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Abstract. This paper presents an analysis of semi-rigid beam-to-beam end-plate bolted and beam-to-column end-plate
bolted knee joints that are subjected to bending and tension or compression axial force. Usually the influence of axial
force on joint rigidity is neglected. According to EC3, the axial load, which is less than 10 % of plastic resistance of the
connected member under axial force, may be disregarded in the design of joint. Actually the level of axial forces in
joints of structures may be significant and has a significant influence on joint rigidity. One of the most popular practical
method permitting the determination of rigidity and strength of joint is the so-called component method. The extension
of the component method for evaluating the influence of bending moment and axial force on the rigidity and strength
of the joint are presented in the paper. The numerical results of calculations of rigidity and strength of beam-to-beam
and beam-to-column knee joints are presented in this paper as well.
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1. Introduction

One of the possibilities to improve the accuracy of
steel structures analysis can be an evaluation of the ac-
tual behaviour of joints. For these purposes the semi-
rigid joint conception was introduced.

The most relevant influence on the rigidity of the
joint is produced by bending moments. In this case the
behaviour of a semi-rigid joint is described by moment-
rotation M-® curve of the joint. This conception is
adopted by most researchers [1-6]. The joints are also
influenced by axial and shear forces. These forces usu-
ally are not evaluated in calculating the rigidity and
strength of the joints.

According to EC3 [7, 8], the axial load less than
10 % of plastic resistance of the connected member un-
der axial force may be disregarded in the joint design.
There are many different types of joints in which axial
forces may be significant and influence the joint rigidity
and strength. The influence of axial force on the rigidity
and strength characteristics of the joint has not been
analysed widely. It was noticed in some articles that the
axial force affects the joint structural behaviour. All re-
searchers who had investigated this topic made the same
conclusion: the axial force influences the behaviour of
the joint and this influence must be taken into account
[9-11].

Various methods are used for establishing force-dis-
placement curves of semi-rigid joints: empirical, analyti-
cal, mechanical, numerical and experimental tests [1]. The
most common analytical method applied in practice is
the component method. It estimates mechanical proper-
ties of the material and geometrical properties of joint
and allows predicting the behaviour of joint types [1, 7,
8, 12].

This paper presents extension of the component
method to semi-rigid beam-to-beam end-plate bolted and
beam-to-column end-plate bolted knee joints under bend-
ing and axial forces. The main focus is made on estima-
tion of axial force influence in addition to bending mo-
ment influence on the joint rigidity and strength. The
numerical results of beam-to-column knee—joints calcu-
lations also have shown the influence of beam inclina-
tion on the joints behaviour. The comparison of the re-
sults of some analysed joints calculated according to the
applied procedure and obtained by the finite element
method is presented in this paper too.

2. Formulation of problem

The structural joints of steel are subjected by bend-
ing moments, axial and shear forces. The influence of
these forces on joint behaviour mostly depends on joint
type. From the practical point of view, the investigation
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Fig 1. Semi-rigid end-plate joints under bending and axial
forces: a) beam-to-column knee joint; b) column-to-col-
umn joint; ¢) beam-to-beam joint

of bending moment and axial force common influence
on joint rigidity and strength is important for end plate
beam-to-column knee, column-to-column and beam-to-
beam joints (Fig 1). Notice that column-to-column and
beam-to-beam joint behaviour under bending moment and
axial force is very similar. Usually the title of joint de-
pends upon its position in the whole structure.

The aim is to compound the procedure, which evalu-
ates the behaviour of these joints under the bending
moment and axial force. This evaluation is based on the
component method application to steel joints.

The evaluation of the joint’s behaviour in the com-
ponent method consists of three steps: identification of
the component, evaluation of the mechanical properties
of the components and assembling active components to
one mechanical model [11].

Joints which are subjected to bending moments and
axial force partition into components and calculation of
components rigidity and resistance are the same as in
making calculation of the joints characteristics taking into
account only the bending moment. Difference is only in
forces that fall on the joint components. These forces
determine the variation of rigidity and resistance of the
joint.

3. Description of component method for moment re-
sistance joints

Usually only rotational deformation is considered for
moment resistance joints. The behaviour of a semi-rigid
joint is described by moment-rotation M-® curve of the
joint. Other acting forces are not evaluated in joint ri-
gidity calculations.

