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SISÄLTÖ

• Ristikoiden optimointi

• Topologian optimoinnin idea

• Implementointi

• Topologian optimointi 
TTY:llä

• Kattoristikon optimointi



RAKENTEIDEN ANALYSOINNISTA 
OPTIMOINTIIN

• Suunnitteluprosessi voidaan osittain automatisoida kytkemällä 
rakenneanalyysi matemaattisen optimointiteorian menetelmiin.

• Tavoitteena edullisempi rakenne lyhyemmässä ajassa.

• Optimointitehtävän kolme komponenttia:

1. Kohdefunktio (paino, kustannukset)

2. Rajoitusehdot (lujuus, jäykkyys, stabiilisuus)

3. Suunnittelumuuttujat
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OPTIMOINTIPROSESSI
”Alkuarvaus”

x0, k=0

Sijoitetaan xk

rakennemalliin
Rakenneanalyysi
u(xk), σ(xk)

Evaluoidaan
f(xk), gj(xk),
∇f(xk),∇gj(xk) 

Lopetus-
kriteeri ok?

Optimointi-
askelAseta k = k+1

EI

Lopeta

JOO

xk+1

Nested analysis and design



VAIHTOEHTOINEN 
FORMULOINTI
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• Siirtymät ja jännitykset 
optimointimuuttujina

• Tasapainoyhtälöt ja 
jännitysten laskenta 
rajoitusehtoina

Simultaneous 
analysis and design
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Figure 1.1: Truss optimization problem types.

difficulties that make topology optimization the most difficult optimization problem
in truss optimization.

Topology optimization can also be performed on more general structures that are
modelled using continuum mechanics. The goal is, roughly speaking, to determine the
optimal number, location and shape of the holes and outer boundary of the structure.
This approach differs from truss topology optimization substantially, even though there
are some similar issues as well. Topology optimization of continuum structures is not
considered in this thesis. For an overview of the topic, see (Eschenauer & Olhoff 2001)
and (Bendsøe & Sigmund 2003).

The work of the designer is regulated by law and a series of design codes. For exam-
ple, the Eurocodes provide mandatory rules for designing structures in the European
Union. Therefore, in order to make the results of optimization applicable, the require-
ments of the respective design codes should be included in the problem formulation.
Any requirement that is excluded from optimization must be checked separately for
the solution. If some requirements are violated, the solution of optimization must be
modified appropriately.

On the other hand, if optimization is applied to find a conceptual design, or a draft of
the design is needed quickly, simplified problem formulations that are easier to solve
can be employed. In such instances, it is acknowledged that the result of optimization
has to be modified, but optimization provides a good starting point for more refined
design. This approach is often the only possibility to apply optimization in practice,
as taking into account all the necessary requirements would lead to an optimization
problem that is intractable by current solution methods. By pertinent research on
structural optimization, the gap between the structural designer and the researcher
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TOPOLOGIAN OPTIMOINTI 
TTY:LLÄ

• Aloitus vuonna 2009

• Keskiössä tehtävän 
formulointi suunnittelijan 
kannalta mielekkäällä tavalla.

• Formuloinnilla vältetään 
teoreettiset ongelmat.

• Tuloksena käyttökelpoinen 
ristikoiden topologian 
optimoinnin ohjelma.



KATTORISTIKON 
TOPOLOGIAN OPTIMOINTI7.2. PROBLEM DESCRIPTION
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Figure 7.1: Main girder design domain.

imum number of profiles and the densest ground structure might lead to extremely
slow progress in the computations.

The profiles are square hollow sections taken from the catalogue of a Finnish steel
manufacturer (Ruukki 2011). Only profiles belonging to classes 1 and 2 of Eurocode 3
are included (see Section 2.3), and the ”recommended series” is used. With these limi-
tations, there are 53 available profiles. Furthermore, the largest profiles are eliminated
by engineering judgment. Consequently, the greatest number of profiles is 40.

7.2 Problem Description

Consider the design domain of the main girder of a hall building show in Fig. 7.1. The
boundary of the domain is fixed, and the goal is to determine the optimum layout of
the bracing members, placed between the chords. The span of the truss L = 24000 mm,
and the height from the lower chord to the supports is h = 2000 mm. The inclination
of the upper chord is 1:20, which means a 2.86◦ angle with the x-axis. The angle of line
segment AB with the y-axis is α = 30◦. The line load q = 25.1 kN/m. This includes
the snow load typical for southern Finland, and the weight of the roofing. These two
loads are combined according to the Eurocode. The steel grade S355 is used, that is
fy = 355 MPa, E = 210 GPa, and ρ = 7850 kg/m3.

The ground structure is created as follows. The designer chooses the number of nodes
on the half of the lower chord (line segment BC in Fig. 7.1). These nodes are placed
equidistantly. The same number of nodes is placed on the upper chord, with x co-
ordinates corresponding to the nodes of the lower chord. Then, a member is created
between a pair of nodes, if the angle between the member and both chords is at
least 30◦. This restriction is to guarantee favourable welding conditions as stated in
(EN 1993–1–8 2005).

Chains are created at the chords. A maximum chain member length, Lmax = 6000 mm
is prescribed in order to reduce the number of members. The purpose is to eliminate
unrealistically long chord members by engineering judgment.

Symmetry of the ground structure with respect to the line defined by points C and
D is enforced to keep the number of variables as small as possible. Note, however,
that the true optimum structure might not be symmetric. The symmetry condition
is included in the problem by relating the existence and profile variables of a member
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• Jänneväli L = 24 m

• Korkeus h = 2 m, kulma α = 30°

• Suunnittelualueena suorakaide ABEFD

• Minimimoidaan kustannukset ja paino eri perusrakenteilla



KATTORISTIKKO: 
PERUSRAKENTEET7.4. DISCUSSION

(a) Ground structure. nE = 78, nN = 24, NY = 40, Nz = 13.
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(b) Minimum weight design, W ∗ = 1034.89 kg. (Cost: C = 1227.92e)
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(c) Minimum cost design, C∗ = 1225.23e. (Weight: W = 1041.8 kg)

Figure 7.3: Ground structure with 5 nodes between the support and the top node,
and the corresponding minimum weight and minimum cost designs,
where 40 profiles are available.

