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Abstract. This article contains the results of numerical investigation of compressed columns made
of cold-formed notched C-profile in order to find their ultimate bearing capacity. Numerical investigations of
compressed member were held in two stages: investigations of stability in elastic stage in order to define
the prevalent form of buckling and the corresponding value of buckling force; investigations of member
postcritical behavior in non-linear position with due consideration of physical and geometrical nonlinearity
as well as initial imperfections in order to discover the factors influencing bearing capacity. In order to
reach the goals of our research a required nhumber of models were made, namely: 28 models of Solid
section C-profile (SCP) and 28 models of Notched C-profile (NCP), totally 56 models with the length from
1 000 mm up to 4 000 mm, cross section height h 150 and 200 mm, thickness t 1.5 and 2.0 mm. Numerical
investigations were held with the help of software package PLM Femap 10.1 Nastran. Compressed
members of solid section C-profile are the most sensitive to initial imperfections, members of notched C-
profile have big postcritical reserve.

AHHOTauuA. XonoaHOrHyThi NpoceyHon C-npohunnb NPUMEHSETCH B HAPYXKHbIX CTEHax npu
CTpouTENbCTBE OLICTPOBO3BOAUMbIX S3HEPrO3dEKTMBHBIX 34aHMIA HA OCHOBE CTarlbHOro XOJTIO4HOMHYTOrO
TOHKOCTEHHOro OUMHKOBaHHOro npoduns. AsTopamu Obinn NpPoBEeAEHbl YUCNEHHbIE MCCeaoBaHUSA
cXKaTblX CTOEK M3 XOMNOAHOrHyToro npocedHoro C-npocouns ¢ Uenblo onpefeneHus nx npenernbHoun
Hecylen cnocobHocTU. YncneHHble mnccnegoBaHusa GbiNM BbINOMHEHbI B [ABa 3Tana: MUCCreLoBaHWUS
YCTOMYMBOCTU CXaTbIX CTOEK B YNPYron ctaguu ¢ LUenbio onpeaeneHus npeobnagatoen opmel notepu
YCTOMYMBOCTU Y COOTBETCTBYIOLLEN BEMNYUHBI KPUTUYECKOW CUMbl; UCCNea0BaHUs 3aKpUTuYeckon paboTsl
CTOEK B HEMMHENHON NOCTaHOBKE C y4eTOM (PU3NYECKON U reOMETPUYECKON HENMHENHOCTU U C y4EeTOM
HayarnbHbIX HECOBEPLLEHCTB B LLENAX BbIABUTb (haKTOPbI, BIUSAOLLME HA HECYLLYIO CMOCOBHOCTL. B pamkax
nccnenoBaHus ObIo co3naHo 28 mopenen us cnnowHoro C-npoduns n 28 moaenen ua npoceyHoro C-
npoduns, B utTore 6110 co3gaHo 56 mogenen grnvHon | ot 1000 mm go 4000 mm ¢ warom 500 MM, BbICOTOM
ceyeHns h 150 n 200 mm, TonwmHom t 1,5 n 2,0 mM. YucneHHble mccnenoBaHnst Obinn NpoBedeHbl B
nporpaMmmHom komnriekce PLM Femap 10.1 Nastran. [Mo pe3ynbratam Obinin Nony4YyeHbl onpegeneHHble
3aBMCUMOCTU 1 onpeaerneHa cTeneHb YyBCTBUTENbHOCTU CTOEK K HaYanbHbIM HecoBepLueHcTBam. CTONKn
n3 cnnowHoro C-npodunsa 6Gonee 4yBCTBUTENbHbI K HadanbHbIM HecoBeplueHcTBam. CToOWKM 13
npoceyHoro C-npodmnsa obnagatoT onpeneneHHbIM 3aKpUTUYECKUM pe3epBoM.
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Introduction

Members made of notched C-profile are used in load-bearing and self supporting external wall
panels in buildings based on steel and reinforced framing [1]. That is so because length way notches
arranged in chequerwise manner in the web of cold-formed C-profile, Figure 1, increase the way heat
current should overcome, decrease thermal conductivity and enable elimination of cold bridges in external
walls [2].

Figure 1. Steel cold-formed notched C-Profile

The thickness of cold-formed profiles doesn't exceed 3 mm, so the constructions made on their
bases are called thin-walled which are calculated with the use of calculating theories of thin-walled bars.

