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Abstract Keywords:

Verification of beam-column resistance can be accomplished Beam-columns;
according to design approaches given in EN 1993-1-1 [1]. These Flexural buckling;
approaches are derived from verification of single span beam with Imperfections;

pinned end conditions subjected to compression and bending Beam-column resistance;
moments. In the case of different end conditions, the application of Second-order theory.

those approaches is not so accurate and more difficult. Therefore, the
comparison of verification according to above standard EN 1993-1-1
[1] as well as EN 1999-1-1 [2] to results of experimental analyses of
beam-columns having pinned-fixed end conditions subjected to an
eccentric compressive force simulating the behaviour of columns
integrated into frames is presented in this paper.

1 Introduction

When designing steel structures, slender members are often used because of economic and
aesthetic reasons. Therefore, member resistances against compression are many times smaller than
their cross-sectional ones. However, in design practice, members are hardly ever subjected only to
axial force or only to bending moment in one of the main cross-sectional planes. Members subjected
to combined stresses exhibit complex behaviour, which is more difficult to determine, but is necessary
to include it into design calculation. The geometrical and material imperfections are an additional
phenomenon, which has significant impact to resistance of beam-column. The effect of imperfections
and first-order bending moment are deflections generating concurrently second-order bending
moment due to action of axial force. If the more accurate analysis is not used and imperfections are
not taken into account in the numerical models, those effects must be implemented in the stability
verification of members that should be accomplished according to simplified approaches given in
standards [1, 2].

2 Experimental analysis

The actual member resistances of beam-columns subjected to end bending moments induced
by eccentric axial forces at the top sides of the members were investigated by means of experimental
analyses. Every tested member was fixed at the bottom and pinned at top side in both main planes of
cross-section to simulate the behaviour of beam-column in a frame structure. For experimental
investigation, the hot-rolled section of IPE 120 was chosen belonging to the first class from the
viewpoint of cross-sectional classification. The specimen total length was 1400 mm, so that the
appropriate relative slenderness was A, = 0.23 for buckling about the y-axis and 4, = 0.81 about the
z-axis. Both beam-columns ends were equipped with the end-plates of 30 mm (at the bottom) or
20 mm (at the top) thick ensuring the zero warping deformations of beam-column edges. The actual
geometrical cross-sectional parameters were different compared to the tabular dimensions and were
taken into account as the average values of measured geometrical parameters of all the tested
members.
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Table 1: Basic and actual specimen cross-section dimensions.

Basic cross-sectional dimensions |PE 120:

Actual cross-sectional dimensions | PE 120:

H= 120 mm H= 1204 mm
B= 64 mm B= 64.4 mm
tw= 4.4 mm tw= 4.8 mm
te= 6.3 mm ti= 6.4 mm
r= 7 mm r= 7 mm

Cross-sectional properties:

Cross-sectiona properties:

A= 1321.02 mm? A= 1382.86 mm?
l,= 3190221 mm’ = 3308073 mm"
l,= 276682 mm* l,= 286621 mm*
Wy, = 53170.4 mm° Wq, = 54951.4 mm®
W .= 8646.31 mm® Wy, = 8901.27 mm®
W,y = 60700 mm° Wiy = 63117 mm’
W, = 13600 mm’ Wy, = 14060 mm’

The set of 4 types of members were tested, because of 4 combinations of loading. There were
3 specimens investigated for every combination of loading, thus 12 specimens in all were observed.

Members of type A were centrically loaded by axial force at the top side, thus without
eccentricities in both main axis of cross-section. Consequently, members of type B were subjected to
axial force with eccentricity at the direction of y-axis. Members of type C had eccentricity at the
direction of z-axis and members of type D had eccentricities in both axes.

Relative strains were measured by means of strain gauges 6/120 LY11. Lateral deflections
were measured by potentiometer sensors TR 50. Strains were recorded in places designated as h50
and p50, thus 50 mm from end plates and at places of S, which were at the distance of 500 mm from
top end plate. Additionally, potentiometer sensors were located in points p40 and h40, thus 40 mm
from end plates and in points of S, which were at the distance of 490 mm from top end plate. The

pattern of measuring places is in Fig. 1.
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Fig. 1: Arrangement of measuring devices.

The initial eccentricities for verification according to standard [1] were measured before loading
tests. These measured defects were assuming in following standard calculations because they should
be involved in design approaches of European standards.

