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Cold-formed RHS T joints with initial geometrical imperfections
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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.

AHHOTaumsA. Kak npaBuno, KOHEYHO-3MIEMEHTHBIN aHanM3 CTPOMTENbHbIX  KOHCTPYKUWA
npoBOAWNTCA TakMuM oOpa3oMm, 4ToObl MakCMManbHO TOYHO MOBTOPUTbL WX peanbHyt paboTy.
CoBpeMeHHble TpeboBaHWUS K KOHEYHO-3JIEMEHTHOMY aHanm3y TPYOHbIX y3NoB 00SA3bIBAKOT YYEHbIX U
WHXEHEPOB y4uTbIBaTb BNWSHUE HavanbHbIX HecoBeplueHCTB. OgHako, Kak mokasblBaeT MpakTuka, He
BCE Y3Iibl YyBCTBUTENbHbI K HAYamnbHbIM HECOBEpLUEHCTBaM. HYacTo y4yeT HECOBEPLUEHCTB HE NO3BONAeT
nony4nTe Gornee TOYHble pe3ynbTaTbl, OAHAKO CEPbE3HO YCIOXHSET pacyeT KOHCTPYKUMA. B Takux
crnyyasx BNWSIHUE HECOBEPLUEHCTB MOXET OblTb y4TEHO MPOCTON aHanuTU4eckon opMyrnon WUnuM He
yunTbiBaTbc  BooOwe. [aHHas cTaTbs uccregyeT  BRMSIHUE  HayalbHbIX  FEOMETPUYECKUX
HECOBEPLUEHCTB Ha Hecyllylo cnocobHOCTb T-06pasHbiX y3roB K3 TpyO MNpsIMOYrofibHOIO CeYeHus.
HecoBeplueHcTBa MOZENVPYIOTCA MNpYM NOMOLUM TPaAWLMOHHOIO Ansl TOHKOCTEHHbIX KOHCTPYKLMNA
mMeToAa, Korga cooTBeTCTBytoLas hopma NnoTepy YCTOMYMBOCTM y3na NpuKnaabiBaeTcs K ero naeansHom
reometpun. YTtobbl oOnpemenuTb Hambonee uenecoobpasHbil  MOAXOA K MOAENMPOBAHUIO
HeCOBEpLUEHCTB Anst n3rmba B NSIOCKOCTM y3na 1 NPOAONbHOIro CXKaTusl, CTaTbs aHanM3npyeT HECKOITbKO
dopM NoTepn yCTONYMBOCTU, @ TakKe UX BO3MOXHble KOMOMHaLMWU. Ha OCHOBaHMM NOMYyYeHHbIX AaHHbIX
cTaTbsl MPOBOAMT MapameTpuyeckme MccregoBaHusl, YTobbl OnNpeaenvTb BIMSHUE HECOBEPLUEHCTB Ha
paboTy y3rnoB C pas3nM4HON reOMeTpUEN U CBOMCTBaMM cTanu. PesynbTaTbl Nokasanu, 4To HavarbHble
HECOBEPLUEHCTBA YMEHbLUAKT HEeCyLly CcrnocobHoCTb TpybOHbix y3noB. OpgHako Habnwgaembl
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HeraTUBHbIN Sq)(beKT AO0CTaTO4YHO Man M No3BosiAeT NpoBOONUTb pacyeT KOHCTPYKHMVI 6e3 yyeTa BIIMAHNA
reoMmeTpn4eckmx HecoBepLUEHCTB.

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]. Moreovetr,
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 l1a. 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.

bo  Chord width

ho  Chord height

to  Chord wall thickness
fo  Chord yield strength
b1 Brace width

h1  Brace height

t+  Brace wall thickness

Mip

B bi/bo ratio
n  hi/bo ratio
Y bo/2to ratio 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 6bo, as recommended in [16], while the brace length was chosen as 4bi, 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 to. 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.

4b1 tie constraint

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 v = 0.3, as shown in Figure 3a.

E/M00

vertical
constraint

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.
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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
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 < B=<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 xi1 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.

N

@ommm -
b,h

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]; ¢) 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 bo/200 and
ho/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 di and d2 in Figure 4c. This corresponds to the values of bo/125 and ho/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 bo/125 and ho/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:
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e =6+07(e,+&,+...+€,) @
where eo 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 xz 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 S;ini and Cjini 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.

