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Comparative Evaluation of Steel Profiles in Roof Trusses efdag

1 Introduction

The purpose of this document is to provide a comprehensiaiation of different types of
member profiles in roof trusses. Two groups of profiles arepared:

1. Chord profiles are HEA/HEB, and brace profiles are circhdiow sections (CHS).

2. Both chords and braces are of SHS.

The comparison is performed by employing topology optimarafor given spans and truss
heights. By using topology optimization, the best possthlss configurations for each com-
bination of profiles is determined. This implies that theutessare not biased by predetermined
truss types that could be in favor of certain profile combarat In topology optimization, the
combined manufacturing and material cost is minimized gigirsimplified cost function, with
data provided by Ruukki.

Optimization is performed by assuming a pin-jointed suuet where bending is taken into ac-
count by a simplified heuristic approach. Moreover, joimesgth checks are not included in
optimization. As a post-processing step, the resultingsies are evaluated by more accurate
structural models and appropriate joint strength rulese fsults of these evaluations are also
reported.

Comparative Evaluation of Steel Profiles in Roof Trusses
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2 Problem Setting

2.1 Overview

The trusses considered in are simply supported singleisqdrirusses. The design domain is
shown in Figure 2.1. The span of the truss is varied suchltka®4m, orL = 36 m. For both
spans, the heighitcan take the valuds=L/10, andh = L/20. Thus, the geometry of the design
domain implies 4 different cases.

For each variation of design domain geometry, two crostiesescenarios are considered:

1. Chords are HEA/HEB (S460), and the braces are CHS (S355);
2. Chords are SHS (S420), and the braces are SHS (S355).

L

Figure 2.1: Design domain of the roof trusses.
The following loads are employed:

Dead load of roofing &kN/m?
Self-weight of truss  A6kN/m?
Snow 08-2.5kN/m? = 2.0kN/n"?

The distance between trusses is c/c = 6 m.
The design load is determined based on the Swedish Natiowah®of (EN 1990 2002):

¥a - 1.35Gkj sup® Ya - 1.50o,1Qx 1 (2.1)
V- 0.89- 135G sup® Yt - 1.5Q 1 2.2)

Comparative Evaluation of Steel Profiles in Roof Trusses
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With vy = 1.0, andGyj sup= (0.5+ 0.16)kN/m? - 6m = 3.96 KN/m, Q1 = 2.0kN/m2-6m =
12kN/m, andp 1 = 0.7 for the snow load, the following is obtained:

g1 = 1.0- 1.35-3.96 kKN/m+1.0- 1.5- 0.7 12kN/m= 17.95kN/m (2.3)
o = 1.0-0.89- 1.35-3.96 KN/m-+ 1.0- 1.5- 12kN/m= 22.78 kN/m (2.4)

Thus, the load employed 6= max{qi,q2} = 22.78 kN/m.

2.2 Cross-section alternatives

2.2.1 HEA/HEB chordsand CHSbraces

The rules for welded joints between I-profile chords anddwokection braces state that the web
height of the I-profiles must not exceed 400mm (EN 1993-1-852Uable 7.20). Furthermore,
the cross-section must be in class 1 or 2 (with respect to cesswn). The largest applicable
HEA profile is HEA 450, and the largest HEB profile is HEB 450. nSequently, there are 6
HEA and 16 HEB alternatives. The 22 available HEA/HEB prafiee given in Table 2.1.

Table 2.1: Available HEA/HEB cross-sections.

H[mm] B[mm] S[mm] T[mm] R[mm] A[10°mn?] A, [10°mn?/mm]

1 96 100 5.0 8.0 12 21.20 0.56
2 114 120 5.0 8.0 12 25.30 0.68
3 133 140 5.5 8.5 12 31.40 0.79
4 152 160 6.0 9.0 15 38.80 0.91
5 350 300 10.0 17.5 27 142.80 1.83
6 390 300 11.0 19.0 27 159.00 1.91
7 100 100 6.0 10.0 12 26.00 0.57
8 120 120 6.5 11.0 12 34.00 0.69
9 140 140 7.0 12.0 12 43.00 0.81
10 160 160 8.0 13.0 15 54.30 0.92
11 180 180 8.5 14.0 15 65.30 1.04
12 200 200 9.0 15.0 18 78.10 1.15
13 220 220 9.5 16.0 18 91.00 1.27
14 240 240 10.0 17.0 21 106.00 1.38
15 260 260 10.0 17.5 24 118.40 1.50
16 280 280 10.5 18.0 24 131.40 1.62
17 300 300 11.0 19.0 27 149.10 1.73
18 320 300 115 20.5 27 161.30 1.77
19 340 300 12.0 215 27 470.90 1.81
20 360 300 125 22.5 27 180.60 1.85
21 400 300 13.5 24.0 27 197.80 1.93
22 450 300 14.0 26.0 27 218.00 2.03

For the CHS profiles, the following conditions are employed:
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e Wall thickness must be at least 3mm, which is according tokRtsirecommendation
((EN 1993-1-8 2005, Clause 7.1.1(5)) requiresban®n wall thickness)

e Compression members must be in class 1.

e The ratio of the diameted;, and the wall thickness;, must satisfy

d <50

t;
For S355, the limit of this ratio on cross-section class Pis?3= 90- (235/355) = 59.5775.
Thus, only some profiles of class 3 and none of the profilesasisclt can be employed.

e The diameter of the profile must not exceed 300 mm. This is @vamum flange width of
the available HEA/HEB profiles.

Requiring that the profiles belong to Ruukki’'s recommendedes’, 43 CHS alternatives are
obtained. These are listed in Table 2.2. Of the 43 alterestignly 3 belong to class 2, whereas
the others are in class 1. For simplicity, these three ateres (26, 35, 40) are removed from the
profile set. Thus all CHS profiles belong to class 1.

2.2.2 Sguare hollow section chords and braces

The selection of square hollow sections (SHS) is chosen filten’recommended series” of

Ruukki’'s profiles. The upper chord must be in class 1 (S42bgreas the lower chord must
be in class 1 or 2 (S420). Compression braces must be in clasg,lbut for braces in tension,

no limits for cross-section class are imposed. Nevertsalagy class 1 and 2 profiles (S355) are
chosen for all braces.

In addition to the restrictions to cross-section classfalewing rules are employed in the cross-
section selection:

1. Chord width is between 100 mm and 180 mm.

2. Minimum brace width is 35- 100 mm= 35mm. This requirement is derived from design
rules for N-, K- and KT-joints. For other joint types, a siaribut less stringent design rule
is required, but here the more severe rule is used regamfigsst type.

3. Maximum brace width is.85- 180 mm= 153 mm.
4. Wall thickness must be at leasO3nm.

With these rules, 44 profiles are included in the set of aditras. They are listed in Table 2.3.
For the braces, 40 profile alternatives are available. Fotdp and bottom chords, the number of
profile alternatives are 22 and 24, respectively.

2.3 Cost Factors

In this study, the cost function includes the cost of matehbkasting, and painting. The corre-
sponding unit data is given in Table 2.4.
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Table 2.2: Available CHS cross-sections.

i D[mm] T[mm] A[10°mn?] A, [103mn?/mm]
1 33.7 3.2 3.07 0.11
2 48.3 3.0 4.27 0.15
3 48.3 4.0 5.57 0.15
4 60.3 3.0 5.40 0.19
5 60.3 4.0 7.07 0.19
6 60.3 5.0 8.69 0.19
7 76.1 4.0 9.06 0.24
8 76.1 6.3 13.81 0.24
9 88.9 4.0 10.67 0.28
10 88.9 5.0 13.18 0.28
11 88.9 6.3 16.35 0.28
12 101.6 3.6 11.08 0.32
13 101.6 5.0 15.17 0.32
14 108.0 3.6 11.81 0.34
15 108.0 5.0 16.18 0.34
16 114.3 3.6 12.52 0.36
17 114.3 5.0 17.17 0.36
18 114.3 6.3 21.38 0.36
19 127.0 4.0 15.46 0.40
20 127.0 5.0 19.16 0.40
21 139.7 4.0 17.05 0.44
22 139.7 5.0 21.16 0.44
23 139.7 6.3 26.40 0.44
24 139.7 8.0 33.10 0.44
25 139.7 10.0 40.75 0.44
26 168.3 4.0 20.65 0.53
27 168.3 4.5 23.16 0.53
28 168.3 5.0 25.65 0.53
29 168.3 6.0 30.59 0.53
30 168.3 8.0 40.29 0.53
31 168.3 10.0 49.73 0.53
32 193.7 5.0 29.64 0.61
33 1937 6.3 37.09 0.61
34 193.7 10.0 57.71 0.61
35 219.1 4.5 30.34 0.69
36 219.1 6.0 40.17 0.69
37 219.1 8.0 53.06 0.69
38 219.1 10.0 65.69 0.69
39 219.1 125 81.13 0.69
40 273.0 6.0 50.33 0.86
41 273.0 8.0 66.60 0.86
42 273.0 10.0 82.62 0.86
43  273.0 12.5 102.30 0.86
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Table 2.3: Available SHS cross-sections. Profiles 1-40 are availavlbriices, profiles 21-44 can be chosen for the
bottom chord, and profiles 21-44 except 28 and 36 can be sdlfartthe top chord.

H[mm] T[mm] A[10°mn?] A, [10°mm?/mm]

1 40 3.0 4.21 0.15

2 40 4.0 5.35 0.15

3 50 3.0 5.41 0.19

4 50 4.0 6.95 0.19

5 50 5.0 8.36 0.18

6 60 3.0 6.61 0.23

7 60 4.0 8.55 0.23

8 60 5.0 10.36 0.22

9 70 3.0 7.81 0.27
10 70 4.0 10.15 0.27
11 70 5.0 12.36 0.26
12 80 3.0 9.01 0.31
13 80 4.0 11.75 0.31
14 80 5.0 14.36 0.30
15 80 6.0 16.83 0.30
16 90 3.0 10.21 0.35
17 90 4.0 13.35 0.35
18 90 5.0 16.36 0.34
19 90 6.0 19.23 0.34
20 100 3.0 11.41 0.39
21 100 4.0 14.95 0.39
22 100 5.0 18.36 0.38
23 100 6.0 21.63 0.38
24 100 8.0 27.24 0.37
25 110 4.0 16.55 0.43
26 110 5.0 20.36 0.42
27 110 6.0 24.03 0.42
28 120 4.0 18.15 0.47
29 120 5.0 22.36 0.46
30 120 6.0 26.43 0.46
31 120 8.0 33.64 0.45
32 120 10.0 40.57 0.44
33 140 5.0 26.36 0.54
34 140 6.0 31.23 0.54
35 140 8.0 40.04 0.53
36 150 5.0 28.36 0.58
37 150 6.0 33.63 0.58
38 150 8.0 43.24 0.57
39 150 10.0 52.57 0.56
40 150 12.5 62.04 0.54
41 160 8.0 46.44 0.61
42 160 10.0 56.57 0.60
43 180 8.0 52.84 0.69
44 180 10.0 64.57 0.68
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Table 2.4: Cost data.

Factor Cost Unit

Blasting 3 €/m?
Painting, C2 & €/m?
Intumescent Paint, R30 40 €/m?
Quiality control 20 €/(10°kg)

HEA & HEB, S355 750 €/(10°kg)
HEA & HEB, S460 800 €/(10°kg)
CHS, S355 750 €/(10°kg)
SHS, S420/S355 750 €/(10%kg)

Material cost. The cost of material is expressed as

Ne

Cu(x) = ZZCM,jPi LiAjyi
i=1"]
wherecy ; is the material cost factor that is specific for profile
Blasting cost. The cost of blasting is written as
Ng .
Cg(X) = ZLZCBLiAu,jYij
i=1]
wherecg = 3-107%€/mn? is the blasting cost factor.
Painting cost. In general, the cost of painting can be expressed as
Ng R
Cp(x) = ZZCPLiAu,jYij
i=1"]

wherecg = 8.5-107%€/mn? is the unit cost for painting.
The complete cost function is the sum of the above cost faciar

C(x) = Cu (%) +Ca(x) +Cp(X)

(2.5)

(2.6)

2.7)

(2.8)




Comparative Evaluation of Steel Profiles in Roof Trusses efiag

3 Topology Optimization

3.1 Introduction

As afirst step in the study, optimum topologies for varyingfspans and heights are determined.
In topology optimization, the structural model is based omjpinted truss elements, where only
axial forces appear. In the basic model, the effects of mendre neglected. However, for the
specific application, the chord members are sized for bendinapproximating the bending
moment and applying the appropriate design rule of Euro@d€&he framework for topology
optimization can be summarized as follows.

e Members are pin-jointed bars.

e Bending of the chords is taken into account by assuming aibgmidoment of

qL?
M= —
' 10
in the top chord members and
v 4
' 20

in the bottom chord members. In the abogas the design load, anl is the length of

memberi. Members in tension must satisfy the appropriate designiru{(EN 1993-1-1

2005, Clause 6.2.9.1(5)), and members in tension are stoedding to the rule (EN 1993—
1-1 2005, Clause 6.3.3(4)).

e Joints are not considered, i.e. joint strength and ecaats are not checked. However,
separate constraints ensure that the dimensions of thedoaae within the prescribed limits
as stated in (EN 1993-1-8 2005, Table 7.20 and Table 7.8).eTadye specific, for the
SHS profiles, the rules of first column of (EN 1993-1-8 200583 .8) are implemented.
Furthermore, it is ensured that the brace widths do not ekiteeewidth of the chords.

e The trusses are optimized for cost.

e The height of the truss is measured from the center line obtt®m chord to the center
line of the top chord at the ridge.

For each combination of span and height, 3 ground strucanesonsidered. One half of the
design domain is divided into 8, 10, or 12 equally spacedate. Braces are added to the
ground structure, if they meet both chords in an angle grébésm 30. The maximum member
length is limited toL /5. The ground structures are depicted in Figure 3.1.

Comparative Evaluation of Steel Profiles in Roof Trusses
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(f) Ground structure with 12 intervals on one half of the sgiea,L/20.

Figure3.1: Ground structures for topology optimizatidn= 24 m.

3.2 HEA/HEB chordsand CHS braces

For HEA/HEB profiles, there are 22 available alternatives tielong to cross-section class 1 or
2 (S460) and have diameter at most 400 mm. For CHS bracesdedpto class 1 (S355), 40
alternatives are available. The number of profile alteveathas a direct effect on the optimization
problem size. In Table 3.1, the different problem instarazesshown.

The results of topology optimization are summarized in @ahR. In the table, the initial and
minimum cost are reported. For given span and height, themaim cost among the three ground
structures is in bold face. It can be seen that depending ®sgan and height, any ground
structure can provide the minimum cost.

