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Abstract: An experimental study of tapered built-up cold-formed channel sections was conducted by the
authors and described in this paper. The test plan involved testing specimens of varying geometries in bending,
compression or eccentric compression cases. The investigation concerned the influence of parameters such
as the slenderness of section parts, the difference in section height, and the spacing of intermediate plates
on the resistance of the members and possible buckling failure modes. Although most of the analysed
sections were classified as Class 4, i.e., susceptible to local and distortional instabilities, global forms
were mainly observed. The maximum experimental load values were then used to verify the accuracy
in determining the overall resistance of the considered members using the General Method with some
“engineering” simplifications. The comparison shows that General Method with implemented assumptions
provide a safe estimate of the resistance in the vast majority of cases and in this form can be used to calculate
this type of members.
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1. Introduction

At present, cold-formed steel (CFS) sections have become a competitive alternative to
hot-rolled members in single-story industrial buildings consisting of repetitive portal frames.
These structures are designed primarily with built-up members with two CFS sections in
the ‘back to back’ position. Such cross sections are vertically symmetrical, so that loads are
transmitted at the shear centre and do not cause torsion. Moreover, these solutions allow
structural joints to be easily formed [1, 2].

The variety of CFS sections refers not only to the shape of the cross section but also
the number and location of longitudinal stiffeners. They aim to limit the influence of local
forms of buckling of slender parts, thus the material is utilized in the most efficient way [1, 3].
The negative effects of these instabilities are captured in the calculations of the effective
cross-sectional characteristics [4].

Current research trends in CFS structural members are largely concerned with non-standard
cross-sectional solutions. Wan & Mahendran [5], Steaua et al. [6] and Pawlak & Paczos [7]
studied the concept of hollow flange channel sections. Meza et al. [8,9] and Wang & Young [10]
tested a wide range of various built-up members composed of channel sections. Jod etal. [11] and
Nuttayasakul et al. [12] analysed quasi-hollow sections consisting of two channels.

The aforementioned solutions for built-up members are mostly based on the shape of
I-sections or hollow sections, which refer to standard hot-rolled products. Concepts based
on references to conventional steel members may not be limited to transverse shaping. For
example, a variation of the section height, creating a tapered shape of the member, may also
prove beneficial in certain structures [13]. Studies on tapered thin-walled members usually refer
to welded I-sections with slender parts. Experimental testing of such members was carried
out by Tankova et al. [14] and Ibrahim et al. [15]. A numerical approach to this problem
was described by Jin et al. [16]. Theoretical formulations on buckling of these sections were
developed by Asgarian et al. [17] and Osmani & Meftah [18]. There is a lack of publications
on thin-walled tapered members in mixed loading cases, especially with built-up cross section
consisting of two C- or Z-sections, commonly used in CFS portal frames.

The resistance of rafters and columns in portal frames, which are commonly designed
as tapered members, is mainly affected by global forms of buckling. The base cases are the
flexural, torsional or flexural-torsional buckling in pure compression and the lateral-torsional
buckling in pure bending. However, because of the simultaneous occurrence of bending
and compression, the loss of stability of these members takes mixed forms of buckling. The
consideration of this type of global instability is possible using the finite element method (FEM)
with geometrical nonlinear analysis with imperfections (GNIA), optionally with consideration
of material nonlinearities (GMNIA). In addition, the numerical model should consist of at least
shell elements [19]. Such analysis requires advanced FEM tools, as well as knowledge and
experience of the designer. For this reason, simplified “engineering” procedures for calculating
the stability of elements are desirable. EN 1993-1-1 [20] provides two direct methods for
predicting the buckling resistance for mixed load cases. An algorithm featured in Section 6.3.3
of the standard called the “Interaction method” gives formulas (6.61) and (6.62), but they
cover only single uniform members. The procedure called the “General Method”, presented in
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Section 6.3.4 of the standard, considers a wider range of cases, including, among others, also
the tapered and monosymmetric members. An alternative to the aforementioned methods is
the use of the “Overall imperfection method” included in Section 5.3.2 of the standard. The
general formula behind this procedure uses local and global imperfections in elastic buckling
forms. However, the application of this approach for the stability calculations is not easy as it
requires certain assumptions and further elaboration. The presented methods were compared
and evaluated in view of the safety assessment for a range of uniform hot-rolled members by
Hajdu & Papp [21].

