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ABSTRACT

The internal forces and stresses were analyzed and utilization of the design resistance in selected members of
the roof structure with local and global geometrical imperfections was evaluated. Values of these imperfec-
tions were based on the information given in the standards EN 1090-2 and EN 1993-1-1. Besides the basic
reference model with imperfections, models without imperfections, with different equivalent load arrange-
ments by the authors’ own concept and comparatively according to the standard EN 1993-1-1 were analyzed.
The calculations were made using the 1* and the 2" order analysis. Conclusion concerning accuracy of the
internal forces estimation and limit states check by use the equivalent load system proposed in the standard
EN 1993-1-1 are presented. Deficiencies in the provisions of this standard in terms of adopting equivalent
loads in roof structures with imperfections, resulting in underestimation of the stresses in the bottom chords

of the roof trusses, has been demonstrated.
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INTRODUCTION

In currently available methods of steel structures
analysis there are various possibilities of incorporating
the geometrical imperfections consisting in the devia-
tion of the main structural nodes from their designed
position and the initial deformations of the individual
member between nodes, as well as random eccentrici-
ties and residual stresses, which effects also may be
replaced by the equivalent geometrical imperfection.
Introduction of aforementioned imperfections into the
geometry of the model, in particular bow imperfec-
tions, is laborious and sometimes inconvenient. For
this reason, approximate methods consisting of selec-
tion of the equivalent load and calculations of buckling

factors are usually applied. This paper presents the
analysis of different options of equivalent loads adop-
tion, regarding provisions specified in the standard
EN 1993-1-1 (European Committee for Standardiza-
tion [CEN], 2005), made to assess the accuracy of the
internal forces and stresses calculation in individual
rods of the roof structure.

IMPERFECTIONS

Steel buildings structures and the other steel supporting
structures are characterized by deviation from their as-
sumed shape. These geometrical imperfections can be
divided into two main groups: initial deviations of the
frame or truss nodes position and initial deformation
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of the individual rods on their length. A review con-
cerning different methods of imperfections modelling
has been presented earlier (Zamorowski & Gremza,
2019). Residual stress remaining after the process of
rolling or welding, as well as the stress unintentionally
introduced during erection e.g. due to incorrect length
of the rod, may be also considered as imperfections
that influence the structure load capacity and should be
incorporated into the design process. Residual stress
are usually taken into account in simplified way by
use of appropriate buckling curve or equivalent initial
deformation of the individual rod.

Permissible imperfections in accordance

with the standard EN 1090-2

Steel structures designed according to the standard
EN 1993-1-1 should be executed and erected in ac-
cordance with the standard EN 1090-2 (CEN, 2018),
which specifies selected values of essential (i.e. af-
fecting the load capacity) manufacturing and erection
tolerances of the structure that should not be exceeded.
Within the essential manufacturing tolerances listed
in the standard EN 1090-2, the following may be im-
plemented in roof structure analysis: deviations from
straightness of a press braked profile or a flange of
a welded profile equal to 1/1,000 distance between
their restraints, deviations of panel points relative to
lattice intended outline A = £L/500 but not less than
|A] = 12 mm (Fig. 1a), as well as deviation of truss
braces (diagonals) and posts from straightness 1/1,000
of their length (but not less than |A] = 4 mm). In turn,
within the essential erection tolerances, important is
the deviation from the straightness of member subject
to bending or compression equal to 1/750 of the length

AO = £1/500 rad (Fig. 1b) in a full contact end bear-
ing. Unfortunately, these deviations do not correspond
exactly to the imperfections assumed for the design
calculations based on the standard EN 1993-1-1.

Global imperfections in accordance

with the standard EN 1993-1-1

The standard EN 1993-1-1 contains provisions for cal-
culation of transverse roof bracings that ensure lateral
support for the compressed chord of the roof girders
e.g. truss. According to this standard, initial sinusoi-
dal imperfections of the chord on the whole length of
the truss, with amplitude (e,), is taken into account
(Fig. 2a):

e =t L1500 (1)

Alternatively, possibility of kinking of the com-
pressed members in the field joint due to angular mis-
alignment by an angle ¢ = 1/200 rad is taken into ac-
count, resulting in the horizontal action (Fig. 2b):

