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Abstract

This paper presents the results of a global comparison between high strength steel and
normal steel circular tube used to build steel and composite columns submitted to static loading, in
regards with the economic aspects. The comparison is based on an optimum design taking into
account the strength, stability and stiffness conditions of Eurocode 3 and 4. The automatic
implementation of the algorithms allows achieving a high amount of case studies, covering the
realistic possibilities of build columns. The investigations are realized on simple columns, columns
included in braced or un-braced frames and whole frames. The field of application of high strength
steel (vs normal steel), regarding the total cost of the member, is provided in a chart clearly
indicating where the use of high strength steel becomes economic.

Key words: Economic interest; High strength steel; Column; Steel frame; Composite frame;
Circular tube; Optimum design.

1. Introduction

High strength steel is the term generally employed for steel presenting a proof strength
higher than 450MPa. The use of high strength steel (HSS) in load-bearing structures has fairly
during the last decades thanks to its advantages as underlined by authors in [1, 6, 7, 9]. The reason
lays not only but mainly in its economic interest compared to steel, whose cost increases slower
than its strength. However, as the stiffness of HSS structures is smaller than the one of normal steel
(NS) structures, the second-order effects and the serviceability requirements considerably limit the
use of HSS in load-bearing structures.

But this question has been sporadically considered in the researches concerning the
behaviour of structures made of HSS. Therefore, the economic profit of using HSS in constructions
needs to be more adequately studied in order to highlight the advantages of HSS in each type of
structures. The present work aims at investigating steel and composite construction using circular
steel tubes for the columns. The objective is to define the two respective domains where HSS and
NS respectively are of economic interest. Two points will be simultaneously reported: (1) provide a
general view of the economic benefit of the use of HSS; (2) establish the basis for choosing the
material (HSS or NS) for framed structures before designing it.

The present research compares the costs of two columns made of HSS and NS. Steel with
yield strengths varying from 500 N/mm? to 700 N/mm? will be considered as HSS [4] while S355
steel is considered as NS. The strength, stability and stiffness conditions according to Part 1-1 of
Eurocode 3 [3] and Part 1-1 of Eurocode 4 [5] will be taken into account in the optimum cost
design for steel and composite columns. Concerning the analysis of structures made of HSS, the
rules of Part 1-12 of Eurocode 3 will be used [4]. Simple columns, columns in braced/un-braced
frames and general frames will be investigated. In each case, the algorithms are implemented and
the resulting automatic calculation allows examining almost practical possibilities.

2. Investigation for simple columns

Let us consider a simple column as the one depicted in Fig.1. The cost of two solutions with the
same length and under the same loading but using two different steel grades, NS and HSS, is
evaluated. In order to be comparable, the optimum cost design for each column is needed (Section



2.1). Afterwards, a global comparison is made in order to evaluate which grade is of economic
interest (Section 2.2). An adequate number of case studies to be carried out is then chosen in order
that the global study provides general results (Section 2.3). The conclusions for simple columns are
provided in Section 2.4.

2.1. Optimum cost design for single columns

The optimum cost design provides the cheapest structure among the admissible solutions
respecting the necessary safety conditions. Generally, an optimum cost design consists of three
main steps: (1) the application of the rules controlling the safety of the structure that will be the
constraints of the optimal problem (Sections 2.1.1 and 2.1.2); (2) the establishment of the cost
function representing the objective to be minimized (Section 2.1.3); (3) the arrangement of the
problem under mathematical optimal procedure, and the choice of a suitable algorithm to solve the
problem (Section 2.1.3).

2.1.1. Safety condition for steel columns

The very widespread safety rules of Eurocode-3 [3] are used in the present work. Only a
few recalls necessary for the good comprehension of the reader are provided below.

- Theinput quantities are:
- fy is the characteristic (k)/design (d) value of the yield strength;
- E is the modulus of elasticity of the steel; E = 2,1x10°kN/m? is taken in the present work;

- D is the outside diameter of the tube;
- tis the tube thickness;

- | is the length of the column, it is also the buckling length in this case.

