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Abstract. This research work describes the analysis of steel semi rigid joints that are subjected to bending and tension or
compression. The main attention is focussed on the beam-to-beam and plate bolted joints. Usually influence of axial force
is neglected. In fact, the level of tension or compression of axial force can be significant and has some impact on joint be-
haviour and on its stiffness and strength characteristics. Nowadays the most powerful method for the estimation of joints
characteristics is the component method. The adaptation of the component method for the determination of joints charac-
teristics under bending ant axial forces is shown in the paper. Some numerical results of calculations of steel frameworks
are presented in this paper as well (Danianas and Urbonas 2008).
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1. Introduction

The semi-rigid joint behaviour under bending is described
by moment-rotation curve (Bahaari and Sherbourne 2000;
Chen et al. 1996; Wilkinson and Hancock 2000; Sokol et al.
2002; Eurocode 3). Joints are also influenced by axial and
shear forces. The tension and compression axial forces
and shear forces also have influence on joint behaviour.
The review of the generalised component-based model
for semi-rigid beam-to-column connections including
axial force versus bending moment is presented in (Del
Savio et al. 2009).

The empirical, analytical, numerical, mechanical
methods and experimental tests are applied for compose
of moment-rotation M-® curve (Faella et al. 2000;
Mohamadi-Shooreh and Mofid 2006). For practical needs
the so-called mechanical component method is the most
attractive method. Originally, the component method was
developed only for estimation of bending moment re-
sponse. It allows to obtain the joint rotational stiffness
and moment resistance regarding mechanical properties
and geometrical data of the joint (Jaspart et al. 2001;
Daniunas et al. 2006; Juozapaitis et al. 2008; Kala et al.
2009). Investigations show that the structure of the com-
ponent method allows to apply this method to the cases
where joint is acting by more complicated forces combi-
nation such as the interaction of bending moment and
tension or compression axial force.

The iterative procedure is suggested for the analysis
of steel structures evaluating flexibility of joints is sug-
gested in this article. The every new iteration of structure
calculation is performed adopting stiffness and strength

joint characteristics obtained that were obtained in the
previous iteration.

2. Modelling of component method for steel joints

The steel joints are treated by axial forces, shear forces
and bending moments (Cerfontaine and Jaspart 2002; de
Lima et al. 2002). The influence of these forces on the
joint’s characteristics strongly depends on the joint’s
type. Interaction influence of simultaneously acting bend-
ing moment and axial force on joint behaviour could be
important for end-plate knee joints (Fig.1) and could
notably influence characteristics of these joint.

The investigation results in the procedure, which
evaluates the behaviour of steel joints under the simulta-
neous action of bending moment and axial force. For that
in the article is presented extension of the component
method. According to the main idea, the characteristics of
joint have to be calculated by the characteristics of the
components of the joint. The component method allows
one to characterize each component of the joint only by
mechanical data and geometry of the joint.

The main idea of the component method relates to
the characterization of the force-deformation relationship
for each component of the joint.

For joints that are under the simultaneous action of
bending moment and axial force, the procedures for the
calculation of component’s characteristics are the same
asin making calculations of the joint’s characteristics
when influence of axial force is disregarded and only
the bending moment is taken into account. A difference
prevails when acting axial force increases or decreases
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Fig. 1. Mechanical models and loading schemes of joint: a) beam-to-beam knee joint; b) beam-to-beam joint; ¢) lower part of joint in
compression and upper part in tension forces; d) both sides of joint under compression forces; €) both sides of joint under tensile

forces

the force in components from the bending moment
(Danianas and Urbonas 2007). Mechanical model of the
joint depends on the values and directions of acting
forces. Depending on the type of loading the parts of the
joint can be under tension and under compression
(Fig. 1, ¢), only under compression (Fig. 1, d) or only
under tension (Fig. 1, e).

The rotation depends on the deformation of all the
components i being under tension:

A
O =8 (1)
Zeq

The initial stiffness of the joint can be found by the
formula:

M M-zgq
Sjini == :
() Ateq
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When both sides of the joint are under compression
forces, then the joint behaves as ideally rigid.

The initial stiffness of the joint for case, when both
sides of the joint are under tensile forces (Fig. 1, €) can be
expressed as follows:

M M(z +7;')
@ At,max,eq - ZAt,min,i

The presented stiffness calculation formulas are ap-
plicable only in the case, when physical non-linearity
does not occur. For the derivations of the formulas please
see the reference (Danitnas and Urbonas 2008).