In this article, the authors present results of an original study on built-up CFS tapered
members with different geometry variations, subjected to compression, bending and the
interaction of these cases. The concept of tapered sections was adopted following the idea of
effective material utilisation, which is one of the main topics in the field of CFS structures.
The selected loading cases combined with certain support conditions were intended to
simulate the performance of portal frame members, in which the variation of the section
height is used. The basic purpose of this study was the validation of numerical models for
further FEM analysis, which will be held in future papers. In this paper, the results of the
experimental study were used to evaluate the applicability of the General Method as a most
engineering-friendly procedure for preliminary estimation of the resistance of these members
using available engineering tools and certain simplifying assumptions.

2. General method for buckling of structural components

The General Method is the adaptation of the Overall Method which was initially introduced
by Mueller in [22]. It uses a Merchant-Rankine type of empirical interaction expression which
allows one to calculate separately the in-plane and out-of-plane effects. This approach simplified
the task because linear buckling analysis (LBA) is sufficient to achieve satisfactory results. The
General Method algorithm also includes the reduction factors, making the calculation process
comparable to the commonly used Interaction Method in some steps.

According to General Method, overall resistance to out-of-plane buckling of the structural
component is ensured if:

XopQult,k
YM1

2.1) > 1,0

where: @, x — the minimum load amplifier of the design loads to reach the characteristic
resistance of the critical cross section of the structural component considering only in-
plane behaviour. This factor should include all relevant in-plane effects, such as geometrical
deformation and imperfections, x,, — the reduction factor depended on the slenderness A, »
taking into account the out-of-plane behaviour of the structural component.

The slenderness is non-dimensional value and it should be determined from:

Aylt,k

2.2 Aop =
(2.2) op erom
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where: a., op — the elastic critical load factor for out-of-plane stability of the structural
component, without accounting for in-plane flexural buckling.
The standard [20] gives two methods to determine the reduction factor y, p:
a) as the minimum value of y for lateral buckling and y 7 for lateral torsional buckling,
b) as the interpolated value between the above factors.
Several research papers dealt with the accuracy of General Method in various applications.
Da Silva et al. [23] have proven that General Method gives the safety assessment of resistance
for prismatic hot-rolled members in case of the interaction of bending and compression. Hajdu
& Papp [24] confirmed that conclusion on the 790 different simulations. Czepizak [25] and
Bijlaard et al. [26] proposed their own modifications of the method to improve computational
efficiency or compliance. Szalai and Papp [27] indicated a fine accuracy of General Method in
case of welded tapered members. Papp et al. [28] used General Method to analyse the single
asymmetrical cold-formed section. The results of studies presented in this paper allows to
expand the applicability of General Method to tapered cold formed built-up elements.

3. Scope of the study

The research concerned load-bearing elements of single-storey industrial buildings, i.e.
frame columns and rafters subjected to bending and compression. The scope of the study
covered tapered two-chord elements, consisting of two channels in a ‘back-to-back’ position
(see Fig. 1). The study concerned the influence of parameters such as the slenderness of the
section parts, the difference in section height at both ends and the spacing of intermediate
plates on the resistance of the members and possible buckling failure modes. The number of
values within each variable has been limited to 3 such that are most likely to influence the
results of the study. Fixed values were set for the following geometry parameters: element
length of 5 m, height of the cross section at the lower of 200 mm, flange width of 80 mm,
single edge fold stiffeners of 30 mm and thickness of the intermediate plate of 10 mm. The
variation ranges of the parameters were chosen so that both global (stocky sections) and local
and distortional buckling (slender sections) would occur. On this basis, the following parameter
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Fig. 1. Schematic side view and cross section of the tested sample
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values were adopted: plate thickness ¢ of 2, 4 or 6 mm; height of the specimen at the wider end
hy of 300, 500 or 700 mm; number of intermediate plates along the length of the element n of
2, 4 or 6 pcs. The samples were subjected to three types of load:

— pure bending (M),
— pure compression (N),
— combination of bending and compression (M + N) with eccentricity e = % ~ 1,0 m.