According to the component method, the rotational
stiffness of the joint must be determined by its basic
components. The component method allows to charac-
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Fig 2. Mechanical model of an unstiffened welded joint
under bending

terise all the components of the joint independently of
the loading type. Each component is represented by elas-
tic stiffness coefficient, which belongs only to mechani-
cal and geometrical data of the joint. A key aspect of
the component method relates to the characterisation of
force-deformation relationship for each component [13].
Fig 2 shows an example of the mechanical model for an
unstiffened welded beam-to-column joint.

The force-deformation relationship of the compo-
nent i, which is represented by a spring, is given by

F;'=ki'E'Al', (1)
where F; — the force in the spring i, k; — the stiffness
coefficient of the component i, E— the Young modu-
lus, A;— deformation of the spring i.

The rotation of the joint can be found by the fol-

lowing formula:

DY
Z

, 2)

where Y A; — total deformation of all components i, z—
the lever arm.

In this case initial stiffness of the joint is expressed
by:

_F. 22 _E- 22
. Fal oI
E z k; z k;
The weakest component of the joint determines the
joint resistance:

3)

Z

Frq = min[Fgy;]1, 4)

where Fg,;— resistance of component i.
The moment resistance of the joint is determined
by:

Mpg=Fpq-z. )

4. The evaluation of axial force and bending moment
in joints by component method

The behaviour of joints loaded by bending moment
and axial force can be described by M-F-N curves. Beam-
to-beam knee and beam-to-beam joint in which the beam
of symmetrical cross-section is connected to another one



K. Urbonas, A. Danitinas / JOURNAL OF CIVIL ENGINEERING AND MANAGEMENT — 2005, Vol XI, No 3, 217-224 219

a)
N N
b) illw
N tl N
(3]
]
M [l ) M
C) bfc
bfc
d) bwt bt epblepb bt bwt /
TV N ANAN==]
\-\ bfc | bfe
o —p—
e) bwt bt epblepb bt bwt
—= N\ oA LA N AN o=

bwt bt epblepb bt b&'ft_/
W WA A= ]

Fig 3. Loading schemes and mechanical models of joint:
a) beam-to-beam knee joint; b) beam-to-beam joint; c) both
sides of the connection in compression; d) upper part of
the connection in tension and lower part in compression;
¢) both sides of the connection in tension

through the end plates by bolts was analysed (Fig 3).
Despite the beam inclination, the behaviour of beam-to-
beam knee joint is alike to the beam-to-beam joints. It
must be noted that components of these types of joints
are the same [6, 7].

Deformability of beam web in tension (bwt) and
beam flange in compression (bfc) is negligible and these
components are considered as rigid-plastic ones influ-
encing only the joint resistance. The end plates in bend-
ing (epb) and bolts in tension (bt) are simulated as elas-
tic-plastic springs and they influence the joint stiffness
[1, 7].

Under the axial force, the behaviour of the joint
changes [11]. Axial force increases or decreases in
components receivable from bending moment. If the axial
force compresses, the compressed components have to

resist higher compression than in case when the joint is
loaded only by bending moment and vice versa. In some
loading situations, only tension forces or only compres-
sion forces act. Alongside with the changing
forces, deformation of components changes as well and
affects the joint rotational capacity. In such a way the
axial force influences the joint behaviour.

Mechanical model of the joint depends upon values
and directions of acting forces (Fig 3). In case of com-
pression of both sides of the connection, there were no
components under tension. Therefore there is only one
active component in strength calculations, namely beam
flange in compression.

All components mentioned in this chapter must be
evaluated, when one part of the connection is loaded by
tension force and the other by compression. When both
connection sides are under tension, all the mentioned
components, except for beam flange in compression, have
to be evaluated. Mechanical models would be specular
when bending moments act in a contrary direction.

The component stiffness does not depend on acting
forces. It means that the stiffness coefficients of the com-
ponents in bending and axial loading must be determined
in the same way as the joint loaded only by bending
moment. Therefore stiffness coefficient of each compo-
nent, independent of acting forces, will be the same and
determined by well-known rules in the component
method. It is worth mentioning that some information
sources show different coefficients, but all the members
of these formulas are the same [1, 7].

