.6 51.8 0.201 1295 84
S700_S700_a10 0.80 70.1 76.0 0.102 2551 96

S420_S420_1/2v 0.67 1/2v 18.5 27.4 0.218 750 54
S500_S420_1/2v 0.67 21.1 33.4 0.230 695 60
S500_S500_1/2v 0.67 21.0 28.0 0.177 845 60
S700_S420_1/2v 0.67 24.2 33.9 0.160 763 76
S700_S500_1/2v 0.67 26.4 39.8 0.211 816 72
S700_S700_1/2v 0.81 46.8 50.7 0.085 1694 70

Fig. 10. (a) Mpl,exp/(fy0·t02·h1) in relation to β; (b) Mpl,exp/(t02·h1·f(β,η)) in relation to fy0.
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provides the same theoretical resistance for joints with different weld
types and sizes, as can be seen in Table 5 (slight differences of Mip,1,Rd

are caused by deviations in the measured dimensions of the specimens).
For this reason, the ratio Mip,1,Rd/Mpl,exp is found to be unsafe for the
joints with butt welds, requiring reduction; close to 1.0 for the joints
with a6 fillet welds, requiring partial reduction; and very conservative
for the joints with a10 fillet welds, justifying no reduction for such
joints. If full-strength welds were used, the underestimation of re-
sistance would be even greater.

To develop more generalized conclusions, the theoretical resistance
of RHS joints should first be calculated incorporating the improving
effect of fillet welds. This effect can be taken into account, e.g., by in-
creasing β by means of some simple equation, as has been proposed for
initial stiffness in [50]. However, such an approach has to be applied
carefully: if the enlarged β is used in the cases with β= 0.8
(S700_S700_a6 and S700_S700_a10), it might exceed the limit of

β≤ 0.85, thus making the chord face failure calculation invalid and
requiring the resistance to be calculated based on chord side-wall
crushing and brace failure. It should be noted that this paper considers
the reduction factors for the joints with β ≤ 0.85, i.e., when the failure
of the joint is caused by chord face bending. When other failure modes
prevail, the conclusions can be different.

The application of MAG Wise welding did not yield noticeable im-
provements in the performance of the joints. Moreover, in the case of a6
joints (compare S700_S500_a6 and S700_S500_a6_WiPF), it decreased
their ultimate bending resistance by 21%, in the case of a10 joints
(compare S700_S500_a10 and S700_S500_a10_WiPF) by 11%.

6.2. Stiffness

The initial rotational stiffness of joints with an a10 fillet weld was
found to be clearly higher than that of joints with a6 fillet welds (by
42% on average) and also 1/2v butt welds (by 63% on average). The
results clearly show that in addition to moment resistance, fillet welds
significantly affect also the initial rotational stiffness of tubular joints.
To take this effect into account in the design, a possible solution has
been proposed in [50]. A similar improving effect was also observed for
hardening stiffness in these tests.

The application of MAG Wise welding did not bring noticeable
improvements in the rotational stiffness of the joints. Moreover, in the

Table 5
Theoretically calculated values.

Specimen β aw/aw,fs M*
ip,1,Rd [kNm] kHSS Mip,1,Rd [kNm] Mw,Rd [kNm] M*

j,Rd [kNm] Mj,Rd [kNm] Limiting factor φlim,3% [rad]

S420_S420_a6 0.66 0.51 20.0 0.9 18.0 17.6 17.6 17.6 Weld 0.090
S500_S420_a6 0.67 0.51 24.1 0.8 19.3 17.6 17.6 17.6 Weld 0.089
S500_S500_a6 0.67 0.47 24.1 0.8 19.3 19.8 19.8 19.3 Chord 0.089
S700_S420_a6 0.67 0.51 30.1 0.8 24.1 17.6 17.6 17.6 Weld 0.090
S700_S500_a6 0.67 0.47 30.1 0.8 24.1 19.7 19.7 19.7 Weld 0.090
S700_S500_a6_WiPF 0.67 0.47 30.1 0.8 24.1 19.8 19.8 19.8 Weld 0.090
S700_S700_a6 0.80 0.45 52.6 0.8 42.1 39.1 39.1 39.1 Weld 0.075

S420_S420_a10 0.67 0.84 20.1 0.9 18.1 29.4 20.1 18.1 Chord 0.091
S500_S420_a10 0.67 0.84 24.1 0.8 19.3 29.3 24.1 19.3 Chord 0.090
S500_S500_a10 0.67 0.78 24.1 0.8 19.3 32.9 24.1 19.3 Chord 0.089
S700_S420_a10 0.67 0.84 29.9 0.8 23.9 29.3 29.3 23.9 Chord 0.091
S700_S500_a10 0.67 0.78 30.1 0.8 24.0 33.0 30.1 24.0 Chord 0.090
S700_S500_a10_WiPF 0.67 0.78 30.0 0.8 24.0 33.0 30.0 24.0 Chord 0.090
S700_S700_a10 0.80 0.76 53.1 0.8 42.5 65.4 53.1 42.5 Chord 0.075

S420_S420_1/2v 0.67 – 20.2 0.9 18.2 33.0 20.2 18.2 Chord 0.090
S500_S420_1/2v 0.67 – 24.2 0.8 19.3 33.0 24.2 19.3 Chord 0.090
S500_S500_1/2v 0.67 – 24.2 0.8 19.3 37.3 24.2 19.3 Chord 0.089
S700_S420_1/2v 0.67 – 30.0 0.8 24.0 32.8 30.0 24.0 Chord 0.091
S700_S500_1/2v 0.67 – 30.4 0.8 24.3 37.5 30.4 24.3 Chord 0.089
S700_S700_1/2v 0.81 – 54.6 0.8 43.7 74.1 54.6 43.7 Chord 0.075

Table 6
Comparison of the experimental and theoretical values.

Specimen β aw/aw,fs M*
ip,1,Rd/

Mpl,exp

Mip,1,Rd/
Mpl,exp

φlim,3%/φu

S420_S420_a6 0.66 0.51 0.95 0.85 0.33
S500_S420_a6 0.67 0.51 0.99 0.79 0.38
S500_S500_a6 0.67 0.47 0.96 0.77 0.39
S700_S420_a6 0.67 0.51 1.09 0.87 0.43
S700_S500_a6 0.67 0.47 1.02 0.82 0.32
S700_S500_a6_WiPF 0.67 0.47 0.96 0.77 0.61
S700_S700_a6 0.80 0.45 0.86 0.69 0.68

Average 0.98 0.79 0.45
S420_S420_a10 0.67 0.84 0.64 0.57 0.34
S500_S420_a10 0.67 0.84 0.69 0.55 0.30
S500_S500_a10 0.67 0.78 0.65 0.52 0.44
S700_S420_a10 0.67 0.84 0.78 0.62 0.45
S700_S500_a10 0.67 0.78 0.66 0.53 0.52
S700_S500_a10_WiPF 0.67 0.78 0.80 0.64 0.45
S700_S700_a10 0.80 0.76 0.76 0.61 0.74

Average 0.71 0.58 0.46
S420_S420_1/2v 0.67 – 1.09 0.98 0.41
S500_S420_1/2v 0.67 – 1.15 0.92 0.39
S500_S500_1/2v 0.67 – 1.15 0.92 0.51
S700_S420_1/2v 0.67 – 1.24 0.99 0.57
S700_S500_1/2v 0.67 – 1.15 0.92 0.42
S700_S700_1/2v 0.81 – 1.17 0.93 0.88
Average 1.16 0.94 0.53

Table 7
Summary of the reduction coefficients observations.

Reduction factor Reduction factor for
fy > 355MPa

Reduction factor for
460MPa < fy≤ 700MPa

Reference EN 1993–1-8:2005,
clause 7.1.1(4);
CIDECT Design
Guide No. 3, clause
1.2.1

EN 1993–1-12:2007, clause 2.8;
CIDECT Design Guide No. 3,
clause 1.2.1

Existing value 0.9 0.8
Possible value:
Butt welds 0.9 0.8
Fillet welds, aw/
aw,fs≥ 0.75

1.0 1.0

Fillet welds,
0.45≤ aw/
aw,fs < 0.75

1.0 1.0 for S500
0.9 for S700
Linear interpolation between
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case of a10 fillet welds (compare S700_S500_a10 and
S700_S500_a10_WiPF) it decreased initial and hardening stiffness by
15% and 6% respectively.

6.3. Ductility

The results show that the experimental ultimate rotation capacity of
all tested joints clearly exceeded the 3%b0 deformation limit, provided
that no full-strength fillet welds were used. According to Table 6, the
ratio φlim,3%/φu lies in the range of 0.33…0.61 for the joints with
β = 0.67 and 0.68…0.88 for the joints with β= 0.80. Such a con-
siderable margin justifies the use of welds smaller than full-strength
fillet welds if they provide sufficient resistance.

7. Conclusions

The moment-rotation behavior of all tested specimens was found to
follow the typical moment-rotation response for joints with β≤ 0.85.
The rotation capacity of all specimens complies with the requirements
for tubular joints, even using welds smaller than full-strength welds.
This indicates that full-strength fillet welds are not needed in these
joints and in this loading condition.

The experimental results show that the size of fillet welds has a
significant influence on the structural behavior of joints, increasing
their bending resistance and rotational stiffness. To avoid overly con-
servative results, such phenomenon should be taken into account in the

design of tubular joints.
There is no single conclusion concerning the relevance of the re-

duction factors for the bending resistance of HSS joints limited by chord
face failure. This issue is complicated by the fact that the current design
rules do not consider the improving effect of fillet welds on the struc-
tural behavior of tubular joints. If this influence is neglected, the re-
duction is necessary only for butt-welded joints, as well as for joints
with small fillet welds (0.45≤ aw/aw,fs < 0.75) and made of steel
grades higher than S500. It should be noted that these conclusions are
based on the tests carried out, i.e., for square hollow sections of 8mm
thickness (2γ= b0/t0= 18.75). More tests are required to establish the
reliability of these observations in relation to joints with other 2γ ratio,
as well as for rectangular hollow section joints. Moreover, further in-
vestigations are needed to specify the relevance of the reduction factors
kHSS for the bending resistance based on other failure modes, as well as
for the design of welds.
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Appendix A. Moment-rotation curves
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Effect of welding residual stresses on 
local behavior of rectangular hollow section joints 
Part 1 – Development of numerical model

M. Garifullin, B. Launert, M. Heinisuo, H. Pasternak, K. Mela, S. Pajunen

Abstract Welded tubular joints are widely used in structural engi-
neering due to their excellent resistance and stiffness in contrast to 
open sections, as well as simpler end preparation. Welding residual 
stresses that occur in these joints after the welding process can af-
fect their structural behavior. Some recent experimental studies ha-
ve shown that this effect can be considerable. This study numeri-
cally evaluates the influence of welding residual stresses on the be-
havior of rectangular hollow section T joints. The paper consists of 
two parts. Part I develops and validates a finite element model for 
the joints directly taking into account welding residual stresses by 
means of an upstream thermomechanical simulation of the welding 
process. It is proven that particular attention needs to be paid to 
the discretization of the model, the material properties and the 
adequate description of the weld heat input. The validation with 
experimental results shows that the developed numerical model 
properly captures the local structural behavior of tubular joints and 
can be efficiently used for further investigations. Part II employs the 
constructed model to investigate the effect of welding residual 
stresses on the resistance and initial stiffness of the considered 
joints. 

Zusammenfassung Geschweißte Hohlprofilknoten sind auf-
grund besserer Festigkeits – und Steifigkeitseigenschaften im Ver-
gleich zu offenen Profilen sowie ihrer einfacheren Fertigung weit 
verbreitet. Schweißeigenspannungen, die infolge des Fügens der 
Einzelkomponenten mittels Schweißen entstehen, können deren 
Tragverhalten zum Teil stark beeinflussen, was auch durch einige 
neuere Untersuchungen belegt wird. Dieser Beitrag beschreibt eine 
erweiterte Vorgehensweise für die Finite-Elemente-Modellierung 

Einfluss der Schweißeigenspannungen auf die 
Tragfähigkeit von Rechteck-Hohlprofil-Knoten
Teil 1: Entwicklung eines numerischen Modells

am Beispiel eines T-Knotens aus Rechteckhohlprofilen. Der Beitrag 
gliedert sich in zwei Teile. Teil 1 beinhaltet die Entwicklung und Va-
lidierung eines numerischen Modells, welches Schweißeinflüsse 
durch eine vorangehende thermomechanische Simulation explizit 
modelliert und diese in nachfolgende Berechnungsschritte einbe-
zieht. Dabei werden die Bedeutung einer geeigneten Vernetzung 
des Modells, der Materialeigenschaften und eines zutreffenden 
Schweißwärmeeintrags diskutiert. Die Validierung mit experimen-
tellen Ergebnissen zeigt die Eignung des entwickelten numerischen 
Modells und dass dieses das lokale Tragverhalten entsprechender 
Knotenverbindungen korrekt erfasst. Es kann daher für nachfolgen-
de Untersuchungen weiterverwendet werden. Teil 2 zeigt die dies-
bezüglich durchgeführten Parameterstudien, um die Auswirkungen 
der Schweißeigenspannungen auf die Tragfähigkeit und die An-
fangssteifigkeit der untersuchten Knotenverbindung darzustellen.

1 Introduction

Welded hollow section joints are widely used in the building 
industry due to their excellent strength and simple end pre-
parations. Although welding enables fast and simple con-
nection of sections, it represents a complex thermomecha-
nical process, which takes place at very high temperatures. 
When a welded joint is cooled to room temperature, the oc-
curring shrinkage of the material leads to high residual 
stresses in the welded zone. To ensure that welding residual 
stresses have no negative effect on the structural behavior 
of tubular joints, these stresses should be taken into ac-
count in the analysis. 
Many papers evaluate experimentally residual stresses in 
welded connections. In [1] it is shown that residual stresses 
can lead to the reduction of tensile strength for butt-welded 
plates by 10 %. Some authors came to the conclusion that 
the reduction of tensile strength of high strength steel (HSS) 
butt joints can reach 3 % to 8 % [2], and even 15 % [3]. Simi-
lar results are obtained in [4]. Some other studies dealing on 
the same issue can be found in [5], [6], [7]. A comprehensive 
numerical analysis on welding residual stresses in compo-
nent-type welded I-girders is provided in [8].
However, very few publications evaluate welding residual 
stresses in relation to hollow section joints. Brar & Singh [9] 
have proved that it is possible to increase the tensile 
strength of tubular X joints by 24 % due to reduction of resi-
dual stresses in the heat affected zones (HAZ) by changing 
welding input parameters. In [10] it is shown that the load-
bearing capacity of square hollow section T joints can vary 
by 10 % depending on the welding sequence. At the same ti-
me, the paper does not directly compare the structural be-
havior of joints considering and neglecting welding residual 
stresses.
Modern numerical methods and software allow analysing 
the residual stresses induced by the welding process. One 
possible solution is the finite element analysis (FEA), which 
is implemented in a broad range of software. This paper 
creates a finite element (FE) model to investigate the beha-
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vior of rectangular hollow section (RHS) T joints taking into 
account welding residual stresses. Section 2 provides a brief 
overview on the structural behavior of RHS T joints. Section 
3 develops the FE model of the joint taking into account 
welding residual stresses and validates it with the experi-
mental data. A T joint represents the simplest joint configu-
ration, when a brace is connected to a chord at an angle of 
90 °. Notations of the T joint are provided in figure 1. Only 
joints with fillet welds are investigated. The companion pa-
per (Part II) employs the constructed model to evaluate the 
effect of welding residual stresses on the resistance and ini-
tial stiffness of the considered joints. 

2 Theoretical background for structural  
behavior of RHS T joints

2.1 Local design model for RHS T joints
The local beam model for semi-rigid tubular T joints has 
been developed in [11]. The models are depicted in figure 

2a and figure 2b for in-plane bending and axial brace loa-
ding, respectively. In the figure, Sj,ini and Cj,ini denote initial 
rotational and axial stiffness that are modelled by rotational 
and linear springs respectively. It should be noted that the 
springs are located at the upper flange of the chord and are 
connected to the chord axis by a rigid beam.
Generally, displacements and rotations measured during 
analyses reflect the global behavior of the joint, which in-
cludes deformations of the chord and the brace, as well as 
local deformations of the joint. The latter represents defor-
mations at the connection area, where the brace and the 
chord meet. In particular, to obtain the local rotation of the 
joint j in case of in-plane bending, the rotation of the brace 
jbr and the rotation of the chord jch are subtracted from the 
rotation in the end of the brace jtot (figure 3):

j = jtot - jbr - jch (1)

In case of axial loading of the brace, two parameters are ex-
tracted: the vertical displacement in the end of the brace dbr 
and the vertical displacement in the bottom flange of the 
chord dbot, as shown in figure 4a. The local displacement of 
the joint d is then

d = dbr - dbot - dsh (2)

where dsh is the shortening of the brace (not shown in the fi-
gure). The motions of the members are supposed to be elas-
tic (assuming that plastic deformations occur only in the 
connection area); therefore, the values jbr, jch, and dsh are 
calculated manually using well-known beam equations 
from the strength of materials.
In case of axial brace loading, the axial force N causes ben-
ding of the chord, which results in additional normal stress 
in its faces [12]. To eliminate this effect, compensating mo-
ments M0,END = 0.25 N(l0 – h1) are applied at the ends of the 
chord, resulting in the desired zero moment in the area of 
connection, as shown in figure 4b.