M N

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
@or and the rotation of the chord ¢cn are subtracted from the measured rotation in the end of the brace @t
(Figure 6):

P =Pt = Por — Pen )
M M M

Sj.r’m’

a) b) <)

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 ot
is reduced by the brace shortening Osh:

o= é‘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 o, @cn, and Osh are calculated manually using the
well-known beam equations from strength of materials:

Ml Ml, . NI

“E, % TE T EA

(Dbr (4)

where lo and 1 are respectively the lengths of the chord and the brace, lo 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%bo deformation limit is calculated in accordance with
[32]. Following this rule, for a joint loaded by an axial brace force, the deformation limit &im is found as

O = 0.030, (5)
Similarly, for a joint loaded by an in-plane moment the deformation limit @im is
0.03h, 0.06
Pim = W = T (6)

Initial stiffness Sjini (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 8 [33]. For
the joints with 8 < 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 Mpi (Npl) is determined as the intersection of two tangent lines corresponding to initial
stiffness S;ini (Cjini) and hardening stiffness Sjn (Cjn), 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.

M(N) |

Mu(Nu) F---m e e - -

i g

|
Sih (Cjh) |
|
|
|
|
|
|
|
|
|
|
|

Sj, ini ( Cj, ini )
@im (Oiim) @u(Ou) @ (8)

Figure 7. Load-deformation curve for T joint with B8 < 0.85

The behavior of joints with 0.85<8<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%bo deformation limit [35]. If a joint has a peak load Mmax (Nmax) at a deformation smaller than
¢@im (Oim), 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 @im (diim), resistance is determined as equal to
the load at the deformation limit, as shown in Figure 8b.
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Figure 8. Load-deformation curves for T joint with 0.85<8<1.0

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 (8 = 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.

L Ll

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.

be
7’

6 7 8 9
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 Eqg. (1), employing the following equation:

e, =€ +0.7e, +0.7¢, @)

The scaling factors for the buckling modes were selected such that the total convexity on the web
o was equal to the assumed limitation of ho/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

Mpi [KNm] Sjini [KNm/rad] Npi [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 1229 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
conducted for every joint, followed by a nonlinear static analysis. Initial imperfections were simulated
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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.

10 4

300

I glim
—a— S355p —a— S355p
....... S355i
S
=i i - - - S500i
#— S700p ! #— S700p
— — S700i i — — S700i
0.00 0.05 0.10 0.15 0.20 2 4 6 8
@ [rad] & [mm]
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 g;ggg
Mpi [KNm] 3.15 3.12 0.99 4.26 4.23 0.99 5.73 5.69 0.99
Sj.ini [kKNm/rad] 262.0 256.9 0.98 262.0 256.9 0.98 262.0 256.9 0.98
Npi [KN] 1219 120.1 0.98 165.4 162.6 0.98 221.7 218.2 0.98
Cj,ini [KN/mm] 2199 2104 0.96 2199 2104 0.96 219.9 2104 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 y = bo/2to, which for simplicity is often considered as 2y = bo/to. Chapter 7 of
EN 1993-1-8:2005 [25] limits 2y in the range of 10 < 2y < 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 2y close to its upper limit.

Section 3.1 evaluated the joint with 2y = 100/6 = 16.6, which is close to the lower bound of y. In the
following, two additional chord thicknesses are considered: 2y=25.0 (to=4 mm) and 2y =33.3
(to = 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 2y = 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

2y 16.6p  16.6i ig:g'p’ 250p  25.0i gg:g'p’ 333p 333 33.31/33.3p
Mt [kNm] 315 312 0.99 129 127 0.98 067 065 0.97
Sum[kNm/rad] 2620 2569  0.98 86.4 841 0.97 396 381 0.96
Nt [KN] 1219 1201 098 488  47.9 0.98 250 243 0.97
Cum [kN/mm] 2199 2104  0.96 709  67.6 0.95 3.9 301 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 8. EN
1993-1-8:2005 [25] limits B for RHS T joints in the range of 0.25 < B < 1.0. All previous analyses
considered the joints with 8 = 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 <8< 1.0.

Consider the structural behavior of equal-width joints (8 = 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:
2y =16.6 (to=6 mm), 2y = 25.0 (to =4 mm) and 2y = 33.3 (to = 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 8= 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 2y = 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.

25 600
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Figure 13. Influence of initial imperfections on joints with 8 =1.0
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Table 4. Influence of initial imperfections on joints with 8 =1.0

2y 16.6p  16.6i 16.6i/16.6p 250p  25.0i 25.0#/25.0p 33.3p  33.3i  33.3i/33.3p
Mpi [kNm]  21.34 21.29 1.00 12.85 12.77 0.99 861  8.44 0.98
Simi[kNm/rad] 4281 4237 0.99 2332 2295 0.98 1578 1538 0.97
Npi [KN] 525.3 503.7 0.96 282.0 269.3 0.95 179.9 1712 0.95
Cini [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 (8 < 0.85) as well as the joints with chord side
walls buckling as the dominating failure mode (8> 0.85). The structural properties were found to
decrease for the joints with thinner walls, particularly those with 2y ratio close to its upper limit specified
by the Eurocode (2y = 35). For the joints beyond this limit (2y > 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 ho/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< 8= 1.0, 10 < 2y < 35, steel grades from S355 to S700, under in-plane bending and
axial loading. For joints with 8 < 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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