- Ng,, M, are the respective design values of the axial load and the bending moment. If
the bending moment is not uniform, the equivalent moment is used.

-Classification of sections;

D/t<50&%: Classl
D/t<70&%: Class 2: 1)
D/t<90s%: Class3;

where e = [235/ f if f, is expressed in N/mm?.

Class 4 is not considered in the present work.
-The intermediate quantities:

- A= 7(t* + Dt) is the cross-section area;

-W, = %[D4 — (D -2t)"] is the elastic section modulus;

- Wy = %[D3 — (D —2t)%]is the plastic section modulus;

-1 = é[D4 — (D —2t)*]is the second moment of inertia of the cross-section;

- N, = f A is the design plastic compression resistance;



- My = f W, is the design elastic bending resistance;

- M, =f W, isthe design plastic bending resistance;

. | : . :
I = \/; is the radius of gyration of the cross-section;

_ /N | /f . . . ;
- A= N—”' =— Ey is the non-dimensional slenderness of the column where the elastic
i
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buckling force is provided in Eq. (2);

N - 72El 2)
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- ®=0,5[1+ (4 —0,2) + 1] is used to determine the reduction factor y , with: « =0, 21for
S355 and a =0,13 for HSS, the tubes are supposed to be hot finished. The reduction factor
is calculated using Eq. (3);

L @3)

=
D+ D? - 12

- C,, is the factor taking into account the reduction of the design plastic resistance due to
axial force:

Cyy =1 for section of Class 3;

1,1 if 1<1
C,, =[L/[0,9+0,5(W, /W, —0,9)(A -1) if 1<A<3 forsection of Class 1 or 2.
W, /W)™ if A>3

- Mg is the characteristic bending resistance of the critical cross-section: with sections of
Class 1 and Class 2: Mg, =M ; with sections of Class 3: M, =M, .

pl 3
- Member verification:
NEd + 1 MEd Sl
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2.1.2. Safety condition for composite columns
The rules of Eurocode-4 [5] for composite columns are summarized in this Section.
-The input quantities:

- f, is the characteristic (k)/design (d) value of the yield strength of the steel tube;
- f,., f arethe characteristic value and the design value of the strength of the concrete;

- fy, fy arethe characteristic value and the design value of the strength of the rebar;



- E,, E., E are the modulus of elasticity of the steel, the concrete and the rebar. The
values of E_ =3,2x10°kN/m? and E, =2,1x10° kN/m? are used in the present work.

- D is the outside diameter of steel tube;
- t is the tube thickness ;
- b is the distance from the centre of the rebar to the inside face of the tube (Fig.1);

- | is the length of the column, it is also the effective length in this case.
- Ngy,» M, are the design values of the axial load and of the bending moment.

- Srength of the cross-section (Interaction curve)

Due to the non-symmetry of the stress-strain response of concrete under tension and
compression, the shape of the interaction curve for composite sections is similar to the curve shown
in Fig.2, with the particular points: A, B, C and D. With circular sections, the volume of
computation to determine this curve by hand is quite large. Thus, in order to be able to implement
the equations for automatic calculations, the following assumption is made (Figs. 3a and 3b): the
area of reinforcements is supposed to be a continuous ring instead of distinct rebars. The ensuing
error decreases when the number of rebars increases.

Using the symbols reported in Fig.3, all the following quantities can be expressed using the
location of the neutral axis that only depends on the angle 6, (Figs.3c and 3d):

PSS
W )
Cr-p-—D
" =(-0) 4r(r,~b)’
r,sing,

arctan if r®—(rsing)*>0
6 = JrF=(rsing,)? ;

xl2 if r?—(r;sing)* <0

A=r1*(z12-6 —sind cosh);
Wizzrfcos%’i;
3

Ny = (A +2A ~2A) fy+ (A +A = A = A) Ty +(A +2A —2A) T ©)
M, =(S-8)fg+(S,-§+8) fy +(S-S) fu ©)

