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PREFACE

This study was done at the Hameenlinna unit of the Research Centre of Metal Structures. The
financial support of the City of Hameenlinna, HAMK University of Applied Sciences, and
Rautaruukki Oyj is gratefully acknowledged.

This study is part of the on-going MORA research that deals with the optimization of a super-
market building, considering various materials: steel, concrete and wood. In the study pre-
sented in this report only a single steel roof truss for the building was considered.

This report describes the optimization of a roof truss using a new approach to joint modelling.
All the design methods are implemented into MATLAB, enabling future application of the
method to optimization tools aimed to find better solutions for entire load-bearing structures.

Hameenlinna 24 April 2012

Karol Bzdawka
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OPTIMIZATION OF PLANAR TUBULAR TRUSS WITH ECCENTRIC JOINT MODELLING
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ABSTRACT

Tubular trusses are used in construction due to their low weight and ease of manufacturing.
Compared to trusses made of I-sections, they have a relatively small painting area and do
not require stiffeners at connections.

The size, geometry, and topology of the trusses have been studied extensively since the
first optimization algorithms appeared. This study approaches the problem from a different
angle. The considered truss is no longer modelled as a perfect truss but rather as a frame.
The load on the top chord is distributed and not only applied as point forces at the nodes.
The bending stiffness of all the elements is considered in the calculation of the structure’s
statics, and bending resistance is verified. The joints are modelled with all the eccentricities
resulting from the fabrication process. The rigidity of the joints is calculated and taken into
account when determining the buckling length of individual members. The resistance of the
connections and members is verified using the most novel European standards. The whole
process of creating the model, running static analysis and code verification, is programmed
into Matlab. The optimization of the truss is performed using the Particle Swarm Optimiza-
tion algorithm that is also programmed in Matlab.

Two truss topologies were analysed: Warren truss and Warren truss with verticals. A num-
ber of trusses with different bracing system layouts were analysed for both. The locations of
the nodes could vary within preset limits and were variable in the optimization process. The
other variables were the member cross-sections — divided into several groups — and, in
some cases, the truss height. Two steel grades were considered: S 355 and S 420.

It has been found that most of the cost came from the material and assembly of the truss.
Most of the truss mass is located at the compressed top chord. By providing sufficient sup-
ports for the top chord, buckling can be avoided and the cross-section can be reduced, thus
significantly reducing the top chord mass. Supporting the top chord at certain intervals re-
guires a bracing system made of diagonals and verticals or just diagonals. The former con-
sists of fewer elements and, since the assembly cost function depends heavily on the num-
ber of elements, it is recommended to use it.

The best found solution made of S 420 steel gives 27.0 % savings in truss mass and 24.6
% savings in truss cost compared to the currently used solution made of S 355 with equal
joint spacing.
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2 INTRODUCTION

In 2011, [Snijder et al., 2011] presented buckling length factors for welded lattice girders.
The authors [Snijder et al., 2011] investigated the influence of parameters 8 and y on the
stiffness of the truss joints and thus the length factors for in- and out-of-plane buckling. For
that purpose they used linear buckling analyses. The FEM model that was used accounted
for the semi-rigidity of the connections. The considered joints were located not on the axes
of the chords but on the chord face where the chord is welded to the bracing (see Figure 1).
The joint is in the form of a spring and is connected to the chord axis with a short rigid link.
[Snijder et al.] proposed new, improved formulas for the buckling length factors of braces
and chords.

The aforementioned approach is the basis of this research.

The problem of this study is to minimise the cost of the tubular steel truss. It is a part of the
MORA project where an entire supermarket hall structure is optimized. This study considers
one single roof truss in that building. For this reason, the span and spacing of the trusses
are predetermined and stay fixed in this study, as does the load applied to the truss.

The span of the truss was L = 24 m while the loads were composed of:

e dead load i = 0.70 kN/m?
e live load qx = 2.00 kN/m?

with safety factors y, = 1.15 and y, = 1.50 for the dead and live load, respectively. The load
multiplication factor for reliability class RC3 was Kg; = 1.1. That gives a total load of:

Qtotar = (gr * Vg T Qi * Vq) * Kpp 1)
Qrorar = (0.7 kKN/m? % 1.15 4 2.0 kN/m? % 1.50) * 1.1 = 4.19 kN/m?

Since truss spacing is d = 6.0 m, the distributed load applied to the top chord is:

Q = Qrorqr *d = 4.19 kKN/m? x 6.0 m = 25.11 kN/m. (2)

The truss height, topology and cross-sections of the members that give the lowest cost can
be found through the optimization process.
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3 MODEL

The static analysis of the truss is performed using the frame3D program written to Matlab
by Jussi Jalkanen [Jalkanen, 2007]. The model for the analysis is created from the true,
non-perfect geometry of the truss. The considered geometry has gaps between the diago-
nals (see Figure 1) required to facilitate the fabrication process. The gaps conform to the
requirements of EN 1993-1-8 [EN 1993-1-8, 2005] and are at least 20 mm wide due to the
requirements of the fabrication. The vertical is also designed to have only one cutting plane.
It is welded to the diagonal in tension rather than in the middle of the connection. This is a
very typical solution required by Finnish steel manufacturers. The gap between the edge of
the vertical and the chord face (measured along the diagonal) is at least 20 mm.

Perfect static layout Used static layout

S$>=0.0

rigid links

part not considered as member/

Perfect truss joint Realistic truss joint
O m X0
/«/\\\\ e ////\»\
/ . N I | 2 y
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Figure 1. Comparison of the perfect and realistic truss joints and their layouts

The connection between the diagonals and the chord was considered a K joint according to
EN 1993-1-8 [EN 1993-1-8, 2005]. The joint between the vertical and the diagonal was a Y
joint. The interaction of the two joints was not taken into account in this study. The bending
stiffness of each joint was determined from plots presented in [Snijder et al., 2011]. Joint
resistance was evaluated following EN 1993-1-8 [EN 1993-1-8, 2005]. However, [EN 1993-
1-8, 2005] does not cover joints subject to a bending moment. For this reason, the method
presented in [Wardenier, 1982] was used. Absolute values of the normal stresses resulting
from the axial force and the bending moment were summarized. The obtained value was
multiplied by the whole cross-sectional area of the member, giving a higher axial force in
the connection than the one obtained by the static analysis. The obtained force was then
matched with the joint resistance to pure axial force which produced the joint utility ratio.