Table 7.3: Minimum weight and minimum cost design utilization ratios.

Member Profile A [mm2] Strength [%] Buckling [%]
Minimum weight design

Upper chord 140× 5 2636 75.07 99.60
Lower chord 110× 5 2036 96.17 –

3, 75 80× 4 1175 99.71 –
15, 63 110× 4 1655 50.43 89.20
24, 58 40× 3 421 95.36 –
27, 54 70× 3 781 37.20 81.10
31, 51 30× 3 301 58.95 –
34, 47 60× 3 661 23.20 67.46
36, 45 30× 3 301 9.58 –

Minimum cost design
Upper chord 140× 5 2636 74.37 99.60
Lower chord 110× 5 2036 97.07 –

3, 75 80× 4 1175 99.71 –
15, 63 110× 4 1655 50.43 89.20
24, 58 40× 3 421 95.36 –
27, 54 60× 3 661 23.20 63.18
29, 49 70× 3 781 23.29 81.37
38, 41 40× 3 421 6.68 66.27

40 30× 3 301 14.10 –
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7.4. DISCUSSION

(a) Ground structure. nE = 152, nN = 32, NY = 77, Nz = 17.
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(b) Minimum weight design, W ∗ = 1037.68 kg. (Cost: C = 1281.16e)
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(c) Minimum cost design, C∗ = 1248.82e. (Weight: W = 1064.35 kg)

Figure 7.5: Ground structure with 7 nodes between the support and the top node,
and the corresponding minimum weight and minimum cost designs,
with 40 profiles available.

Table 7.5: Minimum weight and minimum cost design utilization ratios of the
7-by-1 ground structure.

Member Profile A [mm2] Strength [%] Buckling [%]
Minimum weight design

Upper chord 120× 5 2236 87.67 99.83
Lower chord 110× 5 2036 97.47 –

3, 149 100× 3 1141 96.37 –
20, 135 100× 4 1495 53.39 89.80
37, 118 50× 4 695 98.54 –
46, 116 60× 3 661 19.35 66.06
51, 110 50× 3 541 20.25 73.63
53, 101 60× 3 661 20.26 74.40
55, 92 70× 3 781 14.07 67.26
75, 78 40× 3 421 12.02 97.66

77 30× 3 301 28.66 –
Minimum cost design

Upper chord 140× 5 2636 74.37 99.32
Lower chord 110× 5 2036 97.47 –

3, 149 100× 3 1141 96.37 –
20, 135 100× 4 1495 53.39 89.80
37, 118 60× 3 661 90.28 –
51, 110 60× 3 661 33.14 89.41
55, 92 80× 3 901 22.45 85.02
75, 78 40× 3 421 12.02 97.66

77 30× 3 301 28.66 –
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7.4. DISCUSSION

(a) Ground structure. nE = 197, nN = 36, NY = 100, Nz = 19.
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(b) Minimum weight design, W ∗ = 1061.15 kg. (Cost: C = 1243.13e)

Figure 7.6: Ground structure with 8 nodes between the support and the top node,
and the corresponding minimum weight and minimum cost design,
with 40 profiles available. Note that a single truss optimizes both the
weight and cost.

Table 7.6: Minimum weight and minimum cost design utilization ratios of the
8-by-1 ground structure.

Member Profile A [mm2] Strength [%] Buckling [%]
Upper chord 140× 5 2636 74.37 98.36
Lower chord 110× 5 2036 96.28 –

3, 194 100× 3 1141 94.20 –
22, 180 100× 4 1495 52.67 84.93
42, 162 60× 3 661 94.36 0.00
59, 153 60× 3 661 29.00 76.40
63, 131 90× 3 1021 29.21 79.98
92, 103 30× 3 301 1.01 22.20

100 30× 3 301 1.36 –
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7.4. DISCUSSION

(a) Ground structure. nE = 245, nN = 40, NY = 124, Nz = 21.
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(b) Minimum weight design, W ∗ = 1053.83 kg. (Cost: C = 1247.45e)
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(c) Minimum cost design, C∗ = 1261.84e. (Weight: W ∗ = 1078.44 kg)

Figure 7.7: Ground structure with 9 nodes between the support and the top node,
and the corresponding minimum weight and minimum cost designs,
with 40 profiles available.

Table 7.7: Minimum weight and minimum cost design utilization ratios of the
9-by-1 ground structure.

Member Profile A [mm2] Strength [%] Buckling [%]
Minimum weight design

Upper chord 140× 5 2636 74.83 98.50
Lower chord 110× 5 2036 96.17 –

3, 242 100× 3 1141 92.47 –
23, 228 100× 4 1495 52.15 81.64
45, 209 60× 3 661 87.55 –
67, 186 90× 3 1021 42.68 77.52
90, 164 30× 3 301 74.61 –
108, 154 60× 3 661 25.78 74.42
112, 135 30× 3 301 6.03 –

Minimum cost design
Upper chord 140× 5 2636 74.37 93.07
Lower chord 110× 5 2036 96.77 –

3, 242 70× 4 1015 97.82 –
25, 218 120× 4 1815 51.97 87.94
60, 194 40× 4 535 92.15 –
80, 184 60× 3 661 25.78 69.17
84, 158 80× 3 901 25.56 77.09
116, 127 40× 3 421 4.21 45.36

124 30× 3 301 8.44 –
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7.4. DISCUSSION

(a) Ground structure. nE = 307, nN = 44, NY = 155, Nz = 23.
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(b) Minimum weight design, W ∗ = 1034.89 kg. (Cost: C = 1227.92e)
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(c) Minimum cost design, C∗ = 1202.29e. (Weight: W ∗ = 1046.82 kg)

Figure 7.8: Ground structure with 10 nodes between the support and the top
node, and the corresponding minimum weight and minimum cost de-
signs, with 40 profiles available.