Let 6, vary from —z/2 tox/2, using Egs. (5) and (6), it is possible to depict the

interaction curve (from A’ to A of Fig.3.f) containing the particular points A, B, C, D (Figs. 3e and
3f):

- Point A corresponds to 6, =z /2;
- Point B corresponds to &, =" ; 8" is determined by Eq.(5), but N, =0;

- Point D corresponds to 4, =0



- Point C is deduced by points B and D.
In the case of no reinforcements, A, =0 leading tor, =r,.
- Member verification:

The simplified method allowed by Eurocode-4 is summarized as follows:
Two values for the effective flexural stiffness are distinguished:

(El)y =E,|,+E.l_+0,6E_]_;

(EDgs y =0,9(E I, +El +0,5E,I,);

cm” C

where E_, is the concrete modulus of elasticity taking into account the influence of long-term

effects, it depends on the values of long and short term loading and the creep coefficient (for
reason of simplification, E_,, =E,/16in the present work); 1,11, are the respective second

s!'’'c
moment of inertia of the steel, the rebar and the concrete.
(El) is used to calculate the elastic critical axial compression force and, subsequently, the

relative slenderness whereas (El) , is used to determine the second-order effect of the member.

(1) The resistance of the member under axial compression is verified using:

Ney g 7)

ZNpI,Rd
where N, oy is the plastic compression resistance, calculated with Eq.(5) in which 6, =7/2;
N, r s the characteristic value of N, ;N is calculated with Eq.(2) using (El) A is
calculated using /TzJNp,W I N, . The Eq.(3) provides the reduction factor y .

(2) The resistance of the member under compression and bending is verified using:

I\/lEd,II

— 8 <y (8)
ﬂdM pl,Rd

SUy

where g, is provided in Fig.4; «,,=0,9 for NS and 0,8 for HSS and the second-order bending
moment M, , is calculated using:

L 1
MEd,II =(MEd+NEd 300]1—N /N '
Ed

cr,ll

where N, , is calculated using Eq.(2) together with (El ) , .

- Conditions of use of the simplified method:

To apply the simplified method for circular hollow sections, the following conditions should
be satisfied:

- The member is not too slender: 1 <2,0;

- The area of rebar shouldn’t exceed 6% of the one of concrete core.



- The section belongs to Class 3 at the minimum, in order to avoid the local buckling of the
steel tube.

2.1.3. Establishment of optimum problem

After having the safety condition of columns, we can build up the optimal problem that may
be described as the following.

- Cost function and unknowns:
The following parameters may be considered as the variables of the optimal problem:
- The diameter D and thickness t for steel columns;

- The diameter D, thickness t, distance b (Fig.1), area of rebar, class of concrete and grade
of rebar for composite columns.

However, the class of concrete and the grade of rebar are discontinuous quantities with very
few practicable values. And thus they are not considered as regular variables of the problem.

Concerning the distance b, we can say that, under static loading, the capacity of the section
increases if b decreases, with b obviously respecting the constitutive condition. We could therefore
fix the value of b at the beginning of the optimum research problem.

Moreover, in order to be able to compare the two solutions, the cost of several quantities
(e.g. each grade steel, each grade of rebar and each class of concrete) must be defined taking into
account its variability with respect to the time and the country. Since the objective is to draw
general conclusions useful for any time and place, a large field of the mentioned costs should be
investigated, obviously leading to the complexity of the problem. To avoid this, the following
problem for composite columns is considered: two solutions of columns are compared with the
same length, the same class of concrete, the same density (%) of rebar, under the same load, but
using two different values of strengths of steel tubes. The variations of length, loads, concrete class,
and rebar density will be considered as the parameters (input variable) of the optimum research
problem. Therefore, the following cost function is adopted:

C=1(AC, + ALy) 9)

where A is the area of concrete and rebar; c,, care, respectively, the cost per volume of steel
and of reinforcement concrete (euros/m®).

Meaning that, when calculating the cost, the concrete and rebars are considered as one
single material (reinforced concrete). The parameter c.s obviously depends on the class of concrete
and the density of rebar.