The resistance of the members was verified for the combined effects of axial and shear
forces and bending moment. It should be noted that the parts of the chords at the joints —
the parts between the rigid links — were considered joints, not members. The resistance of
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these short parts was not verified for the combined actions. However, the axial force in
those was taken into account when calculating the K joints. The situation was different for
the Y joint. Here the member resistance — in this case diagonal — was verified above and
below the connection to the vertical.

According to [Snijder et al., 2011], the stiffness of a K gap joint depends on the g and y
factors which, in turn, are dependent on the cross-sections of the members of the consid-
ered connection. B is the ratio of the mean width of the brace members to the chord while
y is the ratio of the chord width to twice its wall thickness [EN 1993-1-8, 2005]. The value of
the joint stiffness used in the optimization was read from Figure 2. C;,, was interpolated from
the values given in the plot in both the § and y directions.

In-plane SHS gap joint stiffness
60000 -
>0000 1 ——y=6.25
S 40000 - ——y=10.00
E =15.87
£ 30000 v=te
=
§ 20000 -
10000 -
R . .
0,20 0,40 0,60 0,80 1,00
B

Figure 2. In-plane stiffness of SHS gap joints [Snijder et al., 2011]

The buckling length of the chord members and the diagonals is determined using the K
factor:

K= Lcr/Lsys 3
The K factor for the chords is calculated from Eq. 4.
K=A+BB <09 (4)

The K factor for the diagonals is calculated from Eq. 5.

K:(C+Dy)(ﬁ by )E+F )

Lsysa

The values of constants A to F depend on the section type combination, and are different
for in-plane and out-of-plane buckling. Since this study covers only a plane frame (in-plane
buckling) and only one set of profile types, the used constants are fixed for all cases. They
are presented in Table 1.
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Table 1. Constants used for buckling length factor calculation

Chord constant Brace constant
A B C D E F
1.25 -0.60 1.05 0.025 0.14 0.00

Due to the small dimensions of the verticals, and thus low g values, the joint stiffness for
the verticals has not been taken into account — it is assumed to be zero. The buckling
length of the verticals is assumed equal to Ly, ,.

Lsys,O

I—sys,z

)

\&
1

|
1 |
I
!

Figure 3. Definition of system lengths

The joint stiffnesses and the buckling length obtained using the method presented above
are fed to frame3D. A static analysis is performed for half of the truss since both the struc-
ture and the considered loads are symmetric. The supports used in the static analysis are
presented in Figure 4.

Vaiiia

Figure 4. Supports of the half-truss

The results of the static analysis allow verification of member resistance, following EN
1993-1-1 [EN 1993-1-1, 2005], and joint resistance following EN 1993-1-8, Section 7.5 [EN
1993-1-8, 2005]. The resistance check of the members is performed using built-in functions
of frame3D [Jalkanen, 2007] while self-written Matlab functions are used for the connec-
tions.

Other constraints imposed on the truss geometry are the ones caused by the manufacturing
technology. The gap between neighbouring welds is at least 20 mm, and the angle between
two members welded together is at least 30 degrees. The serviceability limit state is not
taken into consideration — it is assumed that the truss can be manufactured with sufficient
pre-camber to comply with the required deflection limitations.
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4 OPTIMIZATION

This chapter briefly presents the optimization problem considered in this study and the prin-
ciples of the used algorithm. It also presents the procedure of the objective function calcula-
tion.

4.1 Optimization problem

The goal of optimization is to find proper cross-sections for members and the best truss
topology and dimensions to minimise the cost of truss manufacturing. At the same time, the
obtained solution has to comply with all code and manufacturing requirements.

The first variable considered in the optimization of a truss is the cross-section used for
individual members. For the sake of simplicity — of the analysis as well as real truss
production — the members have been divided into several groups of the same cross-
section. In this study, all the members of the top chord have one cross-section and all the
members of the bottom chord have another. The problem is bigger with diagonals — the
forces acting on them are greatest near the support and gradually decrease towards the
middle of the truss. The required profile also depends on the sign of the axial force. If the
diagonal is in compression, its stability plays a key role in resistance, and the required
profile is bigger. The best solution would be to have a different profile for each diagonal, but
some limitations need to be imposed here. Independent of their number, the diagonals are
divided into three groups. The first diagonal from the support has one cross-section, the
second another cross-section, while the rest of the diagonals have a third one. Due to their
low mass, all the verticals used have the same cross-section.

This study investigates only rectangular hollow sections (RHS). The profiles used for mem-
bers are taken from the list of products available on the market. The full list was reduced to
contain only profiles that fulfil the basic requirements for the lattice girders. In this case it
means that only class 1 and 2 cross-sections can be used. The library of the profiles used
in this study is presented in the Appendix.

Because of the limit imposed on the number of different cross-sections used in the truss,
some of the profiles may not be utilised well (see Sec. 5.1.1). For example, the top chord,
whose mass constitutes 40 to 50 % of the truss mass (see Sec. 5) has the highest utilisa-
tion ratio in the middle of the truss span and a very low one near the supports. That is very
uneconomical and requires geometry optimization. The buckling length of the top chord
near the support can be increased while it can be decreased at mid-span by using alter-
nated diagonal and vertical distribution. The same problem occurs with compressed diago-
nals, which can be shortened at the cost of extending the tensioned diagonals.

The truss divides into several cells whose dimensions can be adjusted to attain the mini-
mum cost of the truss. In this research, three parameters are used to describe the propor-
tions and shape of the cells. The default layout of the truss is presented in Figure 5. The
width of all 4 cells (measured in the horizontal direction) is the same. This initial layout is
then altered with the introduction of parameters a, b and c.