The loading was carried out in two stages [6]. At the first stage, the loading was provided only in
elastic range with force increases of 20 kN. The functionality of the measuring devices and the loading
system was checked at this part. Whereas at the second stage, the loading increases continued using
deflection increases of 0.1 mm, until the beam-column collapsed.

From the view of process and method of loading, it was necessary to evaluate the results
obtained for every specimen in a way that the actual behaviour could be reviewed. Consequently,
attention was mainly paid on elastoplastic state of the member acquired after reaching the strains
¢ beyond f,/E limit.

For verification according to standards [1, 2], one specimen was selected from every set of
members. In the case of member marked as Al, the first overrun of the yield strength was in the point
of h50, at the force value of 312 kN. Subsequently, the second point in the line with exceeded yield
strength was p50 at the force value of 323 kN. Finally, the plastic strains occurred in the place of s at
the force value of 332 kN. The maximum force recorded within testing the member A1 was 346 kN. In
the same way, in the process of loading the specimen B1, the first exceeding of yield strength was
observed in the place of h50 at the force value of 77 kN, the second one was the cross-section in the
point of p50 under the force of 110 kN. The maximum force recorded during testing the member B1
was 133 kN. In contrast, within testing the member C1, the first exceeding of yield strength was
watched in the place of h50 under force of 172 kN, the second one was the cross-section in the point
s under the force of 200 kN and finally in the cross-section of p50 at the force value of 221 kN. In the
same way, the first exceeding of yield strength was observed in the point of h50 at the force value of
60 kN, the second one was the cross-section in the place of s under the force of 88 kN and finally in
the cross-section of p50 at the force value of 107 kN. Maximum recorded forces are shown in Table 2.
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Table 2: Maximum loading forces for specimens Al - D3.

. N Rd, max [ . NRd ,max . N Rd, max . N Rd, max
Specimen KN ] Specimen [KN] Specimen [kN] Specimen [KN]
Al 346 Bl 133 Cl 221 D1 107
A2 345 B2 149 C2 220 D2 114
A3 341 B3 148 C3 211 D3 112

Another information related to investigation of specimen properties, imperfections and testing
process were described in the doctoral thesis [3]. For all observed specimens, the plastic strains in the
places h50 and p50 were occurred due to the effect of bending moments caused by the initial
eccentricities. Therefore, forces which were recorded when plastic strains in the places of s occurred
were considered as the forces corresponding to the stability collapses. Measured eccentricities at the
top side of specimens and recorded forces under stability collapses are presented in Table 3. These
forces were used for the final comparison to the forces at stability collapse calculated according to the
standards [1, 2].

Table 3: Initial eccentricities and appropriate forces at stability collapse.

NEd.exp IVIy.Ed [[Mzeg |

Specimen [ ey [mm] [ e, [mm] [KN] kNm ] kNm]

Al 0 0 332 0 0.83
Bl 31 0 115 0 2.76
Cl 0 52 200 9.6 0.5

D1 31 55 88 4.84 2.73

3 Verification according to European standards

3.1 EN 1993-1-1 - Annex A

This design method is aimed at proposing general, transparent, consistent and accurate
interaction criteria. The real bending moment is substituted by equivalent sinusoidal bending moment
by means of C,, factor. The proposal has been derived as far as possible on theoretical aspects. In
this method, each coefficient in formulae represents a single physical effect. It can be effective to
identify the governing phenomenon and to propose an adequate design. As this method is derived to
be as general as possible, it is covering a wide range of configurations, including unusual ones.

3.2 EN 1993-1-1 - Annex B

The objective of this method is more user-friendly proposal reducing the amount of design work.
The aim is reached by means of providing design formulae in the basic format of the theoretical
buckling equations using reduced number of coefficients for the calculation of the resistance against
buckling. The actual distribution of bending moment is substituted by means of equivalent uniform
moment for non-uniform moment diagrams.