The optimum designs are illustrated in Figures 3.2-3.5, rmpthber details are shown in Ta-
bles 3.3-3.6. For each member, the profile, cost, axial fatesign value of bending moment,
and utilization ratios for strength and buckling desigresure given. Note that due to symmetry,
only half of the members are displayed in the tables. Notethigeutilization ratios are given with
respect to normal force resistances, also for chord members
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Table 3.1: Problem instances for topology optimization of HEA/HEB/Stusses.

gkN/m] L[m] L/h k n N Ny n< n~  ng

1 22.78 24 10 40 8 7268 2457 21617 275 150
2 22.78 24 10 40 10 11651 3923 35042 394 237
3 22.78 24 10 40 12 15103 5071 45958 502 313
4 22.78 24 20 40 8 5669 1924 17139 249 124
5 22.78 24 20 40 10 7715 2611 23676 330 173
6 22.78 24 20 40 12 10183 3431 31688 422 233
7 22.78 36 10 40 8 7268 2457 21617 275 150
8 22.78 36 10 40 10 11651 3923 35042 394 237
9 22.78 36 10 40 12 15103 5071 45958 502 313
10 22.78 36 20 40 8 5669 1924 17139 249 124
11 22.78 36 20 40 10 7715 2611 23676 330 173
12 22.78 36 20 40 12 10183 3431 31688 422 233

Table 3.2: Results of topology optimization for HEA/HEB/CHS trusseSy = initial cost; C* = minimum cost
obtainedt* = runtime when the optimum was fountg; = runtime at termination (time limit 21600 s);
Go = initial optimality gap;G* = optimality gap, when optimum was foun@, = final optimality gap.

| Coll?€] C0?€] 2CC ) ISl e Gol%l G [%] Gin [%]
1 13.60 13.37 1.69 32 248 28.90 13.40 1.98
2 14.73 14.32 2.86 429 666 33.00 12.30 1.67
3 15.24 14.01 8.79 1476 3180 37.10 15.40 1.44
4 17.10 17.07 0.16 194 257 26.20 11.70 1.81
5 17.28 17.14 0.79 465 731 29.20 13.80 1.05
6 16.53 16.36 1.01 1078 3109 25.90 12.00 2.00
7 29.89 29.73 0.55 564 603 33.10 7.04 1.88
8 36.13 35.10 2.94 238 890 45.20 30.10 1.84
9 34.14 32.56 4.86 7922 7944 42.70 2.22 1.61
10 38.93 38.75 0.46 247 249 29.90 4.35 1.20
11 36.14 35.99 0.44 785 1367 27.70 13.50 1.39
12 36.40 36.22 0.50 692 1340 29.00 18.60 1.04
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Figure 3.2: Optimum topology for HEA/HEB/CHS profiles. = 24m,h=L/10.C* = 1337€.

Table 3.3: Optimum design fot. =24m,h=L/10. The axial forces and design values of the bending monment a
given. Furthermore, the utilization ratio for strendtls, and stabilityUg, are reported. Due to symmetry,
only the members on the left to the symmetry axis are shown.

i Profile C[€] NIKN] Mgg[kNm] Us Ug
1 CHS60.3x5.0 38.33  288.78 0.00 0.94 0.00
4 HEB100 139.58 -167.91 2051  0.23 0.97
8 CHS88.9x6.3 69.18 -285.46 0.00 0.49 0.97
9 HEA100 12059 329.92 2050  0.44 0.00
23 CHS60.3x4.0 34.07 214.58 0.00 0.85 0.00
24 HEB 100 69.79  -451.88 5.13 0.42 0.56
28 CHS48.3x3.0 19.16  -34.17 0.00 0.23 0.81
30 CHS88.9x4.0 5223 -171.23  0.00 0.45 0.89
31 HEA100 12059 54672 2050  0.73 0.00
35 HEB 100 69.79  -451.88 5.13 0.42 0.56
45 CHS48.3x3.0 2341 12522 0.00 0.83 0.00
46 HEB 100 69.79  -616.37 5.13 057 0.77
50 CHS48.3x3.0 19.81  -34.17 0.00 0.23 0.86
52 CHS76.1x4.0 4551  -83.33 0.00 0.26 0.65
53 HEA 100 12059 661.35 2050  0.89 0.00
57 HEB 100 69.79  -616.37 5.13 057 0.77
66 CHS33.7x3.2 17.01  40.66 0.00 0.37 0.00
67 HEB 100 69.79  -683.61 5.13 0.63 0.85
70 CHS48.3x3.0 2045  -34.17 0.00 0.23 0.90
72 CHS33.7x32 17.40  -0.00 0.00 0.00 0.00
73 HEA 100 60.29 683.40 2050  0.92 0.00
75 HEB 100 69.79  -683.61 5.13 0.63 0.85

Total Cost 1336.96
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Figure 3.3: Optimum topology for HEA/HEB/CHS profiles. = 24m,h=L/20.C* = 1636€.

Table 3.4: Optimum design fot. =24m,h=L/20. The axial forces and design values of the bending monment a
given. Furthermore, the utilization ratio for strendtls, and stabilityUg, are reported. Due to symmetry,
only the members on the left to the symmetry axis are shown.

i Profile C[€] NI[kN] Mgg[kNm] Us Ug
1 CHS76.1x6.3 29.86  364.46 0.00 0.74 0.00
3 HEB120 119.14  -270.98 9.12 0.19 0.28
8 CHS76.1x6.3 30.61  -353.99 0.00 0.72 0.96
9 HEB120 119.10  527.54 9.11 0.36  0.00
23 CHS76.1x6.3 30.61  271.38 0.00 0.55 0.00
25 HEB 120 119.14  -724.51 9.12 0.52 0.76
30 CHS88.9x4.0 27.32 -264.33 0.00 0.70 0.86
31 HEB 120 119.10  911.20 9.11 0.62 0.00
45 CHS60.3x5.0 21.00  204.30 0.00 0.66 0.00
46 HEB 120 59.57  -1055.99 2.28 0.69 0.74
50 CHS33.7x3.2 6.30  -22.78 0.00 0.21 0.44
52 CHS60.3x5.0 21.54  -168.03 0.00 0.54 0.88
53 HEB 120 119.10 1171.54 9.11 0.79 0.00
57 HEB 120 59.57  -1055.99 2.28 0.69 0.74
67 CHS48.3x4.0 14.83  129.49 0.00 0.65 0.00
68 HEB 120 59.57  -1261.24 2.28 0.83 0.89
72 CHS33.7x32 6.61  -22.78 0.00 0.21 0.47
74 CHS60.3x5.0 22.08  -95.94 0.00 0.31 051
75 HEB 120 119.10 1325.38 9.11 0.90 0.00
79 HEB 120 59.57 -1261.24 2.28 0.83 0.89
89 CHS33.7x32 9.14 61.57 0.00 0.56 0.00
90 HEB 120 59.57  -1367.23 2.28 0.90 0.96
94 CHS33.7x32 6.92  -22.78 0.00 0.21 0.49
96 CHS48.3x3.0 13.19  -30.19 0.00 0.20 0.42
97 HEB 120 119.10  1386.61 9.11 0.94 0.00
100 HEB 120 59.57  -1367.23 2.28 0.90 0.96
108 CHS33.7x3.2  9.37 -0.64 0.00 0.01 0.02
109 HEB 120 50.57  -1386.62 2.28 0.91 0.98
112 CHS33.7x3.2 7.23  -22.78 0.00 0.21 0.52
114 CHS33.7x3.2 9.61 30.28 0.00 0.28 0.00
115 HEB 120 50.55  1366.80 9.11 0.92 0.00
117 HEB 120 59.57  -1386.62 2.28 0.91 0.98

Total Cost 1636.08
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Figure 3.4: Optimum topology for HEA/HEB/CHS profiles. = 36 m,h =L/10.C* = 2973€.

Table 3.5: Optimum design fot. =36 m,h=L/10. The axial forces and design values of the bending monment a
given. Furthermore, the utilization ratio for strendtls, and stabilityUg, are reported. Due to symmetry,
only the members on the left to the symmetry axis are shown.

i Profile C[€] NIkN] Mgg[kNm] Us Ug

1 CHS76.1x6.3 8591  433.18 0.00 0.88 0.00
4 HEA160 318.65 -251.86  46.16  0.22 0.87
8 CHS139.7x6.3 166.50 -428.19 0.00 0.46 0.84
9 HEA140 264.09  494.88 46.13 046 0.00
23 CHS88.9x4.0 7655  321.86 0.00 0.85 0.00
24 HEA 160 159.33  -677.82 1154  0.42 055
28 CHS60.3x5.0  49.29  -51.25 0.00 0.17 0.84
30 CHS127.0x4.0 113.03 -256.84 0.00 0.47 0.96
31 HEA 140 264.09  820.08 46.13  0.76 0.00
35 HEA 160 159.33  -677.82 11.54  0.42 055
45 CHS48.3x4.0 4149  187.83 0.00 0.95 0.00
46 HEA 160 159.33  -924.56 1154 057 0.74
50 CHS60.3x5.0  50.96  -51.25 0.00 0.17 0.89
52 CHS101.6x3.6 86.04  -124.99 0.00 0.32 0.92
53 HEA 140 264.09  992.03 46.13  0.92 0.00
57 HEA 160 159.33  -924.56 1154 057 0.74
66 CHS33.7x32 2552  61.00 0.00 0.56 0.00
67 HEA 160 159.33 -1025.42  11.54  0.63 0.83
70 CHS60.3x5.0  52.63  -51.26 0.00 0.17 0.94
72 CHS33.7x32  26.11 0.00 0.00 0.00 0.00
73 HEA 140 132.04 102510  46.13  0.95 0.00
75 HEA 160 159.33 -1025.42  11.54  0.63 0.83

Total Cost 2972.95




Comparative Evaluation of Steel Profiles in Roof Trusses efdah

62 bl R3S L el 182 170
VA«WWWFMWF&‘Q?@%‘W
8 28 48 85 101 121 141 160

Figure 3.5: Optimum topology for HEA/HEB/CHS profiles. = 36 m,h =L/20.C* = 3599€.

Table 3.6: Optimum design fot. =36 m,h = L/20. The axial forces and design values of the bending monment a
given. Furthermore, the utilization ratio for strendth, and stabilityUg, are reported. Due to symmetry,
only the members on the left to the symmetry axis are shown.

i Profile C[€] NIkN] Mgg[kNm] Us Ug

1 CHS114.3x5.0 6528  595.22 0.00 0.98 0.00
3 HEB 160 327.77  -476.32 2954 023 050
7 CHS139.7x5.0 8224  -571.69 0.00 0.76 0.95
8 HEB 160 327.67  922.59 2952 0.40 0.00
21 CHS76.1x6.3  51.16  441.57 0.00 0.90 0.00
22 HEB 160 163.89 -1267.79 7.39 0.53 0.61
25 CHS48.3x3.0  12.86  -41.00 0.00 0.27 055
27 CHS108.0x5.0 64.63  -362.61 0.00 0.63 0.92
28 HEB 160 327.67 154368 2952  0.67 0.00
32 HEB 160 163.89 -1267.79 7.39 0.53 0.61
41 CHS60.3x5.0  35.09  280.38 0.00 0.91 0.00
42 HEB 160 163.89 -1757.86 7.39 0.73 0.84
45 CHS48.3x3.0  13.64  -41.00 0.00 0.27 0.59
47 CHS88.9x4.0  46.78  -210.15 0.00 0.55 0.97
48 HEB 160 327.67 191352 2952  0.83 0.00
52 HEB 160 163.89 -1757.86 7.39 0.73 0.84
61 CHS48.3x3.0 2097  139.16 0.00 0.92 0.00
62 HEB 160 163.89 -2017.58 7.39 0.84 0.97
65 CHS48.3x3.0  14.42  -41.00 0.00 0.27 0.64
67 CHS60.3x4.0 3201  -75.62 0.00 0.30 0.92
68 HEB 160 327.67 207178 2952  0.90 0.00
71 HEB 160 163.89 -2017.58 7.39 0.84 0.97
79 CHS33.7x32 1527  13.74 0.00 0.13 0.00
80 HEB 160 163.89 -2082.39 7.39 0.87 1.00
82 CHS48.3x3.0 1519  -41.00 0.00 0.27 0.69
84 CHS33.7x32 1565  44.61 0.00 0.41 0.00
85 HEB 160 163.84 2050.20 2952  0.89 0.00
87 HEB 160 163.89 -2082.39 7.39 0.87 1.00

Total Cost 3598.56
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3.3 SHSchord and SHS braces

For SHS trusses, same ground structures are used as for th@HBB/CHS trusses (see Fig-
ure 3.1). Problem sizes for each instance are given in TabBle 3

Two sets of optimization problems are solved regarding theklng curve. In the first run,
the buckling curve 'c’ required by the present Eurocode ipleyed. Then, due to the implied
results of recent measurements, buckling curve 'b’ is astbjdr the members. The results for
these separate instances are reported below.

Table 3.7: Problem instances for topology optimization of SHS trusses

gkN/m] L[m] L/h k n N Ny = n~ ng

1 22.78 24 10 40 8 7384 2497 22131 275 150
2 22.78 24 10 40 10 11843 3989 35906 394 237
3 22.78 24 10 40 12 15343 5153 47042 502 313
4 22.78 24 20 40 8 5785 1964 17601 249 124
5 22.78 24 20 40 10 7907 2677 24412 330 173
6 22.78 24 20 40 12 10423 3513 32612 422 233
7 22.78 36 10 40 8 7384 2497 22131 275 150
8 22.78 36 10 40 10 11843 3989 35906 394 237
9 22.78 36 10 40 12 15343 5153 47042 502 313
10 22.78 36 20 40 8 5785 1964 17601 249 124
11 22.78 36 20 40 10 7907 2677 24412 330 173
12 22.78 36 20 40 12 10423 3513 32612 422 233

3.3.1 Resultsusing present Eurocode

First, the SHS trusses are optimized using present Euroddde means that the buckling curve
'c’ as indicated in (EN 1993-1-1 2005, Table 6.2) is emplofadcold-formed sections. The
results of topology optimization are summarized in Tabk 3t can be seen that the algorithm
converged within one hour in all cases, and usually in muss fiene.

From the results, it can be seen that for both spans the srugeheighth = L /10 are substan-
tially more economical. For the 24 m span, the difference8i%2and for the span of 36 m, the
difference is 20%.

The optimum topologies are shown in Figures 3.6—-3.9, anddnesponding member data are
given in Tables 3.9-3.12. In addition to member profiles,rtbiamal forces, bending moments,
and utilization ratios are also given.
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Table 3.8: Results of topology optimization for SHS truss&® = initial cost; C* = minimum cost obtained;" =
runtime when the optimum was fount};, = runtime at termination (time limit 21600 s = initial
optimality gap;G* = optimality gap, when optimum was foun@;, = final optimality gap.

| Coll?e] C €] 2CC ) ISl e Gol%l G [%] Gin [%]
1 12.72 12.18 4.47 424 430 28.50 2.33 1.93
2 13.74 13.11 4.81 675 763 32.50 8.59 1.06
3 13.49 12.54 7.58 2963 3311 33.60 6.72 1.93
4 16.39 16.29 0.63 29 278 25.90 16.30 1.95
5 16.48 15.61 5.55 644 1103 28.10 9.70 1.94
6 16.88 15.79 6.89 1528 3463 30.30 11.70 2.00
7 28.75 28.03 2.59 298 455 31.90 15.20 1.97
8 31.40 30.03 457 571 627 34.80 10.50 1.79
9 30.43 28.75 5.87 2081 2484 36.00 7.43 2.00
10 37.06 35.50 4.40 41 50 21.60 6.29 0.59
11 35.28 34.53 2.18 541 541 22.90 1.77 1.67
12 35.32 33.75 4.64 1932 1932 26.20 2.15 1.88

3.3.2 Resultsusing buckling curve b

The results of optimization using the buckling curve 'b’ 8N 1993-1-1 2005) are summarized
in Table 3.13. When the minimum costs obtained are compaitdtiae minimum costs of the
previous Section (see Table 3.8), it can be seen that fontheds withh = L /10, the cost saving is
1.5% and 20% for the spans 24 m and 36 m, respectively. For the lowesesigvithh = L /20),
the cost savings for both spans are only%.