Studies of thin-walled bars were carried out by Vlasov, Timoschenko, Winter, Karmann, Bleich and
others. A major contribution to thin-walled bar studying was made by investigations of Russian scientists
(our contemporaries) Tusnin, Ayrumyan, Belyi. Works by Astakhov, Katranov, Rybakov and others should
be mentioned too [3-6]. Great number of experimental works is carried out at Peter the Great St. Petersburg
Polytechnic University namely: Vatin, Sinelnikov, Garifullin, Trubina and others [7-13]. Among researches
works of Schafer, Brune, Ungermann, Basaglia and others are the most important [14-19].

In spite of the great number of experimental works, compressed notched C-profile were not studied.

European and North-American Codes [20-21] made on the bases of broad experimental data show
different kinds of thin-walled element behavior. But they do not have enough information on structures of
notched C-profile. There is no systematization of thin-walled elements calculation in Russian specification
documents. Official recommendations on cold-formed notched C-profile structure calculations do not exist.

So, investigation of compressed cold-formed notched C-profile member stress-strain behavior is
timely for secure use of the members in construction.

Methods and Results

The authors have carried out numerical investigation of compressed columns made of cold-formed
notched C-profile in order to find their ultimate bearing capacity. C-profile is an open no equilateral fully
asymmetric cross-section, Figure 1, which has low torsion resistance.

There are some problems in studying of thin-walled constructions because of the thinness of wall
nature as thin-walled members are influenced by plenty of factors: warping effect, sensitivity to torsion,
inapplicability of Saint-Venant principle, etc. Thin-walled members are also very sensitive to initial
imperfections. It is impossible to consider all the factors in one math model, so a number of calculation
models and theories are used. That is why analytical dependences received with the help of theoretical
methods are approximate and time-consuming. Experimental research is expensive.

Numerical investigations held with the help of modern software packages enable to extend
boundaries of scientific research, decrease their time limits and get relations with high degree of reliability
as well as carry out nonlinear analysis [22].

Numerical investigations of compressed member were held in two stages:
- investigations of stability in elastic stage in order to define the prevalent form of buckling and the
corresponding value of buckling force;
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- investigations of member postcritical behavior in nonlinear position with consideration of physical
and geometrical nonlinearity as well as initial imperfections in order to discover the factors influencing
bearing capacity.

In order to reach the goals of our research a required number of models were made, namely: 28
models of Solid section C-profile (SCP), and 28 models of Notched C-profile (NCP), Figure 2, totally 56
models with the length from 1 000 mm up to 4 000 mm with the pitch of 500 mm, cross section height h
150 and 200 mm, thickness t 1.5 and 2.0 mm, table 1, called «the profile type-h-t-I», e.g: NCP-150-2.0-
2500. The notches configuration and dimensions are shown in Figure 3, the cross sectional geometry is
shown in Figure 4.

Models of solid C-shaped profile are the basis for comparison study of work of notched C-shaped
profile models. That way we can understand how notches made in profile wall influence stableness and
bearing capacity of the member in whole.

6)

Figure 2. Numerical models: a) NCP-150-2.0-1000, b) SCP-150-2.0-1000

Table 1. Characteristics C-profile members

. L, Ys
C-profile members h, [mm] t, [mm] [mm] [MPa]
SCP-150-2,0 NCP-150-2,0 150 2,0 1000-4000 240
SCP-150-1,5 NCP-150-1,5 150 15 1000-4000 240
SCP-200-2,0 NCP-200-2,0 200 2,0 1000-4000 240
SCP-200-1,5 NCP-200-1,5 200 15 1000-4000 240
25 75 25 25 25
] ]
— e

11,1111

Figure 3. Notches configuration and dimensions
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Figure 4. Cross-section of solid section C-profile (SCP) and notched section C-profile (NCP)

Numerical investigations were held with the help of software package PLM Femap 10.1 Nastran. To
create calculation FE model triangle and quadrangle shell-type finite elements of Nastran software package
called 'plate’ which enable to carry out nonlinear analysis aimed to studying postcritical behavior of a
member and finding out bearing capacity reserves.

A key requirement when creating models is to get efficient models most closely resembling real solid
and notched C-profile members. For this, models made originally in graphical environment were imported
to Nastran. Notches were also made in graphical environment. Blending of flange plates and profile webs
were manually made in Nastran with the help of finite element mesh condensation in zones of profile bends
and close to them parts.

Discrete FE model of the whole member was studied with step-type loading and Newton-Raphson
iteration process. Material models — steel, modulus of elasticity E = 2,1-105 MTlla, Poisson ratio v = 0,3.