The selection of the specimen parameters was performed based on Hartley’s PS/DS.-P:Ha4
poliselective experimental plan based on the Latin hypercube [29]. A summary of the variable
parameters of the samples is given in Table 1. Additionally, a test of four samples (S18-S21)
outside the adopted plan was performed.

Table 1. Summary of the test sample parameters according to Hartley’s
poliselective plan of experiment PS/DS.-P:Ha4.

Sample Values of input variables
symbol | ¢[mm] hq [mm] n [pes.] | Load type
S1 6 300 2 N
S2 2 700 2 N
S3 2 300 6 N
S4 6 700 6 N
S5 6 300 2 M
S6 2 700 2 M
S7 2 300 6 M
S8 6 700 6 M
S9 2 500 4 M+N
S10 6 500 4 M+N
S11 4 300 4 M+N
S12 4 700 4 M+N
S13 4 500 2 M+ N
S14 4 500 6 M+N
SI5 4 500 4 N
S16 4 500 4 M
S17 4 500 4 M+N
S18 4 500 2 M
S19 3 700 4 M
S20 6 700 4 M
S21 6 700 4 N
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The majority of specimens from the presented plan are classified as class 4 cross sections,
which means that they are prone to the effects of local instabilities. However, in some cases
the classification was close to the boundary between classes 3 and 4. A few examples of
webs of class 3 and higher were obtained for the bending case. Therefore, forms of failure
are expected to be associated with global buckling for specimens with relatively robust parts
(e.g., S1, S8, S10), mixed buckling cases for sections with average slenderness ratios (e.g.,
S11, S12, S17), and local and distortional instabilities for members with the most slender parts
(e.g. S2,S87,59).

The investigation was focused on obtaining experimental buckling failure resistances for
a wide range of parameters in order to extract and verify normative tools to reliably estimate
these values for the studied case of tapered CFS members. The analysis according to the
Hartley’s plan approach, from which the presented number and variation of specimens is
derived, is planned to be complemented by numerical model results and set as the subject
of a separate study.

4. Test setup, instrumentation and loading sequence

The test standing had universal character and allowed to test all of the samples mentioned
in Section 3, including those subjected to a combined bending moment and axial compression
force. The static schema of the members assumed a hinged fork support on the one end (with
a minor cross-section height) and a fixed joint with an additional element on the other end
(with a major cross-section height). The additional element was supported by a pin connection
located at the point of intersection of the member axes and this element. It was used to input an
eccentricity of the applied force, which caused a bending moment in the member. Depending
on the loading schema, the load was applied by one or two horizontally located Instron
Schenck 630 kN. The first was situated in the line of the member axis and was generating the
axial compression force, while the second was situated in a distance 1.6 m above the axis of
the member and was generating a bending moment (Fig. 2). The actuators were steered by
controlling the displacements of their pistons with simultaneous consideration of the actual
force in each actuator. Before the essential test, the force with a value of 10 kN was applied by
the respective actuator on the member for 1 minute. The purpose of such an operation was to
initial align the samples in the test standing. In the case of pure compression or pure bending,
the load was applied with constant displacement rate of the piston and the resistance of the
members was determined on the basis of the highest force values achieved in the respective
actuator. For cases with combined bending moment and axial compression force, the load was
applied by both actuators alternately in small steps to achieve an approximately constant ratio
between forces in each actuator. The simultaneous decrease of the forces in both actuators was
considered as achieving the resistance of the members.