2.2 Structural behavior of T joints
The behavior of tubular joints demonstrates certain simila-
rities in case of in-plane bending and axial brace loading 
and is best described by corresponding action-deformation 
curves. The initial stiffness and resistance of joints are 
found graphically, using the manual curve-fitting approach. 
To evaluate the deformation capacity of joints, the so-called 
3 % deformation limit jlim (dlim) is calculated in accordance 
with [13]. Following this rule, for a joint loaded by an axial 
force in the brace, the deformation limit is found as

dlim = 0.03 b0 (3)

Similarly, for a joint loaded 
by an in-plane moment:
 
  (4) 

Initial stiffness Sj,ini (Cj,ini) is 
found as the tangent line in 
the elastic phase of the curve. 
Here, S corresponds to the 
rotational stiffness and C to 
the axial stiffness. In accor-
dance with EN 1993–1–8 : 
2005 [14], the indices j and ini 
correspond to “joint” and 

φlim=
0.03b0
h1/2

=0.06b0/h1

Fig. 1. Notations of T joint
Bild 1. Bezeichnungen am T-Knoten

Fig. 2. Local design models for RHS T joint: a) in-plane bending; b) 
axial brace loading
Bild 2. Lokale Berechnungsmodelle für T-Knoten aus Rechteck-Hohl-
profilen: a) Biegung in der Ebene; b) Axiallast aus Pfosten

Fig. 3. Behavior under in-plane bending: a) elastic rotation of the brace; b) elastic rotation of the chord; c) local rotation of 
the joint 
Bild 3. Verhalten unter Biegung in der Ebene: a) Elastische Verdrehung des Pfostens; b) Elastische Verdrehung des Gurtes; c) 
lokale Verdrehung am Knoten
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“initial phase” respective-
ly. The resistance of the 
joint is determined de-
pending on its brace-to-
chord width ratio b, as 
proposed in [15]. For 
joints with b 8 0.85, ben-
ding of the chord top face 
governs the deformation 
of the whole joint and the 
action-deformation curve 
has a clearly observed 
hardening phase, as 
shown in Figure 5. In this 
case, the plastic resis-
tance Mpl (Npl) is deter-
mined according to [16] 
as the intersection of two 
tangent lines correspon-
ding to initial stiffness 
Sj,ini (Cj,ini) and hardening stiffness Sj,h (Cj,h). Ultimate resis-
tance Mu (Nu) in this case usually corresponds to very large 
deformations, considerably exceeding the deformation li-
mit; therefore, it is rarely considered for such joints. Oppo-
sitely, the behavior of joints with 0.85 < b 8 1.0 is generally 
governed by buckling of their chord side walls; the resis-
tance of such joints is determined differently [17]. It should 
be noted that when 0.85 < b 8 1.0, the finite element mode-
ling of the joint becomes complicated, because the fillet 
weld reaches the rounded corner of the chord section (bet-
ween the web and the upper flange). When b = 1.0 (the 
chord and the brace are of equal width), a fillet weld cannot 
be performed and is replaced by a partial/full penetration 
butt weld. As the focus of this study is on T joints with fillet 
welds, only joints with b 8 0.85 are considered in this paper.

3 FE model for RHS T joints with 
welding residual stresses

3.1 Abaqus Welding Interface
Currently there are various programs for finite element mo-
deling and simulation of welding processes, such as Abaqus 
Welding Interface [18], Sysweld [19], Simufact Welding [20], 
and Virfac [21]. In this study, Abaqus Welding Interface 
(AWI) was employed, as it provides wide opportunities both 
for welding simulation and for subsequent structural analy-
ses of the joints in Abaqus [22]. AWI represents an Abaqus 
plug-in for simulating of the welding process, employing a 
sequentially coupled approach for the thermal stress analy-
sis [18]. AWI constructs both the thermal and mechanical 
models, including the necessary step definitions, step-de-
pendent boundary conditions and step-dependent tempera-
ture field specifications.
AWI generally considers welds consisting of multiple beads 
(layers), as shown in figure 6. Each bead is then assumed 
divided into chunks corresponding to the actual weld pools. 
The sequence of welding is later defined by the introduction 
of passes, which determine the chunk (or a number of 
chunks) being activated at a particular time.

3.2 Finite element discretization
In the first step, a short study was conducted to determine 
the most suitable finite element. Tubular joints are best si-

mulated using at least two quadratic hexahedral elements 
across the wall thickness [23]. To obtain adequate distributi-
on of residual stresses with AWI, models should have suffi-
cient number of layers, i.e., three, four and even more. Ho-
wever, such models have extremely large calculation time 
when quadratic finite elements are used. Reasonable re-
sults can be also obtained using linear hexahedral elements 
with incompatible modes [24].
To find the most suitable finite element for further simulati-
ons, a short study was conducted in Abaqus/Standard wit-
hout AWI. A joint was considered under in-plane bending 
with a 100 x 100 x 6 chord and a 50 x 50 x 5 brace, both ma-
de of S355 and with a = 5 mm weld. Three types of finite ele-
ments were chosen for comparison: linear hexahedral 
(C3D8 in Abaqus), linear hexahedral with incompatible mo-
des (C3D8I in Abaqus) and quadratic hexahedral with redu-
ced integration (C3D20R in Abaqus). Three elements in 
thickness direction were employed, for both the chord and 
the brace. The moment-rotation response of the joints is 
presented in figure 7, where all three finite element types 
provide the same structural behavior of the joint. Therefo-
re, the linear full-integration hexahedral element (C3D8 in 
Abaqus) was chosen for further investigations, as the one 
with minimum calculation time.

3.3 FE model for RHS T joint
AWI requires welded members modelled as a single part 
with suitable partitioning for the definition of base and filler 

Fig. 4. a) Behavior under axial loading; b) bending moment in chord caused by transverse forces, compensating moments and 
their combined effect [12]
Bild 4. a) Verhalten unter Axiallast aus Pfosten; b) Biegemomente im Gurt durch Querkräfte, Kompensationsmomente und Über-
lagerung [12]

Fig. 5. Action-deformation curve for T joint with b 8 0.85
Bild 5. Last-Verformungs-Kurve T-Knoten für b 8 0.85
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materials; therefore, in this study the brace, the chord and 
the weld were modelled as one geometric object. To exclu-
de possible effects of the chord boundary conditions, its 
length was selected as 6b0, while the brace length was cho-
sen as 4bl, as shown in figure 8a. To capture large tempera-
ture and stress gradients due to welding, the used mesh was 
refined near the connection area. The RHS profiles were 
modelled as cold-formed sections with rounded corners ac-
cording to [25]. Residual stresses due to cold-forming were 
not considered.
Attention should be paid particularly to the gap between the 
chord and the brace. In practice, a small gap exists between 
the connected members due to their geometrical imper-
fections. If it is ignored during modeling, the brace and the 
chord are connected directly, forming an enlarged con-
nection area. This does not correspond to reality, where the 
connection is performed only through the fillet weld. The-
refore, a small gap was introduced to the FE model for com-
putational purposes only, as shown in figure 8b. To determi-
ne the required width of the gap, three gap sizes (0 mm, 
0.2 mm and 0.5 mm) were considered for the same joint 
(chord 150 x 150 x 8, brace 80 x 80 x 8, S355, a = 8 mm fillet 
weld). For simplicity, the sections were connected with a tie 
constraint. The M-j responses of the tested models are pro-
vided in figure 9a. As can be noticed, all three joints have 
the same initial stiffness with slight deviations of the ulti-
mate resistance. The discrepancy occurs in the area of large 
deformations, which is out of practical interest. Therefore, 
the effect of gap size was found negligible, and a gap of 
0.5 mm was assumed for further investigations, as the one 

providing clear partitioning with reasonable aspect ratio of 
the elements.
It should be noted, when such a model is loaded by an in-
plane bending moment, the nodes of the compressed brace 
flange could penetrate the surface of the chord, as shown in 
figure 9b. In reality, such penetration is impossible and 
should be prevented by introducing a contact interaction in 
the FE model. However, a short study has shown that the 
penetration takes place only at very high deformations, far 
beyond the deformation limit (figure 9a) and does not influ-
ence the results in the practical range of interest.
Only fillet welds are considered in this paper, with a throat 
angle of 45 °. Welds with throat thickness of a 8 5 mm are 
assumed to consist of a single bead, while welds with 
a > 5 mm consist of three beads. Division into beads is con-
ducted so that they have approximately equal volumes of 
metal, i.e., equal areas of the cross section. Modelling of the 
weld and its division into chunks is provided in figure 8c. 
This paper considers only the joints, in which the brace and 
the chord are made of a single steel grade. The material of 
welds is assumed to match that for the base parts. To simu-
late properly the welding process, the following properties 
were introduced in the material model: thermal conductivi-
ty, specific heat, density and latent heat for the thermal ana-
lysis; as well as expansion coefficient, Young’s modulus and 
plastic stress-strain curve for the mechanical analysis. They 
all were considered as temperature-dependent and were 
extracted from Simufact.material 2016 library, where they 
are based on [26] for S355 and [27] for S690. It should be no-
ted that the influence of phase transformation was ne-

Fig. 7. Results of finite element analysis
Bild 7. Ergebnisse der Finite-Elemente-Berechnung

Fig. 8. FE model: a) meshing; b) gap between connected members; c) weld chunking 
Bild 8. FE-Modell: a) Vernetzung; b) Spalt zwischen verschweißten Bauteilen; c) Längseinteilung Schweißnaht

Fig. 6. Division of weld into beads and chunks 
Bild 6. Einteilung der Schweißnaht in Lagen und Längsabschnitte
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glected. On the other hand, this local 
effect should not dramatically act on 
the overall stress distribution in 
joints [28].

3.4 Calibration of weld heat input
For a realistic assessment of tempe-
ratures, the weld heat input has to be 
properly introduced in the FE model, 
i. e., the activation of chunks repre-
senting the welding speed and the 
corresponding target torch heat-up 
temperature. The welding speed is 
set in accordance with available wel-
ding procedure specifications (WPS) for semi-mechanized 
metal active gas (MAG) welding [29], depending on the 
weld throat thickness. The target torch heat-up temperatu-
re represents the maximum temperature that is applied to 
the specimen during the welding process. It is determined 
so that both welded parts in the welding area are heated up 
to the melting temperature at the required depth. This cri-
terion guarantees the quality of the weld. In this paper, it 
was evaluated visually by the expansion of the calculated 
1 500 °C isotherm during the welding process. The optimal 
shape of this isotherm should be possibly close to the ellip-
soid, while the “angular” shape usually means insufficient 
heating of the welded zone. Some trial analyses have shown 
that the default torch heat-up temperature of 1 500 °C does 
not provide the required depth of the melted zone (figure 
10a). The temperature of 2 000 °C provides the expansion of 
the isotherm to the required depth (figure 10b). For the 
temperature of 2 500 °C the welded zone expands severely 
through the thickness of the brace, partly reaching its inner 
surface (figure 10c), which is usually not the case in practi-
ce. The observed discontinuity of the isotherm at the edges 
of the connected members is mainly caused by the gap. 
From the above observations, the required torch heat-up 
temperature was assumed equal to 2 000 °C. A more detai-
led calibration of the weld heat input requires a comparison 
with experimental results, e. g., macro sections [8].

3.5 Mesh convergence study
Mesh convergence was studied on the developed model 
with the 100 x 100 x 6 chord and the 50 x 50 x 5 brace, ma-
de of S355 steel and with a = 5 mm weld. To reduce the cal-
culation time, the welding process was simulated in AWI as-
suming the whole weld consisting of a single chunk, i.e., the 
whole weld was inserted simultaneously. Three mesh sizes 
were considered: 3 mm (two elements in thickness directi-
on), 2 mm (three elements in thickness direction) and 1 mm 
(six elements in thickness direction). In other directions, 
the mesh size was determined so that the elements had an 
aspect ratio close to 1 near the connection area. The evalua-
tion was conducted by extracting von Mises stresses in two 
paths: ABCD in longitudinal direction and MNOP in trans-
verse direction, as shown in figure 11. Both paths were lo-
cated on the outer surface of the connected members.
The von Mises stresses along the paths ABCD and MNOP 
are presented in figure 12 and figure 13, respectively. Resi-
dual stresses reach their maximum in the weld area (secti-
ons BC and NO), where all models provide more or less the 
same values with some minor deviations. Extending further 
to the surface of the chord, both in longitudinal and trans-

verse directions (sections AB and MN), stresses tend to re-
duce to the yield level. Spreading to the surface of the brace 
(section CD and OP), stresses decrease even stronger, bey-
ond the yield level. At the distance of 5 mm from the weld in 
all directions (sections CD, MN and OP), a severe drop of 
stresses is observed, followed by a subsequent recovery. 
These observations clearly show that the 3 mm mesh is too 
coarse for such joint and cannot capture the local changes 
of stresses close to the weld area. Compared to the 1 mm 
mesh, the 2 mm mesh underestimates the local deviations 
of stresses on the surface of the brace and the weld; howe-
ver, the difference is not so large on the surface of the 
chord, which plays the major role in the local behavior of 
such joints.
It is recalled here that Abaqus generally calculates stresses 
in the integration points of elements. To construct stress 
distributions maps, the program extrapolates values from 
the integration points to the corresponding nodes; therefo-
re, the resulting stresses may lead to unreliable results in 
unfavourable cases. Moreover, when mesh refinement is 
evaluated, calculation time becomes a very important 
factor. The overall calculation time accounts for 0.72, 3.86 
and 9.93 hours for 3 mm, 2 mm and 1 mm mesh correspon-
dingly, considering that the simplest welding sequence is 
used. All calculations were performed on a personal com-
puter with an Intel Core i7–4710HQ CPU, 2.50 GHz clock 
frequency and 16 GB RAM, using multiple processors paral-
lelization. If a more sophisticated sequence is employed, 
e. g., the weld is divided into n chunks; the calculation time 
must be approximately multiplied by n, extremely compli-
cating further investigations. For these reasons, 2 mm mesh 
was chosen as the optimal solution for this joint by the crite-
ria of the results accuracy and reasonable calculation time. 
Extending this conclusion further, the preferable mesh size 
for similar cases can be recommended as t0/3 or a/3.

3.6 Validation
The validation of the developed FE model was conducted 
with the results of [30]. The paper presents twenty experi-
ments of HSS square hollow section T joints under in-plane 
bending, which were performed at the Sheet Metal Centre 
of Häme University of Applied Sciences, Finland. Table 1 
presents the details of the two joints selected for the valida-
tion. The test arrangement and the specimen dimensions 
are presented in figure 14. The connected members were 
produced of S420 steel. Material properties of the weld 
overmatched those of the members. The elastic properties 
and the plastic stress-strain response for S420 steel at room 
temperature were obtained from tensile coupon tests. The 

Fig. 9. Gap: a) effect of gap size; b) penetration of brace nodes to chord surface 
Bild 9. Spalt: a) Einfluss der Spaltgröße; b) Eindringen des Pfostenknotens in die Gurtoberfläche
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plastic stress-strain curves at elevated temperatures were 
extracted from Simufact.material 2016, scaling those for 
S355 by the coefficient k = 420/355 = 1.18. The thermome-
chanical parameters were assumed equal to those for S355. 
For both joints, the welding process was simulated in AWI, 
assuming double C-shaped welding sequence, as was used 
in the experiments. The welding simulation was followed 
by a nonlinear static analysis under in-plane bending. No 
geometric imperfections were considered. 
Figure 15 provides the visual comparison between the de-
formed shapes obtained experimentally and numerically 
for Joint 1111. The results show that the developed FE mo-
del properly captures chord face plastification and chord 
web buckling. At the same time, certain difference is obser-
ved in relation to the overall failure of the joints. In reality, 
the joints failed from the cracking in the heat affected zone, 
reflected by a sharp drop in the moment-rotation response. 
Oppositely, in Abaqus, the damage mechanics to predict 

crack propagation were not introdu-
ced and the joints failed at higher lo-
ads, forming the clearly observed 
plateau in the moment-rotation re-
sponse (figure 16). For this reason, 
this FE model is unreliable for the 
prediction of the ultimate load.
Figure 16 presents the moment-rota-
tion curves for the tested joints. As 
can be seen, the FE model provides 
good correlation in the elastic phase, 
with accurate initial stiffness. Very 
close results are observed in the har-
dening phase for Joint 1111, almost 
repeating the experimental curve. 
Small difference in the hardening 
phase is noticed for Joint 1121, which 
can be caused by the difference in the 
material properties. A comparison of 
the mechanical response is provided 
in Table 1. The FE model effectively 
predicts the plastic moment resis-
tance, with errors smaller than 5 %. 
The results show that the developed 
model provides reasonable results 
and can be used for evaluation of the 

Fig. 11. Distribution of von Mises stresses [MPa] for 1 mm 
mesh size and the analysed paths
Bild 11. Von Mises Vergleichsspannung [MPa] für 1 mm Netz-
dichte und Pfadauswertungen

Fig. 12. Von Mises stress distribution along path ABCD 
Bild 12. Von Mises Vergleichsspannung Pfad ABCD

Fig. 13. Von Mises stress distribution along path MNOP
Bild 13. Von Mises Vergleichsspannung Pfad MNOP 

Fig. 10. Temperature distribution [°C] for various torch heat-up temperatures: a) 1500 °C, “angular” shape of 1500 °C isotherm; b) 
2000 °C, ellipsoid shape of 1500 °C isotherm; c) 2500 °C, ellipsoid shape of 1500 °C isotherm with considerable expansion through 
the thickness of the sections
Bild 10. Temperaturverteilung [°C] für verschiedene Aufheiztemperaturen: a) 1500 °C, „eckiger“ Verlauf der 1500 °C Isotherme; b) 
2000 °C, ellipsoider Verlauf der 1500 °C Isotherme; c) 2500 °C, ellipsoider Verlauf der 1500 °C Isotherme mit starker Durchwärmung in 
Blechdickenrichtung
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structural behavior of 
joints in further parametric 
studies.