The methods differentiate between members susceptible and not susceptible to torsional
deformations. Members not susceptible to torsional deformations are hollow sections and open
sections with appropriate torsional restraints. Accordingly, it provides two design equations for in-plane
and out-of-plane buckling for two cases as follows:

NEI:I M}: Ed +.|':||M}~ Eci Mz- Ed+;‘:‘:ﬂ’fz Ed
s [ . ] {
TyNge T k}f}‘ My.Rrk +KRyz Mz.RE <1 (1)
Fara ALT Vage Vara
NEd My, gd+AMy gd Mz gd+0Mz Ed
T T Roy = T Rz~ = L )

Vi ALT Vara Vage
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where:
Ned: Myeq, and M,gq are the design values of the compression force and the maximum bending
moments about the y-y and z-z axis along the member,
AMy g4 and AM, g4 are the bending moments due to the shift of the centroid axis for class 4 of cross-
sections,
Xy and y, are the reduction factors due to flexural buckling,
Lt is the reduction factor due to lateral torsional buckling,
Ky, Kz Ky, Kk are the interaction factors; they are relative to either method Annex A or Annex B of
standard [1],
Nre Mygro and M. are the characteristic values of resistances to normal force and bending
moments, y-y and z-z axis,
vm IS the partial factor for resistance of members to instability assessed by member checks.

The interaction factors are derived differently for class 1 or 2 cross-sections and for 3 or 4 ones
respectively. Initially, it is necessary to classify the cross-section in accordance with standard [1].
Although, the classification may be done for compression and bending moment separately, however,
for combination of compression and bending moment it should be accomplished too.

3.3 EN 1999-1-1

Classification of cross-sections for members with combined bending and axial forces is
performed for the loading components separately. No classification is recommended for the combined
state of stresses. The combined state of stresses is accounted for in the interaction formulae. The
interaction formulas are the same for all the cross-section classes. The influence of yielding and local
buckling is taken into account in the denominators and the exponents, which are functions of the
member slenderness. Cross-section check is included in the check of flexural and lateral-torsional
buckling, so there is not necessary to verify the cross-sectional resistance. Nevertheless, more cross-
sections along the member are needed to be checked.

Beam-column with open double-symmetric cross-section has to be verified for flexural buckling
according to these two expressions:

fyc
eq. 1: (x;d) 4 —LEL <, ®)
v - Npg wg My rd
Ngd e Mz gd “ze
eq. 2: (— ) +|— < 1 (4)
Yz wy Npg wg Mz pd

where:

&ye= 0.8 or alternatively ¢,c= Coxy, however ¢ 2 0.8,

ne = 0.8 or alternatively #. = #gx,, however, . = 0.8,

&= 0.8 or alternatively &= &gy, however, & 2 0.8,

o, o, Yo are defined in the section 6.2.9.1 of standard [2],

wo is the coefficient taking account the effect of cross welds, for cross-section with no cross welds

wo = 1,

Neg, My g, and M, gq are the design values of the compression force and the bending moments about
the y-y and z-z axis in the verified cross-section,

Nra: My ra, and M, rq are the design values of resistances to normal force and bending moments about
the y-y and z-z axis in the verified cross-section.

Beam-columns with open double-symmetric or mono-symmetric cross-sections have to be
verified for lateral torsional buckling about the weak axis of cross-section according to following
expression:

; He . ¥e $zc
eq. 3: (IL) +( “ved ) +(ﬂ) <1, (5)

z wy Npg Yo warr My rd g Mz pa
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W, = ——2 (6)
* x+(l—ﬂsa’n$ '
Ll
@ s )
xLT YLT +{1—IL ]":]5'1"]‘1]:!.[_.: '
where:
wy and wy 1 are the coefficients taking account the distribution of secondary bending moment along

the member,
Xs is the distance between support or point of inflection in the case of elastic flexural buckling and the
point of verification,
wq is the coefficient taking account the effect of cross welds, for cross-section with no cross welds
wo=1,
Ye = Yo, X = Xy» O Xz reduction factors due to flexural buckling depending on the direction of
buckling,
. is the flexural buckling length,
Neg, My g, and M, gq are the design values of the compression force and the bending moments about
the y-y and z-z axis in the verified cross-section,
Nra, My e, and M gy are the design values of resistances to normal force and bending moments about
the y-y and z-z axis in the verified cross-section.
Note: The labels eq. 1, eq. 2, and eq. 3 of expressions (3), (4), and (5) are simplified labels of
these expressions for Tables 5, 6, and Fig. 2.

