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ABSTRACT: Nowadays, the steel industry is able to produce stracmembers made of high strength
steel grades up to S690/S700. However, the use bfreembers in constructions is still rather limited
mainly because it is relatively difficulty for a slgner to easily identify the projects where theran
economical interest of using high strength steel doch members. In the framework of a RFCS
European project entitled “ATTEL — Performance-baapproaches for high strength tubular columns
and connections under earthquake and fire loadjrystudy has been performed at the University of
Liege to identify the structural typologies, withcaant of their specific loading conditions, whehe t
use of tubular column made of high strength steetbnomically interesting.
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1. INTRODUCTION

In many structures, the use of high strength {td8IS), i.e. with an elastic strength higher than
460MPa, offers an economical benefit in compariadth normal steel (NS)[2, 7, 8, 10]. The reason
relies mainly on the fact that the cost increasewesr than the strength. Moreover, structures using
HSS are usually lighter than the ones made of NSrlga a reduction of the costs related to the
transportation, fabrication and painting. Howeverttesstiffness of HSS structures is smaller than the
one of NS structures, the second-order effects andsequently, the serviceability requirements
considerably limit the advantages of the use of HS®. interrelation between the advantages and the
drawbacks of HSS leads to the complicate questimafving whether there is an economic interest of
using HSS instead of NS for structural members. Ghestion has not yet been adequately considered
in the literature.

The present work aims at investigating building feanwith steel and/or composite columns
(made of circular steel tubes) with the objectivedefining the domains where the use of HSS is
economically interesting. Two topics will be addresqd) to provide a general view of the economic
benefit of the use of HSS; (2) to establish thed&si choosing the material (HSS or NS) for framed
structures at the pre-design stage.

2. ADOPTED STRATEGY

The present investigation focuses on the econonmtafest of using HSS for steel or composite
hollow section columns such as depicted in Fig.He Uise of HSS for beams has not been considered
herein seen that, in most cases, the design of tinesnbers is governed by Serviceability Limit State
(SLS). In this research, steel with yield strengtfasying from 500 N/mrhto 700 N/mm are
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considered as HSS while NS relates to S355 steel.s&loe of simplicity, only isolated columns
extracted from sway or non-sway frames, as depictefig. 2, have been investigated, although the
study of the columns through global frame modelimgnore accurate (in particular for sway frames).
For the conducted studies, the adopted stratedgssribed in Fig.3. For each considered configomati
an optimal cost design is performed using HSS and3¢8tion 3). The strength, stability and stiffness
requirements according to Part 1-1 of Eurocode]3aftl Part 1-1 of Eurocode 4 [6] are taken into
account in the optimum cost design of steel and pomite columns respectively. Concerning the
analysis of structures made of HSS, the rules of R42 of Eurocode 3 [5] are used. The obtained
solutions are then compared (Section 4). The gagirtee applied loads and the material properties a
the variables of the problem and are changed withptirpose of covering a wide range of practical
applications. The material costs are also consiasevariables. In Section 5, the field of investiign

(or the range of variations of each variable) ieviited in more details. Finally, according to the
obtained results, general comments are derive@dtic 6.
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Figure 1. Cross sections of the considered columns.
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a) Column in non-sway frames. b) Column in sway frames.
Figure 2.Considered models for columns.
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Figure 3. Adopted strategy.

3. OPTIMAL COST DESIGN

The optimal cost design provides the cheapestisnlaimongst the admissible ones respecting the
necessary safety conditions as recommended inurexédes.

As described within this section, the optimal costigie is decomposed of three main steps:

(1) Use of the design recommendations given in theo&des to determine the safety
conditions for columns (Section 3.1);

(2) Definition of a cost function being the objegh€tion to be minimized (Section 3.2);

(3) Translation of the problem into suitable math&oal expressions and selection of an
appropriate algorithm to solve the problem (Sec8c).