4 Conclusions

This paper develops and 
validates a FE model for 
RHS T joints, which takes 
into account welding resi-
dual stresses. This model is 
constructed in Abaqus/
Standard software using 
the Abaqus Welding Inter-
face (AWI) for the imple-
mentation of welding ef-
fects in the model.
To capture severe tempera-
ture and stress gradients 
due to welding, the con-
structed model requires 
sufficient number of ele-
ments near the welds, 
which considerably increa-
ses the calculation time 
using quadratic finite ele-
ments. For that reason, linear solid elements (C3D8 in Aba-
qus) with at least three elements in thickness direction are 
recommended for welding simulation in combination with 
subsequent loading situations. In the area affected by resi-
dual stresses, the mesh should be refined with a recom-
mended mesh size of t0/3 or a/3. Outside this area, a coarser 
mesh can be used to reduce computational efforts.
To provide reasonable results, material properties need to 
be determined as temperature-dependent. In practice, mea-
suring of these properties is extremely expensive and chal-
lenging. In this paper, the material properties for S355 and 
S690 were extracted from Simufact.material 2016 and sca-
led for other steels proportionally to their nominal yield 
strength. Besides, the influence of phase transformation 
was neglected. For these reasons, material properties used 
in this paper may differ to some extent from reality.
Although the effects of welding are directly considered in 
this approach, AWI still simplifies the actual welding pro-
cess. In AWI, the heat application is strongly idealized by 
controlling temperature in the contact faces of the weld and 
the weld itself. The set-
ting of this temperature 
together with the chunk 
activation requires care-
ful calibration. Incorrect 
selection of these para-
meters can lead to unrea-
listic results. In this parti-
cular approach, setting of 
these parameters was ba-
sed on the assessment of 
the simulated 1 500 °C 
isotherms.
The validation with the 
experimental results has 
shown that the developed 
model properly captures 

Fig. 14. Tests: a) test arrangement; b) specimen dimensions 
Bild 14. Experimentelle Ergebnisse: a) Versuchsaufbau; b) Probenabmessungen

Table 1. Joints used in validation: details and structural behavior
Tabelle 1. Knoten zur Validierung: Randbedingungen und Tragverhalten

Joint

1111

1121

Chord

150 x 150 x 8

150 x 150 x 8

Brace

100 x 100 x 8

100 x 100 x 8

Material

S420

S420

a [mm]

6

10

Sj,ini[kNm/rad]

FEM

1401

1778

Test

1115

1692

FEM/Test

1.26

1.05

Mpl[kNm]

FEM

20.6

31.0

Test

20.5

32.2

FEM/Test

1.01

0.96

Fig. 15. Comparison between experimental and numerical results, Joint 1111
Bild 15. Vergleich zwischen experimentellen und numerischen Ergebnissen, Kno-
ten 1111

Fig. 16. Moment-rotation curves for Joints 1111 and 1121
Bild 16. Momenten-Rotations-Beziehung für Knoten 1111 und 1121
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the local behavior of joints in the field of interest and can be 
used effectively for studying the effects of welding residual 
stresses in HSS tubular joints. The effect of welding residual 
stresses on the structural behavior of RHS T joints will be 
further discussed in Part II.

Acknowledgements

The authors gratefully acknowledge the financial support from KAUTE Founda-
tion for the research reported in this paper.

Literature
 [1] Chen, C. et al.: Influence of welding on mechanical properties of high 

strength steel butt joints. Proceedings of Eurosteel 2017.

 [2] Hochhauser, F. et al.: Influence of the soft zone on the strength of wel-

ded modern HSLA steels. In: Welding in the World, Vol. 56 (2012), 

 Iss. 5–6, pp. 77–85.

 [3] Khurshid, M.; Barsoum, Z.; Barsoum, I.: Load carrying capacities of 

butt welded joints in high strength steels. In: Journal of Engineering 

Materials and Technology, Vol. 137 (2015), Iss. 4, pp. 41003.

 [4] Rodrigues, D.M. et al.: Numerical study of the plastic behaviour in ten-

sion of welds in high strength steels. In: International Journal of Plastici-

ty, Vol. 20 (2004), Iss. 1, pp. 1–18.

 [5] Teng, T. et al.: Analysis of residual stresses and distortions in T-joint fil-

let welds. In: International Journal of Pressure Vessels and Piping, 

Vol. 78 (2001), Iss. 8, pp. 523–538.

 [6] Knödel, P.; Gkatzogiannis, S.; Ummenhofer, T.: Practical aspects of wel-

ding residual stress simulation. In: Journal of Constructional Steel Re-

search, Vol. 132 (2017), pp. 83–96.

 [7] Günther, H.-P. et al.: Welded Connections of High-Strength Steels for 

the Building Industry. In: Welding in the World, Vol. 56 (2012), 

Iss. 5–6, pp. 86–106.

 [8] Pasternak, H.; Launert, B.; Krausche, T.: Welding of girders with thick 

plates – Fabrication, measurement and simulation. In: Journal of Con-

structional Steel Research, Vol. 115 (2015), pp. 407–416.

 [9] Brar, G.S.; Singh, C.S.: FEA of residual stress in cruciform welded joint 

of hollow sectional tubes. In: Journal of Constructional Steel Research, 

Vol. 102 (2014), pp. 44–58.

 [10] Moradi Eshkafti, M.: Influence of various welding sequence schemes 

on the load bearing capacity of square hollow section T-joint. Cottbus, 

Brandenburg University of Technology, Dissertation, 2017.

 [11] Garifullin, M. et al.: 3D component method for welded tubular T 

joints. In: Heidarpour, A.; Zhao, X.-L. (Eds.): Tubular Structures XVI – 

Proceedings of the 16th International Symposium on Tubular Structures 

(ISTS 2017), Melbourne, Australia, 4–6 December 2017. Taylor & 

Francis Group, London, 2018, pp. 165–173.

 [12] Packer, J. et al.: Discussion on the paper “Experimental and numerical 

assessment of RHS T-joints subjected to brace and chord axial forces”, 

by Nizer et al., Steel Construction 9 (2016), No. 4, pages 315–322. In: 

Steel Construction, Vol. 10 (2017), Iss. 1, pp. 89–90.

 [13] Lu, L.: The static strength of I-beam to rectangular hollow section co-

lumn connections. Delft University Press, Dissertation, 1997.

 [14] EN 1993–1–8:2005, Eurocode 3: Design of steel structures – Part 1–8: 

Design of joints, Brussels, 2005.

 [15] Zhao, X.-L.; Hancock, G.J.: T-joints in rectangular hollow sections sub-

ject to combined actions. In: Journal of Structural Engineering, Vol. 117 

(1991), Iss. 8, pp. 2258–2277.

 [16] Kosteski, N.; Packer, J.A.: Welded Tee-to-HSS Connections. In: Journal 

of Structural Engineering, Vol. 129 (2003), Iss. 2, pp. 151–159.

 [17] Zhao, X.-L.: Deformation limit and ultimate strength of welded T-joints 

in cold-formed RHS sections. In: Journal of Constructional Steel Re-

search, Vol. 53 (2000), Iss. 2, pp. 149–165.

 [18] Shubert, M.; Pandheeradi, M.: An Abaqus Extension for 3-D Welding 

Simulations. In: Materials Science Forum, Vol. 768–769 (2013), 

pp. 690–696.

 [19] Bate, S.K.; Charles, R.; Warren, A.: Finite element analysis of a single 

bead-on-plate specimen using SYSWELD. In: International Journal of 

Pressure Vessels and Piping, Vol. 86 (2009), Iss. 1, pp. 73–78.

 [20] Islam, M. et al.: Simulation-based numerical optimization of arc wel-

ding process for reduced distortion in welded structures. In: Finite Ele-

ments in Analysis and Design, Vol. 84 (2014), pp. 54–64.

 [21] Majumdar, A.; D’Alvise, L.: Application of welding simulation method 

to simulate additive manufacturing. In: Proceedings of the International 

Symposium on Visualization in Joining&Welding Science through Ad-

vanced Measurements and Simulation (Visual-JW2014), 2014, 

pp. 105–106.

 [22] Abaqus 6.12. Getting Started with Abaqus: Interactive Edition. Dassault 

Systèmes, 2012.

 [23] van der Vegte, G.J.; Wardenier, J.; Puthli, R.S.: FE analysis for welded 

hollow-section joints and bolted joints. In: Proceedings of the Instituti-

on of Civil Engineers – Structures and Buildings, Vol. 163 (2010), Iss. 6, 

pp. 427–437.

 [24] Bursi, O.S.; Jaspart, J.P.: Calibration of a Finite Element Model for Isola-

ted Bolted End-Plate Steel Connections. In: Journal of Constructional 

Steel Research, Vol. 44 (1997), Iss. 3, pp. 225–262.

 [25] EN 10219–2:2006: Cold formed welded structural hollow sections of 

non-alloy and fine grain steels – Part 2: Tolerances, dimensions and 

sectional properties, Brussels, 2006.

 [26] Voss, O.: Untersuchung relevanter Einflußgrößen auf die numerische 

Schweißsimulation. Aachen, Shaker, Dissertation, 2001.

 [27] Schröter, F.: Höherfeste Stähle für den Stahlbau – Auswahl und Anwen-

dung. In: Bauingenieur 78 (2003), Heft 9, S. 426–432.

 [28] Launert, B. et al.: Measurement and numerical modeling of residual 

stresses in welded HSLA component-like I-girders. In: Welding in the 

World, Vol. 61 (2017), Iss. 2, pp. 223–229.

 [29] Aichele, G.: Leistungskennwerte für Schweißen und Schneiden. 2., 

überarbeitete und erweiterte Auflage. Fachbuchreihe Schweißtechnik, 

DVS-Verlag GmbH, Düsseldorf, 1994.

 [30] Havula, J. et al.: Experimental research of welded tubular HSS T-joints, 

welding times and moment resistances. In: IIW International Confe-

rence High Strength Materials – Challenges and Applications, 2–3 July 

2015, Helsinki, Finland, 2015.



V

EFFECT OF WELDING RESIDUAL STRESSES ON LOCAL
BEHAVIOR OF RECTANGULAR HOLLOW SECTION JOINTS.

PART 2 – PARAMETRIC STUDIES

by

Garifullin M., Launert B., Heinisuo M., Pasternak H., Mela K. & Pajunen S., May 2018

Bauingenieur vol. 93 (May), 207-213

Reproduced with kind permission by Springer-VDI-Verlag.





Hauptaufsatz

207

BauingenieurBand 93, Mai 2018

Sc
hw

ei
ße

ig
en

sp
an

nu
ng

en
 •

 H
oh

lp
ro

fi
le

 •
 S

im
ul

at
io

n

Effect of welding residual stresses on 
local behavior of rectangular hollow section joints
Part 2 – Parametric studies

M. Garifullin, B. Launert, M. Heinisuo, H. Pasternak, K. Mela, S. Pajunen

Abstract Welding residual stresses that occur in tubular joints after 
the welding process affect their structural behavior. To ensure that 
these stresses do not negatively act on the load-bearing capacity of 
joints, their influence should be carefully investigated. This paper 
represents the second part of a study that numerically evaluates the 
structural behavior of rectangular hollow section T joints taking into 
account welding residual stresses. The finite element model develo-
ped in Part 1 is now used to evaluate their effect on the resistance 
and initial stiffness of tubular joints. The conducted parametric ana-
lyses show that welding residual stresses have a positive influence 
of 1–19 % on the plastic resistance of tubular joints and insignifi-
cantly reduce their initial stiffness. At the same time, the behavior 
of the considered joints is found not to depend on the welding se-
quence.

Zusammenfassung Schweißeigenspannungen können das Trag-
verhalten geschweißter Hohlprofilknoten zum Teil stark beeinflus-
sen. Um mögliche negative Einflüsse auf die Tragfähigkeit auszu-
schließen, sollte der Eigenspannungseinfluss mitberücksichtigt wer-
den. Dieser Beitrag bildet den zweiten Teil einer numerischen Un-
tersuchung an geschweißten Rechteck-Hohlprofil-Knoten unter Be-
rücksichtigung der vorgenannten Spannungen. Darin werden in Teil 
1 entwickelten Modelle dazu verwendet, deren Auswirkungen auf 
die Tragfähigkeit und die Anfangssteifigkeit der Knotenverbindung 
darzustellen. Die Ergebnisse zeigen im untersuchten Parameterfeld 
eine Traglaststeigerung zwischen 1 % und 19 %. Die Anfangsstei-
figkeit wird generell nur geringfügig reduziert. Gleichzeitig wird ge-
zeigt, dass die Schweißreihenfolge in den untersuchten Fällen kei-
nen nennenswerten Einfluss auf die Tragfähigkeit ausübt.

Einfluss der Schweißeigenspannungen auf die 
Tragfähigkeit von Rechteck-Hohlprofil-Knoten
Teil 2: Parameterstudien

1 Introduction

This paper represents the second part of the study investi-
gating the effect of welding residual stresses on the structu-
ral behavior of rectangular hollow section (RHS) T joints. 
The finite element model of the joint with welding residual 
stresses was developed and validated in Part 1 [1]. This pa-
per employs the constructed model to evaluate the effect of 
welding residual stresses on the resistance and initial stiff-
ness of the considered joints. Section 2 evaluates the effect 
of welding residual stresses considering various welding 
sequences. Section 3 conducts parametric studies to investi-
gate the structural behavior of joints with varying parame-
ters, such as steel grade, chord wall thickness and weld 
throat thickness. Finally, the observed results are discussed 
in Section 4. The welding process is simulated using the 
Abaqus Welding Interface [2], and the subsequent static loa-
ding is performed in Abaqus/Standard [3]. The paper inves-
tigates only joints with fillet welds. The considered joints 
are subjected to in-plane bending and axial force in the bra-
ce.

2 Influence of welding residual stresses  
using various welding sequences

This study investigates the effect of welding residual stres-
ses on the resistance and stiffness of RHS T joints. The ana-
lysis is conducted on a single joint with a 100 x 100 x 6 
chord and a 50 x 50 x 5 brace with a = 5 mm weld under in-
plane bending and axial loading in the brace. The weld is 
assumed to be comprised of a single bead. Three welding 
sequences are considered and presented in figure 1. Se-
quence 1 represents the sequence used by the steel manu-
facturer SSAB, when the weld bead consists of two consecu-
tive C-shaped paths. Sequence 2 corresponds to its minor 
simplification, when the bead is conducted by a single pro-
gressive path. Sequence 3 represents the most simplified 
variant, when the whole weld is inserted simultaneously to 
the model. This hypothetical case has no connection to rea-
lity, but is considered here for comparison, because it requi-
res much less computational time. Sequences 1 and 2 acti-
vate one chunk per pass, Sequence 3 activates all chunks in 
a single pass. Definition of passes and chunks is discussed 
in Part 1.
All three sequences were simulated in AWI and the obtai-
ned residual stresses are presented in figure 2. As can be 
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Fig. 1. Welding sequences
Bild 1. Schweißreihenfolgen
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seen, all cases have similar stress distribution patterns, with 
the stress-affected zones located in the chord top face and 
in the upper half of chord webs. In most parts of the zones, 
the stresses reach yielding, extreme values occur in the 
weld. As expected, the stress distribution pattern is symme-
trical for Sequence 3.
In terms of deformations, all three sequences show similar 
patterns: shrinkage occurring in the welding area during 
the post-welding cooling leads to bending of the chord in 
the plane of the joint, as shown in figure 3. The largest de-
formations are observed for Sequence 1 (1.3 mm), the smal-
lest for Sequence 3 (0.94 mm). The out-of-plane deformati-
ons are relatively small and are not shown. Similar results 
are reported in [4]. In addition, Sequence 1 shows a large 
deviation of the brace from its vertical position, resulting in 
a horizontal displacement of 0.8 mm at its end.
Afterwards, the joints with the considered welding sequen-
ces were loaded separately by an in-plane bending moment 
and an axial brace force using a nonlinear static finite ele-
ment analysis (FEA). The results are presented in figure 4, 
where “No welding” corresponds to the model, which was 

analysed considering fillet weld geometry but ignoring wel-
ding residual stresses. As can be seen, all three sequences 
provide practically the same responses, both in the case of 
bending and axial loading, which differ from the original 
model without welding. Compared to “No welding”, Se-
quences 1–3 have considerably larger moments in the tran-
sitional phase, with a smaller difference in the hardening 
phase. In both loading cases, the curves with and without 
welding proceed almost parallel to each other. This indica-
tes that the plastification of the chord top face develops si-
milarly in all models, but welding residual stresses postpo-
ne its initiation.
To evaluate the effect of welding-induced deformations, 
they were extracted from “Sequence 1” and were applied to 
“No welding” as initial geometric imperfections, this model 
is named as “No welding+U”. This case shows almost iden-
tical behavior as “No welding”, meaning that welding-indu-
ced imperfections have no influence on the behavior of the 
joint, and the observed differences for Sequences 1–3 are 
predominantly caused by welding residual stresses. Ultima-
te resistance is the same for the models with and without 

Fig. 2. Von Mises residual stresses [MPa] for Sequences 1–3
Bild 2. Von Mises Vergleichseigenspannung [MPa] für Schweißreihenfolgen 1–3

Fig. 4. Action-deformation curves for joints with various welding sequences
Bild 4. Last-Verformungs-Kurven für Knoten mit verschiedenen Schweißreihenfolgen

Fig. 3. Welding-induced displacements [mm] along brace axis for various sequences, scaled 15 times
Bild 3. Schweißbedingte Verformungen [mm] des Pfostens für verschiedene Schweißreihenfolgen, 15fache Überhöhung
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welding and is not shown in the figure. In addition, all mo-
dels demonstrate the required deformation capacity, clearly 
exceeding the deformation limit introduced in Part 1 [1].
The plastic resistance and initial stiffness of the tested mo-
dels are determined according to Part 1 [1] and provided in 
table 1. The results show that the consideration of welding 
stresses leads to higher resistance (4–5 % for in-plane ben-
ding and 13–16 % for axial loading) and lower initial stiff-
ness (7–14 % for in-plane bending and 4–6 % for axial loa-
ding) of the joints.