Parameter a is the relative location of point B between points A and C. Itis in the 0.0 to 1.0
range, where 0.0 means that point B is in the same location as point A, and 1.0 means that
point B is in the same location as point C.
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Parameter b describes the proportions between sections |BC|, |CD| and |DE|. If the pa-
rameter is, say, 0.9, then section |[BC| is 0.9 times section |CD| and 0.9*0.9 times section
|DE]|. It should be mentioned that only the proportions vary — the total length of section |BE|
remains constant. In the example drawing in Figure 5, the value of b is 1.0, which means
that all the cells are of the same width.

Parameter c is responsible for the location of point F between points A and B, point G be-
tween B and C, and so on. It can vary between 0.0 and 1.0 in the same way as parameter
a.

In optimization, the variation ranges of the parameters are limited.

0.0 a 1.0

b*|BC]| |CD| IDE|/b

00 © 10,00 © 1000 © 10 ]00 © 10

Vedeia

Figure 5. Parametric description of the truss proportions

The last variable taken into account in optimization is truss height (h). It is the true height of
the truss — from the bottom surface of the bottom chord to the top surface of the top chord.
The used value is measured at the support. The slope of the top chord (roof) is fixed and
set to 1:20 (value assumed in MORA project) so the maximum truss height in the middle of
the span depends on span length. In some of the cases considered in this study h is fixed.

4.2 Optimization algorithm

The Particle Swarm Optimization (PSO) algorithm is used in this study. The algorithm imi-
tates the movement of a swarm of bees in search of food. A population of individuals flies
through the design space in search of the minimum. The particle that finds the best result
shares the information with the others. Each individual also remembers the best place that
it has found earlier. Based on the directions to these two points, and the direction in which
the particle is currently moving, a new step for the particle is created. The vector (vi,,) by
which particle i moves at iteration round k + 1 is described by Equation 6.

Viyr = wvl +on(ph — xb) + coru(py — xk) (6)

w is the inertia of the particle while v/ is the velocity from iteration number k. The initial
particle’s inertia is set to 1.4 in this research. If there is no improvement in the objective
function in 5 consecutive iterations, the inertia gets reduced by a factor of 0.8. ¢; and ¢, are
the factors controlling cognitive and collective behaviours respectively — they control how
much the particle trusts itself and how much the group, they are both set to 2.0 in this study.
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r, and r, are random factors varying between 0 and 1. pi is the best location found so far
for particle i and pﬁ is the best location found so far for the whole swarm.

A graphical representation of the position updating is shown in Figure 6.

A

=0

ep

Figure 6. Calculation of the new position of particle i

Earlier researches [Jalkanen, 2007; Bzdawka, 2012] have shown that PSO is well suited for
highly non-linear mixed integer problems. This algorithm is increasingly popular in structural
optimization due to its ease of use and high reliability.

4.3 Objective function

The objective function in optimization is the total manufacturing cost of the truss. The cost
function is used in the same form as in [Jalkanen, 2007] and [Jarmai & Farkas, 1999] as
presented in Equation 7.

K=Kn+K=kpxm+ke X T; (7)
Where:
. K is the total material cost [€],
o K¢ is the total fabrication cost [€],
o km is the unit material cost [€/kg],
o m is the mass of all the elements [kg],
o ks is the unit fabrication cost [€/min],

o T; is the duration of the production stage i [min].
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The unit material cost of steel used in the optimization is k,, = 1.50 €/kg [Haapio, 2012]
The unit fabrication cost kf is calculated from the proportion k¢ /k,, = 1.5 kg/min, which is
the maximum value for Western Europe [Jalkanen, 2007]. Thus the fabrication cost used in
the calculation is k; = 2.25 €/min.. The durations of each stage are as in [Jalkanen, 2007]:

T, = C,04Vkm (8)

T, is the preparation, assembly and tack welding time, C; is a constant setto 1, 0,4
is a difficulty factor set to 3 [Jarmai & Farkas, 1999], k is the number of structural
elements and m is the mass;

T, + T3 =13%Y;Cpaf Ly, 9)

T, + T;are the times required for welding and additional fabrication tasks such as
changing the electrode, deslagging and chipping, i is the number of the considered
weld, C,,=0.4 and i = 2 are factors depending on the welding technology — the

values used in this study are for GMAW-C welding [Jalkanen, 2007], a,, and L,, are
the size [mm] and length [m] of the weld, respectively. The weld thickness in this
study is 1.2 times the wall thickness of the member.

T, = staspAs (10)

T, is the surface preparation time, 0,4, = 2.0 is the difficulty factor [Jalkanen, 2007],
asp =3 min/m? is the preparation speed, and A; is the total area that needs to be
cleaned, given in [m?;

Ts = Ogp(age + arc)As (11)

Ts is the painting time, @4, = 2.0 is the difficulty factor for painting [Jalkanen, 2007],
agc = 3 min/m* and a,, = 4.15 min/m? are the speeds [Jarmai & Farkas, 1999] and
A, is the total area that needs painting, given in [m?];

Te = Ogc X L, (4.5 + 0.4t7) (12)

T, is the cutting and edge grinding time, ©,4. = 2.0 is the difficulty factor for cutting
(single cut for all ends, no overlapping members) [Jalkanen, 2007], L., is the length
of the cut [m] measured along the midline of the cross-section wall, t; is the wall
thickness [mm].
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5 RESULTS

This study investigated 5 different topologies of trusses — Figure 7. All of these topologies
were investigated for the S 355 steel grade [EN 1993-1-1, 2005] and 3 also for the S 420
steel grade. The only difference between the steel grades was yield strength; the price was
kept the same. Higher yield strength gives tensioned members higher resistance but at the
same time makes compressed members more slender resulting in lower resistance to com-
pression. The comparison of S 355 to S 420 is intended to show which of the above results
has a bigger influence on total truss cost — which results in a lower cost.

It should be noted here that, since in all the cases only half of the truss is considered, the
costs [€] and the manufacturing times [min] of the results also apply only to half of the truss.
Therefore, only 50 % of the top chord weld in the middle of the truss is included in the cost
and time calculation.

3V

Viizia

4V

N
LS

ANAVAVA
R VAVAVAVA
R VAVAVAYAV

Figure 7. Considered topologies

Figure 7 presents the considered topologies: 3V and 4V have verticals that prevent the top
chord from buckling, topologies 3, 4, 5 do not. The analysis using S 420 steel was per-
formed for topologies 3V, 4V and 4.