Finally, two variables have to be examined: the diameter D and the thickness t. In reality,
market catalogues for steel tubes provide discontinuous quantities for the couple D and t. But, in
the present research, in order to generalize the results and simplify the mathematical problem, the
diameter D and the thickness t are considered as continuous quantities.

- Constraints;

Using the safety analyses of columns presented in Sections 1 and 2, the constraints for the
optimum research problem are summarized as follows:

- Requirement of section classification: Eq.(1);

- Requirement for member buckling resistance: Eq.(4) for steel columns, Eqs.(7) or (8) for
composite columns;

- Constitutive condition: t<D/2.

- Geometric inter pretation of the optimum research problem:



The optimum research problem can be qualitatively interpreted as it is depicted in Fig.5.
- Mathematical procedure
Mathematically, the problem can be written under the form:

Find x=[D,t] suchthat C(x)—»>min but g;(x)<0,j=1+n, (10)

where C(x) is the cost function (Eq.(9)); g, (x)are the constraints.

The method of feasible direction is chosen to solve the problem. The explanation of this
method is abundantly reviewed in the literature (e.g. [7]). Herein, the main ideas are briefly
recalled: (1) an initial point SP is found inside the feasible zoon (Fig.6); (2) a feasible direction S is
established, with which a new point considered as better than the last point (the cost function
decreases with the constraints still respected) is found; (3) the allowed distance in the direction S is
limited by a scalar «". The procedure is repeated until an acceptable convergence (optimum) is
reached, it is the case when no feasible direction is found.

The g™ iteration of the process can be written as:
X% =X%"+4's"

In the procedure, it is necessary to calculate the gradient of C and g although it is sometimes
difficult to compute the derivative of these functions such that the gradient is often replaced by the
sensitivity:

ag(x) _ 9% +4%)-9(x)
OX AX

2.2. Definition of the index of interest

At the present time, it seems that the grade of steel S355 is the most popular in construction,
it is thus chosen as the reference material. Eq.(9) (with the sub-scripts “355” and “HSS” to
distinguish the reference steel and HSS,

C355 =1 (Aa,assca,sss + A:sccs) ;
CHSS =1 (Aa,HSSCa,HSS + A:chs) ;
can be rewritten as

C /C — (&,Hssca,HSS/CB% + A:S,HSSCCS/CSSS) ) (11)
" 355 (Aa,355 + A:s,sssccs / C355)

Itis clear that if C,/C,gs <1, then HSS is of interest; on the contrary, if C,/C>1 then NS is
of interest; the neutral case occurs ifC, i/ C\s =1.
2.3. Field of investigation for simple columns

In order to draw conclusions that might be true for a lot of practical cases, the following
fields are investigated.

- the columns length | varies from 3 to 8 m;

- the compression force N, varies from 500 to 6000 kN;



- the maximum bending moment M
0.75 m;

- according to [4], S500, S550, S620 and S690 steels have be considered as HSS (with fy, =
500, 550, 620 and 690 (N/mm?) respectively). In the present work, various steel grades within 500
and 700 are considered. However, in Appendix, in order to limit the number of charts, three
supposed HSS steels are examined: S500, S600 and S700; the results concerning an intermediate
steel grade could be interpolated using the results of the other steel grades.

to compression force N, ratio varies from 0 to

Ed,max

- the characteristic value of the compressive concrete cylinder strength varies between
f, =25+40 (N/mm?); the density of rebar varies from 0% to 6%;

- the cost of HSS to cost of S355 ratio ¢,/ C,; =1,1+1,6. According to [1], these values
(interpolated using Fig.1 in [1]) are: Gy, / Coss =1,138; Cpy / Cys =1,260; €,y / C =1,340
Ceoo / Cass =1,382.

-the cost of reinforced concrete to the cost of S355 ratio c./c,, =0,02+0,05. At the
moment, this value in Belgium is around 0,03.
2.4. Numerical results and comments for simple columns

In order to illustrate the procedure presented in the above sections, an example is provided here
below for a 5m length column, submitted to a compression load of 5000 kN and a uniform bending
moment of 100 KNm. The costs of two columns are compared:

(1) Steel column made of S355 and S690,

(2) Composite column using an outer steel tube made of S355 and S690, with inside concrete
C30/37 (f, =30 N/mm?, f4=20 N/mm?) reinforced with a density of rebar equal to 4%

( f,, =500 N/mm?) .