3 Parametric studies

This section uses the FE model for 
studying the influence of welding re-
sidual stresses on joints with varying 
parameters, such as steel grade, 
chord wall thickness and the throat 
thickness of the weld. According to 
[5], joints with b 8 0.85 primarily fail 
from the plastification of the top 
chord flange and, therefore, demons-
trate similar local behavior under 
static loading. For that reason, the 
parametric study is not conducted in 
relation to b. The studies are con-
ducted for both in-plane bending and 
axial brace loading. The small diffe-
rence between the tested sequences 
in Section 2 indicates that the simpli-
fied approach of Sequence 3 can be 
employed for further investigations, 
as it provides reasonable results with 
comparatively small computational 
time.

3.1 Influence of steel grade
Firstly, the effect of steel grade on the 
distribution of welding residual stres-
ses on the joint used in Section 2 is 
studied. Apart from S 355, two addi-
tional steel grades were considered: 
S 500 and S 690, both for the con-
nected members and the weld mate-
rial. The material properties for S 690 
were taken from Simufact.material 
2016. The properties for S 500 were 
obtained from S 355: the plastic 
stress-strain curves were scaled by 

multiplying by a factor 
k = 500/355 = 1.41, the remaining 
properties were kept the same. fi-
gure 5 provides the distribution of 
residual von Mises stresses close 
to the welding area. As can be 
seen, on the top flange of the 
chord, the stress distributions are 
similar for all grades, reaching 
the distance of 2h1…2.5h1 from 
the centre of the brace. On the 
chord web, the length of the dis-
tribution area increases for hig-
her steels, reaching the bottom 

flange for S 690. The values of stresses correlate with the 
steel grade, increasing with the nominal yield strength. The 
maximum stresses are observed locally in the weld and the 
adjacent parts of the brace.
The distribution of stresses along paths ABCD and MNOP 
(according to figure 11, Part 1) is presented in figure 6 and 
figure 7 correspondingly. Reaching the maximum in the 
weld, the stresses distribute evenly by 30 mm in both di-
rections on the surface of the chord, with a clearly observed 

Table 1. Structural behavior of joints with various welding sequences. Relative values in relation to “No wel-
ding”
Tabelle 1. Tragverhalten von Knoten mit unterschiedlichen Schweißreihenfolgen. Bezogene Werte in Bezug auf 
„No welding“ (kein Schweißeinfluss)

No welding

Sequence 1

Sequence 2

Sequence 3

No welding + U

In-plane bending

Mpl [kNm]

Absolute

4.38

4.62

4.55

4.61

4.39

Relative

1.00

1.05

1.04

1.05

1.00

Sj,ini [kNm/rad]

Absolute

226

210

199

195

227

Relative

1.00

0.93

0.88

0.86

1.00

Axial brace loading

Npl [kN]

Absolute

131.8

152.3

148.5

148.7

133.8

Relative

1.00

1.16

1.13

1.13

1.01

Cj,ini [kN/mm]

Absolute

240

227

230

239

244

Relative

1.00

0.94

0.96

1.00

1.01

Fig. 5. Comparison of residual stresses [MPa] for various steel grades
Bild 5. Vergleich der Eigenspannungen [MPa] für unterschiedliche Stahlgüten

Fig. 6. Von Mises stresses along longitudinal path ABCD
Bild 6. Von Mises Vergleichsspannung, Längspfad ABCD

Fig. 7. Von Mises stresses along transversal path MNOP 
Bild 7. Von Mises Vergleichsspannung, Querpfad MNOP
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plateau with the values approximately equal to the yield 
strength. Beyond the plateau, the stresses gradually decline 
to zero. On the other hand, the decrease of the stresses on 
the surface of the brace is more rapid, with no plateau ob-
served.
The behavior of each joint under an in-plane bending mo-
ment and an axial brace force is illustrated in figure 8, whe-
re the index w corresponds to the models with welding resi-
dual stresses. The results show that the improving effect, 
observed for S 355, remains also for higher steel grades. The 
exact values of plastic resistance, ultimate resistance and 
initial stiffness are collected in table 2. As can be seen, the 
consideration of residual stresses leads to 4–14 % higher 

plastic resistance against bending 
moment and 11–12 % higher resis-
tance against axial loading. At the sa-
me time, ultimate resistance is 
practically not affected by welding 
stresses. Initial stiffness is slightly lo-
wer for S 355 and S 500 but insignifi-
cantly higher for S 690; in practice, 
these changes of initial stiffness can 
be neglected. At least no negative ef-
fects are found when the residual 
stresses are present.

3.2 Influence of chord wall thickness
This section investigates the effect of 
welding residual stresses on the be-
havior of joints with various wall 
thickness of the connected members. 
According to [5], the behavior of the 
joint with b 8 0.85 is governed by the 
deformation of the chord top face; 
therefore, the wall thickness of the 
brace is of less importance than that 
of the chord. The latter is best cha-
racterized by the chord width-to-
thickness ratio g = b0/2t0, which for 
simplicity is often considered as 
2g = b0/t0. Chapter 7 of [5] provides 

the following limitations for this ratio: 10 8 2g 8 35. The 
thickness of the brace is determined so that it does not ex-
ceed that of the chord. Three joints are considered in this 
study, as shown in table 3. The first one represents a joint 
with a very thick wall; the second joint with 2g = 25 corres-
ponds to an intermediate case; while Joint 3 relates to its 
upper bound. Each model was constructed with and wit-
hout AWI and then loaded by an in-plane bending moment 
and an axial brace force.
The visual comparison of welding residual stresses after si-
mulation in AWI is provided in figure 9, the distribution 
along paths ABCD and MNOP in figure 10 and figure 11 
correspondingly. As can be seen, all joints have similar 
stress distribution patterns, with slightly larger stress distri-
bution zones for high 2g. Moreover, the maximum stresses 
in the welding areas are smaller for thinner walls, i. e., for 
larger g. The behavior of each joint under an in-plane ben-
ding moment and an axial brace force is shown in figure 12 
and collected in table 4, where index w corresponds to the 
models with welding residual stresses. According to the re-
sults, the models with welds simulated with AWI show hig-
her resistance than those without. Moreover, the improving 

effect of welding residual stresses is 
more pronounced for the joints with 
thinner walls: plastic moment resis-
tance increases by 19 % for 2g = 25 
and 2g = 33.3, while plastic axial re-
sistance increases by 17 % for 
2g = 33.3. At the same time, the joints 
with high 2g are weakly affected by 
residual stresses in terms of their ini-
tial stiffness. As before, no changes 
are observed for ultimate resistance.

Fig. 8. Action-deformation curves for joints with various steel grades 
Bild 8. Last-Verformungs-Kurven für Knoten mit unterschiedlichen Stahlgüten

Fig. 9. Comparison of residual stresses [MPa] for various wall thickness 
Bild 9. Vergleich der Eigenspannungen [MPa] für unterschiedliche Wandstärken

Table 3. Joints with various chord wall thickness 
Tabelle 3. Knoten mit unterschiedlichen Gurtwandstärken

Joint

1

2

3

Chord

100 x 100 x 6

100 x 100 x 4

100 x 100 x 3

2g

16.6

25

33.3

Brace

50 x 5

50 x 4

50 x 3

a
[mm]

5

5

5

Material

S 355

S 355

S 355

Table 2. Structural behavior of joints with various steel grades
Tabelle 2. Tragverhalten von Knoten mit unterschiedlichen Stahlgüten

Material

Mpl [kNm]

Mu [kNm]

Sj,ini [kNm/rad]

Npl [kN]

Nu [kN]

Cj,ini [kN/mm]

S 355

4.40

6.61

226

131.8

287.3

240

S 355 w

4.62

6.67

195

145.8

287.4

227

S 355 w
/ S 355

1.05

1.01

0.86

1.11

1.00

0.94

S 500

6.18

9.25

226

182.4

400.2

240

S 500 w

6.39

9.34

211

203.7

400.1

234

S 500 w
/ S 500

1.04

1.01

0.93

1.12

1.00

0.98

S 690

7.56

12.63

227

256.9

543.7

240

S 690 w

8.60

12.77

244

283.9

545.3

251

S 690 w/ 
S 690

1.14

1.01

1.08

1.11

1.00

1.04
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3.3 Influence of weld throat thickness
The last parametric study is con-
ducted in relation to weld throat 
thickness. The analyses are based on 
the joint from Section 2 with three 
throat thicknesses: 3, 5 and 8 mm. Ac-
cording to [6], the throat thickness for 
a full-strength fillet weld is 6 mm for 
this joint. Each joint was constructed 
with and without AWI and loaded se-
parately by an in-plane moment and 
an axial brace force. Figure 13 provi-
des the visual comparison of the resi-
dual stress distribution for the tested 
joints. As can be seen, for larger thro-
at thicknesses, the stresses propagate 
further along the chord face and 
chord web. The analysis of stresses 
along paths ABCD and MNOP is not 
given here because the geometry of 
the joint varies along with the weld 
size.
The structural behavior of each joint 
under an in-plane bending and an 
axial brace loading is provided in fi-
gure 14 and table 5, where index w 
corresponds to the models with wel-
ding residual stresses. As can be 
seen, larger welds increase the di-
mensions of the brace and lead to 
higher plastic resistance and initial 
stiffness. As before, the presence of 
residual stresses positively affects the 
bearing capacity of joints. For mo-
ment-loaded joints, the improving ef-
fect declines from 19 % for a = 3 mm 
to 1 % for a = 8 mm. At the same time, 
for axial-loaded joints, it has no cor-
relation with the size of the weld and 
remains at the level of 8–11 %. The 
stresses slightly reduce the initial 
stiffness of joints, almost not af-
fecting their ultimate resistance.

4 Discussion

The conducted FE analyses have 
shown that for all joints investigated 
in this paper, AWI provides a similar 
distribution pattern of welding resi-
dual stresses, which is depicted in fi-
gure 15. The stresses reach their ma-
ximum values in the body of the 
weld. It should be noted that extreme 
values are observed on the straight 
parts of the weld, but not in the cor-
ners. On the top flange of the chord, the stresses spread to 
the length of 4h1…5h1. On the chord web, they extend to 
0.5h0…h0, reaching the bottom flange for S 690 and large 
weld throat thickness. In the brace, the area affected by the 
stresses generally does not exceed b1.
The conducted FE analyses under static loading have de-
monstrated that welding residual stresses increase the plas-

tic resistance of joints, especially at the hardening phase. 
The improving effect is observed for all joints and is found 
not to depend on the welding sequence used in AWI. This 
contradicts with the results of [7], who reports a 8–10 % dif-
ference between the resistances of joints with different wel-
ding sequences. The parametric studies have shown that 
the increase of plastic bending resistance is in the range of 

Table 4. Structural behavior of joints with various wall thickness 
Tabelle 4. Tragverhalten von Knoten mit unterschiedlichen Wandstärken

2g

Mpl [kNm]

Mu [kNm]

Sj,ini [kNm/rad]

Npl [kN]

Nu [kN]

Cj,ini [kN/mm]

16.6

4.40

6.61

226

131.8

287.3

240

16.6w

4.62

6.67

195

145.8

287.4

227

16.6w/16.6

1.05

1.01

0.86

1.11

1.00

0.94

25

1.37

5.33

85

54.1

175.5

93

25w

1.62

5.38

80

59.9

176.2
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25w/25

1.19

1.01

0.94

1.11

1.00

1.00

33.3

0.73

3.94

43

28.1

127.9

47

33.3w

0.87

3.96

41

32.7
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47

33w/33

1.19

1.00
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1.17
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Fig. 10. Von Mises stresses along longitudinal path ABCD 
Bild 10. Von Mises Vergleichsspannung Längspfad ABCD

Fig. 11. Von Mises stresses along transversal path MNOP 
Bild 11. Von Mises Vergleichsspannung Querpfad MNOP

Fig. 12. Action-deformation curves for joints with various wall thickness 
Bild 12. Last-Verformungs-Kurven für Knoten mit unterschiedlichen Wandstärken
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1–19 %. The improving effect is more 
pronounced for higher steel grades, 
smaller chord wall thickness and 
smaller weld throat thickness. Plastic 
axial resistance is improved by 
8–17 %. For this case, the improving 
effect is more pronounced for smal-
ler chord wall thickness but is weakly 
dependent on the other studied para-
meters. Residual stresses also affect 
the initial and rotational stiffness of 
joints, reducing it by 5–14 %. A positi-
ve influence on the initial stiffness is 
observed only for S 690 steel. Such 
changes of stiffness are usually found 
insignificant in the practical range of 
interests. Ultimate resistance is al-
most not influenced by residual stres-
ses in this study.
The nature of the observed pheno-
menon is not clear. Generally, it can 
be caused by welding residual stres-
ses and / or resulted deformations. 
Figure 4 clearly shows that the defor-
mations obtained from the welding 
process do not affect the local beha-
vior of joints; therefore, the impro-
ving effect is primarily connected 
with residual stresses. In reality, these stresses are always 
present in joints and obviously cannot be avoided. The ob-
served positive effect demonstrates the difference between 
two FE modelling approaches for tubular joints: one consi-
dering residual stresses and one neglecting them. Ignoring 
these stresses leads to mostly small underestimation of the 
plastic resistance of the joint, leading thus to safe results. 
Moreover, the complexity of welding simulation in AWI do-
es not allow to employ it widely for general simulations. 
From that point of view, neglecting welding residual stres-
ses is fully justified in the FE analyses of tubular joints, 
which behaviour is governed by chord plastification failure 
in the investigated parameter range. The findings of this pa-
per may be verified by more sophisticated calculations in 
the future.

5 Conclusions

All the joints studied in this paper demonstrate a positive ef-
fect of welding residual stresses on their plastic resistance. 
The observed influence is found not to depend on welding 
sequences; therefore, an idealized sequence is recommen-
ded for simulation to reduce calculation time. At the same 

time, the conducted parametric studies have shown that the 
effect depends on steel grade, chord wall thickness and 
weld throat thickness.
This paper considers the joints with fillet welds from 
a = 3 mm to a = 8 mm, b 8 0.85, 10 8 2g 8 35 and steel grades 
from S 355 to S 690. The research can be further extended to 
explore additional cases and develop more generalized con-
clusions. Additional studies are also required to eliminate 
the possible scaling effect, considering different chord si-
zes. A further experimental validation of the obtained fin-
dings may be possible by comparing welded T joints with 
the joints that received a stress-relief heat treatment prior 
to loading. Such a comparison will allow to experimentally 
evaluate the influence of welding residual stresses on the 
structural behavior of tubular joints. The presented results 
can serve as a starting point for studying the issue of wel-
ding residual stresses in relation to HSS tubular joints.

Fig. 13. Comparison of residual stresses [MPa] for various weld throat thickness 
Bild 13. Vergleich der Eigenspannungen [MPa] für unterschiedliche Kehlnahtdicken

Fig. 15. Distribution of welding residual stresses in joint 
Bild 15. Verteilung der Schweißeigenspannungen im Knoten

Table 5. Structural behavior of joints with various weld throat thickness 
Tabelle 5. Tragverhalten von Knoten mit unterschiedlichen Kehlnahtdicken

a [mm]

Mpl [kNm]

Mu [kNm]

Sj,ini [kNm/rad]

Npl [kN]

Nu [kN]

Cj,ini [kN/mm]

3 

2.76

5.12

180

107.6

285.9

186

3w

3.27

5.26

171

116.5

286.0

176

3w/3

1.19

1.03

0.95

1.08

1.00

0.95

5

4.40

6.61
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131.8

287.3

240

5w

4.62

6.67

195

145.8

287.4
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5w/5

1.05

1.01

0.86

1.11

1.00

0.94

8

4.70

6.70

326

179.5

289.2

355

8w

4.77

6.69

284

197.5

289.2

336

8w/8

1.01

1.00

0.87

1.10

1.00

0.95

Fig. 14. Action-deformation curves for joints with various weld throat thickness 
Bild 14. Last-Verformungs-Kurven für Knoten mit unterschiedlichen Kehlnahtdicken
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Abstract. Generally, numerical simulations of structures are carried out in such a way as to most 
accurately repeat their real behavior. The current rules for finite element modeling of tubular joints oblige 
scientists and engineers to construct their numerical models considering initial imperfections. However, 
not all joints are sensitive to initial imperfections. Often consideration of initial imperfections brings no 
reasonable improvements in the accuracy of results, but severely complicates numerical simulations. In 
such cases, the effect of geometrical imperfections can be effectively replaced by a simple theoretical 
equation or neglected entirely. This paper evaluates the effect of initial geometrical imperfections on the 
structural behavior of cold-formed rectangular hollow section T joints. Imperfections are simulated using 
the conventional approach for thin-walled structures, applying corresponding buckling modes to the 
perfect geometry. The paper analyzes several buckling modes and their combinations to identify the most 
rational technique for simulation of imperfections under in-plane bending and axial loading. Based on the 
obtained results, parametric studies are conducted to investigate the effect of initial imperfections on 
joints with various geometry and material properties. The results demonstrate that initial imperfections 
reduce the resistance and initial stiffness of joints. However, the observed effect has been found 
sufficiently small to be safely ignored in computational analyses.
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1. Introduction
To provide most reliable results, numerical simulations are carried out in such a way as to most 

accurately repeat the real behavior of structures. Generally, the finite element analysis of tubular joints 
incorporates nonlinear large deflection theory for displacements, a nonlinear elastic-plastic material law
as well as initial imperfections [1]. Initial imperfections include the deviations of geometry, imperfections 
in boundary conditions and residual stresses. Cold-formed tubular welded joints are generally influenced 
by initial geometrical imperfections, welding residual stresses and the residual stresses that occur from 
the cold-forming process. 