Table 7.8: Minimum weight and minimum cost design utilization ratios of the
10-by-1 ground structure.

Member Profile A [mm2] Strength [%] Buckling [%]
Minimum weight design

Upper chord 140× 5 2636 75.07 99.60
Lower chord 110× 5 2036 96.17 –

5, 297 80× 4 1175 99.71 –
47, 261 110× 4 1655 50.43 89.20
88, 234 40× 3 421 95.36 –
111, 223 70× 3 781 37.20 81.10
121, 200 30× 3 301 58.95 –
139, 189 60× 3 661 23.20 67.46
143, 167 30× 3 301 9.58 –

Minimum cost design
Upper chord 150× 5 2836 69.13 97.43
Lower chord 110× 5 2036 95.04 –

5, 297 80× 4 1175 99.71 –
47, 261 110× 4 1655 50.43 89.20
88, 234 40× 3 421 83.35 –
113, 208 70× 3 781 35.59 90.19
137, 160 30× 3 301 9.49 –

155 40× 3 421 8.13 52.39
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• Valittavissa 40 
neliöputkiprofiilia

• Paarresauvat samaa profiilia

• Symmetrinen ratkaisu

• Kustannusten laskenta 
perustuu Haapion (2012) 
kehittämään malliin.

KATTORISTIKKO: OPTIMOINTI
7.4. DISCUSSION

(a) Ground structure. nE = 78, nN = 24, NY = 40, Nz = 13.
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(b) Minimum weight design, W ∗ = 1034.89 kg. (Cost: C = 1227.92e)
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(c) Minimum cost design, C∗ = 1225.23e. (Weight: W = 1041.8 kg)

Figure 7.3: Ground structure with 5 nodes between the support and the top node,
and the corresponding minimum weight and minimum cost designs,
where 40 profiles are available.

Table 7.3: Minimum weight and minimum cost design utilization ratios.

Member Profile A [mm2] Strength [%] Buckling [%]
Minimum weight design

Upper chord 140× 5 2636 75.07 99.60
Lower chord 110× 5 2036 96.17 –

3, 75 80× 4 1175 99.71 –
15, 63 110× 4 1655 50.43 89.20
24, 58 40× 3 421 95.36 –
27, 54 70× 3 781 37.20 81.10
31, 51 30× 3 301 58.95 –
34, 47 60× 3 661 23.20 67.46
36, 45 30× 3 301 9.58 –

Minimum cost design
Upper chord 140× 5 2636 74.37 99.60
Lower chord 110× 5 2036 97.07 –

3, 75 80× 4 1175 99.71 –
15, 63 110× 4 1655 50.43 89.20
24, 58 40× 3 421 95.36 –
27, 54 60× 3 661 23.20 63.18
29, 49 70× 3 781 23.29 81.37
38, 41 40× 3 421 6.68 66.27

40 30× 3 301 14.10 –
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7.4. DISCUSSION

(a) Ground structure. nE = 152, nN = 32, NY = 77, Nz = 17.
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(b) Minimum weight design, W ∗ = 1037.68 kg. (Cost: C = 1281.16e)
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(c) Minimum cost design, C∗ = 1248.82e. (Weight: W = 1064.35 kg)

Figure 7.5: Ground structure with 7 nodes between the support and the top node,
and the corresponding minimum weight and minimum cost designs,
with 40 profiles available.

Table 7.5: Minimum weight and minimum cost design utilization ratios of the
7-by-1 ground structure.

Member Profile A [mm2] Strength [%] Buckling [%]
Minimum weight design

Upper chord 120× 5 2236 87.67 99.83
Lower chord 110× 5 2036 97.47 –

3, 149 100× 3 1141 96.37 –
20, 135 100× 4 1495 53.39 89.80
37, 118 50× 4 695 98.54 –
46, 116 60× 3 661 19.35 66.06
51, 110 50× 3 541 20.25 73.63
53, 101 60× 3 661 20.26 74.40
55, 92 70× 3 781 14.07 67.26
75, 78 40× 3 421 12.02 97.66

77 30× 3 301 28.66 –
Minimum cost design

Upper chord 140× 5 2636 74.37 99.32
Lower chord 110× 5 2036 97.47 –

3, 149 100× 3 1141 96.37 –
20, 135 100× 4 1495 53.39 89.80
37, 118 60× 3 661 90.28 –
51, 110 60× 3 661 33.14 89.41
55, 92 80× 3 901 22.45 85.02
75, 78 40× 3 421 12.02 97.66

77 30× 3 301 28.66 –
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7.4. DISCUSSION

(a) Ground structure. nE = 197, nN = 36, NY = 100, Nz = 19.
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(b) Minimum weight design, W ∗ = 1061.15 kg. (Cost: C = 1243.13e)

Figure 7.6: Ground structure with 8 nodes between the support and the top node,
and the corresponding minimum weight and minimum cost design,
with 40 profiles available. Note that a single truss optimizes both the
weight and cost.

Table 7.6: Minimum weight and minimum cost design utilization ratios of the
8-by-1 ground structure.

Member Profile A [mm2] Strength [%] Buckling [%]
Upper chord 140× 5 2636 74.37 98.36
Lower chord 110× 5 2036 96.28 –

3, 194 100× 3 1141 94.20 –
22, 180 100× 4 1495 52.67 84.93
42, 162 60× 3 661 94.36 0.00
59, 153 60× 3 661 29.00 76.40
63, 131 90× 3 1021 29.21 79.98
92, 103 30× 3 301 1.01 22.20

100 30× 3 301 1.36 –
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7.4. DISCUSSION

(a) Ground structure. nE = 245, nN = 40, NY = 124, Nz = 21.
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(b) Minimum weight design, W ∗ = 1053.83 kg. (Cost: C = 1247.45e)
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(c) Minimum cost design, C∗ = 1261.84e. (Weight: W ∗ = 1078.44 kg)

Figure 7.7: Ground structure with 9 nodes between the support and the top node,
and the corresponding minimum weight and minimum cost designs,
with 40 profiles available.