Maximal compression force in components, when
both sides of the connection are in compression (Fig 3,
c), can be expressed by:

M N

- (6)
2

F =

¢,max ) .
where N — compression axial force (positive axial force
N is tension axial force), z.— distance between the cen-
tre of the cross-section of the beams and the compres-
sion centre, which is in the centre of the beam lower
flange.

In this case tension deformations equal zero. There-
fore the joint flexibility equals zero as well. It means
that the joint in such a type of loading is ideally rigid.

Tension and compression forces in components,
when one part of the connection is under tension and the
other under compression (Fig 3, d), can be expressed by:

M N-
Fy=—+",
Z Z
M N- 7
=M_Na (7)
Z Z

where z— the lever arm, z, — distance between the centre
of the cross-section of the beams and the tension centre.

Deformation of component i under tension can be
found by the formula derived from (1) and substituting
expression (7):
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The rotation of the joint depends on the deforma-
tion of all tensed components i:
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The initial stiffness of the joint is expressed by ra-
tio between bending moment and rotation of the joint:

M M-z

S.. . =" = . 10
e T EA, .

Maximal and minimal tension forces in components
when both sides of the connection are under tension
forces (Fig 3, e) can be expressed by:

N M
t,max,i =?+27t,
N M (11)

fming — A~ A_ °
2 2z

where N — tension axial force.
Indexes max and min indicates the cross-section
parts that are in maximal and minimal tension.
Deformation of component can be found by the for-
mulas derived from (1) and (11):

N M M
—+— N+—
A 2 2z Z
t,max,i — = ’
E- kt,max,i 2E- t,max,i
N M M 12
N.Mo M (12)
_ 2 2z _ Z
t,min,i = = ’
E- kt,min,i 2E- kt,min,i
where A; nax; — maximal tension deformation of com-
ponent i, A, ., — minimal tension deformation of com-

ponent i.
The initial stiffness of the joint in analogous way
for this loading can be expressed by:

s M 2z,M
.’. L= = . 1
b o EAt,maX - EAz,min ( 3)

The above procedure for stiffness calculation is
proper only in case, when the structure is elastic, conse-
quently the moment-rotation M-® curve is up to such a
bending moment where physical non-linearity does not
occur. According to EC3, the physical non-linearity may
occur only when the bending moment exceeds two thirds
of the ultimate bending moment M, .

The moment resistance of the joint loaded by bend-
ing and axial forces can be expressed as function of axial
force and resistance of components:

Mgy = f(N’FRd,bwt’FRd,bt’FRd,epb’FRd,bfc)- (14)

The forces in the components under tension or com-
pression increase according to the axial force direction.
It is necessary to notice that in some cases moment re-
sistance of the joint can be less when axial force is not
evaluated.

The moment resistance can by found by formulas
(6), (7) and (11). For example, when both sides of the
connection are in compression (Fig 3, ¢), Mp,; can be
expressed by formula (6) using:

N
Mpgq = 2ZC(FRd,bfc +7} (15)

where Fgg e — resistance of beam flange in compres-
sion.

5. Numerical examples
Example 1.

Beam-to-beam joint shown in Fig 4 is analysed. It
is loaded by bending moments and axial forces or only
by bending moments. Axial forces applied in compres-
sion or tension direction and their values are equal to
10 % and 25 % of ultimate value of axial load-bearing
capacity of a joint.

The rigidity and strength characteristics of the joint
(Fig 4) were obtained by the procedure in Chapter 4.
They were achieved according to the code on design of
steel structures EC3 [7].

For comparable analysis, the calculations of the joint
were made by the finite element method [14]. The joint
deformations were obtained on the level of bolts under
tension. Ratio of the total deformation on the level of
bolts under tension and the lever arm allow to define the
rotation angle ®.

Moment-rotation M-®-N curves for different values
of axial forces are shown in Fig 5. The curves are ob-
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Fig 4. Beam-to-beam joint (measures in mm): general view,
section A-A
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Example 2.

The beam-to-column knee joints shown in Fig 6
were analysed. The beams to columns are connected
through the end-plates by bolts. The joint, as in example
1, is loaded by bending moments and axial forces or
only by bending moments. Axial forces applied in com-
pression or tension direction and their values are equal
to 10 % and 25 % of ultimate value of axial load-bear-
ing capacity of a joint.