The influence of welding residual stresses on structural behavior of rectangular hollow section 
joints was investigated in [2, 3] and was found negligible. Residual stresses in tubular joints obtained 
from cold-forming process were studied in [4–6]. However, very limited research is dedicated to studying 
initial geometrical imperfections in tubular joints. Most of the current papers conduct finite element 
analyses ignoring deviations in geometry of tubular members [7–10]. Although such an approach can be 
fully justified for members with very thick walls, it is not clear, whether or not the same can be assumed 
for tubes with relatively thin walls. These joints may behave similarly to thin-walled structures, which 
demonstrate considerable reduction of resistance due to imperfections in geometry [11, 12]. Moreover, 
the effect of initial imperfections might differ for the joints made of high strength steels, which are known 
to be particularly sensitive to any uncertainties. If the influence of initial imperfections is considerable, 
ignoring them in the design of tubular joints can lead to the overestimation of their load-bearing capacity, 
leading thus to unsafe results.

This paper investigates numerically the effect of initial geometrical imperfections on the resistance 
and initial stiffness of rectangular hollow section (RHS) T joints. A T joint represents the simplest joint 
configuration, when a brace is welded to a chord at an angle of 90°, as shown in Figure 1a. Section 2 
develops the finite element (FE) model for RHS T joints and briefly describes its structural behavior under 
in-plane bending Mip and axial brace loading N. The loading cases are demonstrated in Figure 1b. Initial 
imperfections are modelled by applying the scaled buckling modes to perfect geometry. Section 3.1
considers various buckling modes and their combinations by comparing the structural behavior of perfect 
and imperfect FE models. Finally, Section 3.2 provides parametric studies of RHS T joints with varying
geometry and steel grades. The paper investigates only butt-welded joints, with no welding imperfections 
considered.

a)   b)

Figure 1. RHS T joint: a) notations; b) loading cases

2. Methods
2.1. Development of FE model

The FE model for RHS T joints under in-plane bending was developed in [13]. This paper conducts 
numerical analyses employing the FE package Abaqus/Standard [14]. Cold-formed sections were 
modeled with round corners, according to EN 10219-2:2006 [15]. Residual stresses due to cold-forming 
were not considered. To exclude the possible effects of chord boundary conditions, its length was 
selected as 6b0, as recommended in [16], while the brace length was chosen as 4b1, as shown in 
Figure 2a. The wall thickness of the brace t1 was chosen so that it did not exceed the thickness of the 
chord t0. Following the recommendations of [17], the sections were modelled using solid quadratic finite 
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elements with reduced integration (C3D20R), with two elements in the thickness direction. To capture
large stress gradients, the mesh was refined near the connection area.

a) b)

Figure 2. FE model: a) meshing; b) welds modeling

The joints were modelled with butt welds, considering them as the continuation of the brace parent 
material. The connection was simulated using the tie constraint [14], which ties two separate surfaces 
together with no relative motion between, as shown in Figure 2b. This approach allows using individual 
meshes for the connected members with no direct matching of their nodes [18]. All calculations employed 
the elastic-plastic material model with linear strain hardening according to EN 1993-1-5:2006 [19], with 
the Young’s modulus of E = 210 GPa and the Poisson’s ratio of  = 0.3, as shown in Figure 3a. 

                      
a)                                                                                        b)

Figure 3. a) Material model; b) boundary conditions to prevent bending of the chord

Loading was performed using a force-controlled nonlinear static analysis. The load was applied to 
the end of the brace by a concentrated in-plane moment M or an axial force N. In case of axial brace 
loading, the axial force N causes in-plane bending of the chord, producing additional normal stresses on 
its faces. These stresses affect the structural behavior of tubular joints, reducing their resistance and 
initial stiffness [20]. To eliminate this effect, the bottom flange of the chord was restrained along the whole 
length against vertical displacements, as shown in Figure 3b.

2.2. Modeling imperfections
Currently, there are two main approaches for the implementation of geometrical imperfections to 

the perfect model. The first method represents measuring the real imperfections of members using non-
contact 3D deformation scanners [21, 22]. The measured imperfections are then added to the FE model. 
Such a method provides a very realistic distribution of imperfections along the surface of members but is 
very time-consuming and is not widely used due to the high price of the measuring equipment. 

The second approach is described in Appendix C.5 of EN 1993-1-5:2006 [19] and it represents the 
simulation of equivalent imperfections. On the first step, a linear buckling analysis is performed. The 
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obtained buckling modes are then scaled and implemented to a model with perfect geometry. The 
direction of the applied imperfections should be such that the lowest resistance is obtained. Although the 
resulting distribution of imperfections in this case represents a rather simplified pattern, this 
straightforward method is widely used, particularly for thin-walled structures [23, 24]. This approach is 
employed in the present study in all FE analyses. According to EN 1993-1-8:2005 [25], the most typical 
failure modes for RHS T joints are chord face bending for 0.85 and chord side walls failure for 
0.85 < 1.0. This means that local deformations in RHS T joints are generally located in the chord. 
Therefore, this paper considers geometrical imperfections only in relation to the chord member. 

When imperfections are applied based on a linear buckling analysis, attention should be paid on 
two issues. The first one concerns the shape and the amplitude of imperfections. To apply imperfections 
in the most unfavorable way, their shape should possibly repeat the deformation pattern of the joint under 
the corresponding load. Figure 4a shows the typical deformation pattern of the RHS T joint under an axial 
brace loading. In this case, imperfections can be applied as the concavity of the chord top face x1 and the 
convexity of its web x2. The deformation of the RHS T joint under in-plane bending can be considered as 
a combination of a compressed and a tensile part. In this case, geometrical imperfections can be applied 
similarly using the corresponding buckling modes.

a) b) c)

Figure 4. a) Deformation shape of RHS T joint under axial brace loading; b) limitations 
provided in EN 1993-1-5:2006 [19]; c) limitations provided in EN 10219-2:2006

According to [4], maximum measured imperfections can be conservatively used to predict lower 
bound strength in the FE analysis. The required magnitudes of imperfections can be found in Eurocode. 
Appendix C.5 of EN 1993-1-5:2006 [19] specifies local imperfections equal to ew = a/200 or b/200, as 
shown in Figure 4b. In relation to a RHS chord, these values respectively correspond to b0/200 and 
h0/200. The same amplitudes are used in many publications [26, 27]. Another value can be found in 
EN 10219-2:2006 [15], which limits the concavity and convexity of cold-formed RHS tubes by 0.8 % with 
a minimum of 0.5 mm, see d1 and d2 in Figure 4c. This corresponds to the values of b0/125 and h0/125. 
The same limit can be found in [28]. Experimental measurements of the imperfections on hollow sections 
[5, 29, 30] demonstrate that real imperfections generally do not exceed these amplitudes. This paper 
employs the values of b0/125 and h0/125, as the most conservative limitations.

The second issue of this approach relates to the combination rules for buckling modes, i.e. the 
number of buckling modes to be applied and their corresponding scaling factors. Generally, the 
deformation pattern of the joint is governed by the first buckling mode [4]. However, if the difference 
between the first and subsequent eigenvalues is small, some subsequent buckling modes can also 
contribute to the overall deformation. To take into account several buckling modes, a combination rule for 
their imperfections should be considered. Appendix C of EN 1993-1-5:2006 [19] states that any buckling 
mode can be taken as the leading imperfection, and the accompanying modes may have their values 
reduced to 70 %. This leads to the following combination rule:

84



- 4, 2018

. 2018.  4(80).  81–94.

0 1 2 30.7 ... ne e e e e
, (1)

where e0 is the total amplitude, en is the amplitude from buckling mode n, n is the amount of considered 
buckling modes. It should be noted that the summation should be conducted very thoroughly, paying 
attention to the shape of buckling modes. Eq. (1) considers the amplitudes at some particular point of 
interest. This paper considers the imperfections of the chord; therefore, Eq. (1) regulates the convexity of 
the chord side walls, denoted as x2 in Figure 4a. Therefore, it should include only those modes that have 
the maximum (or at least considerable) deformation in the chord side walls. The direction of imperfections 
is also important: if negative buckling modes are included Eq. (1), they have to be multiplied by negative 
scaling factors to be applied in the proper direction.

2.3. Structural behavior of RHS T joints
The local beam model for semi-rigid tubular T joints has been developed in [31]. The models under 

in-plane bending moment and axial brace loading are depicted in Figure 5, where Sj,ini and Cj,ini denote 
initial rotational and axial stiffnesses, which are modelled by rotational and linear springs, respectively. It 
should be noted that the springs are located at the upper flange of the chord and they are connected to 
the chord axis by a rigid beam.

a) b)

Figure 5. Design local models for RHS T joint: a) in-plane bending; b) axial brace loading

Generally, displacements and rotations measured in a FE analysis reflect the global behavior of 
the joint, including deformations of the chord and the brace, as well as the local deformations of the joint. 
The latter represents the deformations at the connection area, where the brace and the chord meet. In 
particular, to obtain the local rotation of the joint in case of in-plane bending, the rotation of the brace 

br and the rotation of the chord ch are subtracted from the measured rotation in the end of the brace tot

(Figure 6):

tot br ch (2)

a) b) c)

Figure 6. Behavior under in-plane bending: a) elastic rotation of the brace; 
b) elastic rotation of the chord; c) local rotation of the joint
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To obtain local displacements in case of axial loading, the displacement in the end of the brace tot

is reduced by the brace shortening sh: 

tot sh . (3)

The motions of the members are supposed to be elastic (assuming that plastic deformations occur 
only in the connection area); therefore, the values br, ch, and sh are calculated manually using the 
well-known beam equations from strength of materials:

01 1

1 0 1

; ;
12br ch sh

MlMl Nl
EI EI EA

(4)

where l0 and l1 are respectively the lengths of the chord and the brace, I0 and I1 are respectively the 
second moments of area of the chord and the brace, A1 is the cross-sectional area of the brace, E is the 
Young’s modulus.

The structural behavior of tubular joints demonstrates certain similarities in case of in-plane 
bending and axial brace loading and it is best described by corresponding load-deformation curves. The
initial stiffness and resistance of joints are found graphically, using a manual curve-fitting approach. To 
evaluate the deformation capacity of joints, the 3%b0 deformation limit is calculated in accordance with
[32]. Following this rule, for a joint loaded by an axial brace force, the deformation limit lim is found as

lim 00.03b (5)

Similarly, for a joint loaded by an in-plane moment the deformation limit lim is

0
lim

1

0.03 0.06
/ 2
b

h
(6)

Initial stiffness Sj,ini (Cj,ini) is found as the tangent line in the elastic phase of the curve, as shown in
Figure 7. The resistance of joints is determined depending on their brace-to-chord width ratio [33]. For 
the joints with  0.85, bending of the chord top face governs the deformation of the whole joint, and the 
load-deformation curve has a clearly observed hardening phase, as shown in Figure 7. In this case, 
plastic resistance Mpl (Npl) is determined as the intersection of two tangent lines corresponding to initial 
stiffness Sj,ini (Cj,ini) and hardening stiffness Sj,h (Cj,h), as demonstrated in [34]. Ultimate resistance Mu (Nu)
in this case usually corresponds to very large deformations, considerably exceeding the deformation limit; 
therefore, it is not considered in this paper. 

Figure 7. Load-deformation curve for T joint with 

The behavior of joints with 0.85 < 1.0 is generally governed by chord side walls buckling. 
Instead of a well-developed hardening phase, the action-deformation curves of such joints have a clear 
peak load Mmax (Nmax). The resistance of such joints depends on the correlation between this peak load 
and the 3%b0 deformation limit [35]. If a joint has a peak load Mmax (Nmax) at a deformation smaller than 

lim ( lim), the peak load is considered to be the resistance of the joint, as shown in Figure 8a. If a joint 
has a peak load Mmax (Nmax) at a deformation larger than lim ( lim), resistance is determined as equal to 
the load at the deformation limit, as shown in Figure 8b.
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a) b)

Figure 8. Load-deformation curves for T joint with 0.85 < 

3. Results and Discussion
3.1. Influence of initial imperfections on structural behavior of joints

This section investigates the effect of initial geometric imperfections on the structural behavior of 
RHS T joints under two loading cases: an axial load and an in-plane bending moment. Attention is paid 
particularly on the buckling modes and their possible combinations that can be used to the proper 
modeling of imperfections. All analyses were conducted on a single joint with a 100 x 100 x 6 mm chord 
and a 60 x 60 x 6 mm brace (  = 0.6), made of S355 steel grade. 

On the first step, a linear buckling analysis was conducted for the case of in-plane bending and 
axial brace loading to obtain desired buckling modes. Figure 9 presents the first 10 buckling modes for 
the case of in-plane bending. As can be seen, Modes 3–10 represent local buckling of the brace and they 
cannot be applied to simulate chord imperfections. Modes 1 and 2 most closely correspond to the 
deformation pattern under the moment loading; however, major displacements are observed in the end of 
the brace, but not in the chord web. For this reason, buckling modes obtained from in-plane bending were 
found inapplicable for the simulation of imperfections for the considered joint.

1 2 3 4 5

6 7 8 9 10

Figure 9. Buckling modes, in-plane bending

The buckling modes for axial loading are provided in Figure 10. A negative Mode 1 represents a 
buckling mode closest to the real deformation pattern of the joint under an axial load (compare with 
Figure 4a). Modes 4 and 9 correspond to the lateral buckling of the chord and cannot be used to simulate 
local imperfections of the cross-section. Modes 5 and 10 are located in the brace. Modes 7 and 8 are 
similar to Modes 1 and 6, respectively. Mode 3 represents the buckling of the chord side walls in opposite 
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direction, i.e. inwards the tube. Based on these observations, Modes 1, 2 and 6 were selected as the 
most reliable for the simulation of imperfections, both in the case of in-plane bending and axial loading. 

1 2 3 4 5

6 7 8 9 10

Figure 10. Buckling modes, axial loading

On the second step, a nonlinear static analysis was conducted for the joint separately under in-
plane bending and axial loading. The analyses were conducted with and without imperfections. 
Imperfections were simulated using Modes 1, 2 and 6 for both loading cases. Each buckling mode was 
first applied independently and then in a combination with others. The combination was introduced 
according to Eq. (1), employing the following equation: 

0 1 2 60.7 0.7e e e e (7)

The scaling factors for the buckling modes were selected such that the total convexity on the web 
e0 was equal to the assumed limitation of h0/125 = 0.8 mm. Being negative, Mode 1 was applied in the 
opposite direction. The outcome of the numerical analyses included the plastic resistance and initial 
stiffness of the analyzed joints. The results are presented in Table 1, where “Imperfect-N” relates to the 
model with imperfections obtained from a buckling mode N. “Imperfect-C” corresponds to the model with 
imperfections obtained from the combination of buckling modes, Eq. (7). The results are presented in 
absolute values and in relation to “Perfect” model.

Table 1. Structural behavior of joints with various imperfections
Mpl [kNm] Sj,ini [kNm/rad] Npl [kN] Cj,ini [kN/mm]

Perfect 3.15 1 262.0 1 121.9 1 219.9 1
Imperfect-1 3.12 0.99 256.9 0.98 120.1 0.98 210.4 0.96
Imperfect-2 3.15 1.00 262.0 1.00 121.9 1.00 220.0 1.00
Imperfect-6 3.15 1.00 262.1 1.00 122.9 1.01 220.0 1.00
Imperfect-C 3.13 1.00 259.0 0.99 120.8 0.99 214.3 0.97

As can be seen, the influence of initial geometric imperfections on the structural behavior is 
negligibly small. The reduction of resistance does not exceed 1 % for moment load and 2 % for axial 
load. For initial stiffness, the values account for 2 % and 4 % respectively. For both loading cases, the 
most conservative results are observed employing buckling Mode 1, i.e. the mode that as close as 
possible corresponds to the deformation pattern of the joint under an axial brace loading. This buckling 
mode can be considered further as the bounding buckling mode. Although in this section it corresponded 
to the first computed buckling mode, its number can be different for other joints.

3.2. Parametric studies for joints with various geometry and steel grades
This section evaluates the effect of geometric imperfections on the structural behavior of RHS 

T joints with varying geometries and steel grades. The variations of geometry are considered in relation 
to chord wall thickness and the width of the brace. As in Section 3.1, firstly a linear buckling analysis was 
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conducted for every joint, followed by a nonlinear static analysis. Initial imperfections were simulated 
using the bounding buckling mode that maximally repeats the deformation of the joint under an axial load. 
The results are evaluated in relation to resistance and initial stiffness, separately under moment and axial 
loading.