Table 7.7: Minimum weight and minimum cost design utilization ratios of the
9-by-1 ground structure.

Member Profile A [mm2] Strength [%] Buckling [%]
Minimum weight design

Upper chord 140× 5 2636 74.83 98.50
Lower chord 110× 5 2036 96.17 –

3, 242 100× 3 1141 92.47 –
23, 228 100× 4 1495 52.15 81.64
45, 209 60× 3 661 87.55 –
67, 186 90× 3 1021 42.68 77.52
90, 164 30× 3 301 74.61 –
108, 154 60× 3 661 25.78 74.42
112, 135 30× 3 301 6.03 –

Minimum cost design
Upper chord 140× 5 2636 74.37 93.07
Lower chord 110× 5 2036 96.77 –

3, 242 70× 4 1015 97.82 –
25, 218 120× 4 1815 51.97 87.94
60, 194 40× 4 535 92.15 –
80, 184 60× 3 661 25.78 69.17
84, 158 80× 3 901 25.56 77.09
116, 127 40× 3 421 4.21 45.36

124 30× 3 301 8.44 –
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7.4. DISCUSSION

(a) Ground structure. nE = 307, nN = 44, NY = 155, Nz = 23.
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(b) Minimum weight design, W ∗ = 1034.89 kg. (Cost: C = 1227.92e)

5

8

47

50

88

91

113
118

137

138

155 160
162

168

208

211

234
238

261

265

297

(c) Minimum cost design, C∗ = 1202.29e. (Weight: W ∗ = 1046.82 kg)

Figure 7.8: Ground structure with 10 nodes between the support and the top
node, and the corresponding minimum weight and minimum cost de-
signs, with 40 profiles available.

Table 7.8: Minimum weight and minimum cost design utilization ratios of the
10-by-1 ground structure.

Member Profile A [mm2] Strength [%] Buckling [%]
Minimum weight design

Upper chord 140× 5 2636 75.07 99.60
Lower chord 110× 5 2036 96.17 –

5, 297 80× 4 1175 99.71 –
47, 261 110× 4 1655 50.43 89.20
88, 234 40× 3 421 95.36 –
111, 223 70× 3 781 37.20 81.10
121, 200 30× 3 301 58.95 –
139, 189 60× 3 661 23.20 67.46
143, 167 30× 3 301 9.58 –

Minimum cost design
Upper chord 150× 5 2836 69.13 97.43
Lower chord 110× 5 2036 95.04 –

5, 297 80× 4 1175 99.71 –
47, 261 110× 4 1655 50.43 89.20
88, 234 40× 3 421 83.35 –
113, 208 70× 3 781 35.59 90.19
137, 160 30× 3 301 9.49 –

155 40× 3 421 8.13 52.39
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KATTORISTIKKO: LASKENTA
7.4. DISCUSSION

(a) Ground structure. nE = 78, nN = 24, NY = 40, Nz = 13.
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(b) Minimum weight design, W ∗ = 1034.89 kg. (Cost: C = 1227.92e)
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(c) Minimum cost design, C∗ = 1225.23e. (Weight: W = 1041.8 kg)

Figure 7.3: Ground structure with 5 nodes between the support and the top node,
and the corresponding minimum weight and minimum cost designs,
where 40 profiles are available.

Table 7.3: Minimum weight and minimum cost design utilization ratios.

Member Profile A [mm2] Strength [%] Buckling [%]
Minimum weight design

Upper chord 140× 5 2636 75.07 99.60
Lower chord 110× 5 2036 96.17 –

3, 75 80× 4 1175 99.71 –
15, 63 110× 4 1655 50.43 89.20
24, 58 40× 3 421 95.36 –
27, 54 70× 3 781 37.20 81.10
31, 51 30× 3 301 58.95 –
34, 47 60× 3 661 23.20 67.46
36, 45 30× 3 301 9.58 –

Minimum cost design
Upper chord 140× 5 2636 74.37 99.60
Lower chord 110× 5 2036 97.07 –

3, 75 80× 4 1175 99.71 –
15, 63 110× 4 1655 50.43 89.20
24, 58 40× 3 421 95.36 –
27, 54 60× 3 661 23.20 63.18
29, 49 70× 3 781 23.29 81.37
38, 41 40× 3 421 6.68 66.27

40 30× 3 301 14.10 –
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7.4. DISCUSSION

(a) Ground structure. nE = 152, nN = 32, NY = 77, Nz = 17.
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(b) Minimum weight design, W ∗ = 1037.68 kg. (Cost: C = 1281.16e)
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(c) Minimum cost design, C∗ = 1248.82e. (Weight: W = 1064.35 kg)

Figure 7.5: Ground structure with 7 nodes between the support and the top node,
and the corresponding minimum weight and minimum cost designs,
with 40 profiles available.

Table 7.5: Minimum weight and minimum cost design utilization ratios of the
7-by-1 ground structure.