A0, B10, A20, B20, A30, B30 AA

|| 14
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N

S e 0 10
— @0 =
= ;\

0 0.5

1
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Fig 5. Moment-rotation M-®-N curves of beam-to-beam
joint for different level of axial force: a) tension axial
force; b) compression axial force

tained by calculations according to the presented proce-
dure and by finite element method. N in Fig 5 means
axial force, index ¢ — compression, and index ¢ — ten-
sion. The percentage indicates the level of axial force
compared to the joint axial load-bearing capacity. Curves
marked with sign FEM are obtained by finite element
method [14].

Results of beam-to-beam stiffness calculations ac-
cording to the presented procedure and the results ob-
tained according to the finite element method are very
similar and their numerical values are very close (Fig 5).
Major differences appear under the affect of compres-
sion force and relatively small values of bending mo-
ment.

Results of beam-to-beam moment resistance calcu-
lations according to the presented procedure and the re-
sults obtained according to the finite element method
when the joint is loaded by bending moment and tension
axial force or only by bending moment differing up to
15 %.

] =
i = F
\ e \
K
\'\’- £ = —
.‘\ \)
ﬁ'}“‘ \D;Z 180 -
/’T" \
\ 1 \
lI| I'. ll
=l = & ]
2l 8|2
@@l m = e [
gl g < :fa l_?u | e
22 = 218 |2
= gl & el £ |§
- E-1 [ | = |
|2 |§ | &
A
B-B B-B
(A10, A20, A30) (B10, B20, B30)
M24 BOLTS M24 BOLTS
| GRADE 10.9 [GRADE 10.9
as B o= a5 45 =0
I% s = s —
&l —= ]
SR S5E
| 33 gl d &
=1 = 1 = = =3
Lol B[ 8|8 |~ B 8§ §
o @
§ 154 Q3 E
lﬁOﬁDl 6060 ﬁ|
15 180 15 15 180 15
210 210

Fig 6. Beam-to-column knee joints details (mm): general
view; section A-A; section B-B of joints A10, A20, A30;
section B-B of joints B10, B20, B30

The rigidity and strength characteristics of this joint
were obtained by calculation defined in Chapter 4. Com-
ponents were calculated by the methodology presented
in codes EC3 and according to Faella [1, 7].

Also, calculations of these joints were performed
by finite element method when the joints are loaded by
bending moments [15].

Moment-rotation M-®-N curves of beam-to-column
knee joint B20 are shown in Fig 7.

The numerical results of calculations according to
the presented procedure are in Table. The moment-rota-
tion M-®-N curves obtained by finite element method
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M (KNm)

Rotation ® in mrad of beam-to-column knee joints (Fig 6).
Case 1 — stiffness coefficients for components are calculated
according EC 3. Case 2 — stiffness coefficients for components
are calculated according to Faella