O NEg /100 )
In Formulas (1) and (2):
an =10.5(1+1/m)|>? (3)

where:
m — number of trusses to be restrained,
Npg — maximum axial force from all rods of the

between restraints, as well as an angular misalignment chord.
a) b) AQ/2 AO/2
= 2 \)AO 1/500
] L Ay Aq L|/1\.|212 mm g
Fig.1. Essential deviation according to standard EN 1090-2 in application to roof members: a — deviations of panel
points; b — angular misalignment of two rods in their contact
66 architectura.actapol.net
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Equivalent loads on bracing according to the standard EN 1993-1-1: a — due to bow imperfection of bracing sys-

tem; b — due to angular rods misalignment at the splice

Local bow imperfections

Direct forming of initial bow deformation of the rod
relative to its theoretical axis is rarely implemented
into calculation models. However, their implementa-
tion allows a better estimation of internal forces dis-
tribution in both lattice and frame structures as well
as more accurate estimation of the spatial rigidity and
displacements of these structures, since the initial and
elastic bending determines stiffness of the rod. Ef-
fective stiffness — (EA),, of the rod with initial bow
imperfection, if considered straight, may be calculated
as in Formula (4):

Al,  — shortening of the rod resulting from the com-
pression of the section (Fig. 3),

Aly,,, — shortening of the rod resulting from its bow
deformation (Fig. 3),

E — Young modulus,

A — cross-sectional area.

In the paper by Niewiadomski and Zamorowski
(1987) it has been demonstrated that the noticeable
influence of compression on the effective stiffness
of the rod with imperfection becomes visible at slen-
derness 4> 100. This effect is greater for larger axial
force value and less significant for small value of this

fi Fig. 3, in which the infl f -
(EA)eq = Ngql < EA @ orce (see Fig. 3, in which the influence of compres
Ala + Alpow sion force intensity on the effective stifthess of two-
pinned rods in function of their slenderness has been
where: illustrated). Model for analysis of structures with more
Ngg — axial force, complex initial rods deformations was presented in

l — length of the rod, Zamorowski (2013).

(EA)eq
EA1 e T i /
e Negy ———t Ngq
B T
|
LN Al'= Aly+Alyoy,
~— A
: b
0 100 200

Fig.3. Two-pinned, initially bended rod and equivalent stiffness along its chord between end nodes: 1 — values of N4

about 90% design resistance; 2 — about 10%
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67



Gremza, G., Zamorowski, J. (2021). Analysis of load capacity of roof trusses with imperfections and the issue of equivalent load
adoption. Acta Sci. Pol. Architectura, 20 (1), 65-76. doi: 10.22630/ASPA.2021.20.1.7

Initial bow imperfections given by the standard
EN 1993-1-1 not only reflect the initial deformations
of the rods axes between nodes, but also replace the
effects of the residual rolling and welding stresses as
well as the unintentional eccentricities of the rods at-
tachments or unintentional eccentricities of external
loads. The use of initial bow imperfection in combina-
tion with the 2™ order analysis allows the calculation
of the buckling factor to be omitted.

If the designer has no opportunity to introduce bow
imperfections into the model, or it would be too labor-
-intensive due to the number of rods in the structure,
forces redistribution between members in tension and
in compression can be roughly estimated using an al-
ternative method, where, in the first step, the cross-
-sectional area (4) of compressed members, in which
the design resistance was found to be exceeded, are
reduced by the buckling factor, 4.4 = ymi, 4, and in
the subsequent steps, a further correction of the cross-
-sectional area is made so that Ny = A4, fy- Such ap-
proach implementation in analysis of a large sports and
entertainment facility building has been mentioned by
the authors in their earlier publication (Zamorowski
& Gremza, 2009).

Imperfections adopted in this work

In the following sections of this work, the following
imperfections were taken into account: initial sinu-
soidal imperfection of the top chord with amplitude
L/500 as in Figure 2a, and kinking of the bottom chord
AO ==£1/500 rad according to the standard EN 1090-2
as in Figure 1b. For simplifying, sinusoidal imperfec-
tion of the top chord was replaced by the polygonal

chain. Additionally, bow imperfections in the minor
axis of compressed chord rods, equal to 1/200 of their
theoretical lengths in plane of the truss, were consid-
ered (buckling curve “c” according to the standard
EN 1993-1-1 is adopted). Imperfections of bracings
were also taken into account. It was assumed that the
trapezoidal sheet stops the increase of initial lateral de-
formations of purlins due to lateral-torsional buckling,
therefore initial bow imperfection for these members
was not introduced into the model.