5.1 Trusses with verticals

The following subsection presents the results of the optimization of topologies with verticals:
3V and 4V. The reference truss is presented first: the 4V topology made of S 355 with fixed

height and even cell divisions.

5.1.1 Reference truss

A reference truss was considered first. With a span of 24 m, the truss had a fixed height at
the support h = 2.00 m. With a roof slope of 0.05 this gave a maximum truss height in the
middle of the span of 2.60 m. The three parameters a, b, ¢ (described in Section 4.1) are
assumed constant and are 0.5, 1.0 and 0.5 respectively. This gave a truss with even cell
divisions — Figure 8. The only variables in the optimization were the 6 profiles used for the 6

different cross-sections.

The optimization was run 20 times with 50 particles and 100 iterations. The initial population
was created randomly and at least 5 particles had to be feasible. The profiles were in the

Figure 8. Optimized reference truss
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ranges presented in Table 2. The size of the design space is nearly 912 min.

Table 2. Profile library limits for the reference truss

Lower limit

Upper limit

Top chord section
Bottom chord section

Diagonal section 3
Vertical section

Diagonal section 1 (leftmost)
Diagonal section 2 (second from the left)

SHS 100x100x4.0
SHS 100x100x4.0
SHS 60x60x3.0
SHS 60x60x3.0
SHS 50x50x2.0
SHS 30x30x3.0

SHS 300x300x12.5
SHS 300x300x12.5
SHS 120x120x10.0
SHS 120x120x10.0
SHS 120x120x10.0
SHS 70x70x5.0

The profiles found to yield the lowest cost are presented in Table 3. Table 3 also shows the

obtained cost and mass of the half-truss.

Table 3. Best found solution for the 4V reference truss

support height cost mass Profiles
[m] [€] [kg] top bottom 1 2 3 vertical
2.00 3140.9 758.9 | SHS 120x120x8.0 [ SHS 100x100x8.0 [ SHS 90x90x4.0 | SHS 90x90x5.0 | SHS 90x90x3.0 | SHS 50x50x2.0
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Figure 9. Cost breakdown of the reference truss

The cost analysis performed for the reference truss gave the quite surprising result that
welding cost is only 5 % of the total. The welding times determined by the goal function
were matched with the welding speed specified by [Lukkari, 1997] and were found corre-
late. On the other hand, the share of material of total cost was 36 % — about as expected.

512 S355

This subsection presents the results of analyses performed for the 3V and 4V truss topolo-
gies using S 355 steel grade. At first three different heights of the 3V truss were analysed:
1.50, 1.75 and 2.00 m. The profiles library for the members was kept the same as for the
reference truss. The three geometry parameters varied as follows:

J ain the range 0.5 — 0.8 in steps of 0.005,
o b in the range 0.9 — 1.1 in steps of 0.005,
o c in the range 0.5 — 0.7 in steps of 0.005.

These varying parameters gave a design space of ~93.5*10'%. The number of optimization
runs was increased to 30 and the number of particles was doubled to 100, of which 10 had
to be feasible in the initial population. The number of iterations was kept the same as with
the reference truss —100.

After the three analyses with fixed truss height another was run with h varying within the
range 1.50 — 2.00 m in steps of 1 cm. The results were not good and the lowest cost found
for the variable height was higher than the cost found for 2.0 m. Thus, it was decided to
increase the spectrum of investigated truss heights. Another truss analysis was performed
in the height range of 1.50 — 2.50 m. The lowest cost was obtained for h = 2.28 m. For the
sake of comparison, one more analysis was also performed for a truss with fixed h equal to
2.50 m.

The geometries of five of the considered trusses are presented in Figure 10. The results of
the analysis with height varying between 1.50 and 2.00 m are omitted in this summary.



h=150m
h=1.75m
h=2.00m
h=2.28m
OPTIMIZED
h=250m
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Figure 10. Best found geometries for different heights of the 3V truss

The profiles used in all of the 5 above trusses are presented in Table 4. The table also pre-
sents the cost and mass of each half-truss. Cost and mass data are also presented in the
form of a plot in Figure 11. The figure shows that both mass and cost drop as truss height
increases until h = 2.28 m. This is the point where the lowest cost was found. After that the
cost starts to increase with increasing height.

Table 4. Optimization results for the 3V truss with different support heights

support height cost mass Profiles
[m] [€] [ke] top bottom 1 2 3 vertical
1.50 2880.3 756.3 | SHS 120x120x10.0 | SHS 100x100x8.0 | SHS 80x80x5.0 | SHS 100x100x4.0 | SHS 80x80x3.0 | SHS 60x60x2.0
1.75 2684.3 680.1 SHS 120x120x8.0 | SHS 100x100x8.0 | SHS 80x80x5.0 | SHS 100x100x4.0 | SHS 70x70x3.0 | SHS 60x60x2.0
2.00 2605.0 638.3 SHS 120x120x8.0 | SHS 100x100x6.0 | SHS 90x90x4.0 | SHS 100x100x4.0 | SHS 70x70x3.0 | SHS 60x60x2.0
2.28 2523.2 586.2 SHS 120x120x6.0 | SHS 100x100x6.0 | SHS 100x100x4.0 | SHS 100x100x4.0 | SHS 70x70x3.0 | SHS 60x60x2.0
2.50 2602.6 591.7 SHS 120x120x6.0 | SHS 100x100x5.0 | SHS 100x100x4.0 | SHS 100x100x5.0 | SHS 70x70x3.0 | SHS 60x60x3.0
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Figure 11. Cost and mass of 3V half-truss as a function of height.

Figure 12 presents the distribution ratios of the mass into different elements. It can be seen
that the mass of the top and bottom chord decreases as height increases and the mass of
the bracings increases gradually all the time. The increase in the bracings’ mass is highest
during the last step: from h = 2.28 m to h = 2.50 m. At this point it is actually so high that it
is bigger than the savings in both chords together and the total mass starts to increase.