Member Profile A [mm2] Strength [%] Buckling [%]
Minimum weight design

Upper chord 120× 5 2236 87.67 99.83
Lower chord 110× 5 2036 97.47 –

3, 149 100× 3 1141 96.37 –
20, 135 100× 4 1495 53.39 89.80
37, 118 50× 4 695 98.54 –
46, 116 60× 3 661 19.35 66.06
51, 110 50× 3 541 20.25 73.63
53, 101 60× 3 661 20.26 74.40
55, 92 70× 3 781 14.07 67.26
75, 78 40× 3 421 12.02 97.66

77 30× 3 301 28.66 –
Minimum cost design

Upper chord 140× 5 2636 74.37 99.32
Lower chord 110× 5 2036 97.47 –

3, 149 100× 3 1141 96.37 –
20, 135 100× 4 1495 53.39 89.80
37, 118 60× 3 661 90.28 –
51, 110 60× 3 661 33.14 89.41
55, 92 80× 3 901 22.45 85.02
75, 78 40× 3 421 12.02 97.66

77 30× 3 301 28.66 –
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7.4. DISCUSSION

(a) Ground structure. nE = 197, nN = 36, NY = 100, Nz = 19.
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(b) Minimum weight design, W ∗ = 1061.15 kg. (Cost: C = 1243.13e)

Figure 7.6: Ground structure with 8 nodes between the support and the top node,
and the corresponding minimum weight and minimum cost design,
with 40 profiles available. Note that a single truss optimizes both the
weight and cost.

Table 7.6: Minimum weight and minimum cost design utilization ratios of the
8-by-1 ground structure.

Member Profile A [mm2] Strength [%] Buckling [%]
Upper chord 140× 5 2636 74.37 98.36
Lower chord 110× 5 2036 96.28 –

3, 194 100× 3 1141 94.20 –
22, 180 100× 4 1495 52.67 84.93
42, 162 60× 3 661 94.36 0.00
59, 153 60× 3 661 29.00 76.40
63, 131 90× 3 1021 29.21 79.98
92, 103 30× 3 301 1.01 22.20

100 30× 3 301 1.36 –
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7.4. DISCUSSION

(a) Ground structure. nE = 245, nN = 40, NY = 124, Nz = 21.
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(b) Minimum weight design, W ∗ = 1053.83 kg. (Cost: C = 1247.45e)
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(c) Minimum cost design, C∗ = 1261.84e. (Weight: W ∗ = 1078.44 kg)

Figure 7.7: Ground structure with 9 nodes between the support and the top node,
and the corresponding minimum weight and minimum cost designs,
with 40 profiles available.

Table 7.7: Minimum weight and minimum cost design utilization ratios of the
9-by-1 ground structure.

Member Profile A [mm2] Strength [%] Buckling [%]
Minimum weight design

Upper chord 140× 5 2636 74.83 98.50
Lower chord 110× 5 2036 96.17 –

3, 242 100× 3 1141 92.47 –
23, 228 100× 4 1495 52.15 81.64
45, 209 60× 3 661 87.55 –
67, 186 90× 3 1021 42.68 77.52
90, 164 30× 3 301 74.61 –
108, 154 60× 3 661 25.78 74.42
112, 135 30× 3 301 6.03 –

Minimum cost design
Upper chord 140× 5 2636 74.37 93.07
Lower chord 110× 5 2036 96.77 –

3, 242 70× 4 1015 97.82 –
25, 218 120× 4 1815 51.97 87.94
60, 194 40× 4 535 92.15 –
80, 184 60× 3 661 25.78 69.17
84, 158 80× 3 901 25.56 77.09
116, 127 40× 3 421 4.21 45.36

124 30× 3 301 8.44 –

107

7.4. DISCUSSION

(a) Ground structure. nE = 307, nN = 44, NY = 155, Nz = 23.
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(b) Minimum weight design, W ∗ = 1034.89 kg. (Cost: C = 1227.92e)
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(c) Minimum cost design, C∗ = 1202.29e. (Weight: W ∗ = 1046.82 kg)

Figure 7.8: Ground structure with 10 nodes between the support and the top
node, and the corresponding minimum weight and minimum cost de-
signs, with 40 profiles available.

Table 7.8: Minimum weight and minimum cost design utilization ratios of the
10-by-1 ground structure.

Member Profile A [mm2] Strength [%] Buckling [%]
Minimum weight design

Upper chord 140× 5 2636 75.07 99.60
Lower chord 110× 5 2036 96.17 –

5, 297 80× 4 1175 99.71 –
47, 261 110× 4 1655 50.43 89.20
88, 234 40× 3 421 95.36 –
111, 223 70× 3 781 37.20 81.10
121, 200 30× 3 301 58.95 –
139, 189 60× 3 661 23.20 67.46
143, 167 30× 3 301 9.58 –

Minimum cost design
Upper chord 150× 5 2836 69.13 97.43
Lower chord 110× 5 2036 95.04 –

5, 297 80× 4 1175 99.71 –
47, 261 110× 4 1655 50.43 89.20
88, 234 40× 3 421 83.35 –
113, 208 70× 3 781 35.59 90.19
137, 160 30× 3 301 9.49 –

155 40× 3 421 8.13 52.39
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• Optimointiohjelmisto: 
Gurobi 5.0.

• Käytössä pöytäkone (32 GB 
keskusmuistia, 8 
laskentayksikköä)

• Kullekin tehtävälle 6 tai 8 
tuntia laskenta-aikaa.



KATTORISTIKKO: TULOKSET7.4. DISCUSSION

(a) Ground structure. nE = 78, nN = 24, NY = 40, Nz = 13.
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(b) Minimum weight design, W ∗ = 1034.89 kg. (Cost: C = 1227.92e)
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(c) Minimum cost design, C∗ = 1225.23e. (Weight: W = 1041.8 kg)

Figure 7.3: Ground structure with 5 nodes between the support and the top node,
and the corresponding minimum weight and minimum cost designs,
where 40 profiles are available.

Table 7.3: Minimum weight and minimum cost design utilization ratios.