In addition to the forces in the actuators and the displacements of their pistons, the
displacements of selected points of the one chord of built-up member were measured during
the tests, using LVDT inductive displacement sensors. The number and arrangement of the
sensors depended on the geometry of the tested member, especially the number of packing
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Fig. 2. (a) View of the test standing and (b) static schema with a bending moment diagram

plates, and varied between 14 and 18 sensors. Four sensors measuring vertical displacement
of the bottom flange were used. They were situated at a distance of %, %2 and % span from
the fixed end (named respectively: V1, V2 and V3). The additional, fourth sensor (V4) was
located at the point of the highest expected vertical displacement derived from static analysis.
Sensors measuring the horizontal displacement of the top flange (HF) and the centre of the
web (HW) were placed in cross sections halfway between each of the packing plates. In the
case of sample with only two packing plates, additional horizontal displacements of cross
sections located at distance Y4 and % between the internal packing plates were also measured.
The numbering of cross sections was chosen so that the cross-section situated in the middle of
the member always had the number 4. The arrangement of the displacement sensors is shown
in Fig. 3.

Furthermore, one sample (S-18) was equipped with foil strain gauges placed on the opposite
chord to measure the strain in the longitudinal direction of the member. The strain gauges were
placed on the top flange (TF1 — TF8), the bottom flange (BF4 and BF8) and in the centre of
the web of the member (W2 and W6) as shown in Fig. 4.
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Fig. 3. Arrangement of the LVDT inductive displacement sensors for each type of members tested
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Fig. 4. Arrangement of foil strain gauges in sample S18

5. Results of experimental tests

The material properties of the steel were derived from experimental tests of the pieces
obtained from the insignificantly loaded parts of the section samples. The experimental
stress-strain curves for each thickness group are presented in Figure 5. The mean values of the
yield strength and tensile strength of the steel tested for each thickness group are summarised in
Table 2. The maximum values of the carried loading and failure modes of the tested members
are presented in Table 3. Some of the samples subjected to axial compression did not fail at the
maximum possible load on the actuator. To achieve the failure of these samples, an additional
bending moment from the second actuator was applied.

Various failure modes were identified during the tests. However, some conclusions may
already be drawn by comparing maximum experimental values with analytical predictions.
The maximum forces transferred by each tested member are mostly lower than the cross-
section resistances based on effective geometric properties. This indicates that global forms of
instability did have a dominant effect on the resistance of the members under study.
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Fig. 5. Stress-strain curves from coupon tests for: (a) 2 mm, (b) 4 mm, and (c) 6 mm thickness group.

Table 2. Mechanical properties of the tested steel

idaatios]| Nomperr |, Nem et ew e
piece [mm] specimens [-] ReL,mean [MPa] R, mean [MPa]

2 3 390 452

4 5 382 480

6 3 376 477

According to the assumptions of the testing plan, various buckling forms were expected
depending on the slenderness of the cross-section parts. Ultimately, in the experimental testing,
the majority of the samples failed due to global instabilities. In these cases, lateral torsional
and flexural buckling were observed in the members in compression and bending, respectively.
An example of lateral torsional buckling leading to a plastic deformation in mid-span of the
member S13 is presented in Fig. 6a. Some of the samples with section parts of the lowest wall
slenderness ratio presented elastic forms of global instability. Such cases in forms of flexural
and lateral torsional buckling for members S1 and S8 are shown Fig. 6b and 6c, respectively.
There were also several specimens that failed due to mixed forms of buckling, which combined
features of local, distortional or global instabilities. Examples of these cases presented in
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Table 3. Maximum compression force (F1), maximum bending moment (F2 X r) and failure mode from

experimental tests.