At the first stage of numerical investigations linear analyses of stableness were made in Nastran
'‘buckling' mode. As a result, the first 5 forms of buckling were received and the first prevail form of buckling
for every member was found as well as corresponding degree of buckling load. The results of the first stage
are represented in graphs, Figure 5. In Figure 6 examples of numerical models got are represented in the
first buckling mode.

160
NN ——5CP-150-2.0
140 - ——scP-20020
——SCP-150-15
—SCP-Z00-15
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60 - = "‘\-:‘
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Figure 5. Elastic stage. Buckling load intensity, kN, depending on the member length
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There are 3 forms of buckling (global buckling, local buckling, distortional buckling) and a number of
combined buckling forms. According to this stage of investigation we can separate out 3 areas: 1 - 'short
length' members up to 2 m, for which local buckling is prevalent; 2 - 'long' members with the length more
than 2.5 m which are characterized by global buckling; 3 - 'medium length’ members having length from 2
m to 2.5 m which have combined buckling.

SCP 150-1.5-1000 NCP 150-1.5-1000 SCP-200-2.0-3500 NCP 200-2.0-3500

local buckling (L) local buckling (L) global buckling global buckling
combined with the
distortional (D)

Figure 6. Numerical models are in the first buckling mode
According to Figure 5 we can also see the buckling load in elastic stage of notched C-profiles
members is lower than that of usual ones, the relation is shown in the table 2 below.

Table 2. Comparison study of buckling load intensity, N, kN for C-profile members

Length SCP- NCP- % SCP- NCP- % SCP- NCP- % SCP- NCP- %
[mm] 150-2,0 | 150-2,0 150-1,5 150- 200-2,0 | 200-2,0 200-1,5 | 200-1,5
15

1000 151.43 91.74 39.4 68.33 49.72 | 27.2 110.6 72.65 34.3 50.56 38.03 24.8

1500 105.8 80.4 24.0 67.73 42.86 | 36.7 105.7 64.06 39.4 50.04 33.38 33.3

2000 60.1 57.0 5.16 45.4 40.17 | 115 65.32 59.21 9.35 48.18 31.91 33.8
2500 39.3 37.8 3.8 29.4 27.78 | 551 42.4 40.45 4.6 31.58 29.35 7.06
3000 27.4 26.6 2.9 20.5 19.72 3.8 29.6 28.73 2.94 22.12 21.20 4.16
3500 20.17 19.68 2.43 15.1 14.64 | 3.05 21.8 21.33 2.15 16.32 15.83 3.0
4000 15.46 15.13 2.13 11.58 11.27 | 2.67 16.7 16.42 1.67 12.52 12.23 2.3

According to the results of elastic analysis we can say notches in the profile web influence buckling
resistance and buckling load intensity, especially, this has an impact on local buckling resistance of short
compressed members.

In linear static analysis the structure is introduced in state of stable equilibrium [23]. Computation in
Nastran 'buckling’ mode means computation of buckling in Euler's sense. With some certainty it can be
said the figures got in elastic analysis of buckling load intensity are approximate and serve only for
differentiation of the range of members and preliminary analysis of prevailing form of buckling.

To receive more rigorous view of compressed member behavior at all stages including the stage of
destruction numerical investigation of postcritical work of members in «Nonlinear Static» Nastran mode
were carried out with the use of nonlinear structural mechanics on the basis of data received at the first
stage. Behavior of thin-walled elements is influenced by a great number of factors which can hardly be
taken into consideration with the help of elastic analysis methods [24, 25]. Terms 'buckling' and 'loss of
bearing capacity' are interrelated but not identical. Buckling is often just a transition from one equilibrium
condition to another. Critical load causes buckling of a compressed member but some profile elements can
reach their yield points much earlier. The factor of bearing capacity exhaustion is existence of plastic yields
in a compressed member cross-section, that is the profile or some its parts reach the yield point.
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Thin-walled structures have some postcritical work reserve and after local buckling in the
compressed cross-section area the structure continues to bear the load. But postcritical work reserve of
thin-walled structures can be lost because of the profile initial imperfections received during its production.
Initial imperfections are manufacturing errors, which values do not exceed maximum values according to
the standards and depend on accuracy class and structure design size.