A rough comparison of the element masses to the total half-truss mass shows that the top
chord mass is reduced from 50 to 40 %, the bottom chord is reduced from 30 to 25 %, and
the bracings are increased from 20 to 35 % between the extreme values of h.
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Figure 12. Mass distribution of the 3V half-truss

An analysis similar to that for the 3V truss was performed for the 4V topology. There, again,
the truss was first optimized with 3 different values of fixed height at the support: 1.50 m,
1.75 m and 2.00 m. After that the truss was optimized with h varying between 1.50 and 2.00
m. In this case, the lowest cost was found for the varying height which was about in the
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middle of the considered range. Thus, truss heights greater than 2.00 m were not investi-

gated.
h=150m
h=171m
OPTIMIZED
h=175m
h=2.00m

Figure 13. Best found geometries for different heights of 4V truss

The profiles chosen for the members of the truss, presented in Table 5, do not show as
great variety as the ones found for the 3V truss. Table 5 shows that the profile chosen for
the top chord is the same in all cases. For the bottom chord it is the same for all but one —
the case where the height at the support is the lowest. The profiles chosen for the diagonals
and verticals are almost exactly the same in all the cases.

Table 5. Optimization results for the 4V truss with different support heights

support height cost mass Profiles
[m] €] [ke] top bottom 1 2 3 vertical
1.50 2976.4 717.8 SHS 120x120x8.0 | SHS 140x140x6.0 | SHS 100x100x4.0 | SHS 90x90x4.0 | SHS 70x70x3.0 | SHS 50x50x2.0
171 2854.2 697.9 | SHS120x120x8.0 | SHS 100x100x8.0 [ SHS90x90x4.0 | SHS 90x90x4.0 | SHS 70x70x3.0 | SHS 40x40x3.0
175 2855.3 693.2 | SHS120x120x8.0 | SHS 100x100x8.0 [ SHS90x90x4.0 | SHS 90x90x4.0 | SHS 70x70x3.0 | SHS 50x50x2.0
2.00 2898.9 703.8 SHS 120x120x8.0 | SHS 100x100x8.0 | SHS90x90x4.0 | SHS90x90x4.0 | SHS 70x70x3.0 | SHS 50x50x2.0

Figure 14 presents the half-truss cost and mass as functions of support height. The lowest
cost is found for height 1.71 m but it does not correspond to the lowest mass that is found
forh=21.75m.



18 (28)

3000,0 \ 800,0

2900,0 e —— l 780,0
— 2800,0 7600 o8
w =
@ 2700,0 7400 @
= S
£ 26000 I\ 7200 *+
- <
= 25000 g _— B 7000 ¥
e —
C_U (5]
£ 2400,0 680,0 <
5 ——[¢] ©
+ 2300,0 660,0 o
S 8= [kg] g
O 2200,0 640,0

2100,0 620,0

2000,0 . ; . . 600,0

1,50 1,60 1,70 1,80 1,90 2,00
Truss height at the support [m]

Figure 14. 4V half-truss cost and mass as a function of height

Figure 15 presents the distribution of mass. The changes with the varying height are much
smaller than for the 3V truss: The top chord is at an almost constant level of ~45 %, the
bottom chord varies between 30-35 %, and the bracings between 20-25 %.
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Figure 15. Mass distribution of the 3V half-truss

The parameters determining the shape of both 3V and 4V trusses are presented in Table 6.
While it is rather difficult to draw consistent conclusions from the parameters for the 3V
topology, those for 4V follow a clearer pattern.

Parameter a increases so that the first diagonal gets longer and longer. At the same time,
the bottom chord, constituting the same (or bigger) percentage of the mass as all the brac-
ings together, gets shorter and shorter. The only thing that prevents parameter a from going
all the way to the maximum level is the 30° angle limit imposed on the connection between
the diagonal and the bottom chord.

For 4V, parameter b has a value greater than 1.0 only in the case of the 1.50 m high truss,
where the compressive forces in the top chord are large and it is necessary to prevent it
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from buckling. For larger truss heights, b has lower values, which indicates that the stability
of the top chord is no longer a problem and the algorithm tends to reduce the length of the
compressed diagonals by reducing parameter b and increasing parameter c. In the case of
the largest truss heights, the ¢ parameter has the maximum allowed value.

Table 6. Best found shape parameters

support height a b c
1.50m 0.500 0.900 0.500
3V 1.75m 0.620 0.945 0.555
2.00m 0.620 0.915 0.615
2.28 m 0.625 1.025 0.550
2.50m 0.665 0.900 0.570
support height a b c
1.50m 0.640 1.025 0.580
4\ 1.71m 0.625 0.950 0.645
1.75m 0.655 0.980 0.700
2.00m 0.715 0.900 0.700

Compared to the reference truss, the best found 4V gives 7.3 % savings in mass and 7.7 %
savings in cost. The total mass savings in kilograms is 55.0, most of which (57 %) comes
from the bottom chord and the rest from bracings. The mass of the top chord remains the
same since the used profile is the same but the utilisation ratio increases from 81 % to 99
%.

5.1.3 S420

The use of steel grade S 420 was also investigated. The steel considered was duo steel — it
fulfils the requirements for both grades: S 355 and S 420 and can represent either one.
When treated as S 420, it has higher yield strength but at the same time higher slenderness
than S 355. This may result in lower resistance of some compression elements. The ques-
tion arises: which one is more economical to use in a truss where the compressed top
chord constitutes 40-50 % of the total material mass. This subsection presents the results
of optimization of the 3V and 4V trusses made of S 420 steel.

In the case of S 420 steel, different values of predetermined truss height are not studied.
The optimization is made only for the truss of variable height at the support. The number of
runs, particles and iterations is the same as in the S 355 analyses. The limits imposed on
the variables are the same so the size of the design space is also the same.

Figure 16 presents the best found geometries of the S 420 trusses compared to those ob-
tained for S 355. The figure shows that, for both topologies, truss height is reduced, for 3V
very significantly, and that the bottom chord is longer — giving more mass. Although the
bottom chord, constituting a substantially large part of the total mass, is longer, savings in
both mass and cost are achieved (Table 7).