Maximum | Maximum
syl | son force | moment Failure mode
(F1) (F2xr)

-] [kN] [kNm] -]

S1* 446.84 37.18 Elastic flexural buckling of member

S2 234.47 - Flexural buckling and yield line mechanism in top flange in span

S3 242.54 - Flexural buckling and yield line mechanism in top flange in span
S4%* 457.82 163.44 Elastic lateral-torsional buckling

S5 - 174.87 Elastic lateral-torsional buckling

S6 - 110.22 Yield line mechanism near fixed end

S7 - 44.62 Yield line mechanism near fixed end

S8 - 384.3 Elastic lateral-torsional buckling

S9 51.2 58.82 Yield line mechanism near fixed end

S10 215.87 206.56 Elastic lateral-torsional buckling

S11 65.05 88.62 Combination of lateral-torsional and distortional buckling
S12 152.99 161.96 Combination of lateral-torsional and distortional buckling
S13 115.56 144.47 Lateral-torsional buckling anfi yield line mechanism in top

flange in span

S14 125.97 130.27 Elastic lateral-torsional buckling
S15* 433.78 35.56 Flexural buckling and yield line mechanism in top flange in span
S16 - 207.23 Combination of lateral-torsional and distortional buckling
S17 95.47 129.29 Elastic lateral-torsional buckling

S18 - 140.13 Elastic lateral-torsional buckling

19 B 145.91 Lateral-torsional bucm;;i ;;?ny;;zi line mechanism in top
S20 47.66 286.81 Elastic lateral-torsional buckling
S21* 572.67 47.84 Elastic flexural buckling

*An additional bending moment was applied to achieve the failure of these samples.

Fig. 6d and 6e include flexural buckling and yield line mechanism in the top flange of the S3
sample and lateral-torsional instability coupled with distortional buckling in the S16 sample,
respectively. As expected, members with parts of the highest slenderness ratio presented failure
resulting from local buckling of webs and flanges in compression. Fig. 6f shows an exemplary
S6 sample with yield line mechanism occurring due to the local instability in the top flange.
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Fig. 6. Examples of failure modes of the tested specimens (description in the text)

Thanks to the application of horizontally orientated LVDT inductive displacement sensors
spaced in the longitudinal direction, it was possible to capture the deflection of the buckling
curves along the top flange and web of the specimens. The approximate shapes created from
these measures obtained at maximum loading are presented separately for each load case in
Figures 7-9. Generally, the deflections of the flange were greater than the corresponding values
for the web within the same member. The differences were significant in specimens under



230 M. GORSKI, K. SIENKOWSKA-SZPETNAR, R. BUDZINSKI

0 0,5 1 1.5 2 2.5 3 3,5 4 45 5

= 04 —~ , ——SLTF
g S 1 = > - ®m-S1W
E 5 T ey e e i =5 2 —+—S27TF
[ 1T ——— o ~ ___,—:",,..-lrr:f % - B -S2W
I RN = % g
ey s 1 - = -S3W
;cé \\ - ‘ // S4TF
5 =60 N ‘ - saw
g \ .

g N - P S15TF
S 80 AN T o -m-SI5W
= \ -~--"7 —+—S21TF
= 100 Do -®=-521W

X[m]

Fig. 7. Top flange (TF) and mid-height web (W) deformations in samples in compression at maximum

load
0 0.5 1 1.5 2 2.5 3 35 4 4.5 5 —e—S5TF
e 20 - -®-S5W
= ——S6TF
g -10 -m-S6W
s ——S7TF
g 04 o m-STW
= J T | S8 TF
28 10 S8 W
= E20 1 —+—S16TF
s 3 -®-S16W
= —+—SI18TF
£ 10 — 4 -SI8W
5 —+—SI19TF
= 50 - ®-S19W
—+—S20 TF
x[m] —®-S0W

Fig. 8. Top flange (TF) and mid-height web (W) deformations in samples in bending at maximum load

2 2,5

w
w
W
~
=~
N
&
»
o
—
M

R Pt

——_-‘
\j—:’/’r‘
LI A

-
~ | -

40 -
50
60 A

Horizontal displacement

X[m]
Fig. 9. Top flange (TF) and mid-height web (W) deformations in samples under bending and axial
compression at maximum load

bending, which failed due to lateral torsional buckling. The greatest deflections were observed
in members with robust parts (low slenderness ratio), especially in compression or mixed
loading cases (e.g. S1, S4, S10). These large sags were measured with elastic forms of global
instability, which occurred due to significant stiffness of cross-section parts. Asymmetrical,
shallow curves were obtained for specimens with high slenderness ratios (eg, S2, S3, S9). In
these cases, resistance was influenced by loss of stability within parts of the section, making
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the global deformations irregular and of smaller magnitude. It shall be noted that only one
specimen deflected in an opposite direction with respect to all other samples. This indicates
the occurrence of a certain initial eccentricity of the force in the testing stand.