As in the previous Section, the higher trusdes:(L/10) are significantly more economical (30 %,
and 22 %).

The optimum topologies are depicted in Figures 3.10-3.48 tle corresponding member data
are given in Tables 3.14-3.17.
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Figure 3.6: Optimum topology for SHS profiles. =24m,h=L/10.C* = 1218€.

Table 3.9: Optimum SHS truss design foir=24m,h = L/10. The axial forces and design values of the bending
moment are given. Furthermore, the utilization ratio foesgth,Us, and stabilityUg, are reported. Due
to symmetry, only the members on the left to the symmetry asésshown.

i Profile C[€] NIKN] Mgg[kNm] Us Ug

1 SHS90x3.0 52.63 288.78 0.00 0.80 0.00
4 SHS110x6.0 116.10 -167.91 2051  0.28 0.82
8 SHS90x4.0  63.67 -28546  0.00 0.60 1.00
9 SHS100x5.0 93.01 329.92 1025  0.60 0.00
23 SHS50x4.0 3350 214.58 0.00 0.87 0.00
24 SHS110x6.0 58.05 -451.88 5.13 0.50 0.62
28 SHS40x3.0  18.89  -34.17 0.00 0.23 0.93
29 SHS100x5.0 4651  546.72 2.56 0.76 0.00

30 SHS90x3.0 55.15 -171.23 0.00 0.47 0.79
35 SHS110x6.0 58.05 -451.88 5.13 0.50 0.62
39 SHS 40x3.0 19.21 -0.00 0.00 0.00 0.00
40 SHS100x5.0 46.51 546.72 2.56 0.76 0.00
45 SHS 40x3.0 23.09 125.22 0.00 0.84 0.00
46 SHS110x6.0 58.05 -616.37 5.13 0.68 0.84
50 SHS 60x3.0 30.38 -104.19 0.00 0.44 0.99
51 SHS100x5.0 46.51 616.18 2.56 0.86 0.00

56 SHS 40x3.0 23.36 82.38 0.00 0.55 0.00
57 SHS110x6.0 58.05 -661.56 5.13 0.73 0.90
61 SHS 40x4.0 22.84 -34.17 0.00 0.18 0.84
62 SHS 100x5.0 46.51 683.40 2.56 0.96 0.00
63 SHS 50x3.0 30.53 -41.13 0.00 0.21 0.86
67 SHS110x6.0 58.05 -661.56 5.13 0.73 0.90
70 SHS 40x3.0 20.17 0.00 0.00 0.00 0.00
71 SHS 100x5.0 46.51 683.40 2.56 0.96 0.00
74 SHS 40x3.0 23.90 0.00 0.00 0.00 0.00
75 SHS 110x6.0 58.05 -683.61 5.13 0.75 0.93
76 SHS 40x3.0 10.25 -0.00 0.00 0.00 0.00

Total Cost 1217.51
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Figure 3.7: Optimum topology for SHS profiles. = 24m,h=L/20.C* = 1561€.

Table 3.10: Optimum design fot. = 24m,h =L/20. The axial forces and design values of the bending moment
are given. Furthermore, the utilization ratio for strendfls, and stability,Ug, are reported. Due to
symmetry, only the members on the left to the symmetry axdshown.

i Profile C[€] N[kN] Mgg[kNm] Us Ug
1 SHS110x4.0 4471  396.81 0.00 0.68 0.00
3 SHS120x10.0 141.87 -317.55 1313 022 0.35
7  SHS 90x4.0 37.03  -381.13 0.00 0.80 0.97
8 SHS120x8.0 12222 615.06 6.56 0.48 0.00
21 SHS 50x5.0 2200  273.16 0.00 0.92 0.00
23 SHS120x10.0 141.87 -828.62 1313 057 0091
27 SHS 90x3.0 3212  -263.48 0.00 0.73 0.88
28 SHS120x8.0 12222 1029.12 6.56 0.80 0.00
41 SHS50x3.0 17.18  186.92 0.00 0.97 0.00
42 SHS120x10.0 70.94 -1171.91 3.28 0.72 0.79
45 SHS 50x3.0 11.46  -27.34 0.00 0.14 0.19
47 SHS 60x3.0 21.44  -140.10 0.00 0.60 0.92

48 SHS 120x8.0 122.22  1275.68 6.56 0.99 0.00
52 SHS120x10.0 70.94 -1171.91 3.28 0.72 0.79

61 SHS 50x3.0 17.61 92.77 0.00 0.48 0.00
62 SHS 120x10.0 70.94 -1345.06 3.28 0.82 0.91
65 SHS50x3.0 12.11 -62.06 0.00 0.32 0.44
66 SHS 120x8.0 61.11 1344.64 1.64 0.97 0.00
70 SHS 50x3.0 17.83 49.79 0.00 0.26 0.00
71 SHS120x10.0 70.94 -1381.62 3.28 0.84 0.93
74 SHS 50x3.0 12.44 -33.81 0.00 0.18 0.24
75 SHS 120x8.0 61.11 1381.19 1.64 1.00 0.00
79 SHS 50x3.0 18.06 9.16 0.00 0.05 0.00
80 SHS120x10.0 70.94  -1388.26 3.28 0.85 0.93
82 SHS50x3.0 12.76 -27.34 0.00 0.14 0.20
83 SHS 120x8.0 61.11 1366.80 1.64 0.99 0.00
84 SHS50x3.0 18.52 29.74 0.00 0.15 0.00
87 SHS120x10.0 70.94  -1388.26 3.28 0.85 0.93
88 SHS 50x3.0 6.55 0.00 0.00 0.00 0.00

Total Cost 1561.18
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Figure 3.8: Optimum topology for SHS profiles. =36 m,h=L/10.C* = 2803€.

Table 3.11: Optimum design foL = 36m,h=L/10. The axial forces and design values of the bending moment
are given. Furthermore, the utilization ratio for strendfl, and stability,Ug, are reported. Due to
symmetry, only the members on the left to the symmetry axdshown.

i Profile C[€] NIKN] Mgg[kNm] Us Ug
1 SHS120x4.0 126.43  464.12 0.00 0.72 0.00
2 SHS140x8.0 136.17 -269.85 1154  0.18 0.24
6 SHS60x3.0 4258  -51.25 0.00 0.22 0.80
8 SHS120x5.0 149.33 -396.51 0.00 0.50 0.93
9 SHS140x6.0 225.68  494.88 23.06 052 0.00
13 SHS140x8.0 136.17  -269.85 1154  0.18 0.24
23 SHS60x5.0  69.96  321.86 0.00 0.88 0.00
24 SHS140x8.0 136.17 -677.82 11.54  0.45 0.60
28 SHS60x3.0  44.08  -51.25 0.00 0.22 0.84
30 SHS110x4.0 12090 -256.84 0.00 0.44 0.91
31 SHS140x6.0 225.68  820.08 23.06  0.86 0.00
35 SHS140x8.0 136.17 -677.82 11.54  0.45 0.60
45 SHS50x3.0  44.25  187.83 0.00 0.98 0.00
46 SHS140x8.0 136.17 -924.56 1154  0.62 0.82
50 SHS60x3.0 4557  -51.25 0.00 0.22 0.89
51 SHS140x6.0 112.84  992.03 5.77 0.81 0.00
52 SHS90x3.0  84.64  -124.99 0.00 0.34 0.97
57 SHS140x8.0 136.17  -924.56 1154 062 0.82
61 SHS50x3.0  38.05 0.00 0.00 0.00 0.00
62 SHS140x6.0 112.84  992.03 5.77 0.81 0.00
66 SHS50x3.0 4528  61.00 0.00 0.32  0.00
67 SHS140x8.0 136.17 -102542 1154  0.69 0.91
70 SHS60x3.0  47.06  -51.25 0.00 0.22 0.94
71 SHS140x6.0 112.84 1025.10 5.77 0.84 0.00
74 SHS50x3.0 4580  -0.00 0.00 0.00 0.00
75 SHS140x8.0 136.17 -102542 1154  0.69 0.91
76 SHS50x3.0  19.64  -0.00 0.00 0.00 0.00

Total Cost 2802.82
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Figure 3.9: Optimum topology for SHS profiles. = 36 m,h =L/20.C* = 3375€.
Table 3.12: Optimum design fot. = 36m,h = L/20. The axial forces and design values of the bending moment

are given. Furthermore, the utilization ratio for strendfl, and stability,Ug, are reported. Due to
symmetry, only the members on the left to the symmetry axdshown.

i Profile C[€] N[kN] Mgg[kNm] Us Ug

1 SHS140x5.0  89.51  546.68 0.00 0.58 0.00
3 SHS160x10.0 246.43  -406.47 2051  0.20 0.28
8 SHS120x4.0  67.57  -530.98 0.00 0.82 0.99
9 SHS150x10.0 229.09 791.31 10.25  0.39 0.00
23 SHS 80x4.0 43.95  407.07 0.00 0.98 0.00
25 SHS160x10.0 246.43 -1086.77 2051  0.52 0.76
30 SHS100x4.0  57.17  -396.50 0.00 0.75 0.98
31 SHS150x10.0 229.09 1366.80 10.25  0.67 0.00
45 SHS 80x3.0 3823  306.44 0.00 0.96 0.00
46 SHS160x10.0 123.22 -1583.98 5.13 0.69 0.74
50 SHS 60x5.0 27.14  -216.69 0.00 0.59 0.91
51 SHS150x10.0 114.54 1583.49 2.56 0.73 0.00
56 SHS 60x4.0 33.37  248.92 0.00 0.82 0.00
57 SHS160x10.0 123.22 -1757.86 5.13 0.76 0.82
61 SHS 60x3.0 2092  -34.17 0.00 0.15 0.22
63 SHS 80x3.0 39.69  -196.67 0.00 0.61 0.96

64 SHS 150x10.0 229.09 1891.27 10.25 0.92 0.00
68 SHS 160x10.0 123.22 -1757.86 5.13 0.76 0.82

78 SHS 60x3.0 29.25 142.13 0.00 0.61 0.00
79 SHS 160x10.0 123.22 -1988.69 5.13 0.86 0.93
83 SHS60x3.0 21.91 -34.17 0.00 0.15 0.23
85 SHS60x3.0 29.99 -93.51 0.00 0.40 0.87

86 SHS 150x10.0 229.09 2050.20 10.25 1.00 0.00
90 SHS 160x10.0 123.22 -1988.69 5.13 0.86 0.93

99 SHS60x3.0 29.99 44.72 0.00 0.19 0.00
100 SHS 160x10.0 123.22 -2080.56 5.13 0.90 0.98
103 SHS 60x3.0 2291 -33.43 0.00 0.14 0.23
104 SHS 150x10.0 114.54 2079.91 2.56 0.96 0.00
108 SHS 60x3.0 30.36 -0.96 0.00 0.00 0.01
109 SHS 160x10.0 123.22 -2079.93 5.13 0.90 0.97
112 SHS 60x3.0 23.41 -34.17 0.00 0.15 0.24
114 SHS 60x3.0 31.12 45.43 0.00 0.19 0.00

115 SHS 150x10.0 114.54 2050.20 10.25 1.00 0.00
117 SHS 160x10.0 123.22 -2079.93 5.13 0.90 0.97

Total Cost 3375.06
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Table 3.13: Results of topology optimization for SHS trusses with buakkturve b.Cy = initial cost;C* = minimum
cost obtained;* = runtime when the optimum was fourtgl; = runtime at termination (time limit 21600
s); Go = initial optimality gap;G* = optimality gap, when optimum was foun@, = final optimality

gap.

: 2 % 2 CO*C* * *

i Co[l0°€] C'[10°€] o [%] t°[s] tin Go[%] G*[%] Gfin [%0]

1 12.56 12.00 4.66 29 363 28.20 15.00 1.80
2 13.56 13.05 3.91 145 848 32.50 18.40 1.89
3 13.19 12.12 8.81 2922 4872 32.90 8.00 1.84
4 16.14 16.08 0.32 270 339 25.30 6.68 1.50
5 16.44 15.56 5.64 566 922 28.50 10.70 1.93
6 16.78 15.74 6.62 2517 7984 30.20 13.60 2.00
7 28.71 27.60 4.01 241 816 32.90 13.80 1.98
8 31.01 29.85 3.89 1301 1302 35.30 1.72 1.70
9 29.20 27.47 6.32 3398 3412 34.40 2.25 1.99
10 36.99 35.40 4,50 38 50 23.20 5.87 0.87
11 35.20 34.46 2.15 356 371 24.10 3.71 2.00
12 34.80 33.64 3.44 1075 1312 26.00 6.00 1.94

3.4 Summary of Topology Optimization

The results of topology optimization are summarized in &ll8. Note that for SHS trusses,
the summary is based on the results obtained with bucklingech’. The following observations
can be made:

e Tubular trusses are 5-10% more economical than trussesEitiHEB chords and CHS
braces

e The weight of the minimum cost tubular trusses is 4-8% greakeept for the 24 m span
truss withh = L/10, where tubular truss is 6% lighter.

Table 3.18: Comparison of minimum cost HEA/HEB/CHS and SHS trusses.SHf8 trusses, the results obtained
using buckling curve 'b’ are reported. Costs and weightgasmen for cost optimized trusses. In addition,
the cost and weight ratios are reported.