The moment resistance of the joint under simultane-
ous action of axial forces and bending moments can be
expressed as a function of axial force and resistance of
the components. When one part of the joint is under ten-
sion and the other is under compression (Fig. 1, c), the
moment resistance can be found by the formula:

: {Z(Ft,r,Rd 'hr)—N~C05a-Zc} @
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When both sides of the joint are under compression
forces (Fig. 1, d), the moment resistance can be found by
the formula:

M j.ra = Zc(2Fc max,i,ra + N -cosar). (5)

When both sides of the joint are in tension forces
(Fig. 1, e), the moment resistance can be found by the
formula:

Mj,Rd =mi

_H{Z(Ft,maxr, Rd (hr —2.+17"))—N-cosa-z } .(6)

N-coso- 2y =R minj.rd(Zt +2")

The above formulas could be used when the upper
part of connection has two or more rows of bolts. In case
the upper part of connection has only one row of bolts,
the formulas are the same, whereas z; is the distance

between the centres of cross section to the upper bolt row.

There are only axial force and bending moment con-
sidered in this section. In case of significant shear force V
in knee joints, the value (N -cosa) should be changed

into (N -cosa £V sina) . Where ‘+” or ‘-’ depend on the

direction of shear force.

The authors suggested the procedure for calculation
of steel frames with semi-rigid joints that can be used as a
part of designing iterative process of steel frames. The
calculation of steel frames can be performed with soft-
ware commonly used in design, which allows to evaluate
rotational stiffness of the joints.

When the influence of axial force is taken into con-
sideration, the calculations have to be performed by itera-
tive approach until the changes of forces in structure
between two iterations are neglected (Fig. 2).

3. Numerical examples of calculations of joints

This chapter presents the importance of influence of axial
force to the behaviour of steel knee joints.

The behaviour of beam-to-beam knee joints is dis-
played in Fig. 3. Beams are connected through the end-
plates by bolts. There are two bolt rows in the upper part
of the joints. The beams are loaded by bending moments
and axial forces. There is presented behaviour only of the
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Fig. 2. Flowchart of frame analysis with semi-rigid joints under
simultaneous action of bending moment and axial force

joint A30 as its behaviour is very typical of all the joints
presented in Fig. 3. More detailed results of behaviour of
other joints are presented in literature (Urbonas and
Danitinas 2005). Joint A30 is analysed when it is under
bending moment and a different level of the axial force.
Axial force is applied to cause compression or tension.
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Fig. 3. Beam-to-beam knee joints (in mm): general view;
section A-A

In Fig. 7 are presented stiffness calculation results
of joint A30, when it is under different levels of the axial
force. Compression or tension axial forces are applied to
the joint and their values are equal to 10% and 25% of
their ultimate value equal to axial load-bearing capacity
of a joint.

As it is seen from comparison with results, the joint
A30 loaded by bending moment and compressive axial
force are more rigid than in case when it is loaded only
by bending moment. The joint loaded by bending mo-
ment and tension axial force is less rigid than in case
when it is loaded only by bending moment. Conse-
quently, depending on the value and direction of the axial
force the rigidity of the joint can change significantly.

N in Fig. 4 means the axial force, index t indicates
tension, and index ¢ — compression.
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Fig. 4. Moment-rotation M-®-N curves of joint A30 for
different level of axial force

The decrease in rigidity of joint A30 is respectively
about 30% and 80% is found in bending moment and
tensile axial force that make 10% and 25% of ultimate
tensile force, while the increase of joint rigidity is respec-
tively about 15% and 30% affected by the interaction of
bending moment and compressive axial force that is
equal of 10% and 25% respectively of the ultimate com-
pression force.

When the joint is loaded by tension axial force and
relatively small bending moment the stiffness is less than
the joint is loaded by the same axial force and by bending
moment of large magnitude and for the joint loaded by
the compressive axial force it will be vice versa.

4. Numerical Examples of calculations of steel structures

To show the effect of semi-rigid joints on the behaviour
of whole framed structures, the analysis of behaviour of a
portal frame (Danitnas and Urbonas 2008) and roofing
structure (Urbonas and Danitinas 2006) are presented.
The joint characteristics under simultaneous action of
bending and axial forces are obtained and analysis of
framed structures is performed according to the above
mentioned methods.

Example 1. Fig. 5 presents the structure loaded by
uniformly distributed vertical and horizontal loads.
Beams to the beams and beams to the columns of the
portal frame are connected by the bolted end-plate knee
joint (Fig. 5; joints ,,A” and ,,B”). The portal frame was
investigated for the four cases of angle o (0, 15, 30 and
45 degrees) and for the cases of end plates of thickness
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with 12, 16, 20 and 26 mm. The calculations were per-
formed for the joints characteristics taking into account
the influence of simultaneous action of bending moment
and axial force (M+N) or only the influence of the bend-
ing moment (M).