The profiles used for the cross-sections presented in Table 7 show that smaller sections
could be used for both top and bottom chords with S 420.
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Figure 16. Best found geometries for S 355 and S 420 grade trusses

Table 7. Comparison of best found 3V and 4V geometries made of S 355 and S 420 steels

Steel | Topo-| Height| Cost Mass Profiles

grade | logy | [m] [€] [kg] top bottom 1 2 3 vertical
$355| 3V 2.28 | 2523.2 | 586.2 | SHS 120x120x6.0 | SHS 100x100x6.0 | SHS 100x100x4.0 [ SHS 100x100x4.0 | SHS 70x70x3.0 | SHS 60x60x2.0
S420| 3V 2.02 | 2369.2 | 554.0 | SHS 100x100x8.0 | SHS 100x100x5.0 | SHS 70x70x4.0 | SHS 100x100x4.0 [ SHS 70x70x3.0 | SHS 60x60x2.0
S355( 4v 1.71 | 2854.2 | 697.9 | SHS 120x120x8.0 | SHS 100x100x8.0 [ SHS 90x90x4.0 SHS 90x90x4.0 | SHS 70x70x3.0 | SHS 40x40x3.0
S420( 4v 1.67 | 2574.7 | 585.4 | SHS 100x100x8.0 | SHS 100x100x6.0 [ SHS 80x80x4.0 SHS 90x90x4.0 | SHS 70x70x3.0 | SHS 50x50x2.0

The changes in height, cost and mass for the best found trusses, for 3V and 4V topologies,
are presented in Figure 17. All these three characteristics decrease with an increase in
steel yield strength from 355 to 420 MPa. The reductions are up to 16 %.

(m] Best found truss height (€] Lowest found half-truss ) Lowest found half-truss
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Figure 17. Changes in the main characteristics of the truss as a function of yield strength



5.2 Trusses without verticals

The other type of truss taken into consideration had no verticals. The half-truss was divided
into 3, 4 or 5 cells (Figure 7). The height of the truss at the support was variable in all
cases. The bottom limit for height was lowered to 1.20 m, and the step was increased from
1 cm to 5 cm. The limits on the profiles for the members were kept the same as in the
previous analyses for the truss with verticals. The only exception were the verticals that
were completely excluded from the analysis. The geometry parameter a was limited to
between 0.5 and 0.7. Thus the design space was ~77.6*10*. The number of PSO runs,
population size and number of iterations was kept the same as in the study of the 3V and

4V trusses.

All three topologies were investigated for steel grade S 355. The most cost effective one
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was then chosen to be optimized with the S 420 steel grade.

5.2.1 S355

The geometries of the solution that yielded the lowest cost are presented in Figure 18.

h=1.85m
h=1.60m
h=1.65m

Figure 18. The best found geometries for the S 355 truss without verticals

The profiles used in the above trusses are presented in Table 8. The cost and mass of each
half-truss are also presented. The plots of cost and mass as functions of the number of di-
visions are presented in Figure 19. The lowest cost was found for the truss divided into 4

cells. The lowest half-truss mass was found in the case of 5 divisions.

Table 8. Optimization results for 3, 4 and 5 topologies

Topo-| Height Cost Mass Profiles
logy [m] €] [kg] top bottom 1 2 3
3 1.85 2814.3 785.3 | SHS 160x160x8.0 | SHS 100x100x8.0 [ SHS 100x100x4.0 | SHS 100x100x5.0 | SHS 70x70x3.0
4 1.60 2760.6 730.4 | SHS 140x140x8.0 | SHS 100x100x8.0 [ SHS 100x100x4.0 [ SHS 90x90x4.0 | SHS 70x70x3.0
5 1.65 2885.4 710.3 | SHS 120x120x8.0 | SHS 100x100x8.0 [ SHS 80x80x5.0 | SHS 100x100x4.0 | SHS 80x80x3.0




22 (28)

3000,0 800,0

2900,0 !\ / 780,0
o 28000 &‘v 760,0 E
¥ 2700,0 7400 @
3 \.\ e
5 2600,0 7200 +
) ’ (]
2 " 2
¥ 2500,0 7000 *
‘© ©
£ 2400,0 680,0 £
e 3
£ 2300,0 6600 @
o == [€] ©
O 22000 el 6400

=i [kg
2100,0 620,0
2000,0 ; ; ; 600,0
2 3 4 5 6

Number of cell divisions

Figure 19. Cost and mass of S 355 truss without verticals as a function of the number of divi-
sions

Figure 20 presents the distribution of mass. It can be clearly seen that for the truss where
the top chord is not supported as densely as in trusses with verticals, the share of the mass
constituted by the top chord is much greater.

The mass of the top chord is 56, 52 and 45 % for 3, 4 and 5 cells, respectively. The mass of
the bottom flange stays roughly the same since the height does not change much. Its share
changes from 26 to 31 % mainly due to the reduction of total mass. On the other hand, the
part of the mass constituted by the bracings increases from 17 to 24 %.
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Figure 20. Mass distribution of a half-truss without verticals

The parameters that define the geometries of all 3 considered trusses are presented in Ta-
ble 9. It can be seen that the value of parameter a increases with the number of cells until it
reaches the upper limit of 0.7 for a truss with 5 cells. For other trusses, parameter a also
assumes the highest value that still complies with the requirement of a 30° angle between
the diagonal and the bottom chord. Parameter b does not show any distinct pattern in this
case, parameter c yields the maximum value for trusses with 3 and 5 cells and almost the
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same for 4 cells. The last one shows that the program tries to shorten the buckling length of
the compressed diagonals.

Table 9. Geometry parameters found for the truss without verticals

number of cells a b c
3 0.525 1.010 0.700
4 0.630 0.965 0.670
5 0.700 1.045 0.700

5.2.2 S420

This subsection presents the results obtained from an analysis performed for the truss
without verticals, divided into 4 cells — similar to the one found in Section 5.2.1. The only
difference here is the grade of steel the truss is made of — it is now S 420. The variables
used in the optimization, the number of runs, particles and iterations, and all the control
parameters are kept the same as in previous analyses. In Figure 21, the geometry that was
found to yield the lowest cost is compared to the best one found for S 355 grade steel.