PRECISE EQUIVALENT LOAD SUBSTITUTING
GLOBAL IMPERFECTIONS

The equivalent load that allows to precisely substitute
the effects of global imperfections is the group of lat-
eral forces applied in nodes of the upper and the lower
chords of all trusses, that results from the change of
the inclination of the rods relative to the truss theoreti-
cal plane and axial forces in these rods (Fig. 4).

Equivalent forces in “precise” approach may be
calculated from the formula (see Fig. 4c):

Feq = Ngq sinacos 5)

where:

Ngq — force obtained from the model without imper-
fection,

a, f — angles.

In Columns 6 and 7 of Table 1 the resultant lat-
eral forces (equivalent forces — F,) applied to nodes
of the exemplary truss, and in Columns 811 of these

Fig. 4.

Equivalent load at the truss node replacing global imperfection (P—A effects for rods): a — a node of the truss with

imperfection; b — the perfect one with equivalent load, ¢ — equivalent load assuming tilting of the rod out of the

assumed plane; 1 — intended geometry
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table reactions, are collected. Lateral deviation (A, forces and displacements as in the model with global
and A,,) of the truss nodes from its intended plane, imperfection may be successfully obtained. Although
resulting from global imperfection of the truss chords  calculations of spatially deformed structures accord-
(Fig. 5), are given in Columns 2 and 3. As can be seen, ing to the presented approach allow to obtain satisfac-
lateral reactions transferred from the twisted truss and  tory and reasonable results, they may be regarded too
from the perfect truss loaded by equivalent forces are  time-consuming by the designers. Hence, simplified
of almost identical value. The presented results prove  variants of the equivalent loads were analysed later in
that in the model of the perfect structure, analogous this work.

Table 1. Out of plane tilts of posts of analysed truss, lateral reactions and equivalent actions

Lateral reactions in nodes

Distance Imperfect geometry Equivzlent ]Load [kN]

from (acc. to Fig. 5) in nodes (Feq)

the truss [kN] imperfect model perfect model®
support A A h é ¢ bott bott bott
m top bot post op ottom ottom ottom
[m] [em] [em] [em] [rad] chord chord top chord chord top chord chord
1 2 3 4 5 6 7 8 9 10 11
0 0.00 0.00 - - -1.027 - 0.951 0.684 0.950 0.686
3 —-1.84 0.30 222 0.0096 0.005 -0.911 0.119 - 0.121 -

6 -3.39 0.60 248 0.0161 0.766 —-0.375 —0.678 - —0.676 -

9 —4.43 0.90 274 0.0195 1.147 —0.086 -1.239 - —-1.237 -
12 —4.80 1.20 300 0.0200 0.442 0.503 —0.511 0.838 -0.511 0.842

*With equivalent load as in Columns 6 and 7.

Fig.5. Replacement of initially deformed truss by the ideal truss with equivalent loads, resulting from the change of
inclination of all the rods relative to the vertical plane of the truss
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MODELLING OF EXEMPLARY 3D STRUCTURE

The roof arrangement and construction

To avoid a problem with interpretation of the standard
EN 1090-2, as well as unnecessary calculation effort, the
analyzed system was limited to a pair of trusses spaced
at a distance of 6.0 m, linked together by means of pur-
lins and bracings (Fig. 6). Every truss is of a maximum
height of 3.0 m, span of 24.0 m with the slope of the top
chord of 5°. Chords of the truss were designed from 1/2
HEB 220, posts and diagonals from RHS 100 x 100 x 4
profiles. Chords were considered continuous, except
for the end-plate field bolted joints located in vertical
plane passing the ridge, but assumed fully rigid. Vertical
roof bracings type K in the ridge plane were designed
of 2L 60 x 60 x 6, and transverse roof bracings diago-
nals type X as L 60 x 60 x 6. Purlins were planned as
IPE180 beams. The load-bearing element supporting
the roof covering is a trapezoidal sheet protecting the
purlins from lateral torsional and flexural buckling. The
total weight of the roof covering was 0.49 kN-m and
the snow design load was 1.44 kN-m>. Connections
between the ends of the bottom chords and the columns
were designed in a way that prevents the transmission
of any axial force, but provides lateral support.