Lastly, no impact of the number of intermediate plates was found on the shape of global
forms of buckling. However, this parameter affected the deformations associated with local
and distortional instabilities, where the inflections of the curves were shaped within the plates
(see Fig. 6e and 6f).

Based on the strain measurements for the selected S18 specimen, elastic stresses were
determined for different loading levels. These values are plotted as a function of position along
the length of the member in Figure 11 in the following section, together with the analytically
calculated values.

6. Calculatons using the general method

The resistance of the members was also computed using the General Method. The in-plane
factor @, x was calculated by formula (6.1) including the global in-plane imperfection and

274 order effects: |
My,Ed,crit + NEd * €crir - (1—1
1 _ NEd + - Qcr,op
Qult,k NRk,crit My,Rk,crit

6.1)

where: N4 — the design value of the compression force in the critical cross section, Nk, crir —
the characteristic value of the resistance of the critical cross section for uniform compression,
My Ed,crir — the design value of the bending moment in critical cross section, My, ri,crir — the
characteristic value of the resistance of the critical cross section for the maximum compressive
stress if subject only to moment about the y—y axis, e.,;; — the value of the initial imperfection
in the critical cross section of the element.

Due to class 4 cross sections, the tapered shape of elements and the variable shape of the
bending moment diagram, the search for the critical cross section was limited to 11 sections
resulting from the division of the element into 10 equal parts every 0.5 m. (see Fig. 10).

< | >V
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7 X il
U™ \{)
| \ | | | | T | Vv
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|

10 x 500 = 5000 |

Fig. 10. Cross sections considered in the search for critical stresses and representation of fixed directions
at each end of the member applied in LTBeamN
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For each cross section, the effective values of the resistance for pure bending and uniform
compression due to local and distortional instabilities have been determined according to [4].
In addition, the initial in-plane imperfection of the considered cross sections was calculated
as follows:

L . [mx
6.2) o= o ~sm(f)

The calculations were performed using the material parameters presented in Table 1.

Figure 11 shows a comparison of the experimental and computational stress distribution in
the top flange of the S18 sample. Until the buckling form appeared, fine agreement between
the values was found.
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= -1001
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@ 4504
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Fig. 11. Stresses in the top flange of S 18 sample from experimental tests (Exp.) and calculations (Calc.)
for selected values of bending moment

The out-of-plane factor @, ,, was determined using LTBeamN software. The following
boundary conditions were assumed (see Fig. 10):

— at the higher end, 3 directions have been fixed: the lateral displacement of the shear
centre of the section (v), the torsion of the section relative to the shear centre (8) and the
rotation of a beam relative to the minor axis of the section (v’),

— at the lower end the lateral displacement of the shear centre of the section (v) and the
torsion of the section relative to the shear centre (6) have been fixed.

The geometry of the tapered built-up C-members has been simplified to the single tapered I
— beam cross section with thicknesses of each part equal to the corresponding ones. According
to [4], buckling curve “b” for out-of-plane behaviour was used. Table 4 shows the results of the
calculations. Furthermore, the utilisation factor was provided, which represents the agreement
between experimental and computational results. The utilisation factor was also shown in
the bar graph in Fig. 12. Values above 1.0 mean that the experimental values of the internal
forces were greater than the calculated resistance, which indicates that the general method
gives results on the safe side.
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Table 4. Results of buckling calculations using the General Method compared
to the experimental results.