3.1. Column analysis and design

The different steps of the analysis and desigheftblumns are briefly described here below.
Load cases

The ultimate limit states (ULS) and the servicegbiimit states (SLS) have to be checked for each
column. For the ULS, the design values of the Idadsincluding safety coefficients) are consideired
the computations while the characteristic valueshef loads (i.e. without safety coefficients) are
adopted for the SLS (Fig.4).
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Figure 4. Adopted load values for the ultimate sedliceability limit states.

Effective length

Wood’s approach [12] for the computation of theeefive lengths is adopted in the present work.
Accordingly, the effective length depends on th#rstss coefficients of the members connected at the
extremities of the considered column,
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where R, is the stiffness of the considered colun®y;and R are the stiffness’s of the upper and lower
columns respectivelyR, and R; are respectively the sum of the stiffness of adirbe connected at the
top (node ¥’) and at the bottom (nodé"¥ of the considered column (Fig.5).

Knowing k andk, , the effective length of the column can be estdatsing charts that were
established by Wood [12]. To allow a systematic cotation of the effective lengths, the following
formulae approximating Wood'’s charts are prefe(segt [3]):

| <[ 1+0.145k + Kk ) 0,26k
"7 2-0,364k, +k > 0,24%k

} for non-sway columns, (3)

1. = 1_0137«s+ki)+ 0,0KK
"] 1-0,9k+ Kk )+ 08Kk

wherel; is the computed effective length anithe height of the considered column.
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Figure 5. Parameters for the computation of thectiffe length.
It is worth noting that the R-effects are taken into account if the effectiveglh is calculated
using Eq. (4); therefore, the bending momety, . (Fig.4a) to be considered for checking the column
resistance should be computed using the first dhdmry, even if one considers sway frames.

Horizontaldisplacement:

The horizontal displacement at the top of the m@red column (when included in a sway frame)
may be predicted using Eq.(5) [9], with accounthef $econd-order effects:

A= mspﬁ 3m+&—k&)}( 1 J’ ©)
12E1, (0 4-F - K+ Xk )| = N, /N,

whereEl, is the bending stiffness of the considered stesifipsite column;P, is the characteristic
value of the applied horizontal loadt,, is the characteristic value of the applied vertioatl (Fig.4b);
N, is the Euler elastic buckling load of the colunmthis work, the horizontal displacement is limited
to 1/250 of the column height.

Classification of cross-sections and member bucklerification:

In the present study, only cross-section of clgsad or 3 are considered. As previously mentioned,
the design recommendations from Eurocodes 3 add 3, [6] are followed to verify the stability of the
considered column.

Additional assumptions

For the design of the columns, the following addiibassumptions are made:

- It is assumed that the beams connected at theneities of the designed NS and HSS columns
are the same and that similar beams are connegstdéidetbottom and top ends of the NS or HSS
columns,i,eR . =R, = R;

- The stiffness of the upper and lower columns atektremities of the NS or HSS considered
columns are assumed to be the same as the desigeedeR = R = R.

Using these two last assumptions, Equations (1) 2ndecome

ke R
K== k=g ©

According to the first assumptioR, is the same for the NS and the HSS columns. Howéweralue
of k differs due to a differerg; value for the NS and the HSS columns.

3.2. Cost function and variables

The following parameters may be considered as Vasdbr the optimisation:
- For the steel columns: diamefrand thickness (Fig. 1a);



- For the composite columns: diamef2r thicknesst, distanceb between the rebars and the
internal face of the tube (Fig. 1b), area of repaass of the concrete and grade of the rebars.

The class of the concrete and the grade of theselre discontinuous quantities. Thus, these values
will not be directly included in the optimisationgmess and will be fixed at the beginning of the giesi
although still varying quantities. Concerning thistanceb, the capacity of the section under static
loading is increasing ds decreases (the constructive condition has to $igered). Accordingly, the
closer to the tube the rebars are (i.e. the sméikevalue of b), the higher the capacity of thetiea
(all other parameters being kept constant). As seguence, the parameteiis not included in the
optimisation process and is fixed at the beginmihthe optimisation.