The summarized results (geometry and costs) are:

(1) For the steel column:
- Optimal solution for column using S355: D=49,97 cm; t=1,08 cm.
- Optimal solution for column using S690: D=33,73 cm; t=1,10 cm.
- Comparison of costs:

The ratio Cyu Ay / Cooo Asgy =1,46 Cis / Gy, Meaning that the use of HSS can provide an
economic interest. Let’s consider c,/cC,, =1,382[7], in this case, the economic interest of
using S690 compared to S355 would be 5,6%.

(2) For the composite column:

- Optimal solution for column using S355: steel tube D=40,02 cm, t = 0,67 cm; A=
45,17cm? (= 4% of the concrete area).
- Optimal solution for column using S690: steel tube D=31,61 cm, t = 1,03 cm; A=

26,38cm’ (= 4% of the concrete area).
- Comparison of costs:
Using Eq.(11), one has:

cost of column using S690  98,95¢,,, / Cy5; +685,8C / Cygq
cost of column using S355 81,42+1175,1c/ Cy




Ifc,, / Cis =1,382 is adopted again, the use of S690 is of interest if the unrealistic condition
C./Cys 21/8,8 is respected. In this case, HSS does not provide any economic interest.

After all calculations achieved in the chosen filed of applications, it is possible to draw several
conclusions:

- In many cases, for steel columns, the use of HSS leads to considerable economic profit in
comparison with S355 steel. In fact, the use of HSS in case of stocky columns provides the greatest
advantage while NS is more economic in case of slender columns. Moreover, the interest of using
HSS decreases when the eccentricity increases.

- Depending on the column length and the loading condition (M/N), the charts Al to A12 in
the Appendix show the ratio between the area of HSS columns and the area of NS columns (for
simple columns). With these charts, the user can obtain the economic benefit of the use of HSS if
the material costs are known. For reason of simplification, only a few charts are presented.

- Even if the relative cost c/c,, is varying a lot, very few of cases where the use of HSS

in composite columns gives economic profit. By way of conclusion, it is not economic to use HSS
tubes for composite columns under static loading.

3. Investigation for columns in frames

The simple column, studied in Section 2, constitutes a relatively unrealistic case. Indeed, in
reality, the columns are connected with other members composing the structure. The pin-end
boundary conditions occurring in the case of single columns are rather ideal. While, in the case of
columns included in frames, an interaction exists with the rest of the structure, meaning that the
main difference between the two cases are the boundary conditions. Figures 7a and 7b are
traditionally used to represent the column in braced frames and un-braced frames respectively.
Similarly to simple columns, the above described procedure is carried out to compare two solutions
of column using NS and HSS.

3.1. Analysis of columns in frames
3.1.1. Effective length

Traditionally, the concept of effective length has been used to evaluate the stability of
columns in frames, using the analogy of the simple column of same length. Wood’s research [11]
on the effective length is adopted in the present work. According to this, the effective length
depends on the stiffness coefficients at column crossings:

=R (12)
R +R+R;

ML Sl B (13)
R+R+R,

where R is the stiffness of the considered column; R, and R are the stiffness of the upper and
lower columns respectively; R, and R, are respectively the sum of the stiffness of all beams
connected at the superior node S and the inferior node | of the considered column (Fig.7).

With k and k;, we can obtain the effective length of the column using the charts that were

developed by Wood [11]. However, applying the charts is not very suitable to the automatic
computation that is required in the present research, such that the following formulas Eqgs.(14) and
(15), approximating Wood’s charts, are preferred (see [2]).



(14)

l f

_ {1+ 0,145(k_ + k) —0, 265k k.