Slender diagonals of transverse roof bracings

Diagonals of roof bracing with X-arrangement are com-
monly designed relatively slender, by an assumption
that the horizontal load is transferred only by the ten-
sioned diagonal in each X-pair. On the other hand, if the
gravity load is dominant, then compression forces in all
diagonals will occur and the purlins will be tensioned.

In such a case, if diagonals are treated as the elements
being able to transfer tension forces only, they will be
removed from the model. It means that the upper chords
of the roof truss are deprived of lateral support and the
structure becomes temporarily unstable. As a result, no
convergence can be achieved in the 2" order analysis
using popular computer programs. For this reason, ini-
tial bow imperfections of all diagonals, equal to 1/250
of their length (respective to buckling curve “c” accord-
ing to the standard EN 1993-1-1), was adopted, without
excluding them from cooperation with the rest of the
structure in any load combination.

Reference non-linear models with global
imperfections

In a reference model N1, the adopted global imper-
fections of the trusses chords and the local bow imper-
fections of compressed rods were directly introduced
into the model geometry. Local bow imperfections of
the compressed rods were introduced according to the
buckling curves defined in the standard EN 1993-1-1
and the expected buckling direction. In model N1s, in
comparison to the basic model N1, bottom chords were
straight (deviations resulting from the angle misalign-
ment in the joints of the lower chords of all trusses,
A8 =+£1/500 rad, were omitted). The calculations were
made taking into account the 2" order effects.

Models with different equivalent loads
substituting global imperfections

Two nonlinear models with equivalent loads were ana-
lyzed. In model N2s (with straight bottom chord), the
global imperfections of the upper chords were replaced

[i2]

Fig.6. Spatial structure analyzed in this work
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by the AH,,, forces applied in the nodes of the upper
chords (Fig. 7a). These forces were calculated on the
basis of the actions transferred from purlins to these
nodes and tilting of posts out of the planes of trusses,
analogous to the of P—A effect in frames (Niewiadom-
ski & Zamorowski, 2017). In model N3s, the lateral
forces AH,,, and additionally opposite directed lateral
forces AH,, in nodes of the lower chords were taken
into account (Fig. 7b). The sum of these forces is equal
to zero (they create a self-balanced system).

In linear model L1 both the local and the global
imperfections were omitted, and the equivalent load
applied to the top truss nodes was calculated from
the formula:

8NE4 (e +0)
=———— 74

L - span of the truss,
a — distance between truss nodes as in Figure 2a.

Loading forces accaccording to Formula (6) were
balanced by reaction applied to the end points of the
chord (see Fig. 2a).

In model L2, to the upper chords the forces
Q4 = Oy yop Calculated by Formula (6), and in the bot-
tom chord the opposite directed loads, Oy o = —O4 tops
were applied, similarly to AH,,, and AH,, applica-
tion. More complicated approach may be also used,
where horizontal loads in perfect model are specified
to obtain displacements equal to the imperfection in
unloaded imperfect model (Pigtkowski, 2017).

Comparative models without both global
imperfection and equivalent loads

For comparison purpose, two models without global
imperfections as well as without equivalent loads were
analyzed. Only in nonlinear model N bow imperfec-
tions were introduced. List of analysed models are
in Table 2.

Qi =qaa 7 (6)

where

Npg — maximum compression force in the top chord,

e, — initial global lateral deflection — see Formula (1),

0 — horizontal displacement of the upper chord (in

the first step is equal to zero),

fi
W

Fig.7. Tilting of the truss posts and equivalent loads: a — in model N2s; b — in model N3s

Table 2. List of analysed models and their features

Model feature Model name

N1 Nls N2s N3s L1 L2 N L
Global imperfection Y Y - - - - - -
Only AH,, - - Y - - - - -
AH,,, and AH,,, = -AH,, - - - Y - - - -
Qg acc. to EN 1993-1-1 - - - Y - - -
Qutop = Qaand Qo =—0y - - - - - Y - -
1* order analysis - - - - G Y - Y
2™ order analysis Y Y Y Y - - Y -
Bow imperfections of rods in compression Y Y Y Y - - Y -