3.4 Result comparison

The maximum forces reached for the stability collapses determined by experimental analysis
were compared to maximum forces obtained using formulas according to standards [1,2]. The yield
strength was considered according to the material tests [3] with value of 300 MPa. Lateral torsional
buckling was not considered in verification of specimens Al and B1. For specimens C1 and D1, the
lateral torsional buckling factor was determined according to section 6.3.2.4 in standard [1]. The
flexural buckling length was considered by the value of 980 mm in all cases respecting the buckling
mode of pinned-fixed beam-column. As was mentioned above, the cross-section was classified as the
first class, therefore plastic section modulus was taken into account. The nominal values of Young's
elasticity modulus E = 210 GPa and shear modulus G = 81 GPa were considered in all the
calculations. Imperfection factors a; = 0.21 for buckling in the z-axis direction and @; = 0.34 for
buckling in the y-axis direction were taken into account.

The final comparison of member resistances is presented in Table 4. From Table 4 it is clear
that all the approaches are leading to similar accuracy when considering such end conditions and type
of loading. However, they have different values of resistances in accordance with different
combination of loading.

Table 4: Comparison of member resistances according to European standards and experimental

analysis.
Nedep | EN 1993-1-1 | EN 1993-1-1 | EN 1999-1-1 | EN 1993-1-1 EN 1993-1-1 | EN 1999-1-1
Specimen Annex A Annex B Annex A/Negep | Annex B/Negep NEd.ep
[kN] [kN] [kN] [kN] (%] (%] (%]
Al 332 290 290 290 0.87 0.87 0.87
Bl 115 126 124 107 1.10 1.08 0.93
C1l 200 170 212 214 0.85 1.06 1.07
D1 88 94 88 93 1.07 1.00 1.06

It can be seen from Table 4 that neither of the approaches is clearly conservative. In other
words, such combination of loading can be found, where the design methods have generated higher
member resistances as they were obtained by the experimental analysis.

There is an illustrated example of verification of the specimen D1 in Table 5 and Fig. 2 in
accordance with standard [2]. The elastic cross-sectional resistance verification shows the impact of
internal forces on the first plasticization of member at the cross-section of h50.
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Table 5: Resistance verification of beam-column D1 according to EN 1999-1-1.

Cross-
Xg lc My Ed M zEq N Eq - Cross-section
ot [ty | 9% | 2@ [%T| fknmd | knm [ pre | ST 2|3 Tjg;?g elastic
0 Tol | 143 | 134] 512 | 288 | 93 |042] 088|L00| 082 139
100 101 | 126 |121| 458 | 257 | 93 |039]| 084|095 072 127
200 100 | 114 |111| 404 | 227 | 93 |037| 079|090 062 114
300 100 | 106 |1.05| 350 | 196 | 93 |034|074|084] 052 102
400 100 | 101 |101| 297 | 1656 | 93 |031]|068|076| 043 0.89
490 100 | 100 |100| 248 | 137 | 93 |029| 062|068 034 0.78
500 100 | 100 |1.00| 243 | 134 | 93 |029]| 061]067| 033 0.77
600 100 | 102 |102| 189 | 103 | 93 |026]|052|056] 025 0.64
700 | 980 [ 1.00 | 107 |106] 136 | 072 | 93 |023]| 043|045 016 0.52
800 100 | 116 |113| 082 | 041 | 93 |021]|032|033| 009 0.40
900 101 | 129 |124| 028 | 010 | 93 |018]|020]020] 002 0.27
980 101 | 143 |134| 015 | -014 | 93 |017]|019]020] 003 0.28
1000 101 | 139 |131| 026 | -021 | 93 |018|022]022| 004 0.30
1100 101 | 123 |119] 079 | -051 | 93 |020]| 034|035 o011 0.43
1200 100 | 112 |110| -133 | -082 | 93 |023]| 045|047| 019 0.55
1300 100 | 105 |104| -187 | -113 | 93 |026]|054|058| 027 0.67
1400 100 | 101 |10l| 240 | -144 | 93 |029| 063|069 036 0.80

The verification of cross-sectional plastic resistance was accomplished by means of expression
given in standard [1]:

o B
( MyEd ) 4 ( My, 4 ) =1 @®
My y.rd My zrd
where:
My, eq and M,gq are the design values of the bending moments about the y-y and z-z axis in the
verified cross-section,
My, ra @nd My ,rg are the design bending moment resistances taking into account the impact of axial

force on bending moment resistances,
a, p 1.0, or alternatively for | or H cross-sections a = 2, # = 5n, where N = Negg/Np rg, however 2 1.0.