Member Profile A [mm2] Strength [%] Buckling [%]
Minimum weight design

Upper chord 140× 5 2636 75.07 99.60
Lower chord 110× 5 2036 96.17 –

3, 75 80× 4 1175 99.71 –
15, 63 110× 4 1655 50.43 89.20
24, 58 40× 3 421 95.36 –
27, 54 70× 3 781 37.20 81.10
31, 51 30× 3 301 58.95 –
34, 47 60× 3 661 23.20 67.46
36, 45 30× 3 301 9.58 –

Minimum cost design
Upper chord 140× 5 2636 74.37 99.60
Lower chord 110× 5 2036 97.07 –

3, 75 80× 4 1175 99.71 –
15, 63 110× 4 1655 50.43 89.20
24, 58 40× 3 421 95.36 –
27, 54 60× 3 661 23.20 63.18
29, 49 70× 3 781 23.29 81.37
38, 41 40× 3 421 6.68 66.27

40 30× 3 301 14.10 –

103

7.4. DISCUSSION

(a) Ground structure. nE = 78, nN = 24, NY = 40, Nz = 13.
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(b) Minimum weight design, W ∗ = 1034.89 kg. (Cost: C = 1227.92e)
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(c) Minimum cost design, C∗ = 1225.23e. (Weight: W = 1041.8 kg)

Figure 7.3: Ground structure with 5 nodes between the support and the top node,
and the corresponding minimum weight and minimum cost designs,
where 40 profiles are available.

Table 7.3: Minimum weight and minimum cost design utilization ratios.

Member Profile A [mm2] Strength [%] Buckling [%]
Minimum weight design

Upper chord 140× 5 2636 75.07 99.60
Lower chord 110× 5 2036 96.17 –

3, 75 80× 4 1175 99.71 –
15, 63 110× 4 1655 50.43 89.20
24, 58 40× 3 421 95.36 –
27, 54 70× 3 781 37.20 81.10
31, 51 30× 3 301 58.95 –
34, 47 60× 3 661 23.20 67.46
36, 45 30× 3 301 9.58 –

Minimum cost design
Upper chord 140× 5 2636 74.37 99.60
Lower chord 110× 5 2036 97.07 –

3, 75 80× 4 1175 99.71 –
15, 63 110× 4 1655 50.43 89.20
24, 58 40× 3 421 95.36 –
27, 54 60× 3 661 23.20 63.18
29, 49 70× 3 781 23.29 81.37
38, 41 40× 3 421 6.68 66.27

40 30× 3 301 14.10 –

103

Minimipaino: 1034.89 kg (kustannukset1227.92 €)
1227.92

Minimikustannukset: 1225.23 € (paino1041.80 kg)

7.4. DISCUSSION

(a) Ground structure. nE = 78, nN = 24, NY = 40, Nz = 13.
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(b) Minimum weight design, W ∗ = 1034.89 kg. (Cost: C = 1227.92e)
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(c) Minimum cost design, C∗ = 1225.23e. (Weight: W = 1041.8 kg)

Figure 7.3: Ground structure with 5 nodes between the support and the top node,
and the corresponding minimum weight and minimum cost designs,
where 40 profiles are available.

Table 7.3: Minimum weight and minimum cost design utilization ratios.

Member Profile A [mm2] Strength [%] Buckling [%]
Minimum weight design

Upper chord 140× 5 2636 75.07 99.60
Lower chord 110× 5 2036 96.17 –

3, 75 80× 4 1175 99.71 –
15, 63 110× 4 1655 50.43 89.20
24, 58 40× 3 421 95.36 –
27, 54 70× 3 781 37.20 81.10
31, 51 30× 3 301 58.95 –
34, 47 60× 3 661 23.20 67.46
36, 45 30× 3 301 9.58 –

Minimum cost design
Upper chord 140× 5 2636 74.37 99.60
Lower chord 110× 5 2036 97.07 –

3, 75 80× 4 1175 99.71 –
15, 63 110× 4 1655 50.43 89.20
24, 58 40× 3 421 95.36 –
27, 54 60× 3 661 23.20 63.18
29, 49 70× 3 781 23.29 81.37
38, 41 40× 3 421 6.68 66.27

40 30× 3 301 14.10 –
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(a) Ground structure. nE = 152, nN = 32, NY = 77, Nz = 17.
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(b) Minimum weight design, W ∗ = 1037.68 kg. (Cost: C = 1281.16e)

3

5

20
23

37

38

51
55

56

60

75

76

77
78

82

83 91

92
110

113

118

120

135

138

149

(c) Minimum cost design, C∗ = 1248.82e. (Weight: W = 1064.35 kg)

Figure 7.5: Ground structure with 7 nodes between the support and the top node,
and the corresponding minimum weight and minimum cost designs,
with 40 profiles available.

Table 7.5: Minimum weight and minimum cost design utilization ratios of the
7-by-1 ground structure.

Member Profile A [mm2] Strength [%] Buckling [%]
Minimum weight design

Upper chord 120× 5 2236 87.67 99.83
Lower chord 110× 5 2036 97.47 –

3, 149 100× 3 1141 96.37 –
20, 135 100× 4 1495 53.39 89.80
37, 118 50× 4 695 98.54 –
46, 116 60× 3 661 19.35 66.06
51, 110 50× 3 541 20.25 73.63
53, 101 60× 3 661 20.26 74.40
55, 92 70× 3 781 14.07 67.26
75, 78 40× 3 421 12.02 97.66

77 30× 3 301 28.66 –
Minimum cost design

Upper chord 140× 5 2636 74.37 99.32
Lower chord 110× 5 2036 97.47 –

3, 149 100× 3 1141 96.37 –
20, 135 100× 4 1495 53.39 89.80
37, 118 60× 3 661 90.28 –
51, 110 60× 3 661 33.14 89.41
55, 92 80× 3 901 22.45 85.02
75, 78 40× 3 421 12.02 97.66

77 30× 3 301 28.66 –
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(c) Minimum cost design, C∗ = 1248.82e. (Weight: W = 1064.35 kg)

Figure 7.5: Ground structure with 7 nodes between the support and the top node,
and the corresponding minimum weight and minimum cost designs,
with 40 profiles available.

Table 7.5: Minimum weight and minimum cost design utilization ratios of the
7-by-1 ground structure.