= for braced columns
2-0,364(k,+k)—0,247k K,

(15)

1/2
I, =1 1-0,37(k, + k) +0,01kk, for un-braced columns
1-0,9(k, + k) +0,8k k,
As soon as the effective length is known, the stability analysis of columns in frames is
similar to the one of single columns.

3.1.2. Horizontal displacement of column in un-braced frames

The stiffness of columns made of HSS is smaller than the one of columns made of NS, such
that the horizontal displacement might become important. Taking into account the displacement in
the optimal problem for columns in un-braced frames is necessary in order to have realistic results.
The horizontal displacement of the column in un-braced frames due to the horizontal load (Fig.7) is
calculated using the following formula [8]

_ R(|3 1+ 3(ki-i_ks_kiks)
C12BI " 4-3k -3k +2kk, )’

where E is the modulus of plasticity for steel/composite column; B, is the characteristic value of
the horizontal load (Fig.8).

If the second-order effects are taken into account, the displacement becomes

Ao R (1 3k +k—kk) 1
12EI\" 4-3k -3k +2kk J{1-Ng /N, )’

with N, is the characteristic value of the vertical load (Fig.8).

3.2. Optimum problem for columns in frames

If columns in braced frames, the optimum problem is similar to the one if simple columns.
A procedure for calculating the effective length using Eqs.(14) and (15) is simply added. The load
combination shown on Fig.8a is used for the stability study, achieved using Egs.(4), (7) and (8).

If columns in un-braced frames, besides this new procedure, the horizontal displacement has
to be limited. In general, the limit for displacements depends on each project and with the
agreement of the client. In this work, the value of 1/250 is used as the limitation of the horizontal
displacement of the columns, where | is the column length. For that case, the load combination
reported on Fig.8b is adopted and must respect the displacement condition written as

__RF (1+ 3k —kk) J[ L js|/25o.
12E1_ | 4-3k —3k_+2kk. )| 1-N_ /N,

For the columns in un-braced frames, the equivalent uniform moment factor C_ =1 should
be adopted since the extremities of the column are the critical parts to be considered in the stability
problem (Fig.9). In this case, it is not necessary to verify the cross-sections strength condition.

Moreover, it is worth noting that, if the effective length is calculated using the mentioned
equations (14) and (15), the P-A effect is taken into account. And therefore, the bending
moment M (Fig.8a) should be calculated using the first order theory.

Ed,max
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3.3. Field of investigation for columns in frames

For the two types of column shown in Fig.7, the field of investigation of the simple column
(Section 2.3) is reused. Additionally, the variation of the coefficients k. and k and of the horizontal

load have to be taken into account. Besides, the characteristic value of the axial load has to be
considered (Fig.8b). In order to be able to compare two solutions of columns (using HSS and NS)
and decrease the complexity of the problem, the following assumptions are made:

- The stiffness at the bottom and top ends of the column are the same R =R =R ;
- The same configuration of beams is used in every case: R, =R, = R, .
The equations (12) and (13) become:

=k k=g (16)

in which k varies from 0 to 1.
- The characteristic value of the vertical load is approximated as N, = N, /1,4;
- The ratio R, / N varies from 1/250 to 1/2. This can be explained by the fact that if one

considers a frame of n,stories and n, bays as the one shown in Fig.10. Prior to any calculation, the

approximately estimations of the vertical load and the horizontal load acting on the considered
column are:

N :nspBlA—;BlB BzA';st ;

P= W—BlA * B nshi :
2 n,

Consequently, one has:

h a7
B,+B.)
2

In traditional buildings, the following limitations are used (units are kN and m):10 <w< 20;
50< p<120; 2<n,<8; 3<h<5; 6<B,,+B,; <16. These limitations introduced in Eq.(17)

provide us with the suggested upper and lower bounds.

pIN=Y
p

3.4. Comparison procedure for columns in frames

The same system of beams is supposed to be used for the two cases of column, meaning that
we consider a given set of beams and want to compare the optimal NS and HSS columns in this
building.