Calculations
of Bending moment M (kNm)
components
Joint A10
N=0 M=0 M=50,0 | M=100,0 | M=1500 | M=160.0
Case 1 0 0,285 0,570 0,855 0,912
o 0.5 1 15 2 25 Case 2 0 0,350 0,701 1,051 1,121
@ (mrad) Nt (10%) M=0 M=200 | M=50,0 | M=100,0 | M=160,0
=¥=N =O— Nt (10%) = Nt (25%) —— Nc (10%) —— Nc (25%) == N (FEM) Case 1 0 0,271 0,442 0,727 1,069
Case 2 0 0,334 0,544 0,894 1,315
Nt (25%) M=0 M=200 | M=500 | M=100,0 | M=160.0
250 Case 1 0 0,293 0,678 0,963 1,305
Case 2 0 0,360 0,834 1,184 1,605
200 Ne (10%) M=0 M=530 | M=85,0 | M=130,0 | M=160,0
_ Case 1 0 0,002 0,184 0,440 0,611
E 150 Case 2 0 0,002 0,226 0,542 0,752
z Ne (25%) M=0 M=132,0 | M=1400 | M=160,0
= Case 1 0 0,001 0,047 0,161
= Case 2 0 0,002 0,058 0,198
50 Joint A20
N=0 M=0 M=50,0 | M=1000 | M=150,0
Case 1 0 0,328 0,657 0,985
on Case 2 0 0,401 0,803 1,204
0 0.5 1 1,5 2 25 Nt (10%) M=0 M=20,0 | M=50,0 | M=100,0 | M=150,0
@ (mrad) Case | 0 0,306 0,503 0,831 1,159
=K== Nt (10%) 8= Nt (25%) —h— Nc (10%) —8— Nc (25%) =de= N (FEM) Case 2 0 0,374 0,615 1,016 1,417
Nt (25%) M=0 M=20,0 | M=50,0 | M=100,0 | M=150,0
Case 1 0 0,344 0,760 1,089 1,417
. . Case 2 0 0,421 0,930 1,331 1,733
Fig 7.. Moment-rotat19n M-®-N curves of beam-to-column Ne (1077 0 1500 | 321000 | 321500
knee joint B20 for different level of axial force: a) stiff- Case 1 0 0,020 0,348 0.676
ness coefficients for components are calculated according Case 2 0 0,024 0,426 0,827
to Faella; b) stiffness coefficients for components are cal- Ne (25%) M=0 M=1180 | M=134,0 | M=150,0
culated according to EC 3 Case 1 0 0,003 0,108 0,213
Case 2 0 0,004 0,132 0,261
Joint A30
N=0 M=0 M=50,0 | M=1000 | M=150,0
300 Case 1 0 0,390 0,779 1,169
Casc 2 0 0,480 0,960 1,439
Nt (10%) M=0 M=20,0 | M=50,0 | M=100,0 | M=150,0
Case 1 0 0,346 0,580 0,970 1,359
200 Case 2 0 0,426 0,714 1,194 1,674
B Nt (25%) M=0 M=200 | M=500 | M=100,0 | M=150.0
% Case 1 0 0,422 0,865 1,255 1,645
C Case 2 0 0,520 1,066 1,545 2,025
= Ne (10%) M=0 M=450 | M=975 | M=150,0
Case 1 0 0,005 0,414 0,823
Case 2 0 0,006 0,510 1,013
Ne (25%) M=0 M=1110 | M=1355 | M=150,0
Case 1 0 0 0,191 0,304
0 0.5 1 1,5 2 2,5 3 35 Case 2 0 0 0,235 0,374
@ (mrad) Joint B10
N=0 M=0 M=500 | M=100,0 | M=1500 | M=160.0
=-A10 <-A20 --~A30 —+B10 --B20 -=B30 Case | 0 0,244 0,488 0,731 0,780
Case 2 0 0,298 0,596 0,894 0,954
. . Nt (10%) M=0 M=200 | M=600 | M=110,0 | M=160.0
Fig 8. Moment-rotation M-® curves calculated by FEM Case 1 0 0.226 0,431 0.675 0.918
of beam-to-column knee joints A10, A20, A30, B10, B20, Case 2 0 0,277 0,527 0,825 1,123
B30 Nt (25%) M=0 M=20,0 | M=60,0 | M=110,0 | M=160,0
Case 1 0 0,226 0,635 0,879 1,123
Case 2 0 0,277 0,777 1,075 1,373
are in Fig 8. Beam-to-column knee joint stiffness calcu- Ne (10%) M=0 M=54,0 | M=107,0 | M=160,0
. . Case 1 0 0,004 0,262 0,521
lations results according to Fae.lla compared t(? EC3 have Cascd 0 0.005 0321 0637
been closer to the results obtained by the finite element Ne (25%) M=0 M=1340 | M=1470 | M=160,0
method. Rotation of joint loaded by bending moment Case | 0 0,005 0,068 0,132
Case 2 0 0,006 0,083 0,161

when components were calculated by EC3 differs up to
30 % and according Faella up to 8 % compared to the
results obtained by the finite element method.
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Joint B20
N=0 M=0 M=50,0 M=100,0 | M=150,0 | M=160,0