3.2.1.Joints with various steel grade
Consider firstly the effect of steel grade on the behavior of the joint. The analyses were conducted 

on the same joint as was used in Section 3.1. In addition to S355, the study considered steel grades 
S500 and S700, employing similar bi-linear material models. The results are presented in Figure 11 and
Table 2, where indices p and i relate to perfect and imperfect models, respectively. As can be seen, the 
small influence of initial imperfections remains also for higher steel grades. Similarly, imperfections 
reduce plastic moment and axial resistance by 1 % and 2 % respectively. Initial rotational and axial 
stiffness is reduced by 2 % and 4 % respectively.

Figure 11. Influence of initial imperfections on joints with various steel grades

Table 2. Influence of initial imperfections for joints with various steel grades

Steel grade S355p S355i S355i/ S355p S500p S500i S500i/ S500p S700p S700i S700i/ 
S700p

Mpl [kNm] 3.15 3.12 0.99 4.26 4.23 0.99 5.73 5.69 0.99

Sj,ini [kNm/rad] 262.0 256.9 0.98 262.0 256.9 0.98 262.0 256.9 0.98

Npl [kN] 121.9 120.1 0.98 165.4 162.6 0.98 221.7 218.2 0.98

Cj,ini [kN/mm] 219.9 210.4 0.96 219.9 210.4 0.96 219.9 210.4 0.96

3.2.2.Joints with various chord wall thickness
The next parametric study investigates the effect of initial geometric imperfections on the behavior 

of joints with varying chord wall thickness. Generally, this thickness is characterized by the chord width-
to-thickness ratio = b0/2t0, which for simplicity is often considered as 2 = b0/t0. Chapter 7 of 
EN 1993-1-8:2005 [25] limits 2 in the range of 10  2 35. Initial geometrical imperfections are known 
to considerably reduce the resistance of thin-walled members [4]. For this reason, a more pronounced 
effect can be expected for the joints with 2 close to its upper limit.

Section 3.1 evaluated the joint with 2  = 100/6 = 16.6, which is close to the lower bound of . In the 
following, two additional chord thicknesses are considered: 2  = 25.0 (t0 = 4 mm) and 2  = 33.3 
(t0 = 3 mm). The thickness of the brace was selected as equal to the thickness of the chord. The results 
are presented graphically in Figure 12 and collected in Table 3, where indices p and i relate to perfect 
and imperfect models, respectively. As can be seen, the effect of initial imperfections is more pronounced 
for joints with thinner walls, reducing their moment and axial resistance by 3 % for 2  = 33.3. A more 
pronounced infunence is observed for initial stiffness: rotational stiffness is reduced by 4 %, while axial 
stiffness is reduced by 6 %.
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Figure 12. Influence of initial imperfections on joints with various chord wall thickness

Table 3. Influence of initial imperfections for joints with various chord wall thickness

2 16.6p 16.6i 16.6i/ 
16.6p 25.0p 25.0i 25.0i/ 

25.0p 33.3p 33.3i 33.3i/ 33.3p

Mpl [kNm] 3.15 3.12 0.99 1.29 1.27 0.98 0.67 0.65 0.97
Sj,ini [kNm/rad] 262.0 256.9 0.98 86.4 84.1 0.97 39.6 38.1 0.96

Npl [kN] 121.9 120.1 0.98 48.8 47.9 0.98 25.0 24.3 0.97
Cj,ini [kN/mm] 219.9 210.4 0.96 70.9 67.6 0.95 31.9 30.1 0.94

3.3. Joints with various brace width
The third and the last parametric study evaluates the influence of initial imperfections of joints with 

different brace widths. Generally, the brace width is represented by the brace-to-chord width ratio . EN 
1993-1-8:2005 [25] limits for RHS T joints in the range of 0.25 1.0. All previous analyses 
considered the joints with = 0.6 and demonstrated a negligibly small effect of initial imperfections. 
Although this finding can be justified for the joints that fail from chord face bending, the results can differ 
for the joints with other failure modes, e.g. chord side walls buckling, which is critical when 0.85 <  1.0. 

Consider the structural behavior of equal-width joints ( = 1.0). The analyses were conducted for a 
joint with a 100x100 chord and a 100x100 brace, made of S355, with three chord wall thicknesses: 
2  = 16.6 (t0 = 6 mm), 2  = 25.0 (t0 = 4 mm) and 2  = 33.3 (t0 = 3 mm). The wall thickness of the brace 
was selected as equal to the wall thickness of the chord. The resistance of the joints was determined 
according to Figure 8. The structural behavior of the joints is illustrated in Figure 13 and summarized in 
Table 4, where indices p and i relate to perfect and imperfect models, respectively. As can be seen, the 
negative influence of initial imperfections observed for joints with  = 0.6 remains also for equal-width 
joints. Similarly, the effect is more pronounced for the joints with thinner walls, reducing their moment and 
axial resistance by 2% and 5% respectively for 2  = 33.3. In relation to initial stiffness, the reducing effect 
does not exceed 7%. It should be noted that the effect is more pronounced for axial loading than for in-
plane bending. 

Figure 13. Influence of initial imperfections on joints with  = 1.0
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Table 4. Influence of initial imperfections on joints with  = 1.0
2 16.6p 16.6i 16.6i/ 16.6p 25.0p 25.0i 25.0i/ 25.0p 33.3p 33.3i 33.3i/ 33.3p

Mpl [kNm] 21.34 21.29 1.00 12.85 12.77 0.99 8.61 8.44 0.98
Sj,ini [kNm/rad] 4281 4237 0.99 2332 2295 0.98 1578 1538 0.97

Npl [kN] 525.3 503.7 0.96 282.0 269.3 0.95 179.9 171.2 0.95
Cj,ini [kN/mm] 1181 1102 0.93 429 403 0.94 213 201 0.94

3.4. Discussion
In this paper, geometrical imperfections were modelled applying scaled buckling modes to the 

perfect geometry. Buckling modes were obtained from linear buckling analyses for the corresponding 
loading type. The comparative buckling analyses under axial loading have showed that the first buckling 
mode most closely corresponds to the deformation pattern of T joints, being thus the most desirable for 
the simulation of initial imperfections. The consideration of higher buckling modes as well as their 
possible combinations brought no noticeable changes in further results and therefore was found 
unnecessary. At the same time, all buckling modes resulted from in-plane bending loading were located 
in the brace and therefore could not be employed to simulate local deformations of the chord walls. For 
this reason, imperfections for both loading cases were modelled using the first buckling mode obtained 
from axial loading. This resulted to the fact that the observed influence of imperfections was less 
pronounced for in-plane bending than for axial loading. In all cases studied in this paper, the first buckling 
mode was negative and was multiplied by a negative scaling factor to be applied in the proper direction. 

The conducted parametric studies have demonstrated a small negative influence of initial 
imperfections on both design resistance and initial stiffness of the investigated joints. The effect was 
observed for the joints governed by chord face bending ( 0.85) as well as the joints with chord side 
walls buckling as the dominating failure mode (  > 0.85). The structural properties were found to 
decrease for the joints with thinner walls, particularly those with 2 ratio close to its upper limit specified 
by the Eurocode (2  = 35). For the joints beyond this limit (2  > 35), the effect is expected to be more 
pronounced, making these joints behave similar to thin-walled sections. At the same time, the negative 
effect of imperfections showed no correlation with steel grade in the considered range from S355 to 
S700. 

The maximum observed reduction of resistance accounted 3 % and 5 % for in-plane bending 
moment and axial loading respectively. In practice, these reductions are taken into account by partial 
safety factors and thus do not have to be considered in theoretical calculations. At the same time, initial 
imperfections reduce initial rotational stiffness by 4 % and initial axial stiffness by 7 %. Since the accuracy 
requirements for initial stiffness are not as strict as for resistance, these small reductions of stiffness are 
acceptable and can be ignored in the design. It should be noted that in this paper imperfections were 
modelled rather conservatively, using the maximum allowed value of h0/125. The experimental 
measurements of on RHS tubes [5, 29, 30] demonstrate that real imperfections are generally smaller 
than this amplitude. Moreover, imperfections were applied in the most unfavorable way, i.e. providing the 
most unsafe behavior. In real members, the distribution of imperfections is more random. These findings 
allow to conclude that initial geometrical imperfections do not seriously affect the structural behavior of 
RHS T joints in the range defined by the regulations of the Eurocode. 

4. Conclusions
This paper analyzed the effect of initial geometric imperfections on the structural behavior of 

tubular joints. In this study, initial geometrical imperfections were simulated using the conventional 
approach for thin-walled sections, applying corresponding buckling modes scaled in accordance with 
allowable fabrication tolerances. The comparative FE analyses for RHS joints with perfect and imperfect 
geometry have showed that the effect of initial geometric imperfections on the strength of joints is smaller 
than that observed for thin-walled cold-formed structures. For this reason, geometrical imperfections can 
be neglected in the design of RHS T joints with no serious consequences on their design results.

The presented results can serve as a starting point for studying the issue of initial imperfections in 
relation to welded tubular joints. This paper considered the joints that follow the requirements of 
Eurocode, i.e. 0.25  1.0, 10  2 35, steel grades from S355 to S700, under in-plane bending and 
axial loading. For joints with 0.85, chord face bending governs the deformation of the joint under all 
loading cases; therefore, the obtained conclusions can be extended also for the case of out-of-plane 
bending. Some comparative numerical analyses can be conducted to eliminate a possible scaling effect, 
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considering joints with different sections of the chord. Moreover, some calculations can be useful to 
extend the conclusions for other welded connections, including K and X joints, as well as circular hollow 
section joints. In addition, particularly important results can be obtained considering geometrical 
imperfections in welds, i.e., the deviations of fillet welds from their nominal dimensions.
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Recently, CIDECT (International Committee for the Development and Study of Tubular Structures) has proposed
the component method as a unified approach for the design of many types of connections, including welded
tubular joints. Although CIDECT provides clear and simple equations for the resistance of welded tubular joints,
the design of initial stiffness remains complicated and includes a number of uncertainties. This paper analyzes the
theoretical approach for the initial axial stiffness of rectangular hollow section T joints. The validation against ex-
perimental data has shown that the component method considerably overestimates the stiffness of T joints. The
paper develops new equations for the stiffness of the components “chord face in bending” and “chord side walls
in compression”. The equations are based on simplifiedmechanicalmodels, employingfinite element analyses to
calculate the parameters for which analytical solutions are found extremely complicated. In addition, the article
numerically investigates the effect of chord axial stresses on the axial stiffness of joints and proposes a corre-
sponding chord stress function.

© 2018 Elsevier Ltd. All rights reserved.
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1. Introduction

Welded tubular structures are used in a wide range of trusses and
frames. In such structures, rectangular hollow section (RHS) joints com-
bine high strength and simple end preparations. The main properties of
tubular joints include their design resistance and stiffness. Generally, in
the design of joints, the main attention of engineers and scientists is
paid to design resistance, while the stiffness of joints is usually
disregarded. However, initial stiffness is known to be essential in the
global analysis of frames and trusses, since it affects the distribution of
forces between members. In addition, it has been shown [1–3] that ini-
tial rotational stiffness plays the key role when considering buckling of
tubular truss members.

Particular attention should be paid to axial stiffness, which repre-
sents the stiffness of a joint under an axial force acting along its brace.
Fig. 1a shows anRHST joint loaded by an axial force. A T joint represents
the simplest joint configuration, when a brace is welded to a chord at an
angle of 90°. Considering a beammodel for such a joint (Fig. 1b), its axial
stiffness Cj,ini,N can be presented by a linear spring located on the surface
of the chord [4]. The importance of axial stiffness for such joints can be
demonstrated in a shallow Vierendeel girder, shown in Fig. 1c. When
the girder is analyzed using the frame theory, then in addition to rota-
tional stiffness, the axial stiffness of its joints should be taken into

account. The local deformations of the joints can reduce the height of
the girder e. Such reduction can be particularly noticeable for shallow
girders. Finally, this increases axial forces acting in the chords, making
the design unsafe.

The current design rules for RHS T joints in EN 1993-1-8:2005 [5]
and CIDECT Design Guide No. 3 [6] are based on the failure mode
approach and allow calculating design resistance, providing however
no information for initial stiffness. Most of the publications and design
guides on the topic [7–9] deal with the resistance of RHS joints, and
very few of them investigate their stiffness. A formula for the initial
axial stiffness of circular hollow section joints was presented by
Mäkeläinen et al. [10]. Grotmann& Sedlacek [11] investigated the initial
stiffness of RHS joints under in-plane bending. An extensive parametric
study of axially-loaded joints was conducted by deMatos et al. [12], but
no theoretical equation was proposed for initial stiffness. Costa-Neves
[13] developed the equation for the axial stiffness of RHS-to-IPE connec-
tions, which was later accepted by CIDECT [14] and extended for RHS
joints with some modifications.

One of the most reliable solutions for the design of initial stiffness
can be provided by the component method. It was invented by
Zoetemeijer [15] for bolted beam-to-column connections and devel-
oped by Tschemmernegg [16]. Later it was extended to column bases
by Wald [17] and fire resistance by Leston-Jones [18]. Girão Coelho &
Bijlaard [19] employed the method to investigate the behavior of high
strength steel end-plate connections. Da Silva [20] developed the com-
ponent method for joints under arbitrary loading. For bolted end-plate
joints the method was used by Heinisuo et al. [21].
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Decomposing the joint into basic parts (components), the compo-
nent method determines joint resistance and stiffness by combining
the resistance and stiffness of these components. Being a unified ap-
proach for the design of various types of joints, themethodwas adopted
by EN 1993-1-8:2005 [5] for joints connecting H or I sections. Weynand
& Jaspart [22] proposed the method for hollow section joints. The main
principles of the component method for tubular joints were developed
in the CIDECT reports 5BP [23] and 16F [14]. The documents identify
the main components of RHS joints and present a detailed procedure
to calculate their design resistance. However, the information
concerning initial stiffness is very limited: the provided equations for
the stiffness of the components are not distinguished between various
loading cases, and, therefore, the design of initial stiffness remains
questionable.

This paper investigates the theoretical approach for the initial axial
stiffness of RHST joints. Section2 briefly describes and discusses the cur-
rent design procedure for axial stiffness, which is provided in the
CIDECT report 16F [14] (hereinafter – CIDECT). Section3 validates the
design approach against the experimental data available in the litera-
ture. Section4 develops and experimentally validates new stiffness
equations for two individual components. The equations are based on
simple mechanical models, employing finite element modeling to re-
place complicated analytical solutions. Finally, Section5 numerically in-
vestigates the effect of chord axial stresses on the axial stiffness of RHS T
joints and develops a corresponding chord stress function. The devel-
oped solutions are limited only for joints following the requirements
of EN 1993-1-8:2005 [5].

2. Current theoretical approach for the initial axial stiffness of RHS T
joints

The main notations of RHS T joints are provided in Fig. 2a. The theo-
retical approach for the initial stiffness of tubular joints employs the
component method, as presented in CIDECT [14]. The component
method assumes the axial load to be transferred from the brace to the
chord face through four loading zones located at the corners of the
brace. The mechanical behavior of the joint can then be modelled by a
system of springs, as shown in Fig. 2b. Generally, the springs represent
the following components:

a) chord face in bending,
b) chord side walls in tension / compression,
c) chord side walls in shear,
d) chord face under punching shear,
e) brace flange / webs in tension / compression,
f) chord section in distortion,
g) welds.

The behavior of the springs is assumed to be elastic. The initial stiff-
ness of the joint is computed by combining the corresponding stiff-
nesses of the components using the combination rules for the systems
of springs. In particular, initial axial stiffness Cj,ini,N is calculated as.

C j;ini;N ¼ EX
i

1
ki

ð1Þ

Fig. 1. a) RHS T joint loaded by axial force; b) axial stiffness modelled by a linear spring; c) Vierendeel girder.

Fig. 2. RHS T joint: a) notations; b) component model.
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where E is Young'smodulus, and ki is the stiffness of component i. In this
paper, ki defines the sum of the four components (springs) in the cor-
ners of the brace; therefore, each component is counted in Eq. (1)
only once. According to [4], only components a “chord face in bending”
and b “chord sidewall in compression / tension” play a noticeable role in
the axial stiffness of RHS T joints. The other components have substan-
tially greater stiffness and can be considered as infinite for practical pur-
poses. Taking into account the aforementioned assumptions, Eq. (1) can
be reduced to

C j;ini;N ¼ E
1
ka

þ 1
kb

ð2Þ

where ka is the stiffness of the component “chord face in bending”
and kb is the stiffness of the component “chord side walls in compres-
sion / tension”. According to CIDECT [14], the stiffness of the latter is as-
sumed to be the same in tension and in compression. This paper
considers joints only under compressive axial load; therefore, the com-
ponent b is referred to as “chord side walls in compression” for simplic-
ity. For joints with large β, the stiffness of the component “chord face in
bending” becomes relatively high, i.e. 0.1ka N kb, and can be also ignored
in the design of initial stiffness. In this case, Eq. (2) can be simplified to

C j;ini;N ¼ Ekb ð3Þ

2.1. Component “Chord face in bending”

As been said before, the stiffness of the component “chord face in
bending” has to be calculated only for the joints in which this compo-
nent noticeably contributes to the design of stiffness. To be consistent
with the design of resistance specified in EN 1993-1-8:2005 [5], such
joints can be limited to those governed by chord face failure, i.e. β ≤
0.85. However, this component might become irrelevant even for
smaller β if the cross-section of the brace is increased by large fillet
welds [24].