Presented results (Fig. 6 and 7) show the significant
influence of axial forces on joints characteristics and
frame displacements.

Example 2. In Fig. 8 is presented investigated roof-
ing structure. Beams are connected by the bolted end-
plate knee joint ,,A”. Beams are simply supported and
loaded by a uniformly distributed vertical load. Behaviour
of the structure was investigated for the cases of end plates
of 12, 16, 20 and 26 mm thickness. The characteristics of
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the joint ,,A” were calculated taking into account the influ-
ence of simultaneous action of bending moment and axial
force or only the influence of the bending moment. Ana-
lyzed example shows situation when tensile axial force
decreases the rigidity of the joint ,,A” and changes the
behavioural results of the whole investigated structure.

Results presented in Table 1 have shown the rele-
vant influence of the axial force on the behaviour of the
structure. Also, internal forces and displacements of the
structure are strongly influenced by the thickness of the
end-plates of the beam-to-beam joint.
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Fig. 8. Roofing structure

Table 1. Bending moment M (kNm), axial force N (kN) and
deflection u, (mm) of joint ‘A’ and point ‘B’ for 26, 20,
16 and 12 mm of thickness of end-plates in joint ‘A’

Thickness of the end-plate (mm)

‘A [ B’ ‘A [ B’ ‘A [ B ‘A ] B

The influence of the axial force is estimated

Fig. 5. Portal frame

M 1179 | 111.8 | 109.7 | 1159 | 97.0 122.3 70.1 135.7

N 483.7 | 513.0 | 478.7 | 508.0 | 471.0 | 500.4 | 454.8 | 484.1

Uy 6.97 | 12.07 | 6.90 | 1244 | 680 | 1299 | 6.58 | 14.17

The influence of the axial force is disregarded

M 1279 | 106.8 | 122.8 | 109.3 | 115.0 | 113.3 97.4 122.1
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Fig. 6. Horizontal displacement of the top of the left column
when the influence of axial forces is evaluated (M+N) and
disregarded (M)
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Fig. 7. Deflection of top joint ,,B” when the influence of axial
forces is evaluated (M+N) and disregarded (M)

N 490.0 | 519.0 | 486.6 | 516.0 | 482.0 | 511.2 | 471.3 | 500.6

Uy 7.05 | 1164 | 701 | 11.86 | 694 | 1221 | 6.80 | 12.98

From the presented results of calculation of steel
structures in examples 1 and 2 it is evident that estimation
of the simultaneous action of bending moment and axial
force has a significant influence on the prediction of the
behaviour of steel knee joint and whole steel frameworks.

5. Conclusion

The suggested application of the component method to
the more complicated internal forces action such as inter-
action of bending moment and axial force allow more
accurately obtain the joint stiffness and strength charac-
teristics. Comparative analysis of steel structures when
interaction of joints bending moment ant axial force have
been evaluated obtaining joints characteristic, the calcula-
tion results of internal forces and displacements differ
when there is only bending moment of joints evaluated.
In the issue, the characteristics of beam-to-beam joints
with weighty axial forces have to be obtained with the
interaction of bending moment and axial force.
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PUSIAU STANDZIU PLIENINIU VARZTINIU MAZGU JTAKA REMINES KONSTRUKCIJOS ELGSENAI

A. Daniunas, K. Urbonas
Santrauka

Straipsnyje nagrinéjami pusiau standiis mazgai, veikiami lenkiamojo momento ir tempimo ar gniuzdymo asinés jégos.
Daugiausia demesio skiriama sijos, sujungtos varztais per galines plokSteles su kita sija, mazgui. DazZniausiai teigiama,
kad aSinés jegos jtaka mazgo elgsenai yra nereikSminga. IS tikryju gniuzdymo ar tempimo aSinés jégos dydis gali bati
reikdmingas ir daryti svaria itaka mazgo elgsenai, sukamojo standZio ir lenkiamosios galios reikSmems. Populiariausias ir
plagiausiai $iuo metu taikomas metodas mazgo charakteristikoms nustatyti yra komponenty metodas. Siame straipsnyje
rodoma, kaip taikomas komponenty metodas nustatyti mazgo, veikiamo lenkiamojo momento ir aSinés jégos, charakteris-
tikoms. Pateikiami ir plieniniy réminiy konstrukcijy skai¢iavimy rezultatai (Daniunas, Urbonas 2008).

Reik3miniai ZodZiai: plieninés konstrukcijos, pusiau standdis mazgai, momento ir pasisukimo kreivé, sukamasis standis,

lenkiamoji galia, remo elgsena.
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