Cold-formed profile is made during stripe shaping process with the help of profile bending machines.
When profiled, the cross-section shape demanded is received as a result of cold metal plastic bending and
longitudinal strains which do not form during rolling appear [26]. So, some profile initial imperfections are
the result of the cold-forming process. Side camber and profile tubing as well as edge waviness are often
met.

Initial imperfections influence the structure buckling resistance changing not only buckling load value
but the form of buckling [27]. However, influence of imperfections is different and depends on the form of
buckling. It should be mentioned that imperfections can contribute to better.

Methodology of numerical investigation of compressed C-profile members in non-linear position was
developed by the authors for the second stage. It takes into account physical and geometrical nonlinearity
and initial imperfections. Quantity of initial imperfections is taking according to the accuracy class and basic
size of the structure. Peak value of maximum initial crookedness of the structure is not more than the
admissible deviation for the fabrication of structures. Otherwise, if the defects exceed the maximum figures
given in the code of practice, the structure is considered a defective article and its usage in a building
erection is forbidden.

The methodology is:

For nonlinear analysis strained scheme of the compressed model is taken, the strained scheme view
is taken on the basis of the first stage of the numerical investigation and corresponds the first form of
buckling of every member;

The deformed finite element model with geometric deflections is scaled according to the maximum
amplitude of permissible variations;

Nonlinear analysis of the finite element model received is implemented, the curve stress-strain for
the used material model - Prandtl diagram;

End value of critical buckling load of bearing capacity exhaustion is defined.

Overall results for critical buckling of every model depending on the load step are shown on Figure
7. Stages of the model behavior within nonlinear analysis are demonstrated on Figures 8-9.
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Figure 7. Non-linear stage. Buckling load dependence on load step

Nazmeeva T.V, Vatin N.l. Numerical Investigations of Notched C-Profile Compressed Members with Initial
ImperfectionsMagazine of Civil Engineering. 2016. No. 2. Pp. 92-101. doi: 10.5862/MCE.62.9.

97



W H:keHepHO-CTPOUTENbHBII KypHad, Ne2, 2016 METOAbI

-

-80393112

-88322096,

-96251088,

-1,042E+8

-1.121E+8

-1,2E+8

Figure 8. Elastic stage, Pcr = 16,73 kN, maximum stresses occur in the lips of flanges, 98,8-
119 MPa
-2?773’34...

() -

g Z1BIEE
-2 399E+8
-2.636E8

' -2BT4ES
k:

SINE+E

-3 349E+8

Figure 9. Nonlinear stage, parts of the profile reach the yield point

The critical force of buckling of nonlinear analysis is smaller than that got as the result of elastic
analysis. The main factor influencing that is the initial imperfections. Notches do not greatly influence
buckling resistance with the increase of a member length and even expand bearable critical buckling load
for short members.

Numerical analysis showed the cold-formed notched C-profile members undergo complex stress-
strain state which depends on many factors. To take into account all the facts is possible with the use of
coefficients only. On the basis of the numerical investigations the authors of the work suggest coefficient
of the conditions of work yp which is put into the formula when analytical determination of compressed
cold-formed notched C-profile elements and takes into account special aspects of their work under stress.
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METHODS

Results of the second stage of thesis numerical investigations were compared with those of elastic
analysis and results got with the use of other methods [20, 28-35].

System sensitivity to initial imperfections is estimated with the help of n coefficient depending on the
form of buckling, Figure 10. Compressed members of solid section C-profile are the most sensitive to initial
imperfections, members of notched C-profile have big postcritical reserve.
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Figure 10. System sensitivity to initial imperfections n = Pcr/PO - ratio of critical load of
imperfect member to buckling load of ideal member.

Conclusions

1. Numerical models with finite element grid were developed. They make it possible to perform
calculations for defining bearing capacity and stress-strain state of compressed cold-formed notched C-
profile elements using finite elements method. The advantage of numerical models is the possibility of their
multiple uses as distinct from experimental models.

For the development of working numerical model of a thin-walled element full identification of the
numerical model with the natural element is necessary. It is created with the help of software packages like
AutoCAD.

2. It is confirmed that shell finite elements should be used for a thin-walled element simulation.

3. On the basis of numerical investigations aggregate picture of stress-strain state of compressed
members made of cold-formed notched C-profile has been got.

4. Numerical experiment results showed the existence of different zones of strain distribution across
the profile cross-section which is the evidence of the element eccentrical compression and proves the need
to use effective cross-section characteristics when analytical calculation of compressed members is done.

5. Numerical investigations have proved a postcritical reserve for cold-formed notched C-profile
elements.
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