C W
LMl L/h Gieal€] Csnsl€] —1° Whea[l102kg] Wens[102kg] ——1>

CHEa WHEA
24 10 1336.96 1200.22 0.90 11.48 10.78 0.94
24 20 1636.08 1556.48 0.95 14.66 15.79 1.08
36 10 2972.95 2746.61 0.92 25.75 27.04 1.05

36 20 359856 3364.29 0.93 33.48 34.90 1.04
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Figure 3.10: Optimum topology for SHS profiles with buckling curve '.= 24m,h=L/10.C* = 1200€.
Table 3.14: Optimum SHS truss design far= 24 m,h = L/10 with buckling curve 'b’. The axial forces and design

values of the bending moment are given. Furthermore, thizatton ratio for strengthJs, and stability,
Ug, are reported. Due to symmetry, only the members on theddlfte symmetry axis are shown.

i Profile C[€] NIKN] Mgg[kNm] Us Ug

1 SHS90x3.0 52.63 288.78 0.00 0.80 0.00
4 SHS110x6.0 11610 -167.91 2051  0.28 0.75
8 SHS100x3.0 60.14 -285.46 0.00 0.70 0.96
9 SHS100x5.0 93.01 329.92 1025  0.60 0.00
23 SHS50x4.0 3350 214.58 0.00 0.87 0.00
24 SHS110x6.0 58.05 -451.88 5.13 0.50 0.59
28 SHS40x3.0  18.89  -34.17 0.00 0.23 0.87
29 SHS100x5.0 4651  546.72 2.56 0.76 0.00

30 SHS80x3.0 48.73  -171.23 0.00 0.54 0.92
35 SHS110x6.0 58.05 -451.88 5.13 0.50 0.59
39 SHS 40x3.0 19.21 -0.00 0.00 0.00 0.00
40 SHS100x5.0 46.51 546.72 2.56 0.76 0.00
45 SHS 40x3.0 23.09 125.22 0.00 0.84 0.00
46 SHS110x6.0 58.05 -616.37 5.13 0.68 0.81

50 SHS 40x3.0 19.53 -34.17 0.00 0.23 0.92
51 SHS100x5.0 46.51 661.35 2.56 0.93 0.00
52 SHS 60x3.0 36.75 -83.33 0.00 0.36 0.94
57 SHS110x6.0 58.05 -616.37 5.13 0.68 0.81
61 SHS 40x3.0 19.85 0.00 0.00 0.00 0.00
62 SHS 100x5.0 46.51 661.35 2.56 0.93 0.00
66 SHS 40x3.0 23.63 40.66 0.00 0.27 0.00
67 SHS110x6.0 58.05 -683.61 5.13 0.75 0.89
70 SHS 40x3.0 20.17 -34.17 0.00 0.23 0.97
71 SHS 100x5.0 46.51 683.40 2.56 0.96 0.00
74 SHS 40x3.0 23.90 -0.00 0.00 0.00 0.00
75 SHS 110x6.0 58.05 -683.61 5.13 0.75 0.89
76 SHS 40x3.0 10.25 -0.00 0.00 0.00 0.00

Total Cost 1200.22
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Figure 3.11: Optimum topology for SHS profiles with buckling curve '.= 24m,h=L/20.C* = 1566€.

Table 3.15: Optimum SHS truss design far= 24 m,h = L /20 with buckling curve 'b’. The axial forces and design
values of the bending moment are given. Furthermore, thizatton ratio for strengthJs, and stability,
Ug, are reported. Due to symmetry, only the members on theddlfted symmetry axis are shown.

i Profile C[€] NIKN] Mgg[kNm] Us Ug
1 SHS110x4.0 4471  396.81 0.00 0.68 0.00
3 SHS120x10.0 141.87 -317.55 13.13  0.22 0.32
7 SHS 90x4.0 37.03  -381.13 0.00 0.80 0.92
8 SHS120x8.0 12222  615.06 6.56 0.48 0.00
21  SHS 50%5.0 22.00  273.16 0.00 0.92 0.00
23 SHS120x10.0 141.87 -828.62 1313 057 0.85
27 SHS 80x3.0 28.38  -263.48 0.00 0.82 0.98
28 SHS120x8.0  122.22  1029.12 6.56 0.80 0.00
41 SHS 50x3.0 17.18  186.92 0.00 0.97 0.00
42 SHS120x10.0 70.94 -1171.91 3.28 0.72 0.77
45 SHS 50x3.0 11.46  -27.34 0.00 0.14 0.18
47 SHS 50x4.0 20.47  -140.10 0.00 0.57 0.98

48 SHS 120x8.0 122.22  1275.68 6.56 0.99 0.00
52 SHS120x10.0 70.94 -1171.91 3.28 0.72 0.77

61 SHS 50x3.0 17.61 92.77 0.00 0.48 0.00
62 SHS 120x10.0 70.94 -1345.06 3.28 0.82 0.88
65 SHS50x3.0 12.11 -62.06 0.00 032 041
66 SHS 120x8.0 61.11 1344.64 1.64 0.97 0.00
70 SHS 50x3.0 17.83 49.79 0.00 0.26 0.00
71 SHS 120x10.0 70.94 -1381.62 3.28 0.84 0.91
74 SHS 50x3.0 12.44 -33.81 0.00 0.18 0.23
75 SHS 120x8.0 61.11 1381.19 1.64 1.00 0.00
79 SHS 50x3.0 18.06 9.16 0.00 0.05 0.00
80 SHS120x10.0 70.94  -1388.26 3.28 0.85 0.91
82 SHS 50x3.0 12.76 -27.34 0.00 0.14 0.19
83 SHS 120x8.0 61.11 1366.80 1.64 0.99 0.00
84 SHS50x3.0 18.52 29.74 0.00 0.15 0.00
87 SHS120x10.0 70.94 -1388.26 3.28 0.85 0.91
88 SHS 50x3.0 6.55 0.00 0.00 0.00 0.00

Total Cost 1556.48
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Figure 3.12: Optimum topology for SHS profiles with buckling curve 'lt’.= 36 m,h =L/10.C* = 2747€.
Table 3.16: Optimum SHS truss design far= 36 m,h =L /10 with buckling curve 'b’. The axial forces and design

values of the bending moment are given. Furthermore, thieaiton ratio for strengthJs, and stability,
Ug, are reported. Due to symmetry, only the members on theddlfte symmetry axis are shown.

i Profile C[€] NIKN] Mg[kNm] Us Ug

3 SHS110x4.0 129.65  506.99 0.00 0.86 0.00
4 SHS150x8.0 195.93 -349.76 2051  0.23 0.34
23 SHS60x3.0 42.83  -68.34 0.00 0.29 0.99

27 SHS120x5.0 168.05 -403.80 0.00 0.51 0.98
30 SHS120x8.0 305.55 621.27 41.00 0.99 0.00
34 SHS150x8.0 19593 -349.76 20.51 0.23 0.34

63 SHS 60x4.0 69.28 295.55 0.00 0.97 0.00
64 SHS 150x8.0 195.93 -820.34 20.51 0.54 0.80
83 SHS 60x4.0 52.43 -68.34 0.00 0.23 0.86
87 SHS100x4.0 123.22 -199.24 0.00 0.38 0.97

88 SHS120x8.0 229.16  950.82 23.06 0.98 0.00
94 SHS150x8.0 195.93 -820.34 20.51 0.54 0.80

121 SHS 60x3.0 49.96 84.94 0.00 0.36 0.00
124 SHS 150x8.0 195.93 -984.99 20.51 0.65 0.95
131 SHS 80x3.0 69.04 -84.65 0.00 0.26 0.73
132 SHS 120x8.0 152.78 1017.83 10.25 0.84 0.00
148 SHS 60x3.0 50.88 9.38 0.00 0.04 0.00
151 SHS 150x8.0 195.93 -1021.82 20.51 0.68 0.99
154 SHS 60x3.0 51.80 -9.35 0.00 0.04 0.19

155 SHS 120x8.0 76.39 1025.10 10.25 0.84 0.00

Total Cost 2746.61
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Figure 3.13: Optimum topology for SHS profiles with buckling curve 'lt’.= 36 m,h = L/20.C* = 3364€.
Table 3.17: Optimum SHS truss design far= 36 m,h = L /20 with buckling curve 'b’. The axial forces and design

values of the bending moment are given. Furthermore, thizatton ratio for strengthJs, and stability,
Ug, are reported. Due to symmetry, only the members on theddlfte symmetry axis are shown.

i Profile C[€] N[kN] Mgg[kNm] Us Ug

1 SHS140x5.0 8951  546.68 0.00 0.58 0.00
3 SHS160x10.0 246.43  -406.47 2051 020 0.27
8 SHS100x5.0  64.15  -530.98 0.00 0.81 0.99
9 SHS150x10.0 229.09 791.31 10.25  0.39 0.00
23 SHS 70x5.0 4343  407.07 0.00 0.93 0.00
25 SHS160x10.0 246.43 -1086.77 2051 052 0.71
30 SHS100x4.0  57.17  -396.50 0.00 0.75 0.92
31 SHS150x10.0 229.09 1366.80 10.25  0.67 0.00
45 SHS 60x5.0 3745  306.44 0.00 0.83 0.00
46 SHS160x10.0 12322 -1583.98 5.13 0.69 0.73
50 SHS 60x3.0 2042  -34.17 0.00 0.15 0.20
52 SHS 90x3.0 4435  -252.05 0.00 0.70 0.90

53 SHS 150x10.0 229.09 1757.31 10.25 0.86 0.00
57 SHS160x10.0 123.22 -1583.98 5.13 0.69 0.73

67 SHS 60x3.0 28.89 194.24 0.00 0.83 0.00
68 SHS 160x10.0 123.22 -1891.86 5.13 0.82 0.87
72 SHS 60x3.0 21.42 -140.65 0.00 0.60 0.84
73 SHS150x10.0 114.54 1891.27 2.56 0.87 0.00
78 SHS 60x3.0 29.25 142.13 0.00 0.61 0.00
79 SHS 160x10.0 123.22 -1988.69 5.13 0.86 0.91
83 SHS60x3.0 21.91 -34.17 0.00 0.15 0.21
85 SHS 60x3.0 29.99 -03.51 0.00 0.40 0.79

86 SHS 150x10.0 229.09 2050.20 10.25 1.00 0.00
90 SHS160x10.0 123.22 -1988.69 5.13 0.86 0.91

99 SHS60x3.0 29.99 44.72 0.00 0.19 0.00
100 SHS 160x10.0 123.22 -2080.56 5.13 0.90 0.96
103 SHS 60x3.0 22.91 -33.43 0.00 0.14 0.21
104 SHS 150x10.0 114.54 2079.91 2.56 0.96 0.00
108 SHS 60x3.0 30.36 -0.96 0.00 0.00 0.01
109 SHS 160x10.0 123.22 -2079.93 5.13 0.90 0.96
112 SHS 60x3.0 23.41 -34.17 0.00 0.15 0.22
114 SHS 60x3.0 31.12 45.43 0.00 0.19 0.00

115 SHS 150x10.0 114.54 2050.20 10.25 1.00 0.00
117 SHS 160x10.0 123.22 -2079.93 5.13 0.90 0.96

Total Cost 3364.29
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4 Resistance checks of members and joints

4.1 Introduction

In the previous optimization the mechanical models of the trusses were based on the traditional
truss analysis. This means that in the structural analysis the members are modeled using hinge
ended members, both the chords and the braces, see Fig. 4.1. The additioan] moments were added
to the chords and their resistances were checked using the interaction formula of the axial load and
the moment following EN 1993-1-1. The resistances of the braces were checked only for the axial
load. The buckling lengths of the compressed members were derived using the buckling lengths 0.9
times the system lengths and the system lengths were the lengths between adjacent hinges. No
eccentricities at the joints were modeled, and the resistances of the joints were not checked. Only
design rule of the joints which was embedded in the topology optimization was the rule, that the
brace shall not meet the chord in the angle less than 30 degrees.

Figure 4.1. Local joints models, traditional truss analysis.

N

® @

In this chapter the results of the previous chapters are evaluated against all requirements of EN
1993-1-8 concerning with the structural model and the corresponding resistances of the members
and joints. The verification is done in the following steps:

1. The resistance checks of the members using the frame analysis model for the optimized
trusses. The frame analysis model here means that the chords were modeled as continuous
members, but the braces are hinge ended members without eccentricity. The frame analysis
model means the use of beam elements including shear deformations. To do this the input
data from the optimization results was made such that the frame analysis program could read
the data: nodes, members, materials, supports and loads.

2. The resistance checks of the members and the joints using the frame analysis model with
the eccentricity elements at the ends of the braces formulated using the principles of Fig.
4.2. The chords were modeled as continuous members (as in the previous step) and the
braces were modeled as hinge ended members. Using this model the eccentricity moments
of the joints will be transmitted to chords, both to the top chord and to the bottom chord,
based on the principles of the finite element method, meaning with respect to the bending
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stiffness I/L of the chord members, where | is the moment of inertia of the member and L is
the system length of the chord member connected at the joint. To do this the analysis model
had to be generated from the actual geometrical model including the gaps at the joints. Only
gap joints were considered. A special program was done to this generation starting at the
results of the optimization.

0 Constant gap 40 mm was used for HEB/HEA trusses and the minimum allowed gap
based on EN 1993-1-8 was used for the tubular trusses.

0 It is possible to design the trusses without eccentricities at the joints. Then
overlapped joints should be used in many cases. Overlapped joints are much more
complicated in the fabrication, so the gap joints are preferred by the fabricators.
When using gap joints, then it is almost impossible to prevent the eccentricities,
especially when the constant gap is used, as preferred by the fabricators who use
manual assembly techniques. In the automatized robot-fabrication the variations of
gaps do not mean extra costs, but this kind of technology is not yet used in the
fabrication of trusses, at least not in Finland. In this study, only gap joints are
considered.

0 The major difference between the models of Figs. 1 and 2 is that the models of Fig.
1 can be constructed without the information of the details of the joints. When
constructing the models of Fig. 2, the detailed information about the joints should be
available. Here the weakness of the models of Fig. 1 can be seen: Using these
models the exact design of the members and the joints cannot be performed.

= The effect of different models to the design of the members is not very
critical. The largest difference is at the lengths of the braces and the changes
at the lengths are not very large. At the chords the moment effect was taken
into account approximatively.

= The design of joints can be done and have been done (Jalkanen, 2009) using
the models of Fig. 1. The accuracy of that technics is open and it will not be
considered in this study.

= [t is clear that the global structural analysis models are different when using
the models of Figs. 1 and 2. In previous studies has been shown that if the
truss is composed from “triangular base forms” then the axial forces of the
members do not change very much. Vierendeel typed trusses, or the trusses
which have Vierendeel typed parts are not considered here. Rather open
question is: What are the effects of eccentricity moments to the design of
members and joints? This question will be studied in this research.

3. At this step the resistances of the braces and the joints were checked after transmitting the
eccentricity moments of the joints to the braces following the clause 5.1.5(7) of EN 1993-1-
8: When the eccentricities are outside the limits given in 5.1.5(5), the moments resulting
from the eccentricities should be taken into account in the design of the joints all members
(see Ammendment of EN 1993-1-8, 2009). In this case the moments produced by the
eccentricity should be distributed between all the members meeting at the joint, on the basis
of their relative stiffness coefficients I/L. This was done for the joints where the limits of the
clause 5.1.5(5) of EN 1993-1-8 were exceeded. After this step can be concluded that all
requirements of the Eurocodes have been checked. The resistances of the chords were
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checked in the previous step in all cases, not only for the cases where these limits were
exceeded. The resistance checks for the chords were somewhat conservative, because the
eccentricity moment was distributed just for the chords.

4. At the last step the estimations of the optimized trusses due to the previous steps are given to
complete the final results to evaluate the trusses with different steel profiles. This estimation
will be done by reviewing utility ratios of the members and the joints after each step.
The members are the same at each step originating from the optimization.

Figure 4.2. Local analysis models with eccentricities in frame analysis.
The motivation to the described evaluation is:

e To verify the results of the optimization, because the used optimization routine did not
include all requirements of the Eurocodes;

e To get the information to estimate the results of the huge number optimizations which are
available in the literature concerned with the optimization of the trusses using the traditional
truss analysis, local models of Fig. 1. The information means here: how well the results of
the traditional truss analysis complete all requirements of the present Eurocodes?