Moreover, in order to be able to compare the twaitgmis, the cost of several quantities (e.g. steel,
rebar and concrete) must be defined taking intewttits variability with respect to the time ane th
region. Since the objective is to draw general agsiohs useful for any time and place, a large fidld
the mentioned costs should be investigated, oblidaading to a greater complexity of the problem.
To avoid this, the following problem for compositumns is considered: two solutions of columns are
compared with the same length, class of concretedendity (%) of rebar, under the same load, but
using two different values of steel strength for tillges. The variations of length, loads, concritesc
and rebar density will be considered as the paramdieput variables) of the optimum research
problem. Therefore, the following cost function dopted:

C=I(Ac,+ A, @)

whereA, is the area of the steel tuldg; is the area of concrete and rebgr; c., are, respectively, the

cost per volume of steel and of reinforced concfeteros/m). So, when calculating the cost, the
concrete and rebars are considered as one singlriahgreinforced concrete). The parametgr c
obviously depends on the class of concrete andehsity of rebars.

Finally, two variables have to be considered: tlamiterD and the thickness In reality, market
catalogues for steel tubes provide discontinuowntiies for the coupl® andt. But, in the present
research, in order to generalize the results amglgy the mathematical problem, they are considere
as continuous quantities.

3.3. Graphic interpretation of the optimisation mdere
The optimum procedure can be qualitatively inteigmteusing Fig.6.
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Figure 6. Graphic representation of the optimat cesearch problem.

The method of feasible direction is chosen to stieeproblem. The explanation of this method is
abundantly reviewed in the literature (e.g. [8]).



4. COST COMPARISON

Currently, the steel grade S355 is the most popmlaconstruction, it is thus chosen as the
reference material (i.e. as “NS”). Eq.(7), with theb-scripts “355” and “HSS” to distinguish the
reference steel and HSS, can be rephrased as:

C355 = I(A:\,CSSSCa ,355+ ptsccs) 4 (8)

Crss = 1(Ag 1us€ ansd A & )e 9)
From Egs. (8) and (9), one has:

Crss/ Coos = (Aa,HSSCHSJ Goss + Acs 1s€ s Gso)
e (Ah,sss + As.sssccs/ Cas9

it is clear that i,/ C,; <1, then HSS is of economic interest; on the contriér(g,,./ C,, >1 then
NS is of economic interest; the neutral case od€@g,/C,=1.

5. FIELD OF INVESTIGATION

The following ranges of variation for the paramefersn the field of investigation:

- The columns lengthvaries from 3 to 8 m;

- The compression fordez4 varies from 500 to 6000 kN;

- The maximum bending momeNtzy . t0 compression forcBg, ratio varies from 0 to 0.75
m, which reflects what is commonly met in real frames

- According to [5], S500, S550, S620 and S690 stesle o be considered as HSS (vfjtk
500, 550, 620 and 690MPa respectively). In thegmework, various steel grades within 500
and 700 MPa are considered.

- The characteristic value of the compressive coaaglinder strengtlff, varies between 25
and 40 N/mmz and the density of rebar varies from@%%o;

- The cost of HSS to cost of S355 ratiRdCsss lays between 1,1 to 1,6. According to [2], these
values arecsoy/Csss = 1,138;Cs5¢/Cs55 = 1,260;C520/Cas5 = 1,340 andiggy/Cass = 1,382.

- The cost of reinforced concrete to the cost of S8 c.4Czs5 ranges from 0,02 to 0,05. At
the moment, this value in Belgium is around 0,03.