Specimen D1
1,50
1,40
1,30
1,20
1,10
[1}88 —eq. 1
s —
0,60
0:50 eq. 3
ggg —— cross-section
0.20 plastic
0,10
0,00
-100 400 900 1400

L [mm]

Fig. 2: Resistance verification of beam-column D1 according to EN 1999-1-1.

Subsequently, there is presented example of verification for the specimen C1 in Table 6. In this
case, the higher value of member resistance was calculated (by 7 %) and decisive expression was not
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the interaction formulae representing stability failure perpendicular to z-axis, which was observed in
the experimental analysis too, but expression representing stability failure perpendicular to y-axis.

Table 6: Resistance verification of beam-column C1 according to EN 1999-1-1.

X | M g M g N g Cross- Cross-

S ¢ w w w y-E zE E L1 .2 .3 | section | section
i | [ | O xz AT renm] | [knmy | prny [ ST SHS Dlastic | destic
0 1.01 1.43 1.34 11.13 0.00 214 1.00 0.41 0.81 0.84 1.13
100 1.01 1.26 1.21 9.96 0.00 214 0.95 0.49 0.89 0.67 1.07
200 1.00 1.14 1.11 8.79 0.00 214 0.89 0.56 0.93 0.52 1.00
300 1.00 1.06 1.05 7.62 0.00 214 0.83 0.62 0.95 0.39 0.4
400 1.00 1.01 1.01 6.45 0.00 214 0.78 0.66 0.92 0.28 0.87
490 1.00 1.00 1.00 5.40 0.00 214 0.72 0.67 0.87 0.20 0.81
500 1.00 1.00 1.00 5.29 0.00 214 0.72 0.67 0.87 0.19 0.81
600 1.00 1.02 1.02 4.12 0.00 214 0.66 0.65 0.78 0.11 0.74
700 980 1.00 1.07 1.06 2.95 0.00 214 0.60 0.61 0.68 0.06 0.68
800 1.00 1.16 1.13 1.78 0.00 214 0.54 0.55 0.58 0.02 0.61
900 1.01 1.29 1.24 0.61 0.00 214 0.48 0.48 0.48 0.00 0.55
980 1.01 1.43 1.34 -0.32 0.00 214 0.47 0.41 0.42 0.00 0.53
1000 1.01 1.39 1.31 -0.56 0.00 214 0.48 0.43 0.43 0.00 0.55
1100 1.01 1.23 1.19 -1.72 0.00 214 0.54 0.51 0.53 0.02 0.61
1200 1.00 1.12 1.10 -2.89 0.00 214 0.60 0.58 0.64 0.06 0.68
1300 1.00 1.05 1.04 -4.06 0.00 214 0.66 0.63 0.75 0.11 0.74
1400 1.00 1.01 1.01 -5.23 0.00 214 0.72 0.66 0.85 0.19 0.80

Nevertheless, if the conservative values of exponents #. = 0.8 and &, = 0.8 are considered in
the verifications, the eq. 3 gives the decisive expression in case of specimen C1 representing the
buckling resistance perpendicular to z-axis and considering the lateral torsional buckling. Regarding
the values of exponents, for all combinations of loading, the final determined member resistances
were on the safe side. The final values of verification for this case are illustrated in Table 7.

Table 7: Comparison of member resistance according to European standards and experimental

analysis.
Nedep | EN 1993-1-1 | EN 1993-1-1 | EN 1999-1-1 | EN 1993-1-1 EN 1993-1-1 | EN 1999-1-1
Specimen Annex A Annex B Annex A/Negep | Annex B/Negep NEd.ep
[kN] [kN] [kN] [kN] (%] (%] (%]
Al 332 290 290 290 0.87 0.87 0.87
Bl 115 126 124 86 1.10 1.08 0.75
C1l 200 170 212 200 0.85 1.06 1.00
D1 88 94 88 77 1.07 1.00 0.88

4 Conclusion

When comparing member resistance of beam-column according to European standards to the
results of experimental investigation of beam-columns with fixed-pinned end conditions subjected to
eccentric axial force, it can be seen that observed approaches showed similar accuracy, even though
values of their resistances were different according to various combinations of loading. The final
verification includes safe values as well as the dangerous ones. However, when in the case of
interaction formulas according to standard EN 1999-1-1 conservative values of exponents 7. = 0.8 and
&= 0.8 were applied, final values of verifications were not so accurate, but all were safe.

Although the calculation according to Annex A of the standard [1] is more complicated, the
calculations are not generating more accurate results than the other ones.
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