2~
S 355 N
h=1.60m

0~

2~
S 420
h=1.65m

0~

Figure 21. Comparison of the best found solutions for 4 cell trusses made of S 355 and S 420

A more detailed comparison presenting the profiles used in both cases shows that the use
of higher-strength steel allowed the reduction of the bottom chord cross-section, resulting in
substantial material savings. The savings for the bottom chord itself is 23 %, which means
5.9 % for the whole structure — although in the S 420 case the diagonals were 4.6 % heav-
ier. The cost savings amount to 2.9 %.

It should also be noted that in this case the top chord cross-section does not change due to
stability reasons, as it did in the case of the truss where the top chord was supported more
densely and stability did not determine the design.

Table 10. Comparison of the best found 4 cell trusses made of S 355 and S 420 steels

Steel | Height Cost Mass Profiles Parameters
grade| [m] [€] [ke] top bottom 1 2 3 [1] [1] [1]
S355] 1.60 | 2760.6 | 730.4 | SHS 140x140x8.0 | SHS 100x100x8.0 | SHS 100x100x4.0 | SHS 90x90x4.0 | SHS 70x70x3.0 | 0.630(0.965|0.670
S420] 1.65 | 2680.4 | 687.2 | SHS 140x140x8.0 | SHS 100x100x6.0 [ SHS 100x100x4.0 | SHS 90x90x3.0 | SHS 60x60x4.0 | 0.6400.900( 0.685

Compared to the results obtained for the 4V topology, the truss without verticals is 4.1 %
more expensive and 17.4 % heavier. Compared to the 3V truss made of S 420, these dif-
ferences increase to 13.1 % in cost and 24.0 % in mass.
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6 CONCLUSIONS

The first conclusion that comes to mind is that trusses made of higher grades of steel are
more economical in many senses. The costs of such trusses for both considered types —
with and without diagonals were found to be lower when S 420 is used. It should be noted
that in this study the cost of steel is assumed to be the same for both S 355 and S 420. The
mass of the truss was found to be lower — meaning savings in material and easier handling
at the construction site and during transportation. The height of the truss was also lowered
due to the use of S 420 steel. This could result in savings in the building’s envelope due to
lower walls as well as reduced volume of the building.

The cost analysis showed that the assembly plus preparation and tack welding (20-25 %)
account for the second largest share of the total cost after material (30-40 %). The cost of
welding was found to be very low: 5-7 %. The assembly cost function was found to be very
sensitive to the number of elements. Therefore, it is not recommended to use too many
bracings (too many cell divisions).

On the other hand, when considering material use, it appears that most of the material, ~50
%, is located at the compressed top chord. Supporting that chord to prevent its buckling
allows reducing its cross-section which brings material savings. Considering a truss without
verticals, the top chord is supported only where it is connected to diagonals. Doubling the
amount of supports requires verticals. If the doubling were to be achieved by means of di-
agonals, their number would have to be doubled. This means introducing two times more
extra elements than for the truss with verticals. More elements would increase assembly
costs significantly.

Figure 22 presents a comparison of the currently used solution and the changes that are
proposed as a result of this research. In the current solution, the truss is divided into a
number of cells of equal width. In such a case, the top chord has the highest utilisation ratio
in the middle of the span where the axial force is the greatest. It is proposed that the first
cell from the support be made wider than the rest. This would change the buckling length of
the top chord close to the support and allow higher utilisation ratios.

Another proposal is to move the location of the vertical in each cell towards the middle of
the truss — to make the division uneven. This would result in shorter buckling lengths for
compressed diagonals whereby the same profiles could perhaps be used in both com-
pressed and tensioned diagonals.

The leftmost diagonal should also be considered more part of the chord by making it longer,
more horizontal and perhaps even of the same cross-section as the bottom chord. Design-
ing another connection between this element and the bottom chord would allow eliminating
the small cantilever of the currently produced trusses.
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Figure 22. Comparison of current and proposed solutions

Comparison of the reference truss and the best found solution shows that significant sav-
ings can be achieved in both cost and mass. Starting with the reference truss with equal
distances between joints at the top chord — S 355 steel grade and 2.00 m height, half-truss
weight of 759 kg (10.5 kg per square metre of floor area) and a cost of 3141 € (43.6 €/m?) —
we ended up with the 3V topology, S 420 steel grade that weighs 554 kg (7.7 kg/m?) and
costs 2369 € (32.9 €/m?) with a height of 2.02 m. It means 27.0 % savings in mass and 24.6
% savings in cost. The minimum weight trusses corresponded closely to minimum cost
trusses. The comparison of the utilisation ratios of the members and joints of the reference
truss and the best found solution are presented in Table 11. Table 12 presents a compari-
son of the variables used in the optimization: the obtained result together with the imposed
limits. Note that parameters a, b, ¢ and truss height are fixed in the optimization of the ref-
erence truss.

Table 11. Comparison of utilization ratios of the reference truss and the best found solution

Top chord Bottom chord Diagonal 1 Diagonal 2 Diagonal 3+ Vertical
Section Section Section  Joints | Section Joints | Section Joints | Section Joints
Reference truss 0.805 0.767 0.726 0.963 0.997 0.963 0.862 0.857 0.724 0.950
Best found solution 0.998 0.945 0.976 0.976 0.937 0.937 0.980 0.924 0.644 0.786

Table 12. Comparison of variables of the reference truss and the best found solution