6. RESULT ANALYSIS, GENERAL COMMENTS AND APPLICATIONS

Results analysis

Hundreds of computations have been performed inrdaeover the field of investigation as
described in the previous section. The obtainedltesire reported in the form of charts as the one
provided in Fig.7 where the HSS column volumes td\tBecolumn volumes ratio considering the same
loads are depicted. The horizontal axis represtr@scolumn length (in meter) and the vertical axis
provides the design compression loag (ih tonne). This particular graph correspondshfbllowing
specific situation: the column is in an un-braceahfe, the considered HSS grade is Sk039,0 (see
equation 6), My /Ngg = 1cm and P/Ngq = 1/250 (see Fig. 4). Using this figure, a secoraply can be
derived. It defines the domains where the use of H&S an economical interest (see Fig. 8). The
neutral line in Fig. 8 indicates when the HSS optias the same cost that the NS option. In the zone
above this line, the use of HSS is economical wititdow this line, the conclusion is reversed. The
position of the neutral line depends on the stesde, the type of frame, the eccentricity, the zamtal
load magnitude, the rigidity of the beam system andon. In each zone, the economic benefit is
proportional to the distance from the neutral lifkee selected graphs may be found in [1].
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study.
the following commerdy be drawn:
- In many cases, for steel columns, the use of HS@sléa considerable economic profit. As

expected, the use of HSS in case of stocky colummsdes the greatest advantage while NS is more

From the so-derived graphs,

General comments



economic in case of slender columns. Moreover, itherest of using HSS decreases when the
eccentricity increases.

- In braced/non-sway frames made of steel colunmesgomain of interest of HSS is the greatest.
In the case of unbraced/sway frames, the benefisiimg HSS is quite low due to the limitation in terms
of horizontal displacements leading to a minimurertia to be ensured by the column. From the
conducted investigations, it can be concluded tthatuse of HSS for columns in sway frames has no
economical interest, except in very few specifioadions.

- For the composite columns, even if different tie costsc./c,, and c,./ ¢, have been
considered, very few cases where the use of HSS m@etoal have been identified.
The above remarks are summarized in Table 1.

Tablel. Summary of the conclusions of the analysis.

Frame type Column type
Ateel columt Composite colum
Bracednon-sway frames '
HS3 S
LE I N
My possibilities for HES Wery few possihilities for H33
Un-bracedfsway frames 4

3

.
.
- L

Thete ate possibilities for H2S Wery few possibilities for HE3S

Application
In more details, using the charts established duttie present study, the user could better choose
the material (HSS or NS) for the structure just s suggested in the following steps:
- Stepl: determination of the unit costs for both HSS &l&l columns (euros/t). These costs
shall include the material, transport as well asifation costs.
- Step2: determination of the internal loads for the sidered columns. The two following
procedures are suggested to estimate these loads:
o0 The first method consists in the following procedur
= Firstly, prior to any computation, a first reasoleatmember sizes estimate is
chosen on the basis of the engineer’s expertise;
= Secondly, a global analysis of the frame is perfmino predict the value of
the axial load N
= |f the considered structure is un-braced/sway, aorskcanalysis is
performed to estimate RFig. 4).
0 The second method considers each storey as seggsaéms and, for each storey:
= Firstly, the vertical load and horizontal load apglto the considered storey
are calculated,;
= Then, the above mentioned loads acting are diviobgdhe number of
columns included within the storey;
- Step3: with the cost provided iStep land the column loads determinedStep2, the charts
established within this study enable the user tessswhether HSS is of economic interest.



7. CONCLUSIONS

A research about the economic interest of the usdS® circular tubes in steel and composite
columns under static loading is described in tldpgs. The general idea is to compare the costs of
columns made of HSS and NS. In order to find compardésigns in each category, the optimal cost
design, taking into account the safety requiremehthe current Eurocodes, is adopted. By using an
automatic computation procedure, a large fielcdheestigation covering almost all realistic posieis
is examined.

With steel columns, the following conclusions dadrawn: (1) in many case, the use of HSS
leads to considerable economic profit in comparigoth S355 steel, especially in case of stocky
columns for which the greatest advantage is obsg(2¢dhe interest of using HSS decreases when the
eccentricity of the axial load increases; (3) tbendin of interest of the use of HSS in braced/nonyswa
frames is thought to be relatively large; (4) tlhereomic benefit of the use of HSS in un-braced/sway
frames is smaller than the one in the case of Hréi@ames. Using the charts developed within the
present work, the user is able to determine the tatween the required area of HSS to the required
area of NS for his column. And, therefore, lookirgtlze current costs of steels, he can establish
whether the HSS column costs less.

. With composite columns, there are very few caseiesuldr which the use HSS tubes provide a
profit.
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