The structural analysis program which was used in the steps 1-3 was Autodesk ® Robot ™
Structural Analysis Professional. The resistances of the members were checked using the same
program and the resistances of the joints were checked using the in-house Excel.

4.2 Notations
There are two types of trusses which have been optimized in the previous chapters:

e HEA/HEB chords with circular hollow section (CHS) braces: called HEA truss in this
chapter;
e Square hollow section (SHS) chords and braces: called SHS truss in this chapter.

Both truss types have been optimized with two heights L/10 and L/20 and with two spans L = 24
and 36 m. Totally we have eight trusses. The following notation is used for the trusses:

e HEA 24 10;
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e HEA 24 20;
e HEA 36 10;
e HEA 36 20
e SHS 24 10;
e SHS 24 20;
e SHS 36_10;
e SHS 36 20.

43 Step 1

4.3.1 HEA 24 10

Fig. 3.2 illustrates the optimized truss HEA 24 10. Fig. 4.3 shows the Robot model at the step 1.
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Figure 4.3. Robot model of HEA 24 10 at step 1.

The utility ratios of the members are shown in Table 4.1.
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Table 4.1. Utility ratios of the members for HEA 24 10 at step 1. Lay and Laz are the buckling

lengths of the members in cm.

Member Section Material Lay Laz Ratio
(cm) (cm)
1 PIPE 4 S355 118.31 131.46 0.97
4 HEB 100 S460 65.00 | 118.39 0.63
8 PIPE 7 S355 81.19 90.21 1.00
9 HEA 100 S460 66.58 | 119.51 0.35
23 PIPE 3 S355 119.16 | 132.40 0.79
24 HEB 100 S460 32.50 59.20 0.81
28 PIPE 2 S355 124.06 | 137.84 0.31
30 PIPE 6 S355 80.99 89.99 0.93
31 HEA 100 S460 66.58 | 119.51 0.56
35 HEB 100 S460 32.50 59.20 0.56
45 PIPE 2 S355 151.63 | 168.47 0.79
46 HEB 100 S460 32.50 59.20 0.71
50 PIPE 2 S355 128.26 | 142.51 0.61
52 PIPE 5 S355 97.54 | 108.38 0.69
53 HEA 100 S460 66.58 | 119.51 0.68
57 HEB 100 S460 32.50 59.20 0.68
66 PIPE 1 S355 229.67 | 255.19 0.34
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67 HEB 100 5460 32.50 59.20 0.74
70 PIPE 2 S355 132.47 | 147.19 0.72
72 PIPE 1 S355 234.92 | 261.03 0.39
73 HEA 100 S460 66.58 | 119.51 0.70
75 HEB 100 S460 32.50 59.20 0.73

It can be seen, that the maximum utility factor of the top chord (HEB100) is 0.81 (member 24) and
the maximum utility ratio of the bottom chord (HEA100) is 0.70 (member 73). This means that the
moments added in the optimization (q L%/10 and qL?/20) to the chords overestimate the moments of

the chords if the joints are designed without eccentricities. The maximum utility of the braces is
1.00 (member 8).

4.3.2 HEA_24 20
Fig. 3.3 illustrates the optimal truss HEA 24 20. The Robot model of this truss is in Fig. 4.4.
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Figure 4.4. Robot model of HEA 24 20 at step 1.
The utility ratios of the members are shown in Table 4.2.

Table 4.2. Utility ratios of the members for HEA 24 20 at step 1.

Member Section Material Lay Laz Ratio
(cm) (cm)
1 PIPE 5 S355 48.87 54.30 0.76
3 HEB 120 S460 35.71 65.47 0.30
8 PIPE 5 S355 50.10 55.67 0.96
9 HEB 120 S460 35.70 65.45 0.34
23 PIPE 5 S355 50.10 55.67 0.54
25 HEB 120 S460 35.71 65.47 0.61
30 PIPE 6 S355 42.36 47.06 0.84
31 HEB 120 S460 35.70 65.45 0.58
45 PIPE 4 S355 64.83 72.04 0.63
46 HEB 120 S460 17.86 32.74 0.76
50 PIPE 1 S355 85.08 94.53 0.19
52 PIPE 4 S355 66.48 73.86 0.92
53 HEB 120 S460 35.70 65.45 0.75
57 HEB 120 S460 17.86 32.74 0.76
67 PIPE 3 S355 82.98 92.20 0.61
68 HEB 120 S460 17.86 32.74 0.92
72 PIPE 1 S355 89.23 99.15 0.14
74 PIPE 4 S355 68.15 75.73 0.57
75 HEB 120 S460 35.70 65.45 0.84
79 HEB 120 S460 17.86 32.74 0.92
89 PIPE 1 S355 123.40 137.11 0.47
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90 HEB 120 5460 17.86 32.74 0.98
94 PIPE 1 S355 93.38 103.76 0.23
96 PIPE 2 S355 85.45 94.95 0.52
97 HEB 120 S460 35.70 65.45 0.88
100 HEB 120 S460 17.86 32.74 1.00
108 PIPE 1 S355 126.50 140.55 0.15
109 HEB 120 S460 17.86 32.74 1.01
112 PIPE 1 S355 97.53 108.37 0.21
114 PIPE 1 S355 129.66 144.07 0.16
115 HEB 120 5460 35.70 65.45 0.87
117 HEB 120 5460 17.86 32.74 0.99

In this case the maximum utility ratio of the top chord is very near by 1.00 (in one member 1.01) so
the additional moment qL%/10 works well in this case. The maximum utility at the bottom chord is
0.87 (member 115) so the additional moment of the bottom chord is a little bit too large. There
exists moment at the bottom chord allthough there are no eccentricities. This moment is originating
from the deflection of the entire truss, which bends the bottom chord, so there should be some extra

moment at the bottom chord. This can be seen in Fig. 4.5.

Figure 4.5. Bending moments of trusses HEA 24 20 and HEA_ 24 10.

4.3.3 HEA_36_10

Fig. 3.4 illustrates the optimal truss HEA 36 10. The Robot model of this truss is in Fig. 4.6.
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Figure 4.6. Robot model of HEA 36 10 at step 1.

The utility ratios of the members are shown in Table 4.3.

Table 4.3. Utility ratios of the members for HEA 36 10 at step 1.

Member Section Material Lay Laz Ratio
(cm) (cm)
1 PIPE 4 S355 140.60 | 156.23 0.91
4 HEA 160 S460 61.67 | 112.97 0.59
8 PIPE 8 S355 75.54 83.94 0.86
9 HEA 140 S460 70.62 | 127.83 0.35
23 PIPE 5 S355 118.70 | 131.88 0.78
24 HEA 160 S460 30.84 56.49 0.79
28 PIPE 3 S355 152.15 | 169.05 0.31
30 PIPE 7 S355 83.90 93.23 1.01
31 HEA 140 S460 70.62 | 127.83 0.57
35 HEA 160 S460 30.84 56.49 0.56
45 PIPE 2 S355 232.14 | 257.93 0.90
46 HEA 160 S460 30.84 56.49 0.71
50 PIPE 3 S355 157.31 | 174.79 0.61
52 PIPE 6 S355 107.73 | 119.70 0.98
53 HEA 140 S460 70.62 | 127.83 0.69
57 HEA 160 S460 30.84 56.49 0.68
66 PIPE 1 S355 344.50 | 382.78 0.49
67 HEA 160 S460 30.84 56.49 0.74
70 PIPE 3 S355 162.46 | 180.52 0.73
72 PIPE 1 S355 35239 | 391.54 1.33
73 HEA 140 S460 70.62 | 127.83 0.71
75 HEA 160 S460 30.84 56.49 0.71

The utilities of the chords, and the corresponding conclusions, are very similar to those of the truss
HEA 24 10. One special issue can be seen at the brace 72. The traditional truss analysis give for
this member the axial force 0, see Table 3.5, member 72, and the smallest cross-section of the
catalogue is chosen, see Table 2.2: D33.7x3.2. Using the frame analysis small compressive force
6.2 kN is acting at that member. The slenderness of the member is 352 and the program give a
warning because allowed slendeness in the program is 210, set by the dealer of the program. The
program calculates the utility ratio (using buckling length 0.9 times the system length, as given for
this case, not 0.75 times the buckling length as could be used) 1.33 for this member. So, in reality

this member should be larger.

4.3.4 HEA_36_20

Fig. 3.5 illustrates the optimal truss HEA 36 20. The Robot model of this truss is in Fig. 4.7.
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Figure 4.7. Robot model of HEA 36 20 at step 1.
The utility ratios of the members are shown in Table 4.4.
Table 4.4. Utility ratios of the members for HEA 36 20 at step 1.
Member Section Material Lay Laz Ratio
(cm) (cm)

1 PIPE 8§ S355 52.35 52.35 0.95

3 HEB 160 5460 47.82 80.05 0.37

7 PIPE 9 S355 43.53 43.53 0.91

8 HEB 160 5460 47.81 80.03 0.36

21 PIPE 5 S355 83.73 83.73 0.79

22 HEB 160 5460 23.91 40.03 0.62

25 PIPE 2 S355 83.27 83.27 0.15

27 PIPE 7 S355 58.32 58.32 0.91

28 HEB 160 5460 47.81 80.03 0.59

32 HEB 160 5460 23.91 40.03 0.58

41 PIPE 4 S355 108.30 | 108.30 0.82

42 HEB 160 5460 23.91 40.03 0.78

45 PIPE 2 S355 88.31 88.31 0.27

47 PIPE 6 S355 72.53 72.53 0.99

48 HEB 160 S460 47.81 80.03 0.73

52 HEB 160 5460 23.91 40.03 0.78

61 PIPE 2 S355 135.78 | 135.78 0.76

62 HEB 160 5460 23.91 40.03 0.89

65 PIPE 2 S355 93.36 93.36 0.32

67 PIPE 3 S355 111.97 | 111.97 1.03

68 HEB 160 5460 47.81 80.03 0.78

71 HEB 160 5460 23.91 40.03 0.90

79 PIPE 1 S355 206.08 | 206.08 0.05

80 HEB 160 5460 23.91 40.03 0.93

82 PIPE 2 S355 98.40 98.40 0.32

84 PIPE 1 S355 211.30 | 211.30 0.21

85 HEB 160 5460 47.81 80.03 0.78

87 HEB 160 5460 23.91 40.03 0.91

T D R e e T | PR e el e pearsypespepey | peapryn

The maximum utility of the top chord is in this case 0.93 and at the bottom chord 0.78, so the
additional moment qL?*/20 of the bottom chord is a little bit conservative in this case. The maximum
utility ratio of the braces is 1.03 at the brace 67. Using the traditional truss analysis the axial force
of the member 67 is 75.6 kN and the utility ratio is 0.92. Using the frame analysis the axial force of
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the member 67 is 84.3 kN and the utility ratio is 1.03. The buckling lenghts in both analyses are the
same. This difference 100x(75.6-84.3)/75.6 = -11.5 % was largest which was found giving larger
values for axial forces using the frame analysis than the traditional truss analysis. Minus sign means
that the axial force using the frame analysis is larger than using the traditional truss analysis. Table
4.5 illustrates the differences for this truss.

Table 4.5. Axial forces of the truss HEA 36 20 and their differences in percents.

Truss theory | Frame theory | Difference
Member (kN) (kN) (%)
1 595 574 3,57
3 -476 -460 3,39
7 -572 -547 4,25
8 923 887 3,90
21 442 386 12,51
22 -1268 -1190 6,17
25 -41 -11 73,31
27 -363 -359 0,88
28 1544 1462 5,28
32 -1268 -1189 6,22
41 280 250 10,77
42 -1758 -1654 5,90
45 -41 -18 55,28
47 -210 -213 -1,24
48 1914 1811 5,36
52 -1758 -1654 5,93
61 139 114 18,23
62 -2018 -1897 5,98
65 -41 -20 50,24
67 -76 -84 -11,48
68 2072 1957 5,56
71 -2018 -1896 6,01
79 14 5 62,64
80 -2082 -1962 5,80
82 -41 -19 53,57
85 45 23 47,92
85 2050 1944 5,18
87 -2082 -1961 5,82

It can be seen, that large differences occur at the members where are small axial forces but with
large forces the differences are not large. For most of the members the axial loads are conservative
using the traditional truss analysis compared to the results of the frame analysis, but for all
members.
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4.3.5SHS_24 10
Fig. 3.10 illustrates the optimal truss SHS 24 10. The Robot model of this truss is in Fig. 4.8.
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Figure 4.8. Robot model of SHS 24 10 at step 1.
The utility ratios of the members are shown in Table 4.6.
Table 4.6. Utility ratios of the members for SHS 24 10 at step 1.
Member Section Material Lay Laz Ratio
(cm) (cm)
1 RRHS S355 65.82 73.14 0.82
90x90x3
4 RRHS S420 64.18 71.31 0.78
110x110x6
8 RRHS S355 60.35 67.05 0.99
100x100x3
9 RRHS S420 70.35 78.17 0.44
100x100x5
23 RHS S355 128.63 142.97 0.80
50x50x4
24 RRHS S420 32.09 35.66 0.99
110x110x6
28 RHS S355 133.77 148.65 0.36
40x40x3
29 RRHS S420 35.18 39.09 0.71
100x100x5
30 RRHS S355 77.96 86.63 0.96
80x80x3
35 RRHS S420 32.09 35.66 0.67
110x110x6
39 RHS S355 136.04 151.17 0.01
40x40x3
40 RRHS S420 35.18 39.09 0.71
100x100x5
45 RHS S355 163.50 181.68 0.80
40x40x3
46 RRHS S420 32.09 35.66 0.86
110x110x6
50 RHS S355 138.31 153.69 0.72
40x40x3
51 RRHS S420 35.18 39.09 0.86
100x100x5
52 RRHS S355 108.06 120.07 0.99
60x60x3
57 RRHS S420 32.09 35.66 0.80
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110x110x6
61 RHS S355 140.58 156.21 0.00
40x40x3
62 RRHS S420 35.18 39.09 0.86
100x100x5
66 RHS S355 167.29 185.90 0.26
40x40x3
67 RRHS S420 32.09 35.66 0.88
110x110x6
70 RHS S355 142.84 158.73 0.89
40x40x3
71 RRHS S420 35.18 39.09 0.88
100x100x5
74 RHS S355 169.20 | 188.02 0.01
40x40x3
75 RRHS S420 32.09 35.66 0.87
110x110x6
76 RHS S355 145.11 | 161.25 0.11
40x40x3

The utility ratios of the chords are a little bit larger than for the HEA 24 10 truss.

4.3.6 SHS_24 20

Fig. 3.11 illustrates the optimal truss SHS 24 20. The Robot model of this truss is in Fig. 4.9.
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Figure 4.9. Robot model of SHS 24 20 at step 1.

The utility ratios of the members are shown in Table 4.7.

Table 4.7. Utility ratios of the members for SHS 24 20 at step 1.