Reference truss Best found solution
Minimum Found Maximum Minimum Found Maximum

Top chord section SHS 100x100x4.0 | SHS 120x120x8.0 | SHS 300x300x12.5 || SHS 100x100x4.0 | SHS 100x100x8.0 | SHS 300x300x12.5
Bottom chord section SHS 100x100x4.0 | SHS 100x100x8.0 | SHS 300x300x12.5 || SHS 100x100x4.0 | SHS 100x100x5.0 | SHS 300x300x12.5
First diagonal section SHS 60x60x3.0 SHS 90x90x4.0 | SHS 120x120x10.0 SHS 60x60x3.0 SHS 70x70x4.0 | SHS 120x120x10.0
Second diagonal section SHS 60x60x3.0 SHS 90x90x5.0 | SHS 120x120x10.0 SHS 60x60x3.0 SHS 100x100x4.0 | SHS 120x120x10.0
Third and further diagonal SHS 50x50x2.0 SHS 90x90x3.0 | SHS 120x120x10.0 SHS 50x50x2.0 SHS 70x70x3.0 | SHS 120x120x10.0
Vertical section SHS 30x30x3.0 SHS 50x50x2.0 SHS 70x70x5.0 SHS 30x30x3.0 SHS 60x60x2.0 SHS 70x70x5.0
Parameter a 0.500 0.500 0.500 0.500 0.590 0.800
Parameter b 1.000 1.000 1.000 0.900 1.000 1.100
Parameter C 0.500 0.500 0.500 0.500 0.515 0.700
Height at the support [m] 2.00 2.00 2.00 1.50 2.02 2.50
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The size of eccentricities e (Figure 1) for all the K-joints in both the reference truss and the
best found solution are presented in Figure 23. All the eccentricities are positive meaning
that the point where the axes of the diagonals cross is outside the area limited by the axes
of the chords. The values of e increase with the increasing number of cells.

Reference
truss

Best found
truss

e=23mm

Figure 23. Eccentricities of K-joints in reference and the best found trusses

Another interesting solution is the 4V made of S 420 steel, weighing 585 kg and costing
2575 Euros. It is not the most cost-efficient truss but it is only 1.67 m high. This 350 mm
height reduction compared to the 3V solution may mean, in some cases, considerable sav-
ings in the form of reduced wall area of the building.

To summarize: it is recommended to use trusses with verticals because with a competitive
number of supports for the top chord they have a lower number of elements and thus lower
assembly costs. More analyses need to be conducted to determine the best number of divi-
sions. In this research, only one span length and only one value of the loads were consid-
ered. To come up with more detailed but yet general recommendations for truss design,
more cases have to be investigated.
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APPENDIX: full list of used SHS profiles arranged by cross-section area

. Height | Width Wall thickness Mass per meter Cross-section area
Number Cross-section
[mm] | [mm] [mm] [kg/m] [em?]
1 SHS 25x25x3.0 25 25 3.0 1.9 241
2 SHS 40x40x2.0 40 40 2.0 23 2.94
3 SHS 30x30x3.0 30 30 3.0 24 3.01
4 SHS 50x50x2.0 50 50 2.0 2.9 3.74
5 SHS 40x40x3.0 40 40 3.0 33 4.21
6 SHS 60x60x2.0 60 60 2.0 3.6 4.54
7 SHS 40x40x4.0 40 40 4.0 4.2 5.35
8 SHS 50x50x3.0 50 50 3.0 43 5.41
9 SHS 60x60x3.0 60 60 3.0 5.2 6.61
10 SHS 50x50x4.0 50 50 4.0 5.5 6.95
11 SHS 70x70x3.0 70 70 3.0 6.1 7.81
12 SHS 50x50x5.0 50 50 5.0 6.6 8.36
113 SHS 60x60x4.0 60 60 4.0 6.7 8.55
14 SHS 80x80x3.0 80 80 3.0 7.1 9.01
15 SHS 70x70x4.0 70 70 4.0 8.0 10.15
16 SHS 90x90x3.0 90 90 3.0 8.0 10.21
17 SHS 60x60x5.0 60 60 5.0 8.1 10.36
18 SHS 80x80x4.0 80 80 4.0 9.2 11.75
19 SHS 70x70x5.0 70 70 5.0 9.7 12.36
20 SHS 90x90x4.0 90 90 4.0 10.5 13.35
21 SHS 80x80x5.0 80 80 5.0 11.3 14.36
22 SHS 100x100x4.0 100 100 4.0 11.7 14.95
23 SHS 90x90x5.0 90 90 5.0 12.8 16.36
24 SHS 110x110x4.0 110 110 4.0 13.0 16.55
25 SHS 80x80x6.0 80 80 6.0 13.2 16.83
26 SHS 120x120x4.0 120 120 4.0 14.3 18.15
27 SHS 100x100x5.0 100 100 5.0 14.4 18.36
28 SHS 90x90x6.0 90 90 6.0 15.1 19.23
29 SHS 110x110x5.0 110 110 5.0 16.0 20.36
30 SHS 100x100x6.0 100 100 6.0 17.0 21.63
31 SHS 120x120x5.0 120 120 5.0 17.6 22.36
32 SHS 140x140x5.0 140 140 5.0 20.7 26.36
33 SHS 120x120x6.0 120 120 6.0 20.8 26.43
34 SHS 100x100x8.0 100 100 8.0 214 27.24
35 SHS 150x150x5.0 150 150 5.0 223 28.36
36 SHS 140x140x6.0 140 140 6.0 24.5 31.23
37 SHS 150x150x6.0 150 150 6.0 26.4 33.63
38 SHS 120x120x8.0 120 120 8.0 26.4 33.64
39 SHS 160x160x6.0 160 160 6.0 28.3 36.03
40 SHS 140x140x8.0 140 140 8.0 314 40.04
41 SHS 120x120x10.0 120 120 10.0 31.8 40.57
42 SHS 180x180x6.0 180 180 6.0 321 40.83
43 SHS 150x150x8.0 150 150 8.0 34.0 43.24
44 SHS 160x160x8.0 160 160 8.0 36.5 46.44
45 SHS 150x150x10.0 150 150 10.0 413 52.57
46 SHS 180x180x8.0 180 180 8.0 41.5 52.84
47 SHS 160x160x10.0 160 160 10.0 44.4 56.57
48 SHS 200x200x8.0 200 200 8.0 46.5 59.24
49 SHS 150x150x12.5 150 150 12.5 48.7 62.04
50 SHS 180x180x10.0 180 180 10.0 50.7 64.57
51 SHS 200x200x10.0 200 200 10.0 57.0 72.57
52 SHS 250x250x8.0 250 250 8.0 59.1 75.24
53 SHS 200x200x12.5 200 200 12.5 68.3 87.04
54 SHS 250x250x10.0 250 250 10.0 72.7 92.57
55 SHS 250x250x12.5 250 250 12.5 88.0 112.04
56 SHS 300x300x10.0 300 300 10.0 88.4 112.57
57 SHS 300x300x12.5 300 300 12.5 108.0 137.04
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