Member Profile A [mm2] Strength [%] Buckling [%]
Minimum weight design

Upper chord 120× 5 2236 87.67 99.83
Lower chord 110× 5 2036 97.47 –

3, 149 100× 3 1141 96.37 –
20, 135 100× 4 1495 53.39 89.80
37, 118 50× 4 695 98.54 –
46, 116 60× 3 661 19.35 66.06
51, 110 50× 3 541 20.25 73.63
53, 101 60× 3 661 20.26 74.40
55, 92 70× 3 781 14.07 67.26
75, 78 40× 3 421 12.02 97.66

77 30× 3 301 28.66 –
Minimum cost design

Upper chord 140× 5 2636 74.37 99.32
Lower chord 110× 5 2036 97.47 –

3, 149 100× 3 1141 96.37 –
20, 135 100× 4 1495 53.39 89.80
37, 118 60× 3 661 90.28 –
51, 110 60× 3 661 33.14 89.41
55, 92 80× 3 901 22.45 85.02
75, 78 40× 3 421 12.02 97.66

77 30× 3 301 28.66 –
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Minimipaino: 1037.68 kg (kustannukset1281.16 €)
1227.92

Minimikustannukset: 1248.82 € (paino1064.35 kg)
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Figure 7.5: Ground structure with 7 nodes between the support and the top node,
and the corresponding minimum weight and minimum cost designs,
with 40 profiles available.

Table 7.5: Minimum weight and minimum cost design utilization ratios of the
7-by-1 ground structure.

Member Profile A [mm2] Strength [%] Buckling [%]
Minimum weight design

Upper chord 120× 5 2236 87.67 99.83
Lower chord 110× 5 2036 97.47 –

3, 149 100× 3 1141 96.37 –
20, 135 100× 4 1495 53.39 89.80
37, 118 50× 4 695 98.54 –
46, 116 60× 3 661 19.35 66.06
51, 110 50× 3 541 20.25 73.63
53, 101 60× 3 661 20.26 74.40
55, 92 70× 3 781 14.07 67.26
75, 78 40× 3 421 12.02 97.66

77 30× 3 301 28.66 –
Minimum cost design

Upper chord 140× 5 2636 74.37 99.32
Lower chord 110× 5 2036 97.47 –

3, 149 100× 3 1141 96.37 –
20, 135 100× 4 1495 53.39 89.80
37, 118 60× 3 661 90.28 –
51, 110 60× 3 661 33.14 89.41
55, 92 80× 3 901 22.45 85.02
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7.4. DISCUSSION

(a) Ground structure. nE = 197, nN = 36, NY = 100, Nz = 19.

3

5

22
25

42

43

59
63

65

69

92

93

100
103

107

110 130

131 153

156

162

164

180

183

194

(b) Minimum weight design, W ∗ = 1061.15 kg. (Cost: C = 1243.13e)

Figure 7.6: Ground structure with 8 nodes between the support and the top node,
and the corresponding minimum weight and minimum cost design,
with 40 profiles available. Note that a single truss optimizes both the
weight and cost.

Table 7.6: Minimum weight and minimum cost design utilization ratios of the
8-by-1 ground structure.

Member Profile A [mm2] Strength [%] Buckling [%]
Upper chord 140× 5 2636 74.37 98.36
Lower chord 110× 5 2036 96.28 –

3, 194 100× 3 1141 94.20 –
22, 180 100× 4 1495 52.67 84.93
42, 162 60× 3 661 94.36 0.00
59, 153 60× 3 661 29.00 76.40
63, 131 90× 3 1021 29.21 79.98
92, 103 30× 3 301 1.01 22.20

100 30× 3 301 1.36 –
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(b) Minimum weight design, W ∗ = 1061.15 kg. (Cost: C = 1243.13e)

Figure 7.6: Ground structure with 8 nodes between the support and the top node,
and the corresponding minimum weight and minimum cost design,
with 40 profiles available. Note that a single truss optimizes both the
weight and cost.

Table 7.6: Minimum weight and minimum cost design utilization ratios of the
8-by-1 ground structure.

Member Profile A [mm2] Strength [%] Buckling [%]
Upper chord 140× 5 2636 74.37 98.36
Lower chord 110× 5 2036 96.28 –

3, 194 100× 3 1141 94.20 –
22, 180 100× 4 1495 52.67 84.93
42, 162 60× 3 661 94.36 0.00
59, 153 60× 3 661 29.00 76.40
63, 131 90× 3 1021 29.21 79.98
92, 103 30× 3 301 1.01 22.20

100 30× 3 301 1.36 –

106

Minimipaino: 1061.15 kg (kustannukset1243.13 €)
1227.92

Minimipainorakenne on myös halvin!
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(a) Ground structure. nE = 307, nN = 44, NY = 155, Nz = 23.
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(b) Minimum weight design, W ∗ = 1034.89 kg. (Cost: C = 1227.92e)
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(c) Minimum cost design, C∗ = 1202.29e. (Weight: W ∗ = 1046.82 kg)

Figure 7.8: Ground structure with 10 nodes between the support and the top
node, and the corresponding minimum weight and minimum cost de-
signs, with 40 profiles available.

Table 7.8: Minimum weight and minimum cost design utilization ratios of the
10-by-1 ground structure.

Member Profile A [mm2] Strength [%] Buckling [%]
Minimum weight design

Upper chord 140× 5 2636 75.07 99.60
Lower chord 110× 5 2036 96.17 –

5, 297 80× 4 1175 99.71 –
47, 261 110× 4 1655 50.43 89.20
88, 234 40× 3 421 95.36 –
111, 223 70× 3 781 37.20 81.10
121, 200 30× 3 301 58.95 –
139, 189 60× 3 661 23.20 67.46
143, 167 30× 3 301 9.58 –

Minimum cost design
Upper chord 150× 5 2836 69.13 97.43
Lower chord 110× 5 2036 95.04 –

5, 297 80× 4 1175 99.71 –
47, 261 110× 4 1655 50.43 89.20
88, 234 40× 3 421 83.35 –
113, 208 70× 3 781 35.59 90.19
137, 160 30× 3 301 9.49 –

155 40× 3 421 8.13 52.39
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(c) Minimum cost design, C∗ = 1202.29e. (Weight: W ∗ = 1046.82 kg)

Figure 7.8: Ground structure with 10 nodes between the support and the top
node, and the corresponding minimum weight and minimum cost de-
signs, with 40 profiles available.