Two possible options are available to compute the stiffness of this
component. The first one was developed by Costa-Neves [13] for RHS-
to-IPE connections. Later it was accepted by CIDECT [14] in a form pre-
sented in Eq. (4).

ka ¼ t30
14:4β0L

2
stiff

L2stiff
bt0

 !1:25

�
c

Lstiff
þ 1−

b
Lstiff

� �
tanθ

1− b
Lstiff

� �3
þ
10:4 1:5−1:6

b
Lstiff

� �
Lstiff
t0

� �2
ð4Þ

where b and с are respectively the width and the height of the brace,
i.e., b = b1 and c = h1. Lstiff is the stiffness length determined as Lstiff =
d + r, where d and r represent the width of the chord top face flat
area and the chord inner corner radius, respectively. Notations b, c, d
and r are illustrated in Fig. 3. The reduction factor β0 is found as

β0 ¼
1;

bþ c
L

≥0:5

0:7þ 0:6
bþ c
L

;
bþ c
L

b0:5

8><
>:

L ¼ dþ 0:5r

ð5Þ

The angle θ is defined as

θ ¼ 35−10b=Lstiff ; b=Lstiffb0:7
49−30b=Lstiff ; b=Lstiff ≥0:7

�
ð6Þ

The validity range of Eq. (4) is defined by the following limitations:

10≤Lstiff =t0≤50; 0:08≤b=Lstiff ≤0:75; 0:05≤c=Lstiff ≤0:20 ð7Þ

For RHS joints, the last limitation in Eq. (7) is transformed into

0:05≤h1=Lstiff ≈ h1=b0 ¼ η≤0:20 ð8Þ

Obviously, this requirement can be fulfilled only for very small
braces, meaning that Eq. (4) violates by default its validity range for
most of RHS joints. However, Eq. (4) will be examined in this paper.

The second option for the stiffness of the component “chord face in
bending” has been presented in [25] and accepted as an alternative ap-
proach in CIDECT [14]. It represents the following equation:

ka ¼ πt30

12 1−ν2
� �

Ct
b0−t0

2

� �2 ð9Þ

where ν is Poisson's ratio and Ct is a coefficient assumed as 0.18. It
should be noted that Eq. (9) represents a functionof the chord geometry
and does not depend on the size of the brace, making its reliability
doubtful for tubular joints. CIDECT [14] provides no information regard-
ing its validity range.

2.2. Component “Chord side walls in compression”

The stiffness of the component “chord side walls in compression”
was originally developed in [26] and later studied in [27]. The compo-
nent employs the model of an RHS chord loaded by two transverse
plates of the same width as the chord, as shown in Fig. 4a. CIDECT [14]
provides the following equation for its stiffness:

kb ¼ 2 � 0:7 � beff ;c;wc � t0
h0

ð10Þ

where beff,c,wc is the effective width, defined as

beff ;c;wc ¼ t1 þ 2
ffiffiffi
2

p
aw þ 5t0 ð11Þ

where t1 is the thickness of the loading plate. In case of an RHS joint, the
load is transferred through the whole section of the tubular brace, as
shown in Fig. 4b, and Eq. (11) should be modified as

beff ;c;wc ¼ h1 þ 2
ffiffiffi
2

p
aw þ 5t0 ð12Þ

However, the applicability of Eq. (10) for tubular joints remains
questionable. Firstly, as can be seen in Fig. 4a, Eq. (10) has been devel-
oped for X joints and CIDECT [14] does not specify its reliability for T
joints. Secondly, Eqs. (10)–(12) do not include β as a variable,
i.e., provide the same solution for joints with the same h1 but various

Fig. 3. Design model for component “chord face in bending”.
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b1. Since these equations have been developed for β = 1.0, their appli-
cability for joints with smaller β remains unclear.

3. Validation of the current theoretical approach

This part validates the current approach for the initial axial stiffness
of RHS T joints with the experimental results available in the literature.
Usually the publications dealing with experimental investigations of
joints provide no direct values of initial stiffness. For this reason, initial
stiffness was determined graphically, as a tangent line in the beginning
of available load-displacement curves. The described procedure is illus-
trated in Fig. 5, where Cj,ini,N denotes initial axial stiffness. Although the
accuracy of this approach is doubtful, it represents the only possible
method to obtain experimental stiffness from available publications.
Moreover, the design of initial stiffness does not require such high
level of accuracy as the design of resistance, assuming 30% discrepancy
in both directions. This fact can fully justify the possible inaccuracy of
this method. For simplicity, initial axial stiffness is denoted as C further
in this paper.

A pioneering experimental work on T joints has been conducted by
Kato & Nishiyama [28]. However, the authors presented only the global
deformations of joints, including chord bending. Later a series of tests
under various loading was conducted by Zhao & Hancock [29], but
only three load-displacement curves can be found for T joints under
pure axial loading. One T joint was selected from the tests of Davies &
Crockett [30]. Nizer et al. [31] conducted six tests on T joints with and
without axial loading in the chord. Generally, axial stresses in the
chord are found to affect the stiffness of T joints; therefore, only one
joint free from chord pre-loading have been selected for the validation.
Some results have been found in the most recent tests of Becque &
Wilkinson [32].

Attention should be also paid to the publications that analyze the be-
havior of RHSX joints, e.g. [33,34]. Due to the similarities in the behavior
of T and X joints, these joints are often considered together. In particu-
lar, EN 1993-1-8:2005 [5] and CIDECT Design Guide No. 3 [6] provide
the same equations for the design resistances of RHS T and X joints.
However, the design of initial stiffness might differ. To investigate this
issue in details, a comparative analysis was conducted based on the ex-
perimental results of Feng & Young, who conducted a series of tests on
stainless steel RHS T [35] and X [36] joints. The tests were carried out
in such a way that the geometry of X joints repeated the geometry of
some T joints. The stiffness of the joints with matching geometry was
determined and collected in Table 1, where the joints are arranged in
the ascending order of β. The graphical comparison of the behavior of
some matching joints is provided in Fig. 6.

It can be seen that X joints have noticeably higher experimental stiff-
ness than matching T joints. The difference is particularly pronounced
for the cases with β = 1.0, reaching an order of magnitude for some
joints. The observed difference can be explained by the various contri-
bution of the components to the overall stiffness of the joint. If β is
small, the stiffness is mostly governed by the component “chord face
in bending”, which behaves similarly for both types of joints. This
leads to relatively small difference between the stiffness of T and X
joints. Oppositely, the stiffness of the joints with large β is mostly influ-
enced by the component “chord side walls in compression”, which
obviously behaves differently for T and X joints. This leads to a signifi-
cant difference in the stiffness of the matching T and X joints. These
results demonstrate that initial stiffness has to be calculated differently
for T and X joints. Although a common equation can be adopted for the
component “chord face in bending”, individual equations for T and X
joints should be derived for the component “chord side walls in com-
pression”. For this reason, X joints are not employed in the validation
and this paper considers only T joints.

Attention should be also paid to stainless steel joints. Due to the non-
linear stress-strain responses of stainless steels [34], the equation devel-
oped for joints made of carbon steels may be invalid for joints made of
stainless steels. For this reason, the latter were excluded from in the val-
idation, in particular the abovementioned tests of Feng & Young [35].
Table 2 presents the summary of the tests used for the validation.
Table 3 provides the details of the joints and their experimental initial
stiffness Cexp, which was determined according to Fig. 5.

Theoretically, initial stiffness was calculated according to Section2.
For the joints with β ≤ 0.85, the stiffness of the component “chord face
in bending” was computed using both available options, Eqs. (4) and
(9), corresponding to ka1 and ka2 respectively. The stiffness of the com-
ponent “chord side walls in compression”was calculated by Eq. (10). It
should be noted that most of the joints were welded with fillet welds,
which are known to considerably increase their initial stiffness [37]. In
this paper, the influence of fillet welds was taken into account using

Fig. 4. Component “chord side walls in compression”: a) original design model; b) its extension to RHS joints.

Fig. 5. Graphical approach for determination of initial axial stiffness.
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the approach of deMatos et al. [12], which replaces the actual brace sec-
tion by an equivalent butt-welded section with the following width:

beq ¼ b1 þ 1:6aw ð13Þ

The equivalent brace width was used further to calculate the equiv-
alent brace-to-chord width ratio:

βeq ¼ beq=b0≤1:0 ð14Þ

The equivalent brace-to-chord width ratio was further used to com-
pute the stiffnesses ka and kb. Two joint stiffnesses, C1 and C2, were

calculated according to Eq. (2), respectively employing ka1 and ka2 for
the component “chord face in bending”. For the joints with β N 0.85,
only the component “chord side walls in compression”was considered,
and joint stiffness C was determined according to Eq. (3).

Table 4 provides a detailed comparison of initial stiffness calculated
theoretically and experimentally. Regarding the jointswithβ ≤ 0.85, if ka
is calculated using the first approach, Eq. (4), then theoretical stiffness
two times overestimates the experimental. Oppositely, if ka is calculated
using the alternative approach, Eq. (9), the results are significantly
underestimated, with the average C2 / Cexp ratio of 0.08. For the joints
with β N 0.85, the stiffness is overestimated more than two times. All
these findings clearly show that the CIDECT equations for the initial
stiffness of RHS T joints cannot serve as a reliable tool in the design of
tubular joints and more accurate equations have to be developed.

4. New equations for the stiffness of components

Given the unsatisfactory prediction of initial axial stiffness by the
current theoretical approach, this section develops a more accurate so-
lution for RHS T joints. Following the component method, the paper
proposes new equations for the components “chord face in bending”
and “chord side walls in compression”. To avoid extremely complicated

Table 1
Comparison of stiffness of T and X joints. The names of joints in accordance with [35,36].

X joint CX [kN/mm] T joint CT [kN/mm] CX/CT β

XD-C140x3-B40x2-P0 75 TD-C140x3-B40x2 42 1.8 0.50
XH-C110x4-B150x6-P0 200 TH-C110x4-B150x6 50 4.0 0.75
XD-C50x1.5-B40x2-P0 200 TD-C50x1.5-B40x2 67 3.0 0.80
XD-C40x2-B40x2-P0 1900 TD-C40x2-B40x2 167 11.4 1.00
XD-C50x1.5-B50x1.5-P0 1700 TD-C50x1.5-B50x1.5 100 17.0 1.00
XD-C140x3-B140x3-P0 4250 TD-C140x3-B140x3 175 24.3 1.00
XH-C150x6-B150x6-P0 2000 TH-C150x6-B150x6 338 5.9 1.00
XH-C200x4-B200x4-P0 1500 TH-C200x4-B200x4 145 10.3 1.00
XN-C40x2-B40x2-P0 2000 TN-C40x2-B40x2 100 20.0 1.00

Fig. 6. Comparison of T and X joints with matching geometry: a) β = 0.75, b) β= 1.0.

Table 2
Summary of tests used for the validation.

No. Authors Reference

1–3 Zhao & Hancock, 1991 [29]
4 Nizer et al., 2016 [31]
5–6 Becque & Wilkinson, 2017 [32]
7 Davies & Crockett, 1996 [30]

Table 3
Details of joints used for the validation.

No. Joint b0 [mm] h0 [mm] t0 [mm] ra [mm] b1 [mm] h1 [mm] t1 [mm] β 2γ aw [mm] Eb [GPa] Cexp [kN/mm]

1 S1B1C11 51 102 4.9 4.9 51 51 4.9 1.00 10.4 4.6 200 570
2 S1B1C12 51 102 3.2 3.2 51 51 4.9 1.00 15.9 4.6 200 330
3 S1B1C23 102 102 4 4 51 51 4.9 0.50 25.5 4.6 200 74
4 TN02N0 140 80 4 4 100 100 3 0.71 35.0 5.0 200 280
5 T1 200 200 6 14 100 100 8 0.50 33.3 4.0 210* 75
6 T4 400 400 16 24 200 200 12.5 0.50 25.0 6.3 210* 400
7 MPJT1 150 150 6.2 9.3 90 90 6.2 0.60 24.2 6.2 210* 230

a Nominal inner corner radius.
b Young's modulus of the chord steel (* if a value not provided by authors).
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analytical solutions for these components, the paper considers simpli-
fied mechanical models and employs the concept of equivalent length
andwidth,which are determined numerically. Thedeveloped equations
are further validated against the same experimental results.

4.1. Stiffness of the component “chord face in bending”

Consider an RHS T joint with a b0 × h0 × t0 chord loaded axially by a
b1 × h1 brace, as shown in Fig. 7a. Generally, the thickness of the brace t1
does not influence the structural properties of tubular joints [38]; there-
fore, it is not considered in this section. Since the influence offilletwelds
is considered independently (see Section3), it is ignored in this study.
The top face of the chord can be replaced by a simply supported plate
with an equivalent length leff and a span L = b0 – 2 t0. The load N can
be assumed applied through an infinitely rigid plate of the size b1 ×
leff. This design model can be simplified further to a 2D beam model,
shown in Fig. 7b. The vertical displacement of point A (mid-point of
the 2D beam) is found as

v Að Þ ¼ N L−b1ð Þ3
48EI

ð15Þ

where I is the second moment of area of the cross-section A-A. Then,
Eq. (15) can be written as

v Að Þ ¼ N L−b1ð Þ3
4Eleff t30

ð16Þ

The stiffness of the component can be found as

ka ¼ N
v Að ÞE ¼ 4leff t30

L−b1ð Þ3
ð17Þ

The equivalent length leff remains the only unknown variable in
Eq. (17). In this paper, it was determined numerically, employing the fi-
nite element (FE) software Abaqus/Standard [39]. To exclude a possible
effect of the chord end conditions, the length of the chord was selected
as 6b0 [40], while the brace lengthwas chosen as b1, as shown in Fig. 8a.
According to [41], the model was constructed using quadratic solid fi-
nite elements with reduced integration (C3D20R), with two elements
in the thickness direction. Since initial stiffness was the only requested
outcome of the analyses, only elastic properties were introduced to
the material model, with Young's modulus of 210 GPa and Poisson's
ratio of 0.3. The brace was connected to the chord top face using a tie

Table 4
Validation of the theoretical approach.

No. Joint β βeq E [GPa] ka1 [mm] ka2 [mm] kb [mm] C1 [kN/mm] C2 [kN/mm] Cexp [kN/mm] C1/ Cexp C2/ Cexp

β ≤ 0.85
3 S1B1C23 0.50 0.57 200 0.661 0.043 4.612 116 8.4 74 1.6 0.11
4 TN02N0 0.71 0.77 200 4.064 0.022 9.390 567 4.4 280 2.0 0.02
5 T1 0.50 0.53 210 0.747 0.037 5.935 139 7.7 75 1.9 0.10
6 T4 0.50 0.53 210 2.317 0.178 16.670 427 36.9 400 1.1 0.09
7 MPJT1 0.60 0.67 210 2.883 0.074 8.017 445 15.3 230 1.9 0.07

Average 2.0 0.08
Variance 0.3 0.001

β N 0.85
1 S1B1C11 1.00 1.00 200 – – 5.952 1190 – 570 2.1 –
2 S1B1C12 1.00 1.00 200 – – 3.514 703 – 330 2.1 –

Average 2.1
Variance 0.0

Fig. 7. Component “chord face in bending”: a) spatial design model; b) 2D design model.
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constraint. To avoid the contribution of the brace to the deformation of
the joint, it was modelled with increased Young's modulus of
210·104 GPa. The compressive axial load was applied using a single in-
crement to point O, connected by a rigid body to the upper face of the
brace. To avoid bendingof the chord from the transverse force, itwas re-
strained against vertical displacements along its length, as shown in
Fig. 8a.

Fig. 8b demonstrates two vertical displacements measured in the
analyses: v(O) corresponding to the displacement of the loading point
O and v(O1) corresponding to the global displacement of the upper
flange of the chord. The shortening of the brace was neglected due to
its relatively high Young'smodulus. The local displacement correspond-
ing to the component “chord face in bending” was found as

v Að Þ ¼ v Oð Þ−v O1ð Þ ð18Þ

Following Eq. (16), the equivalent length leff was calculated as

leff ¼
N L−b1ð Þ3
4Et30v Að Þ ð19Þ

The equivalent length leff was determined for a series of joints with
varying parameters b0, b1, h1 and t0. To avoid considering an extra vari-
able h0, only square hollow section were analyzed. For convenience, pa-
rameters b1, h1 and t0 were correspondingly replaced by their relative
ratiosβ= b1 / b0,α= h1 / b1 and 2γ= b0 / t0. EN 1993-1-8:2005 [5] pro-
vides the following limitations for these ratios: 0.25 ≤ β ≤ 1.0, 0.5 ≤ α
≤ 2.0 and 10 ≤ 2γ ≤ 35. Based on the numerical observations, for β N

0.85 the contribution of the component “chord face in bending” to the
overall stiffness of the joint becomes negligibly small; therefore, the
upper bound for β was reduced to 0.85. Table 5 provides the values
for the considered variables.

Using Eq. (17), leffwas calculated for varying joint parameters with v
(A) obtained by the finite element analysis. To analyze the behavior of
leff, it was plotted against the introduced variables. As can be seen
from Fig. 9, leff depends linearly on b0 andα. According to Fig. 10, the de-
pendence onβwas assumed linear, while the influence of 2γwas found
comparatively small and thus was ignored. To be consistent with the
current terminology, α was replaced by the commonly used ratio η =
h1 / b0. Finally, leff was approximated as

leff ¼ h1 2−βð Þ þ 1:25b0 1−βð Þ

β≤0:85
ð20Þ

In relation to the numerical results, the proposed equation demon-
strated sufficient accuracy, with R2= 0.980, R2adj=0.979 and the aver-
age relative error of 4.1%. Since the component “chord face in bending”
behaves similarly for T and X joints, the proposed equation can be also
extended for X joints.

Fig. 8. FE model: a) overall view; b) location of points with measured displacements.