Sample | Critical | Exp. lif;. Eg;'ifa Efctf(:: Min. load|Crit. load (1\}4635:)?
symbol sfel:t)iss;l foizl:(l;i) moment | section | modulus an;pllﬁer ijctor ut;};:ii(:;on

(F2 x r) Aeﬂ' Weﬂ' ult.k cr,op UF
-] -] [kN] | [kN-m] [ [mm?] | [mm’] | [-] -] -]
S1 9 446.84 | 26.03 | 4806 | 432400 | 2.19 1.78 0.86
S2 5 234.47 0 1028 | 190200 | 1.55 1.18 1.27
S3 6 242.54 0 1040 | 116400 | 1.45 1.05 1.40
S4 6 457.82 | 81.72 | 5098 | 862000 | 1.94 1.35 1.08
S5 11 0 174.87 | 4858 | 477000 | 1.03 2.00 1.26
S6 11 0 11022 | 994 | 337200 | 1.19 1.06 1.51
S7 11 0 44.62 1036 | 141000 | 1.27 1.61 1.19
S8 11 0 3843 | 5258 | 1592800 | 1.56 1.30 1.19
S9 11 51.2 58.82 1018 | 239600 | 1.32 1.24 1.32
S10 11 215.87 | 20656 | 5146 | 1010400 | 1.53 1.50 1.11
S11 11 65.05 | 88.62 | 2810 | 328600 | 1.30 1.69 1.14
S12 11 15299 | 161.96 | 2830 | 897400 | 1.63 1.22 1.22
S13 11 115.56 | 14447 | 2838 | 626400 | 1.41 1.24 1.28
S14 11 12597 | 13027 | 2838 | 626400 | 151 1.31 1.20
S15 8 43378 | 2489 | 2834 | 471000 | 1.75 1.18 1.22
S16 11 0 207.23 | 2838 | 626400 | 1.15 1.10 1.49
S17 11 95.47 | 12929 | 2838 | 626400 | 1.59 1.41 1.13
S18 11 0 140.13 | 2838 | 626400 | 1.71 1.63 1.01
S19 11 0 14591 | 1846 | 603000 | 1.55 1.26 1.22
$20 11 47.66 | 286.81 | 5258 |1592800| 1.99 1.64 0.94
S21 5 572.67 | 19.14 | 5040 | 723600 | 2.46 1.43 0.96

Only 3 of the 21 specimens did not reach the resistance resulting from the calculations
according to the General Method. This is due to the fact that significant initial imperfections
were observed in these specimens, probably caused by the limitations of the manufacturing
process of these sections. These imperfections probably exceeded the values included in the
assumed standard buckling curve.
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Fig. 12. Values of the utilisation factor for all tested samples according to the General Method

7. Conclusions

In the presented paper, an experimental study of a wide scope of tapered, built up members
consisting of two CFS C-sections under bending, compression and eccentric compression was
described. The specimens were varied in terms of geometry, resulting primarily in a large
range of slenderness ratios of the section parts. Although most of the analysed sections
were classified as Class 4, i.e. susceptible to local and distortional instabilities, global forms
were mainly observed in the experimental tests. A large influence of global buckling forms was
confirmed in the quantitative results, where the maximum experimental forces were mostly
lower than the cross sectional resistances calculated from the effective geometric properties.
Lastly, the number of intermediate plates, which was another geometric parameter, did not
have a significant effect on member resistance or failure modes.

Due to the complex geometry of the tested members, precise determination of their
resistance is demanding and time consuming. However, the “engineering” approach presented
in this paper, using the General Method with some simplifying assumptions, gives satisfactory
results and can be successfully used to estimate the resistance of the tapered built-up cold-
formed C-members subjected to axial compression, bending moment, or eccentric compression
load. In the vast majority of analysed cases it underestimated the actual resistance determined
experimentally and therefore was a safe approach to the analysis of this type of elements.
To verify the accuracy of this method, a comparison with results derived from advanced FEM
analysis is required.
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Zastosowanie Metody Ogdlnej do obliczen elementéw zbieznych
o przekroju zlozonym ze stalowych ksztaltownikéw
gietych na zimno - weryfikacja doswiadczalna