Member Section Material Lay Laz Ratio
1 RRHS S355 31.35 | 34.83 0.70
110x110x4
3 SHS S420 49.38 | 54.86 0.42
120x120x10
7 RRHS S355 39.63 | 44.03 0.94
90x90x4
8 RRHS S420 48.12 48.12 0.44
120x120x8
21 RHS S355 76.88 | 85.44 0.90
50x50x5
23 SHS S420 4938 | 54.86 0.84
120x120x10
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27 RRHS S355 45.41 50.45 0.96
80x80x3

28 RRHS S420 48.12 | 48.12 0.73
120x120x8

41 RRHS S355 74.66 | 82.95 0.92
50x50x3

42 SHS S420 24.69 | 27.43 0.81
120x120x10

45 RRHS S355 49.78 55.31 0.11
50x50x3

47 RHS S420 78.60 | 87.36 0.95
50x50x4

48 RRHS S420 48.12 | 48.12 0.90
120x120x8

52 SHS S420 24.69 | 27.43 0.83
120x120x10

61 RRHS S355 76.53 85.04 0.47
50x50x3

62 SHS S420 24.69 | 27.43 0.94
120x120x10

65 RRHS S355 52.62 58.47 0.39
50x50x3

66 RRHS S420 24.06 | 24.06 1.49
120x120x8

70 RRHS S355 77.49 86.10 0.26
50x50x3

71 SHS S420 24.69 | 27.43 0.97
120x120x10

74 RRHS S355 54.04 | 60.05 0.24
50x50x3

75 RRHS S420 24.06 | 24.06 2.96
120x120x8

79 RRHS S355 78.46 | 87.18 0.05
50x50x3

80 SHS S420 24.69 | 2743 0.97
120x120x10

82 RRHS S355 5546 | 61.63 0.15
50x50x3

83 RRHS S420 24.06 | 24.06 2.14
120x120x8

84 RRHS S355 80.45 89.39 0.11
50x50x3

87 SHS S420 24.69 | 27.43 0.95
120x120x10

88 RHS S355 72.56 | 80.62 0.02
40x40x3

In this case very large utility ratios, maximum 2.96 at the member 75, can be seen at the bottom
flange. In Robot resistance check of this mebmer the reference is given to the clause 6.2.9(2) of EN
1993-1-1. The proper reference is 6.2.9(5) and the Eq. 6.39 of EN 1993-1-1. This equation means

the moment resistance of the cross-section resistance with bending moment and axial force:

N
MN,Rd =M pl,Rd ’[1_ =

_ A-2bt

A-2bt <

pl,Rd

j but
2A

A
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In this case for SHS120x120x8, fy = 420 MPa and with the axial force Ngg = 1365 kN in Robot:

A=3364mm’

W, =137810 mm’

N i rg =3364-420/1000 =1413 kN

M, rs =137810-420/1000000 = 57.9 kNm

_ A-2bt  3364-2-120-8

a, = ~ =0.429<0.50K
A 3364

Myrg =M pg- - Neo | fj_AZ2OE)_ oo ;1365 /(1-0.429/2)=57.9-0.034/0.785 = 2.51 kKNm
Rd PR 2A 1413

pl,Rd

The bending moment of Robot is at this member 5.13 kNm, so the utility ratio of the cross-section
resistance is 5.13/2.51 =2.05. Robot gave the utility ratio 2.96.

In this case the additional moment qL%/20 = 1.64 kNm (see Table 3.10) given for this member in the
optimiztion is not enough. The moment in Robot 5.13 kNm is about 3 times larger. It can be seen
that when the axial force resistance is near the plastic axial resistance not much moment can be
allowed to the member. The moment due to the bending of the entire truss is very much dependent
on the height to span ratio of the truss, as above with the HEA trusses.

In practice the height to span ratio 1/20 is an extreme value. The cost ratio of
SHS 24 20/SHS 24 10 is 1561/1217 = 1.28 (see Tables 3.10 and 3.9). However, the cost of the
wall increases with the truss SHS 24 20 1.2 meters compared to the use of the truss SHS 24 10,
meaning 1.2x24 = 28.8 m” wall. This means that if the wall unit cost is less than (1561-1217)/28.8 =
12 €/m?, then it is more economical to use the truss SHS 24 20 instead of SHS_24 10. Typically
the wall cost is larger.

4.3.7 SHS_36_10
Fig. 3.12 illustrates the optimal truss SHS 36 10. The Robot model of this truss is in Fig. 4.10.

[ T T L T T [ L T T (] T T T ] T T T 1 T T T [
2000,0 4000,0 6000,0 8000,0  10000,0  12000,0 140000  16000,0 180000  20000,0  22000,0  24000,0  26000,0  28000,0  30000,0  32000,0  34000,0  36000,0

Figure 4.10. Robot model of SHS 36 10 at step 1.

The utility ratios of the members are shown in Table 4.8.
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Table 4.8. Utility ratios of the members for SHS 36 10 at step 1.

Member Section Material Lay Laz Ratio
(cm) (cm)
3 RRHS S355 9091 | 101.01 0.88
110x110x4
4 RRHS S420 47.28 52.53 0.44
150x150x8
23 RRHS S355 125.96 | 139.95 1.05
60x60x3
27 RRHS S355 86.26 95.85 0.98
120x120x5
30 RRHS S420 120.30 | 133.67 0.44
120x120x8
34 RRHS S420 47.28 52.53 0.46
150x150x8
63 RRHS S355 177.75 | 197.50 0.96
60x60x4
64 RRHS S420 47.28 52.53 0.81
150x150x8
83 RRHS S355 134.51 | 149.46 0.78
60x60x4
87 RRHS S355 105.65 | 117.39 0.98
100x100x4
88 RRHS S420 90.23 | 100.25 0.68
120x120x8
94 RRHS S420 47.28 52.53 0.78
150x150x8
121 RRHS S355 146.93 | 163.25 0.36
60x60x3
124 RRHS S420 47.28 52.53 0.90
150x150x8
131 RRHS S355 11045 | 122.72 0.71
80x80x3
132 RRHS S420 60.15 66.83 0.72
120x120x8
148 RRHS S355 149.62 | 166.24 0.04
60x60x3
151 RRHS S420 47.28 52.53 0.91
150x150x8
154 RRHS S355 152.32 | 169.24 0.21
60x60x3
155 RRHS S420 60.15 66.83 0.73
120x120x8

4.3.7 SHS_36_20

Fig. 3.13 illustrates the optimal truss SHS 36 _20. The Robot model of this truss is in Fig. 4.11.
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Figure 4.11. Robot model of SHS 36 20 at step 1.
The utility ratios of the members are shown in Table 4.9.

Table 4.9. Utility ratios of the members for SHS 36 20 at step 1.

Member Section Material Lay Laz Ratio
(cm) (cm)

1 RRHS S355 33.18 36.87 0.60
140x140x5

3 RRHS S420 44.88 49.86 0.36
160x160x10

8 RRHS S355 48.52 53.91 1.00
100x100x5

9 RRHS S420 48.21 53.56 0.36
150x150x10

23 RRHS S355 71.15 79.06 0.91
70x70x5

25 RRHS S420 44.88 49.86 0.73
160x160x10

30 RRHS S355 49.02 54.47 0.90
100x100x4

31 RRHS S420 48.21 53.56 0.62
150x150x10

45 SHS S355 86.45 96.08 0.81
60x60x5

46 RRHS S420 22.44 24.93 0.77
160x160x10

50 RRHS S355 60.05 66.72 0.10
60x60x3

52 RRHS S355 55.48 61.64 0.95
90x90x3

53 RRHS S420 48.21 53.56 0.80
150x150x10

57 RRHS S420 22.44 24.93 0.77
160x160x10

67 RRHS S355 84.95 94.39 0.78
60x60x3

68 RRHS S420 22.44 24.93 0.92
160x160x10

72 RRHS S355 62.98 69.98 0.76
60x60x3

73 RRHS S420 24.10 26.78 0.85
150x150x10

78 RRHS S355 86.01 95.57 0.60
60x60x3

79 RRHS S420 22.44 24.93 0.99
160x160x10

r



Comparative Evaluation of Steel Profiles in Roof Trusses Page 42

83 RRHS S355 64.44 71.60 0.22
60x60x3

85 RRHS S355 88.18 97.98 0.83
60x60x3

86 RRHS S420 48.21 53.56 1.07
150x150x10

90 RRHS S420 22.44 24.93 0.97
160x160x10

99 RRHS S355 88.18 97.98 0.19
60x60x3

100 RRHS S420 22.44 24.93 1.01
160x160x10

103 RRHS S355 67.37 74.86 0.21
60x60x3

104 RRHS S420 24.10 26.78 0.94
150x150x10

108 RRHS S355 89.28 99.20 0.02
60x60x3

109 RRHS S420 22.44 24.93 1.02
160x160x10

112 RRHS S355 68.84 76.49 0.15
60x60x3

114 RRHS S355 91.51 101.68 0.14
60x60x3

115 RRHS S420 48.21 53.56 0.93
150x150x10

117 RRHS S420 22.44 24.93 0.99
160x160x10

In this case the utility of the member 86 is 1.07 due to the moment resistance including axial force.
The moment gqL?*/20 = 10.25 kNm in optimization. The moment in Robot is 11.7 kNm, so the
moment in optimizaton is a little bit too small. The ratio of these in 11.7/10.25 = 1.14 and the safe
moment in optimization is qL*/17.

4.3.8 Summary of step 1

If the truss can be designed without eccentricities at the joints, then the traditional truss analysis
give safe values for the members, provided that additional moments are given to the chords. Safe
values in the cases considered are qL*/10 to the top chord and qL?*/17 for the bottom chord, except
for the truss SHS 24 20. The height to span ration should be larger than 1/20. This additional
moment 1s extremely important for slender trusses, say height to span ratio near by 1/20, then the
moment due to deflection of the entire truss is about the same magnitude than the moment at the top
chord due to continuous load at the top chord. In most of the cases the axial forces of the members
are on the safe side using the traditional truss analysis compared to the results of the frame analysis,
but not for at all members.

4.4 Step 2

441 HEA 24 10
Fig. 4.12 shows the Robot model of the truss HEA 24 10 at the step 2.
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Figure 4.12. Robot model of HEA 24 10 at step 2.

In this frame model short eccentricity elements (members 150-164) can be seen at each joint. These
member are modeled with HEM500 properties and their lengths and locations are as given Fig. 4.2.
For HEA trusses the constant gap 40 mm was used. The bending moment diagram for this case is

shown in Fig. 4.13.

Figure 4.13. Bending moment diagram of truss HEA_24 20 at step 2.

By comparing this to Fig. 4.5 it can be seen that the maximum moment at the top chord increses,
but generally the moments of the top chord are smaller. Instead the moments of the bottom chord
are much larger than in Fig. 4.5 especially near the ends of the bottom chord. The axial forces are

small there and the utilities of the members are given in Table 4.10.

Table 4.10 Utility ratios of the members for HEA 24 10 at step 2.

Member Section Material Lay Laz Ratio
(cm) (cm)
1 PIPE 4 S355 120.05 133.38 0.97
4 HEB 100 S460 65.05 118.49 0.72
8 PIPE 7 S355 83.60 92.89 1.07
9 HEA 100 S460 66.57 119.50 0.54
23 PIPE 3 S355 124.34 138.16 0.85
24 HEB 100 S460 32.45 59.10 0.62
28 PIPE 2 S355 129.01 143.35 0.46
30 PIPE 6 S355 84.34 93.71 1.00
31 HEA 100 S460 66.58 119.50 0.56
35 HEB 100 S460 32.54 59.27 0.64
45 PIPE 2 S355 157.61 175.12 0.83
46 HEB 100 S460 32.46 59.13 0.66
50 PIPE 2 S355 132.73 147.48 0.72
52 PIPE 5 S355 100.91 112.12 0.73
53 HEA 100 S460 66.59 119.52 0.68
57 HEB 100 S460 32.52 59.24 0.70
66 PIPE 1 S355 236.05 262.28 0.36
67 HEB 100 S460 32.48 59.15 0.71
70 PIPE 2 S355 135.54 150.59 0.78
72 PIPE 1 S355 242.12 269.02 0.40
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The utility ratios of the chords are bout the same as in Table 4.1 (without eccentricities). The utility
of the member 8 is now 1.07 and in Table 4.2 it was 1.00. The axial force and the lengths of this
member are:

e Member 8: Without eccentricties: Ngg =292 kN, L = 2642 mm;
e Member 8: With eccentricties: Ngg = 302 kN, L = 2720 mm.

The differences of the axial forces and the lengths (=> buckling) cause the difference of the utility
ratios.

4.4.2 HEA 24 20
Fig. 4.13b shows the Robot model of the truss HEA 24 20 at the step 2.
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Figure 4.13b. Robot model of HEA_ 24 20 at step 2.

Table 4.11 Utility ratios of the members for HEA 24 20 at step 2.

Member Section Material Lay Laz Ratio
(cm) (cm)
1 PIPE 5 S355 49.15 49.15 0.76
3 HEB 120 S460 35.73 65.50 0.30
8 PIPE 5 S355 50.70 50.70 0.98
9 HEB 120 S460 35.70 58.90 0.34
23 PIPE 5 S355 50.89 50.89 0.56
25 HEB 120 S460 35.72 65.48 0.62
30 PIPE 6 S355 43.07 43.07 0.86
31 HEB 120 S460 35.70 58.90 0.58
45 PIPE 4 S355 66.11 66.11 0.64
46 HEB 120 S460 17.84 32.70 0.76
50 PIPE 1 S355 86.97 86.97 0.24
52 PIPE 4 S355 67.17 67.17 0.93
53 HEB 120 S460 35.71 5891 0.74
57 HEB 120 S460 17.86 32.74 0.76
67 PIPE 3 S355 83.93 83.93 0.62
68 HEB 120 S460 17.86 32.74 0.92
72 PIPE 1 S355 90.94 90.94 0.15
74 PIPE 4 S355 68.70 68.70 0.58
75 HEB 120 S460 35.70 58.90 0.84
79 HEB 120 S460 17.85 32.73 0.92
89 PIPE 1 S355 12422 | 12422 | 0.438
90 HEB 120 S460 17.86 32.74 0.98
94 PIPE 1 S355 94.44 94.44 0.24
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96 PIPE 2 S355 85.64 85.64 0.51
97 HEB 120 5460 35.71 58.92 0.88
100 HEB 120 5460 17.85 32.73 1.00
108 PIPE 1 S355 126.93 | 126.93 0.14
109 HEB 120 5460 17.86 32.75 1.00
112 PIPE 1 S355 98.36 98.36 0.22
114 PIPE 1 S355 131.10 | 131.10 [ 0.16
115 HEB 120 5460 35.68 58.87 0.87
117 HEB 120 5460 17.86 32.74 0.99

The maximum utilities are near by 1.00 in this case.

4.4.3 HEA 36_10
Fig. 4.14 shows the Robot model of the truss HEA 36 10 at the step 2.
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Figure 4.14. Robot model of HEA 36_10 at step 2.

Table 4.12 Utility ratios of the members for HEA 36 10 at step 2.