Table 5
Values of variables used in FEM.

Variable Considered values

b0 [mm] 100; 150; 200; 250; 300
β = b1 / b0 0.25; 0.40; 0.55; 0.70; 0.85
2γ = b0 / t0 10; 15; 20; 25; 30; 35
α = h1 / b1 0.5; 1.0; 1.5; 2.0

Fig. 9. Dependence of leff on b0 and α.
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4.2. Stiffness of the component “chord side walls in compression”

Consider an RHS T joint with a b0 × h0 × t0 chord loaded axially by a
b1 × h1 brace with an axial force N. Fig. 11a shows the approximate de-
formation pattern for the compressed chord side wall. Considering it
separately, the chord side wall can be replaced by a simply supported
column of length H = h0 – t0 with an equivalent width beff and loaded
by a compressive force N/2. It can be further simplified to a 2D beam
model, shown in Fig. 11b.

The vertical displacement at the end of the column (point B) can be
found as

v Bð Þ ¼ 0:5NH
EA

¼ NH
2Ebeff t0

ð21Þ

Then the stiffness of the component “chord side walls in compres-
sion” can be calculated as

kb ¼ N
Ev Bð Þ ¼

2beff t0
H

ð22Þ

This equation looks similar to Eq. (10) if beff and H are respectively
replaced by beff,c,wc and h0. However, Eq. (22) does not take into account
the coefficient 0.7, which is present in Eq. (10). The origin of this

coefficient is difficult to trace. Probably, it represents a correction factor
between the gradients for load introduction, as demonstrated by
Grotmann & Sedlacek [11]:

r ¼
ffiffiffi
3

p

2:5
¼ 0:693 ≈ 0:7 ð23Þ

However, Grotmann & Sedlacek [11] employ a slightly different
equation for the stiffness of this component and use this correction fac-
tor for the effective width beff. In this section, the equivalent width beff is
determined by a series of numerical analyses, which by default consider
this correction factor. This section employs the results of the FE analyses
conducted for the component “chord face in bending”. According to
Fig. 8b, displacement v(B) was found as equal to displacement v(O1).
Moreover, additional analyses were conducted to consider joints with
β=1.0. These joints experienced no chord face bending; therefore, dis-
placement v(B)was calculated as equal to displacement v(O). According
to Eq. (22), the equivalent width beff was found as

beff ¼
NH

2Et0v Bð Þ ð24Þ

To analyze the behavior of beff, it was plotted against the introduced
variables. The effectivewidth beffwas found to depend linearly on b0 and

Fig. 10. Dependence of leff on β and 2γ.

Fig. 11. Component “chord side walls in compression”: a) spatial design model; b) 2D design model.
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α, as shown in Fig. 12. Similar to the component “chord face in bending”,
the influence of 2γ was found negligibly small and was ignored. At the
same time, considerable nonlinear behavior was observed in relation
to β, as shown in Fig. 13. To be consistent with the current terminology,
αwas replaced by the commonly used ratio η= h1 / b0. Finally, a curve
fitting approach approximated beff as

beff ¼ 0:025 h1 9β−1ð Þ þ 2:4b0
1:2−β

� �
ð25Þ

In relation to the numerical results, the accuracy of the proposed
equation was justified by R2 = 0.96, R2adj = 0.95 and the average rela-
tive error of 11.2%. The component “chord side walls in buckling” gov-
erns the behavior of joints with β N 0.85. Table 1 demonstrated a clear
difference between T and X jointswithmatching geometry. For this rea-
son, the equations developed for this component cannot be extended
for X joints and are limited only for T joints.

4.3. Validation of the proposed equations

The developed equations were validated against the same experi-
mental data as was used in Section3. The stiffnesses of the components
were calculated in accordance with the developed Eqs. (17) and (22),
both neglecting (denoted as ka and kb) and considering the influence
of fillet welds (denoted as ka,eq and kb,eq). The corresponding theoretical
stiffnesses are denoted as C and Ceq, respectively. Both were compared
to experimental stiffness Cexp. The results of the validation are summa-
rized in Table 6. For all the jointswithβ ≤ 0.85, the theoretical prediction
underestimates the experimental values, if fillet welds are ignored. If
welds are taken into account, the prediction is more accurate and the
C / Cexp ratio exceeds 1.0 in most cases, except joints T1 and T4. For

these two joints, the exact throat thicknesses of welds were not pro-
vided by the authors and were determined as equal to t1/2, as the min-
imum specified in the paper. If measured throat thicknesses were used
instead, the ratio could have been closer to 1.0. The joints with β= 1.0
also demonstrate accurate prediction; however, any certain conclusions
are complicated by the small amount of joints of available for the valida-
tion. It should be noted that for the joints with β = 1.0, the consider-
ation of fillet welds does not bring any reasonable changes, since
β cannot exceed 1.0. Generally, the results show that the developed
equations provide sufficiently accurate prediction of initial axial stiff-
ness and can be effectively used in the design of RHS T joints.

Attention should be paid also to the approach that was employed to
consider the influence of fillet welds. The results of the validation show
that if welds are disregarded, initial stiffness in noticeably underestimated.
The used solution allowed to compensate the observed underestimation
formost of joints andobtainmore accurate predictionof stiffness, although
demonstrating excessive stiffness for joints 3 and7.Unless amore accurate
equation is developed based on extensive numerical and/or experimental
values, this solution can be effectively employed as a rule of thumb for RHS
T joints under axial loading. A similar approachwas proposed formoment-
loaded RHS joints in [37].

5. Chord stress function for initial axial stiffness

According to Wardenier [38], axial forces in the chord affect the
structural behavior of RHS T joints. In particular, the reduction of resis-
tance is determined by the so-called chord stress functions, the simplest
of which is provided in EN 1993-1-8:2005 [5], Eq. (26). Some other
functions for RHS T and X joints can be found in [42,43].

kn ¼ 1:3−
0:4 nj j
β

≤1:0; nN0

1:0; nb0

8<
: ð26Þ

Fig. 12. Dependence of beff on b0 and α.

Fig. 13. Dependence of beff on 2γ and β.
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where n is the relative axial stress:

n ¼ σ0

f y0
¼ N0

A0 f y0
ð27Þ

where A0 is the cross-sectional area of the chord andN0 is the axial force
in the chord. Although EN 1993-1-8:2005 [5] assumes negative n for
tension and positive n for compression, most of publications [42–44]
employ the inverse sign convention for n, which is also used in this
paper.

In addition to resistance, a similar influence of chord axial stresses is
also observed on the initial stiffness of tubular joints. Garifullin et al. [45]
have shown that compressive normal stresses in the chord reduce the
initial rotational stiffness of RHS T joints by 40%, while tensile stresses
increase it by 30%. Such phenomenon might be particularly important
for frame structures, where the stiffness of joints has to be considered
in the global analysis. Such serious influence of chord axial stresses on
initial stiffness can noticeably change the distribution of forces in the
members of frames, affecting the results of the global analysis. This sec-
tion numerically evaluates the effect of chord axial forces on the initial
axial stiffness of RHS T joints and develops a corresponding chord stress
function ksn,N.

5.1. Numerical simulations

The analyses were conducted numerically, employing the same FE
model as was used in Section4. The scope of the study was restricted
to square hollow sections to exclude the consideration of the additional
variable b0/h0. All analyses were conducted for a joint with a 3.0 m long
chordmade of 300×300mmcross-section. Following the requirements
of EN 1993-1-8:2005 [5], the chordwall thickness t0 varied from8.5mm
(2γ=35) to 30mm (2γ=10), whereas the brace width changed from
75 mm (β = 0.25) to 300 mm (β = 1.00), as shown in Table 7. The
length of the brace was selected as equal to b1. The brace wall thickness
t1 was determined so that it did not exceed the wall thickness of the
chord t0. The relative stress n in the chord was determined according

to Eq. (27). All calculations employed the elastic-ideal plastic material
model with E = 210 GPa and ν = 0.3. The analyses were conducted in
two steps: after an axial load was applied to the chord on the first
step, the end of the brace was loaded with a concentrated axial force
N using only one increment to find the initial stiffness of the joint.

According to the obtained results, chord axial stresses significantly
affected the initial axial stiffness of the joints. Figs. 14 and 16 plot the
ratio C/C0 for the joints with varying 2γ and β, where C is the stiffness
with a relative axial stress n, C0 is the stiffness with no axial stress. As
can be seen, the observed effect has the similar pattern as in the case
with initial rotational stiffness [45]. The maximum 35% reduction of
stiffness is observed for compressive loads and 30% increase for tensile
loads. The effect is particularly pronounced for the joints with small
β and large 2γ. Moreover, the effect depends on the steel grade, increas-
ing with the increase of yield strength, as shown in Fig. 15.

5.2. Chord stress function for initial axial stiffness

To take into account the influence of chord axial stresses, a corre-
sponding chord stress function (CSF) was developed based on the ob-
tained numerical results. Following the above observations, the
function was found dependent on four variables: β, γ, fy0 (i.e., steel
grade) and n. The assessment criteria included the coefficient of deter-
mination R2, the adjusted coefficient of determination R2adj, the average
percent error Δav and the maximum percent error Δmax.

Firstly, the paper tested the existing chord stress functions for
resistance for their applicability to initial stiffness. The results are
summarized in Table 8. Case 1 represents the current CSF in EN 1993-
1-8:2005 [5], Eq. (26), providing very inaccurate results. Similar perfor-
mancewas observed for the functions proposed in [43], Case 3, and [42],
Case 5. In addition, none of these functions considers the increase of
stiffness for tensile stresses. Cases 2, 4 and 6 represent the correspond-
ing improvements of Cases 1, 3 and 5, originating from their general
equations and adjusted using a curve fitting approach. As can be seen,
none of the latter brings reasonable improvements in accuracy. These
results demonstrate that the existing chord stress functions for resis-
tance are inapplicable for initial stiffness.

A new CSF was developed based on the obtained numerical results.
For some combinations of β and γ, the influence of chord axial forces
is found to be negligibly small, as presented on Fig. 17a for S700 and
n = −0.95. In the figure, the black dots represent the tested cases. In
particular, the reduction of initial stiffness does not exceed 5% for the
joints with small 2γ and large β; therefore, the introduction of a CSF
seems unreasonable for these joints, particularly if its possible error ex-
ceeds 5%. For the remaining combinations of β and 2γ, the reduction is
considerable, with the maximum value at the largest 2γ and smallest
β. Following these observations, the analyzed area of joints was divided
into two zones, as shown on Fig. 17b. The grey area corresponds to the
joints for which no CSF is proposed, while the yellow zone denotes the

Table 6
Validation of the proposed theoretical approach

No. Joint β βeq ka [mm] ka,eq. [mm] kb [mm] kb,eq. [mm] C [kN/mm] Ceq [kN/mm] Cexp [kN/mm] C / Cexp Ceq/ Cexp

β ≤ 0.85
3 S1B1C23 0.50 0.57 0.452 0.720 1.019 1.161 63 89 74 0.85 1.20
4 TN02N0 0.71 0.77 1.395 3.016 3.097 3.455 192 322 280 0.69 1.15
5 T1 0.50 0.53 0.349 0.419 1.513 1.604 60 70 75 0.79 0.93
6 T4 0.50 0.53 1.900 2.212 4.077 4.268 272 306 400 0.68 0.76
7 MPJT1 0.60 0.67 1.777 3.255 2.039 2.302 199 283 230 0.87 1.23

Average 0.77 1.06
Variance 0.01 0.03

β N 0.85
1 S1B1C11 1.00 1.00 – – 2.445 2.445 489 489 570 0.86 0.86
2 S1B1C12 1.00 1.00 – – 1.569 1.569 314 314 330 0.95 0.95

Average 0.90 0.90
Variance 0.00 0.00

Table 7
Parameters of joints used in numerical simulations.

Chord 300 × 300 × t0

t0 [mm] 8.5 10 20 30
2γ 35 30 15 10

Brace b1 × b1 × t1

b1 [mm] 75 180 255 300
β 0.25 0.60 0.85 1.00

Steel grade S355, S500, S700

n −0.95, −0.90, −0.80, −0.60, −0.30, 0, 0.30, 0.60, 0.80, 0.90, 0.95
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areawith the proposed CSF. The domain of CSFwas specifiedwith addi-
tional numerical analyses:

2γ≥12; β≤0:9; 40β−2γ≤11 ð28Þ

According to Fig. 15, the proposed CSF was assumed to behave line-
arly for steel grades with 355 MPa ≤ fy0 ≤ 500 MPa and nonlinearly for
S700. For steel grades 500MPa b fy0 b 700MPa, the values are proposed
to be found by linear interpolation. The developed CSF is provided in

Fig. 14. Dependence of the effect on 2γ, S355.

Fig. 16. Dependence of the effect on β, S355.

Fig. 15. Dependence of the effect on steel grade (2γ = 30, β = 0.25).
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Eq. (29).

For 355 MPa≤ f y0≤500 MPa :

ksn;N ¼ 1þ 10−5 f βð Þ f γð Þ f f y0
� �

n

For 500 MPab f y0b700 MPa :
ksn;N is the linear interpolation between S500 and S700
For f y0 ¼ 700 MPa :

ksn;N ¼ 1þ 0:0008 f βð Þ f γð Þ n3−1:25n2 þ 0:01f f y0
� �

n
� �

ð29Þ

where

f βð Þ ¼ −2β2 þ 1:6β þ 0:3
f γð Þ ¼ 1:3γ2−38
f f y0
� �

¼ 0:02f y0
1:4

ð30Þ

Fig. 17. a) Dependence on β and γ (S700, n = −0.95); b) domain of the proposed CSF.

Fig. 18. Validation of the proposed CSF.
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5.3. Validation of the proposed chord stress function

The validation of the proposed CSFwas conductedwith a series of in-
dependent FE results and employing the same FE model. To prove that
the function is scalable in the chordwidth, the validationwas conducted
for the different chord size, 100 × 100 mm. The validation was per-
formed for three chord wall thicknesses, two brace widths and two
steel grades, as shown in Table 9. Although the grade S600 is not gener-
ally produced, it was used for scientific purposes, as an intermediate
grade between S500 and S700. The brace wall thickness was selected
so that it did not exceed that of the chord.

Fig. 18 presents the graphical validation of the developed chord
stress function, plotting the ratio C/C0 in relation to n, where C is the
stiffness with a relative axial stress n, C0 is the stiffness with no axial
stress. As can be seen, the proposed CSF provides a sufficiently accurate
prediction, with R2 = 0.94, R2adj = 0.93, the average error is 2.3% and
the maximum error is 17.3%. The case with 2γ=12.5 and β=0.8 rep-
resents the only joint outside the domain of the CSF, meaning that no
CSF is needed for it (ksn,N = 1.0). The numerical simulations demon-
strate 9% maximum reduction of initial stiffness for this joint, which is
acceptable in practice. Taking the chord stress function into account,
Eq. (1) can be modified as follows:

C j;ini;N ¼ ksn;NEX
i

1
ki

ð31Þ

6. Conclusions

This paper considers the initial axial stiffness of tubular joints,
employing the componentmethod proposed by CIDECT. The paper con-
sidered the existing CIDECT approach for initial axial stiffness of RHS T
joints and validated it against the existing experimental results. The val-
idation has demonstrated that the existing equations for the stiffness of
individual components lead to inaccurate results and cannot be reliable
in the computational analysis. Moreover, in most cases, the stiffness
equation for the component “chord face in bending” has violated its va-
lidity range. In addition, the direct comparison of the experimental stiff-
ness of T and X joints withmatching geometry have shown that X joints
have considerably higher axial stiffness than T joints, therefore, they
cannot be used to validate the theoretical approach for T joints.

Following the adopted component method, the paper has proposed
new equations for the stiffness of the components “chord face in

bending” and “chord side walls in compression”. The equations are
based on simplemechanicalmodes, employing the concept of the effec-
tive length andwidth. Given that chord face bending develops similarly
for T and X joints, a common equation has been proposed for the stiff-
ness of the component “chord face in bending”. At the same time, the
equation for the component “chord side walls in compression” has
been limited only for T joints, given the abovementioned differences be-
tween the stiffness of T and X joints.

The developed equation were validated against the same experi-
mental values. When the influence of fillet welds was disregarded, the
prediction inconsiderably underestimated the stiffness of joints. The
employed solution of deMatos et al. for fillet welds allowed to compen-
sate the underestimation and obtain more accurate results, although
overestimating the stiffness of some joints. In general, the proposed
equations has demonstrated good correlationwith the experimental re-
sults and can be recommended for the design of axially loaded RHS T
joints.

It should be noted that the conducted research was considerably
complicated by the small amount of the available experimental results.
The second challenging issue was the determination of initial stiffness
from the experimental data. In this paper, it was determined graphically
based on the presented load-deformation curves. This approach is
rather complicated and might lead to inaccurate results. Such re-
searches, where theoretical solutions are evaluatedwith existing exper-
imental data, can be conducted more effectively if in addition to
resistance and load-deformation curves, authors also provide the
exact values of initial stiffness.

The second part of the paper investigated the influence of chord
axial stresses on the initial axial stiffness of RHS T joints. The conducted
numerical simulations demonstrated that compressive stresses reduce
stiffness by 35%, while tensile stresses increase it by 30%. The effect
was found dependent on the geometry and the steel grade of joints,
being particularly strong for joints with high 2γ, small β and high
steel grades. To take this influence into account, the paper has devel-
oped a corresponding chord stress function. The validationwith a series
of independent numerical data has shown the sufficient accuracy of the
proposed function, which can be further verified against new experi-
mental results.
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