Case 1 0 0,281 0,561 0,842 0,898

Case 2 0 0,343 0,686 1,029 1,098
Nt (10%) M=0 M=20,0 M=60,0 | M=110,0 | M=160,0

Case 1 0 0,262 0,487 0,767 1,048

Case 2 0 0,320 0,595 0,938 1,281
Nt (25%) M=0 M=20,0 M=60,0 M=110,0 | M=160,0

Case 1 0 0,264 0,708 0,988 1,269

Case 2 0 0,322 0,865 1,208 1,552
Nc (10%) M=0 M=48,0 M=104,0 | M=160,0

Case | 0 0,004 0,319 0,633

Case 2 0 0,005 0,390 0,774
Ne (25%) M=0 M=119,0 | M=139,5 | M=160,0

Case | 0 0,006 0,121 0,236

Case 2 0 0,007 0,148 0,288

Joint B30
N=0 M=0 M=50,0 M=100,0 | M=150,0

Case | 0 0,325 0,650 0,975

Case 2 0 0,397 0,794 1,192
Nt (10%) M=0 M=20,0 M=50,0 M=100,0 | M=150,0

Case | 0 0,293 0,488 0,813 1,138

Case 2 0 0,358 0,597 0,994 1,391
Nt (25%) M=0 M=20,0 M=50,0 M=100,0 | M=150,0

Case 1 0 0,310 0,729 1,054 1,379

Case 2 0 0,379 0,891 1,288 1,686
Nc (10%) M=0 M=45,0 M=97,5 M=150,0

Case 1 0 0,001 0,342 0,683

Case 2 0 0,001 0,418 0,835
Nc (25%) M=0 M=113,0 | M=131,5 | M=150,0

Case 1 0 0,006 0,126 0,246

Case 2 0 0,007 0,154 0,301

The moment resistance calculations results accord-
ing to EC3 and Faella are equal. Moment resistance cal-
culations results according to the presented procedure and
the results obtained by the finite element method when
the joint is loaded by bending moment differ up to 8 %

6. Conclusions

In the paper, the evaluation procedure of rigidity
and strength of beam-to-beam end-plate and beam-to-
column knee end-plate joints loaded by bending moment
and axial force was presented.

The presented procedure allows the well-known
component method, which is adopted for stiffness and
strength calculation of various types of joints loaded by
bending moment, extends the computation of joint stiff-
ness and strength taking into account bending moment
and axial force.

The rigidity depends on the values and directions
of acting forces. The results obtained show that tension
axial forces decrease the rigidity of joints, but compres-
sion axial forces increase it. If the tension axial force is
equal to 10 % and 25 % of axial load-bearing capacity
of a joint, then the rigidity of joint decreases approxi-
mately up to 15 % and 50 % respectively. Consequently,
the results evidence the need to take into account axial
force actually less than 10 % of axial load-bearing ca-
pacity.

The compound moment-rotation M-®-N curves of
beam-to-column knee joint indicates that the rigidity of
joint increases the beam angle and the level contour de-
creases.
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KOMPONENTUY METODO TAIKYMAS SIJU-SIJU IR ALKUNINIAMS SIJU-KOLONU SU GALINE
PLOKSTELE MAZGAMS, VEIKIAMIEMS LENKIMO MOMENTO IR ASINES JEGOS

K. Urbonas, A. Daniiinas
Santrauka

Nagrinéjami pusiau standis siju-siju su galine plokstele ir alkfininiai sijy-kolony su galine plokstele varztiniai mazgai,
veikiami lenkimo momento ir aSinés jégos. Teigiama, kad aSinés jégos itaka mazgo standumui yra nezymi. Pagal EC3
aSiné jéga, mazesné nei 10 % nuo plastinio sujungiamy elementy atsparumo asinei jégai, projektuojant mazga gali biiti
nevertinama. Realiai asinés jégos dydis konstrukciju kai kuriy tipy mazguose gali biti reikSmingas ir turéti didelés
itakos mazgo standumui bei stiprumui. Vienas i§ populiariausiy praktiniy metoduy, leidZian¢iy nustatyti mazgo standuma
ir stipruma, vertinant tik lenkimo momento itaka, yra komponenty metodas. Pateiktas Sio metodo taikymas mazgy
standumui ir stiprumui skaiciuoti, ivertinant lenkimo momento ir asinés jégos poveiki. Pateikti siju-siju su galine plokstele
ir alktininiy sijy-kolony su galine plokstele mazgy skaic¢iavimo rezultatai.

RaktaZodziai: plieninés konstrukcijos, pusiau standiis mazgai, sijos-sijos mazgas, sijos-kolonos alkiininis mazgas, lenkimo
momentas ir asin¢ jéga, komponenty metodas, momento-pasisukimo kreive, stiprumas.
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