Stowa kluczowe: ksztaltowniki gicte, elementy zbiezne, Metoda Ogélna, badania do§wiadczalne

Streszczenie:

W pracy przedstawiono wyniki badan do§wiadczalnych dwugateziowych elementéw z gietych na
zimno ceownikéw o przekroju zbieznym w przypadkach czystego zginania, czystego Sciskania lub
interakcji zginania
i Sciskania. Schemat statyczny i sposéb obcigzania zaprojektowano w nawigzaniu do warunkéw pracy
elementéw ram portalowych, ktére z uwagi na zmienny rozktad momentéw zginajacych ksztattuje
si¢ o zmiennym przekroju i projektuje na tzw. stalg sile. Analize wplywu takich parametréw jak
grubo$¢ Scianki ¢ (2, 4 lub 6 mm), liczba przewigzek galezi n (2, 4 lub 6 sztuk) oraz maksymalna
wysoko$¢ przekroju zbieznego /1 (300, 500 lub 700 mm) na no$nos¢ i postaé niestatecznosci elementéw
przeprowadzono na podstawie 21 zréznicowanych przypadkéw do§wiadczalnych. Pomimo, iz wigkszos¢
probek sklasyfikowano jako przekroje klasy 4, to dominujacg forma niestatecznosci okazaty si¢ by¢ formy
globalne lub mieszane, tzn. wykazujace jednocze$nie cechy wyboczenia globalnego i dystorsyjnego lub
lokalnego. Maksymalne sily uzyskane z badari do§wiadczalnych okazaly si¢ w wigkszosci nizsze niz
nos$nosci przekroju obliczone na podstawie efektywnych charakterystykach geometrycznych przekrojéw,
uwzgledniajacych wptyw lokalnych i dystorsyjnych form niestatecznosci. Oznacza to, ze globalne formy
niestatecznosci mialy dominujacy wptyw na no$no$¢ badanych elementéw.No$nos¢ badanych elementéw
zostala okreslona réwniez obliczeniowo przy uzyciu Metody Ogélnej wedlug wytycznych EC3-1-1.
Na potrzeby tej analizy przyjeto pewne zatoZenia, majace na celu uproszczenie wybranych krokéw
obliczeniowych:

— rzeczywisty przekrdj ztozony z dwéch ceownikéw zwréconych do siebie plecami zastgpiony litym
przekrojem dwuteowym o analogicznej geometrii przy wyznaczeniu wspétczynnika obcigzenia
krytycznego acr,op W programie LTBeam

— wyznaczenie naprezen krytycznych z wykorzystaniem efektywnych charakterystyk geometrycz-
nych przekrojéw, obliczonych wyltacznie dla przypadkéw czystego Sciskania (efektywne pole
powierzchni przekroju A, r ) i zginania (efektywny wskaznik wytrzymatosci przekrojuW, ¢ )
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Wyniki obliczen przedstawiono w formie wskaznikow wykorzystania no$§nosci z metody ogélnej,
obliczonych dla maksymalnych obcigzefi z badan do§wiadczalnych. Dla zdecydowanej wigkszosci przy-
padkéw otrzymano wartoSci powyzej 1,0, co oznacza, ze zastosowane podejScie prezentuje zadowalajace
oszacowanie no$nosci w analizowanym zakresie elementéw. Zaprezentowane podejscie ,,inzynierskie”,
wykorzystujace Metode Ogdlng z pewnymi uproszczeniami, daje zadowalajace wyniki i moze by¢ z powo-
dzeniem stosowane do szacowania no$nosci elementéw zbieznych ziozonych ze stalowych ksztattownikéw
gietych, poddanych Sciskaniu osiowemu, momentowi zginajagcemu lub mimosrodowemu $ciskaniu. Jed-
nak aby zweryfikowa¢ dokladno$¢ tej metody, nalezy przeprowadzi¢ szerokie poréwnanie z wynikami
uzyskanymi na podstawie zaawansowanej analizy metoda elementéw skoriczonych.
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