Nevertheless, the stiffness of the columns is not the same leading to different coefficientk .
If ks value is chosen for one column type, it is an unknown for the other column type. Therefore,
the following procedure is adopted to solve the problem:

11



Sep 1: Assign a value to k (the values varies from 0 tol with a step of 0,1) and calculate the
effective length according to Egs.(14) and (15), the column is now considered as a simple column.

Sep 2: Achieve the optimum research problem (Section 3.2) for the column made of steel
S355.

Step 3: Calculate R, for this optimal column section.
Step 4: Determine the value of R using Eq.(16) and the previously calculated kand R..

Step 5: This value of R, is considered as an input of the optimum research problem for HSS
column. It is worth pointing that R and k are, of course, updated during the procedure such that
Eq.(16) is satisfied.

Sep 6: The comparison of the two types of column can be made (Section 2.2).

3.5. Numerical results and comments for columns in frames

In order to clarify the comparison procedure, an example is presented in details: Let’s
consider a column in an un-braced frame with a length of | = 4m, submitted to N, = 2000 kN and

P.= 33 kN (see Fig.8). One compares the price of two columns made of S355 and S690 grades.

Sep 1: Let consider k=0.2 for instance, the effective length is calculated using Eq.(15):
I, =450,5cm.

Sep 2. The optimum research problem is solved for a column made of S355:
Dyp.ass =36,14cm; t, . =0,78 cm; A, =86,65 cm?; the elastic buckling load N, 355 =13480kN;

the stiffness R ,; =8108kNm; N, /N, . =6,92(sway column) and the relative horizontal
displacement A/l =1/418.

Step 3: With the optimal section: R, =7113,15 kNm.
Step 4: The stiffness of the contiguous beams is calculated using Eq.(16): R, =56918 kNm.

Sep 5: Then, the optimum research problem is solved for a column made of S690 and
characterized by the same configuration of beams (R,=64862kNm):D,,q, =28,60cm;

topsoo = 0,93 cm; A, =8110 cm?; the elastic buckling load N g0 =8725KN; the stiffness
R. 600 = 4077 KNm; the coefficient Keoo =0,125; the effective length
I+ 00 =430 cm; N, / N, o0 = 4,36 (sway column) and the relative displacement A/l =1/250.

Step 6: Comparison: one has Cy Axg / CogoAgy =1,07C, / Gy, thus the use of S690 is of
interest if ¢, /C,; <1,16 . Although this conclusion depends on the market price, we can say that
there are very few possibilities where S690 is interesting in this case.

A large number of cases covering the field of investigation (Section 3.3) are computed. For
reason of clarity, only a limited amount of charts are chosen to show the volume reduction of HSS
columns in comparison with NS columns are reported in the Appendix. Generally, the following
comments and conclusions can be drawn:

- If braced frames and steel columns, the domain of interest of HSS (positive economic
profit) is greater than the one for simple columns. This can be explained by the fact that the simple
column effective lengths (being the column length) are the same for NS and HSS columns. On the
contrary, the effective length of the column in braced frames (with the same beam system) is
smaller if HSS is used instead of NS. Even if the bending moments in braced frame are not
significant in practice but different values of the eccentricity are considered in the present work.
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- The economic benefit of the use of HSS in un-braced frames is smaller than the one in the
case of braced frames. The displacement condition is responsible of this, emphasizing the
disadvantage of the use of HSS. The volume reductions are also shown in the Appendix.

- Generally, the terms sway (if the vertical to elastic critical load ratioN., /N, <10) and

non-sway frames are used for frames. It is not convenient to use this kind of classification for a
comparison of the economic interest, but because these terms are widely used, the following
comment has been drawn looking at the numerical results: there is no benefit in using HSS in sway
frames with N, / N, <10 for a comparison made on the basis of frames using S355 steel.

- As it is the case for single columns, there are very few possibilities of composite columns
for which the use HSS tubes provide an economic profit.

4. Investigation for frames

To design a frame, the following quantities are necessary: vertical loads, horizontal loads,
frame configuration (number of stories, number of span, height of stories...) and technology
conditions, etc. It seems unfeasible to consider a certain amount of frames by varying the
mentioned quantities and cover almost all practical possibilities. Therefore, even if the optimum
design problem could be defined (taking into account the strength, stability and stiffness
conditions) and solved using appropriate computational software, the resulting charts wouldn’t be
similar to the ones obtained in the case of isolated columns.