Table 7.8: Minimum weight and minimum cost design utilization ratios of the
10-by-1 ground structure.

Member Profile A [mm2] Strength [%] Buckling [%]
Minimum weight design

Upper chord 140× 5 2636 75.07 99.60
Lower chord 110× 5 2036 96.17 –

5, 297 80× 4 1175 99.71 –
47, 261 110× 4 1655 50.43 89.20
88, 234 40× 3 421 95.36 –
111, 223 70× 3 781 37.20 81.10
121, 200 30× 3 301 58.95 –
139, 189 60× 3 661 23.20 67.46
143, 167 30× 3 301 9.58 –

Minimum cost design
Upper chord 150× 5 2836 69.13 97.43
Lower chord 110× 5 2036 95.04 –

5, 297 80× 4 1175 99.71 –
47, 261 110× 4 1655 50.43 89.20
88, 234 40× 3 421 83.35 –
113, 208 70× 3 781 35.59 90.19
137, 160 30× 3 301 9.49 –

155 40× 3 421 8.13 52.39
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Minimikustannukset: 1202.29 € (paino1046.82 kg)
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(c) Minimum cost design, C∗ = 1202.29e. (Weight: W ∗ = 1046.82 kg)

Figure 7.8: Ground structure with 10 nodes between the support and the top
node, and the corresponding minimum weight and minimum cost de-
signs, with 40 profiles available.

Table 7.8: Minimum weight and minimum cost design utilization ratios of the
10-by-1 ground structure.

Member Profile A [mm2] Strength [%] Buckling [%]
Minimum weight design

Upper chord 140× 5 2636 75.07 99.60
Lower chord 110× 5 2036 96.17 –

5, 297 80× 4 1175 99.71 –
47, 261 110× 4 1655 50.43 89.20
88, 234 40× 3 421 95.36 –
111, 223 70× 3 781 37.20 81.10
121, 200 30× 3 301 58.95 –
139, 189 60× 3 661 23.20 67.46
143, 167 30× 3 301 9.58 –

Minimum cost design
Upper chord 150× 5 2836 69.13 97.43
Lower chord 110× 5 2036 95.04 –

5, 297 80× 4 1175 99.71 –
47, 261 110× 4 1655 50.43 89.20
88, 234 40× 3 421 83.35 –
113, 208 70× 3 781 35.59 90.19
137, 160 30× 3 301 9.49 –

155 40× 3 421 8.13 52.39
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Minimipaino: 1034.89 kg (kustannukset1227.92 €)
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signs, with 40 profiles available.
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Member Profile A [mm2] Strength [%] Buckling [%]
Minimum weight design

Upper chord 140× 5 2636 75.07 99.60
Lower chord 110× 5 2036 96.17 –

5, 297 80× 4 1175 99.71 –
47, 261 110× 4 1655 50.43 89.20
88, 234 40× 3 421 95.36 –
111, 223 70× 3 781 37.20 81.10
121, 200 30× 3 301 58.95 –
139, 189 60× 3 661 23.20 67.46
143, 167 30× 3 301 9.58 –
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Upper chord 150× 5 2836 69.13 97.43
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7.3. RESULTS

Table 7.2: Minimum cost solutions of the main girder.

nx nS C∗ [e] T [s] Gap [%] W (x∗
c)

5 15 1405.23 6.01 0 1192.19
5 20 1342.4 9.24 0 1141.87
5 25 1342.4 22.03 0 1141.87
5 30 1268.62 47.46 0 1078.84
5 40 1225.23 57.99 0 1041.8
6 15 1477.62 31.84 0 1236.27
6 20 1397.46 59 0 1172.07
6 25 1369.05 361.27 0 1172.97
6 30 1294.12 219.4 0 1148.39
6 40 1245.74 1720.42 0 1065.61
7 15 1424.83 49.89 0 1221.63
7 20 1344.97 177.19 0 1148.01
7 25 1344.97 509.16 0 1148.01
7 30 1287.97 710.11 0 1098.78
7 40 1248.82 7528.77 0 1064.35
8 15 1418.72 237.54 0 1209.37
8 20 1345.5 1610.63 0 1149.12
8 25 1345.5 1246.57 0 1149.12
8 30 1286.43 3415.79 0 1098.1
8 40 1243.13 21600.1 7.59 1061.15
9 15 1440.51 227.01 0 1228.18
9 20 1367.68 756.66 0 1169.35
9 25 1367.68 1890.62 0 1169.35
9 30 1299.48 7977.88 0 1110.88
9 40 1261.84 21600.2 2.32 1078.44
10 15 1398.45 3011.41 0 1188.33
10 20 1324.43 7244.59 0 1125.78
10 25 1324.43 582.53 0 1125.78
10 30 1253.53 21431.28 0 1091.08
10 40 1202.29 28800.2 9.93 1046.82

Material: 70%

Blasting: 2%

Painting: 10%

Welding: 6%

Sawing: 12%

Figure 7.2: Distribution of cost components of the minimum cost design.
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Liian pieni?



YHTEENVETO

• Optimoinnin avulla suunnittelutyö automatisoituu tehokkaasti.

• Ristikoiden optimointi: mitoitus, geometria ja topologia

• Topologian optimointi antaa suunnittelijalle mahdollisuuden löytää 
tehokkain sauvoittelu sekä kokonaan uusia konsepteja.

• Optimoinnin käyttöönotto:

1. Teoria ja menetelmät

2. Algoritmipakettien hankinta

3. Optimointimenetelmien liittäminen analyysiohjelmaan