Member Section Material Lay Laz Ratio
1 PIPE 4 S355 142.24 | 158.04 0.91
4 HEA 160 S460 61.71 | 113.04 0.73
8 PIPE 8 S355 77.26 85.84 0.90
9 HEA 140 S460 70.62 | 127.82 0.55

23 PIPE 5 S355 122.72 | 136.36 0.83
24 HEA 160 S460 30.80 56.42 0.72
28 PIPE 3 S355 157.03 | 174.48 0.43
30 PIPE 7 S355 86.96 96.62 0.87
31 HEA 140 S460 70.62 | 127.83 0.63
35 HEA 160 S460 30.85 56.51 0.66
45 PIPE 2 S355 237.55 | 263.95 0.93
46 HEA 160 S460 30.82 56.46 0.75
50 PIPE 3 S355 160.90 | 178.78 0.73
52 PIPE 6 S355 109.74 | 121.94 1.01
53 HEA 140 S460 70.62 | 127.83 0.77
57 HEA 160 S460 30.84 56.49 0.75
66 PIPE 1 S355 348.67 | 387.42 0.51
67 HEA 160 S460 30.83 56.48 0.81
70 PIPE 3 S355 164.39 | 182.66 0.76
72 PIPE 9 S355 276.57 | 307.29 0.71
73 HEA 140 S460 70.61 127.81 0.79
75 HEA 160 S460 30.84 56.49 0.79
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4.4.4 HEA_36_20

Fig. 4.15 shows the Robot model of the truss HEA 36 20 at the step 2.
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Figure 4.15. Robot model of HEA_36_20 at step 2.
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Table 4.13 Utility ratios of the members for HEA 36 20 at step 2.

=

=

Member Section Material Lay Laz Ratio
1 PIPE 8 S355 53.05 53.05 0.84
3 HEB 160 S460 47.83 88.96 0.39
7 PIPE 9 S460 43.30 43.30 0.80
8 HEB 160 S460 47.30 80.02 0.37
21 PIPE 5 S355 84.30 84.30 0.85
22 HEB 160 S460 23.90 44.46 0.64
25 PIPE 2 S355 84.19 84.19 0.20
27 PIPE 7 S355 58.42 58.42 0.96
28 HEB 160 S460 47.30 80.03 0.62
32 HEB 160 S460 23.90 44.46 0.61
41 PIPE 4 S355 108.41 108.41 0.86
42 HEB 160 S460 23.92 44.49 0.82
45 PIPE 2 S355 88.75 88.75 0.29

47 PIPE 6 S355 72.31 72.31 1.03
48 HEB 160 S460 47.80 80.02 0.77
52 HEB 160 S460 23.90 44.45 0.83
61 PIPE 2 S355 135.09 | 135.09 0.80
62 HEB 160 S460 23.92 44.50 0.94
65 PIPE 2 S355 93.18 93.18 0.33
67 PIPE 3 S355 110.95 | 110.95 1.07
68 HEB 160 S460 47.81 80.03 0.83
71 HEB 160 S460 23.89 44.43 0.96
79 PIPE 1 S355 203.65 | 203.65 0.04
80 HEB 160 S460 23.93 44.52 0.98
82 PIPE 2 S355 97.58 97.58 0.33
84 PIPE 1 S355 209.39 | 209.39 0.23
85 HEB 160 S460 47.81 80.03 0.82
87 HEB 160 S460 2391 44.47 0.96

=

The utility ratio of the member 67 is now 1.07 and without eccentricities it was 1.03. The difference
is due to the longer buckling length in this model.

4.4.5 SHS 24 10

Fig. 4.16 shows the Robot model of the truss SHS 24 10 at the step 2.
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Figure 4.16. Robot model of SHS_24 10 at step 2.

Table 4.14 Utility ratios of the members for SHS 24 10 at step 2.

Member Section Material Lay Laz Ratio
(cm) (cm)
1 RRHS S355 66.69 74.10 0.82
90x90x3
4 RRHS S420 64.22 71.35 0.85
110x110x6
8 RRHS S355 61.64 68.49 1.03
100x100x3
9 RRHS S420 70.39 78.21 0.70
100x100x5
23 RHS S355 133.98 | 148.92 0.85
50x50x4
24 RRHS S420 32.05 35.62 0.87
110x110x6
28 RHS S355 140.19 | 155.78 0.48
40x40x3
29 RRHS S420 35.12 39.03 1.09
100x100x5
30 RRHS S355 83.01 92.23 1.10
80x80x3
35 RRHS S420 32.17 35.74 0.88
110x110x6
39 RHS S355 142.15 | 157.95 0.04
40x40x3
40 RRHS S420 35.19 39.10 0.71
100x100x5
45 RHS S355 173.67 | 192.98 0.85
40x40x3
46 RRHS S420 32.01 35.57 0.86
110x110x6
50 RHS S355 144.21 | 160.25 0.92
40x40x3
51 RRHS S420 35.16 39.07 1.54
100x100x5
52 RRHS S355 114.29 | 126.99 1.15
60x60x3
57 RRHS S420 32.14 35.71 0.88
110x110x6
61 RHS S355 146.19 | 162.45 0.04
40x40x3
62 RRHS S420 35.72 39.69 0.86
100x100x5
66 RHS S355 176.62 | 196.26 0.27
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40x40x3

67 RRHS S420 31.56 35.07 0.88
110x110x6

70 RHS S355 152.19 | 169.12 1.14
40x40x3

71 RRHS S420 34.65 38.50 0.88
100x100x5

74 RHS S355 178.93 | 198.83 0.02
40x40x3

75 RRHS S420 32.57 36.19 0.87
110x110x6

76 RHS S355 150.51 | 167.24 0.11
40x40x3

The utilities larger than 1.0 at the braces are mainly due to increased buckling lengths due to
eccentricities. The large utilities of the bottom chord members 29 and 51 are due to interaction
between axial force and moment of the cross-section resistance. Fig. 4.17 illustates the bending

moment diagram of this truss.
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Figure 4.17. Bending moment diagram of truss SHS 24 10 at step 2.
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It can be seen that there are rather large moments (member 29: 11.03 kNm, member 51: 7.69 kNm,
numbers are not shown in Fig. 4.17) at the critical members. The member 51 is nearer the mid point
of the truss so there is larger axial force than at the member 29, and larger utility ratio. Based on this

it 1s recommended to avoid the eccentricities near the mid span of the truss. The eccentricity
moments are larger near the ends of the bottom chord, but the utility ratios are small there, because
the axial force is small. In optimization the additional moments at these members were 2.56 kNm,
so basically the results of the optimization can be used only for the trusses which will be designed

without eccentricities at the joints.

At the ends of the members 29 and 51 are gap KT-joints. This joint means almost always large
eccentricity at the joint. The large eccentricity is avoided in practice using the joint layout presented
in Fig. 4.18, although there exist no design method for this joint in the Eurocodes.
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Figure 4.18. KT-joint made by welding the verctical to the tension diagonal.

4.4.6 SHS_24 20
Fig. 4.19 shows the Robot model of the truss SHS 24 20 at the step 2.
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Figure 4.19. Robot model of SHS_24 20 at step 2.

Table 4.15 Utility ratios of the members for SHS 24 20 at step 2.

Member Section Material Lay Laz Ratio
(cm) (cm)
1 RRHS S355 31.45 34.94 0.69
110x110x4
3 SHS S420 49.36 54.85 0.41
120x120x10
7 RRHS S355 39.65 44.06 0.94
90x90x4
8 RRHS S420 48.11 53.46 0.44
120x120x8
21 RHS S355 76.52 85.04 0.91
50x50x5
23 SHS S420 49.40 54.89 0.86
120x120x10
27 RRHS S355 45.19 50.22 0.96
80x80x3
28 RRHS S420 48.14 53.49 0.73
120x120x8
41 RRHS S355 75.56 83.96 0.91
50x50x3
42 SHS S420 24.68 27.42 0.81
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120x120x10

45 RRHS S355 51.28 56.98 0.12
50x50x3

47 RHS S355 79.18 88.01 1.04
50x50x4

48 RRHS S420 48.47 53.86 1.31
120x120x8

52 SHS S420 24.67 27.41 0.84
120x120x10

61 RRHS S355 7791 86.57 0.49
50x50x3

62 SHS S420 24.33 27.03 0.92
120x120x10

65 RRHS S355 55.79 61.98 0.40
50x50x3

66 RRHS S420 24.08 26.75 1.38
120x120x8

70 RRHS S355 81.00 90.00 0.27
50x50x3

71 SHS S420 24.68 27.42 0.98
120x120x10

74 RRHS S355 57.59 63.99 0.26
50x50x3

75 RRHS S420 23.77 26.41 3.29
120x120x8

79 RRHS S355 82.14 91.27 0.05
50x50x3

80 SHS S420 25.08 27.87 0.98
120x120x10

82 RRHS S355 57.65 64.05 0.15
50x50x3

83 RRHS S420 23.97 26.63 2.23
120x120x8

84 RRHS S355 86.19 95.76 0.10
50x50x3

87 SHS S420 24.69 27.43 0.95
120x120x10

88 RRHS S355 62.75 69.72 0.02
50x50x3

The large utilitities at the bottom chord are originating from the cross-section resistance for the

axial force and the moment. In Fig. 4.20 is shown the bending moment diagram for this truss.

Figure 4.20. Bending moment diagram for the truss SHS_24 20 at step 2.

4.4.7 SHS_36_10

Fig. 4.21 shows the Robot model of the truss SHS 36 10 at the step 2.
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Figure 4.21. Robot model of SHS_36_10 at step 2.

Table 4.16 Utility ratios of the members for SHS 36 10 at step 2.

Member Section Material Lay Laz Ratio
(cm) (cm)
3 RRHS S355 92.55 102.84 0.87
110x110x4
4 RRHS S420 47.28 52.53 0.41

150x150x8

23 RRHS S355 130.00 144.45 1.03
60x60x3

27 RRHS S355 87.86 97.62 0.94
120x120x5

30 SHS S420 123.39 137.10 1.09
120x120x10

34 RRHS S420 47.28 52.54 0.44
150x150x8

63 RRHS S355 180.58 200.64 1.03
60x60x4

64 RRHS S420 47.27 52.52 0.71
150x150x8

83 RRHS S355 137.78 153.09 0.77
60x60x4

87 RRHS S355 107.66 119.62 0.92
100x100x4

88 SHS S420 92.53 102.81 0.56
120x120x10

94 RRHS S420 47.39 52.65 0.77
150x150x8

121 RRHS S355 150.10 166.78 0.36
60x60x3

124 RRHS S420 47.19 52.44 0.82
150x150x8

131 RRHS S355 113.82 126.47 0.71
80x80x3

132 SHS S420 61.71 68.56 0.60
120x120x10

148 RRHS S355 154.06 171.17 0.05
60x60x3

151 RRHS S420 47.24 52.49 0.86
150x150x8

154 RRHS S355 158.66 176.29 0.22
60x60x3

155 SHS S420 61.69 68.55 0.60
120x120x10
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Now there are no KT-joints at the mid part of the truss and eccentricity moments are small there.
Instead near the end of the bottom chord is large utility ratio (1.09) at the member 30. The reason
for this can be seen in the bending moment diagram in Fig. 4.22.
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Figure 4.22. Bending moment diagram of the truss SHS_24 20 at the step 2.

The first joint at the end of the bottom chord should be designed so that the eccentricity is small.

4.4.8 SHS_36_20
Fig. 4.23 shows the Robot model of the truss SHS 36 20 at the step 2.
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Figure 4.23. Robot model of SHS_36_20 at step 2.

Table 4.17 Utility ratios of the members for SHS 36 20 at step 2.

Member Section Material Lay Laz Ratio
(cm) (cm)

1 RRHS S355 33.34 37.05 0.59
140x140x5

3 RRHS S420 44.87 49.86 0.35
160x160x10

8 RRHS S355 48.69 54.09 1.01
100x100x5

9 RRHS S420 48.20 53.56 0.36
150x150x10

23 RRHS S355 71.08 78.99 0.92
70x70x5

25 RRHS S420 44.90 49.88 0.74
160x160x10

30 RRHS S355 49.00 54.44 0.91
100x100x4

31 RRHS S420 48.22 53.58 0.62
150x150x10

45 SHS S355 88.01 97.81 0.80
60x60x5

46 RRHS S420 22.43 24.92 0.76
160x160x10

50 RRHS S355 62.14 69.05 0.11
60x60x3
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52 RRHS S355 56.38 62.64 0.97
90x90x3

53 RRHS S420 48.62 54.02 0.79
150x150x10

57 RRHS S420 22.43 24.92 0.77
160x160x10

67 RRHS S355 87.07 96.74 0.82
60x60x3

68 RRHS S420 22.05 24.50 0.90
160x160x10

72 RRHS S355 67.50 75.00 0.83
60x60x3

73 RRHS S420 23.68 26.31 0.85
150x150x10

78 RRHS S355 89.90 99.89 0.62
60x60x3

79 RRHS S420 22.84 25.37 1.01
160x160x10

83 RRHS S355 66.41 73.79 0.24
60x60x3

85 RRHS S355 89.49 99.43 0.85
60x60x3

86 RRHS S420 48.67 54.07 1.46
150x150x10

90 RRHS S420 22.43 24.92 0.97
160x160x10

99 RRHS S355 90.70 | 100.78 0.21
60x60x3

100 RRHS S420 22.02 24.47 1.00
160x160x10

103 RRHS S355 72.57 80.63 0.22
60x60x3

104 RRHS S420 23.66 26.29 0.94
150x150x10

108 RRHS S355 93.90 | 104.33 0.03
60x60x3

109 RRHS S420 22.86 25.40 1.02
160x160x10

112 RRHS S355 71.15 79.05 0.16
60x60x3

114 RRHS S355 94.15 | 104.61 0.14
60x60x3

115 RRHS S420 48.18 53.53 0.93
150x150x10

117 RRHS S420 22.44 24.93 0.99
160x160x10

2 9 205 % p E
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Figure 4.24. Bending moment of truss SHS_36_10 at the step 2.
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The maximum utility is at the member 86 (utility 1.46) although eg. at the member 53 the utility is
0.79 and there is larger moment, but smaller axial load.

4.4.9 Summary of step 2, resistances of chords

After step 2 can be done the summary of the resistances of the chords, because the chord design is
on the safe side at the step 2. This is due to fact, that the eccentricity moment are distributed only to
the chords, and the eccentricity moments were taken into account at all joints, not considering the
(corrected) rule of the clause 5.1.5(7) of EN 1993-1-8. The design of the top chord is OK when
using the traditional truss analysis provided that the additional moment qL*10 is given to all
members when checking the resistances of the top chords. The additional moments of the bottom
chord cannot be estimated in forehand if large eccentricities are allowed at the joints. KT-joints
should be avoided in the gap joints and eccentricity at the first joint of the bottom chord should be
small. Instead of KT-joint the joint shown in Fig. 4.18 is recommended to be used.

4.4.10 Joint resistances at step 2
The numbering of joints in HEA trusses is shown in Fig. 4.25.

B D F H J

A C E G I K
Figure 4.25. Numbering of joints in HEA trusses.

The utility ratios of the joints are given in Table 4.18.

Table 4.18. Utility ratios of joints of HEA trusses.