Nonetheless, the comments of Section 3.4 are also useful for frames. It is the reason why
two simplified procedures are proposed here below to help decision-making regarding the steel
grade, before any detailed design of the frame be carried out.

The first one: This method consists of the following steps: Firstly, prior to any computation,
the engineer’s expertise leads him to first choose the member sizes of the frame. Afterwards, a
global analysis of the frame is introduced in two cases: (1) the first case aim to find the critical
internal forces in the columns (design values); (2) in second case we apply only horizontal load
with characteristic value to obtain this kind of load distributing in each column. Finally, with the
mentioned internal forces and horizontal loads, using the charts provided in the Appendix we could
assess the economic interest of the use of HSS.

The second one: In this method, we consider each floor separately and choose a column to
be considered as the representative column. It is worth choosing an average column instead of the
overloaded one. The procedure is summarized in three steps: (1) firstly, the vertical load and
horizontal load are calculated for the considered floor; (2) next, the loads acting on the
representative column are determined, for that purpose the total loads acting on the floor is divided
by the number of columns; (3) the charts provided in the Appendix could be used to assess the
economic interest of the use of HSS. This method is more straightforward but less accurate than the
first one.

5. Conclusion

The economic interest of the use of HSS circular tubes in steel and composite columns
submitted to static loading is investigated in the present research paper. The general idea is to
compare the costs of columns made of HSS and NS. In order to find comparable designs in each
category, the optimum research problem is defined such that the cost of the column is minimum.
The realist aspect of the results is confirmed using the current Eurocodes [3, 4, 5] rules for
checking the safety of the structures. From simple columns to columns in braced and un-braced
frames are considered. A large field of investigation covering almost all possibilities is examined
by an automatic algorithm leading to rather general conclusions.

For each investigated case, several charts are provided depending on the loading condition
M/N. In one chart, depicting the length to compression load curves, the user is able to determine the
required area of HSSto required area of NSratio for his column. And depending on the material
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cost of the market, the user can define the domain of interest of the use of HSS. For reason of
simplification, only a few charts are presented in Appendix. And for whole frames, tracks are
provided to help decision-making process.

It is worth pointing out several conclusions for steel simple columns: (1) in many case, the
use of HSS leads to considerable economic profit in comparison with S355 steel, especially in case
of stocky columns for which the greatest advantage is observed; (2) the interest of using HSS
decreases when the eccentricity increases.

And for steel columns in frames: (1) the domain of interest of the use of HSS in braced
frames is thought to be relatively large; (2) the economic benefit of the use of HSS in un-braced
frames is smaller than the one in the case of braced frames, the displacement condition is
responsible of this, emphasizing the disadvantage of the use of HSS; (3) generally, there is no
benefit in using HSS in sway frames compared to frames using S355 steel.

In any case (isolated column or columns in frames), even if the relative cost c /c,, is
varying a lot, there are very few possibilities of composite columns for which the use HSS tubes
provide an economic profit.

Finally, the methodology is thought to be applicable for other problems, such other section
shapes for instance (e.g. I/H shape).
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Appendix

In this appendix, the charts show the volume reduction of HSS (S500, S600, S700) in
comparison with S355, in other words: Ayss / Ans The horizontal axis represents the column
lengths (m) and the vertical axis provides the compression load (t). The title of each chart informs
the user about: M, /N, (replaced by M/N) and R, / N, (replaced by P/N, for reason of clarity).

The charts are arranged in the following order:

- Figs. Al - A12 for simple columns;

- Figs. A13 - A24 for columns in braced frames, with k=0,3;
- Figs. A25 - A72 for columns in un-braced frames, with k=0.

The domain where the economic profit could be expected is always represented by the
group of lines in cold colours.

The user can also interpolate the results for its own convenience or may request the authors
for more information.
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Charts 25 to 72. Columns in braced frames
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