HEA 24 10 | HEA 24 20 | HEA 36 10 | HEA 36 20

Joint A 1,05 (1 0,96 1,20 (3 1,39
Joint B 0,79 (2 0,93 1.19 1,34
Joint C 0,98 0,91 1.32 0,87
Joint D 0,83 0,91 0,93 0,86
Joint E 0,83 0,73 0,77 0,86
Joint F 0,63 0,86 0,58 0,88
Joint G 0,76 0,81 0,68 0,88
Joint H - 0,87 - 0,83
Joint I - 0,96 - 0,92
Joint J - 0,88 - -

Joint K - 0,12 - -

1) Utility ratio of the chord shear failure: 1.39. After that largest utility ratio shown in table.
2) Utility ratio of the chord shear failure: 1.40. After that largest utility ratio shown in table.
3) Utility ratio of the chord shear failure: 1.56. After that largest utility ratio shown in table.
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The chord shear failure with HEA/HEB members can be prevented at joints by additional web

plates at the joints, locally. This may be more economical than to enlarge the entire chord.

The proportional eccentricties e/hy are given in Table 4.19.

Table 4.19. Eccentricities e/hy of HEA trusses.

HEA 24 10 | HEA 24 20 | HEA 36 10 | HEA 36 20

Joint A 0,48 0,08 0,41 0,10
Joint B 0,49 0,09 0,36 0,04
Joint C 0,92 0,13 0,80 0,10
Joint D 0,46 0,10 0,22 -0,04
Joint E 0,83 0,16 0,59 0,05
Joint F 0,35 0,00 0,10 -0,09
Joint G 0,57 0,15 0,32 -0,02
Joint H -0,02 -0,16
Joint I 0,09 -0,09
Joint J -0,04

Joint K 0,07

The eccentricities of the joints in the trusses HEA 24 20 and HEA 36 20 are within the limits -
0.55 < e/hy < 0.25 of the clause 5.1.5(5) of EN 1993-1-8, so their design can be completed at this
step. All joints of the truss HEA 24 10 are outside the limits and most of the joints of the truss

HEA 36 _10.

The numbering of the joints in SHS trusses is shown in Fig. 4.26.

Figure 4.26. Numbering of joints in SHS trusses.

The utility ratios of the joints are given in Table 4.20.

Table 4.20. Utility ratios of joints of SHS trusses.

SHS 24 10 | SHS 24 20 | SHS 36 10 | SHS 36 20
JointA | 0,96 (1 0,79 0.84 (6 0,80
JointB | 0,89 (2 0,84 0,98 0,87
JointC | 0,95 (3 0,84 0,98 0,87
JointD | 0,89 (4 0,86 0,60 0,75
JointE | 0,89 (5 0.91 (7 0,79 0.87 (8
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1))
2)
3)
4)
)
6)
7)
8)
9)

Joint F 0,75 0,84 0,63 0,84
Joint G 0,96 1.00 0,81 0,95
Joint H 0,76 0,88 - 0,89 (9
Joint I 0,98 1,05 (10 - 0,98
Joint J - 0,90 - 0,96
Joint K - 1,08 (10 - 1,03 (10
Joint L - - - 0,92
Joint M - - - 1,02 (10

Utility ratio of the chord face yield: 1.16. After that largest utility ratio shown in table.
Utility ratio of the chord face yield: 1.09. After that largest utility ratio shown in table.
Utility ratio of the chord face yield: 10.68. After that largest utility ratio shown in table.
Utility ratio of the chord face yield: 2.43. After that largest utility ratio shown in table.
Utility ratio of the chord face yield: 4.03. After that largest utility ratio shown in table.
Utility ratio of the chord face yield: 1.63. After that largest utility ratio shown in table.
Utility ratio of the chord face yield: 1.42. After that largest utility ratio shown in table.
Utility ratio of the chord face yield: 1.21. After that largest utility ratio shown in table.
Utility ratio of the chord face yield: 1.04. After that largest utility ratio shown in table.

10) Shear and axial force resistance at the gap.

The proportional eccentricties €/hy are given in Table 4.21.

Table 4.21. Eccentricities €/hy of SHS trusses.

SHS 24 10 | SHS 24 20 | SHS 36 10 | SHS 36 20
Joint A 0,41 0,06 0,86 0,09
Joint B 0,25 -0,04 0,07 -0,02
Joint C 1,06 -0,06 0,68 0,00
Joint D 0,92 -0,04 0,20 0,00
Joint E 0,98 0,26 0,51 0,36
Joint F 0,84 -0,09 0,44 -0,01
Joint G 0,70 0,25 0,48 0,35
Joint H 0,74 0,34 - 0,39
Joint 1 0,81 0,29 - 0,34
Joint J - 0,34 - -0,04
Joint K - - - 0,41
Joint L - - - 0,45
Joint M - - - 0,39

It can be seen that all trusses include joints where the eccentricity limits are exceeded, so the step 3
is essential. It can be noted that in K-joints the eccentricities are much smaller than in KT- and N-
joints. Also, it can be noted that when the height to span ratio is 20 the eccentricities are much
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smaller than when this ratio is 10. Especially large eccentricities can be noted at the truss
SHS 24 10. The same can be found in HEA trusses. It is excepted that the large eccentricities have
considerable effect to the brace and joint design.

4.5 Step 3

4.5.1 Utilities of braces and joints

The resistances of the chord have been completed in step 2. At this step the resistance of the braces
and joints should be checked by distributing the eccentricity moments of the joints to all members
of the joint, and the axial forces of the joints are increased by the formula proposed in (Wardenier,
1984):

N

Ed,new

Mecc
=Neg + A (4.2)

where

e Ngq is the axial force of the brace from the frame model;
e A s the area of the brace;

e Mg is the part of the eccentricity moment of the brace;
e W is the elastic modulus of the brace.

The utility ratios of the braces with eccentricity moments are given in Table 4.22 for HEA 24 10
and HEA 36 10 trusses. HEA 24 20 and HEA 36 20 need not to be considered, because the
eccentricity limits were OK.

Table 4.22. Utility ratios of braces for HEA trusses with eccentricity moments.

HEA 24 10 | HEA 36 _10
1st brace 1,24 1,04
2nd brace 2,06 1,85
3rd brace 0,91 0,60
4th brace 0,57 0,34
5th brace 2,14 2,84
6th brace 0,89 0,96
7th brace 0,79 0,72
8th brace 1,39 2,38
9th brace 0,36 0,51
10th brace 0,79 0,76
11th brace 0,42 0,68

The utility ratios of the joints of HEA trusses are given in Table 4.23 with additions from the
eccentricity moments based on Eq. (2).

Table 4.23. Utility ratios of joints of HEA trusses with eccentricity moments.

\ \ HEA 24 10 \ HEA 36 10 |
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)]
2)
3)
4)
5)

Joint A 1,48 (1 2,04 (4
Joint B 0,88 (2 1,31 (5
Joint C 1,30 (3 1,73
Joint D 0,86 1,08
Joint E 0,91 0,81
Joint F 0,63 0,58
Joint G 0,76 0,68

Utility ratio of the chord shear failure
Utility ratio of the chord shear failure
Utility ratio of the chord shear failure
Utility ratio of the chord shear failure
Utility ratio of the chord shear failure

: 2.44. After that largest utility ratio shown in table.
: 1.42. After that largest utility ratio shown in table.
: 1.38. After that largest utility ratio shown in table.
: 2.65. After that largest utility ratio shown in table.
: 1.37. After that largest utility ratio shown in table.

The utility ratios of the braces with eccentricity moments are given in Table 4.24 for SHS trusses.

Table 4.24. Utility ratios of braces for SHS trusses with eccentricity moments.

SHS 24 10 | SHS 24 20 | SHS 36 10 | SHS 36 20
1st brace 1,10 0,75 1,51 0,65
2nd brace 1,38 0,97 1,64 1,04
3rd brace 0,91 0,92 1,80 0,92
4th brace 0,41 0,99 1,15 0,91
5th brace 1,35 0,95 1,05 0,84
6th brace 0,10 0,11 1,30 0,15
7th brace 0,89 0,99 0,37 1,03
8th brace 0,98 0,50 0,84 0,82
9th brace 1,08 0,41 0,06 0,85
10th brace 0,06 0,27 0,25 0,63
11th brace 0,29 0,26 - 0,25
12th brace 0,99 0,05 - 0,86
13th brace 0,02 0,15 - 0,21
14th brace 0,11 0,10 - 0,22
15th brace - - - 0,03
16th brace - - - 0,16
17th brace - - - 0,14

It can be seen that the utilities of the braces are very large, maximum 1.80, when the eccentricity is
large at the joint of the brace, logically. This is especially true for the trusses with height to span
ratio 10. If this ratio is 20 then the utilities are in maximum 1.04.

The utility ratios of the joints of SHS trusses are given in Table 4.25 with additions from the
eccentricity moments based on Eq. (4.2).

Table 4.25. Utility ratios of joints of SHS trusses with eccentricity moments.



Comparative Evaluation of Steel Profiles in Roof Trusses

Page 59

SHS 24 10 | SHS 24 20 | SHS 36 10 | SHS 36 20
Joint A 143 (1 0,86 1,72 0,94
Joint B 0.93 (2 0,82 0,99 0,87
Joint C 1.09 (3 0,82 0.98 (7 0,87
Joint D 0.94 (4 0,86 0,60 0,75
Joint E 0.95 (5 0.92 (8 0,79 0.87 (9
Joint F 0.75 (6 0,84 0,63 0,84
Joint G 1,00 1,00 0,81 0,97
Joint H 0,76 0,88 - 1,06
Joint I 0,98 1,05 - 0,98
Joint J - 0,90 - 0,96
Joint K - 1,08 - 1,03
Joint L - - - 0,92
Joint M - - - 1,02

1) Utility ratio of the chord face yield: 1.56. After that largest utility ratio shown in table.
2) Utility ratio of the chord face yield: 1.21. After that largest utility ratio shown in table.
3) Utility ratio of the chord face yield: 10.91. After that largest utility ratio shown in table.
4) Utility ratio of the chord face yield: 2.99. After that largest utility ratio shown in table.
5) Utility ratio of the chord face yield: 5.08. After that largest utility ratio shown in table.
6) Utility ratio of the chord face yield: 1.35. After that largest utility ratio shown in table.
7) Utility ratio of the chord face yield: 1.47. After that largest utility ratio shown in table.
8) Utility ratio of the chord face yield: 1.55. After that largest utility ratio shown in table.
9) Utility ratio of the chord face yield: 1.27. After that largest utility ratio shown in table.

In SHS trusses the utilities of the joints are large in many joints due to chord face yielding, if the
eccentricty of the joint is large. Next critical failure mode is the shear and axial failure at the gap.

5. Conclusions

The purpose of this study was to provide a comprehensive evaluation of different types of member
profiles in roof trusses. In the first part eight trusses were optimized using the topology optimization
method of (Mela, 2013). After that, the basic research question was to evaluate, whether the trusses
which were defined using the traditional truss analysis (see Fig. 4.1) in the optimization fulfill the
requirements of the Eurocodes? The evaluation was done in three steps to report the effects at each
step to the utility ratios of the members and joints. After the last step all requirements were checked.
The results were as follows.

In step 1 frame analysis model was used for the optimized trusses. This model simulates the truss
which is designed without eccentricities at the joints. The evaluation was done with the frame
analysis where the chords were modeled as continuous beams. If the truss can be designed without
eccentricities at the joints, then the raditional truss analysis is suitable for the design of the
members, provided that the moment qL*10 is added to the top chord. The additional moment
gL?/17 to the bottom chord was enough in all cases, but not in the truss SHS 24 20. When the truss
is slender, meaning height to span ratio 20, then the bending of the entire truss means moments to
the bottom chord and the additional moment gL?/17 may not be enough. With the ratio 10 this
additional moment was suitbale in all cases. When the truss can be designed without eccentricties
then the axial forces of the braces may increase in some cases, although in most of the cases they
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decreased. This can be taken into account using the traditional truss analysis by increasing e.g.
buckling length factors of the braces, say from 0.90 to 0.95.

If the truss is designed without eccentricties at the joints, then the overlapped joints should be used
and they are more costly than gap joints. In this study only gap joints were considered, and the
resistances of the joints were not checked at step 1.

In step 2 frame models were generated with the eccentricities at the joints (see Fig. 4.2). In HEA
trusses the constant gap 40 mm was used and in SHS trusses the gap varied in the joints and the
minimum gap based on EN 1993-1-8 (or at least 10 mm) was used at the joints.

After step 2 the summary of the resistances of the chords was done, because the chord design is on
the safe side at the step 2. The design of the top chord was OK when using the traditional truss
analysis provided that the additional moment qL*/10 is given to all members when checking the
resistances of the top chords. The additional moments of the bottom chord cannot be estimated in
forehand if large eccentricities are allowed at the joints. The brace design was OK using a little bit
larger buckling factor. One motivation for this was that the system lengths are little longer using
eccentricties than without them.

KT-joints should be avoided in the gap joints and eccentricity at the first joint of the bottom chord
should be small. Instead of KT-joint, the joint shown in Fig. 4.18 is recommended to be used to
avoid large eccentricities.

The eccentricities of the joints in the trusses HEA 24 20 and HEA 36 20 were within the limits of
Eurocodes, so their design could be completed at this step. All joints of the truss HEA 24 10 are
outside the limits and most of the joints of the truss HEA 36 10. Local web strengthenings were
required in some joints.

All SHS trusses included joints where the eccentricity limits were exceeded. It could be noted that
in K-joints the eccentricities are much smaller than in KT- and N-joints. Also, it could be noted that
when the height to span ratio is 20 the eccentricities are much smaller than when this ratio is 10.
The same could be found in HEA trusses. The chord strenghtening was needed at some joints.

In step 3 the utilities of the braces and joints were checked by distributing the eccentricity moments
to all members connected at the joints. The resistances of the braces were checked for the
interaction of the axial force and the moment using Method B of EN 1993-1-1. The resistances of
the joints were checked using the equations of EN 1993-1-8 by increasing the axial forces of the
braces using Eq. (4.2).

Very large utility ratios, in maximum 1.80, were observed at the braces at this step. Also, the
utilities of the joints were very large at the joints where the eccentricities were large, as expected.

Results of optimization. Based on this evaluation it can be conluded that the results of optimization
can be compared with each other. Some braces should be larger but this does not increase the costs
of the trusses considerably. Some joints need local stiffeners, but similar needs were both at the
HEA and SHS trusses. Proposals for chord and brace design were given when the traditional truss
analysis is used in optimization. Special care should be given when very slender trusses are
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optimized with height to span ratio near 20. The bending of the entire truss causes additional
moments to the bottom chord which can be as large as the moments of the top chord due to uniform
load at the top chord. The resistance checks of the commercial programs should be used carefully.
The completed study implies clearly, that the frame analysis including eccentricities should be
implemented in the future to the optimization to get reliable solutions for the real projects. But,
optimization can be used for comparing different solutions, as was done in this study. No bias was
found when evaluating the results.

The final outcome in this study is:

e SHS trusses are 5-10 % more economical than HEA trusses.
e The weight of the minimum cost SHS trusses is 4-8 % greater, except for the 24 m span
truss with h = L/10, where SHS truss is 6 % lighter than HEA truss.

SHS truss is made of cold-formed square hollow section members with S420 chords and S355
braces. HEA truss is made of hot-rolled HEA/HEB chords (S460) and cold-formed circular hollow
section (S355) braces. Welded gap joints are used in both trusses.
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