# Displacements according to Formula (6) are included — displacement () did not exceed 3.9% of e,

architectura.actapol.net
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RESULTS

Internal forces and utilization of the design
resistance

In Tables 3 and 4 the results of calculations are collec-
ted. Table 3 presents values of the axial forces obtained
for individual rods of the roof structure by use of the

Table 3. Axial forces Ny, [kN] in rods

calculation models mentioned in previous section:
in trusses, transverse roof bracings and vertical roof
bracings. The forces in rods described as 1-16 were
the bigger forces from two trusses. Columns 3—10 of
Table 4 present utilization ratios (R,) of the truss rods
design resistance (load capacities).

Rod number Reference With equivalent loads Globally perfect
(acc. to Fig. 6) N1 Nls N2s N3s L1 L2 Ne L
1 2 3 4 5 6 7 8 9 10
1 -174.2 -173.8 -174.4 -174.5 -174.3 -174.1 -173.2 -173.1
2 -267.0 -267.4 -266.9 -268.8 -267.1 -268.7 -266.2 -266.2
top chord
3 -303.9 -302.9 -304.8 -306.3 -303.9 -304.9 -302.3 -301.2
4 -297.5 -296.9 -298.9 -301.7 -296.6 -298.9 -296.7 -294.2
5 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0
6 174.8 174.9 174.0 175.2 173.4 174.7 173.5 172.9
bottom chord
7 268.3 268.5 266.8 268.9 266.6 268.9 265.9 265.7
8 305.2 305.4 303.1 305.9 302.2 305.3 301.8 301.0
9 205.8 205.7 206.8 205.4 205.9 204.4 207.4 206.5
10 114,9 114.8 115.8 114.6 115.0 113.7 116.3 115.4
truss braces
11 454 454 46.2 452 454 44.4 46.6 45.8
12 -14.4 -14.4 -13.7 -14.5 -9.8 -10.7 -13.3 -94
13 -114.4 —114.5 -113.8 -114.6 -113.3 -114.1 -113.5 -113.0
14 -70.3 -70.3 —69.7 -70.5 —69.0 —69.7 —-69.4 —68.7
truss posts

15 -31.0 -31.0 -30.5 -31.1 -29.5 -30.2 -30.2 -29.3
16 16.5 16.4 17.3 16.4 12.3 11.1 17.9 12.8
17 1.2 1.5 0.1 2.6 0.0 2.7 0.0 0.0
18 ridge -1.3 -1.6 -0.1 -2.6 0.1 -2.6 0.0 0.0
19  Khbracings -1.7 22 -0.1 3.7 0.0 -3.8 0.0 0.0
20 1.8 2.2 0.1 3.7 0.0 38 0.0 0.0
21 3.1 2.6 22 0.4 2.2 0.7 -0.4 -0.3
22 4.6 39 2.6 09 2.0 0.5 -0.6 -0.3
23 4.2 3.7 -2.8 -14 -2.6 -1.2 -0.3 -0.3
24 roofbracings 2.9 2.6 2.5 -1.0 2.8 ~1.4 0.4 0.3
25 diagonals -0.3 -0.5 0.5 -1.5 -0.3 2.1 -0.2 -1.0
26 -0.6 -0.7 0.5 -14 -0.5 2.2 -0.4 -1.1
27 -0.2 0.3 -0.8 1.3 -1.6 0.1 -0.3 -1.1
28 -0.4 0.3 -0.9 1.5 -1.8 0.0 -0.4 -1.0

2 But with local bow imperfection.
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Table 4. Utilization ratio (R,) of the rod design resistance [%] for steel S355

Rod number Reference With equivalent loads Globally perfect
(acc. to Fig. 6) N1 Nls N2s N3s LI L2 N L
1 0.485 0.483 0.486 0.488 0.370 0.370 0.482 0.367
2 0.651 0.651 0.654 0.660 0.567 0.570 0.650 0.565
top chord
3 0.693 0.690 0.696 0.703 0.645 0.647 0.689 0.639
4 0.750 0.748 0.752 0.760 0.629 0.634 0.745 0.624
5 0.055 0.049 0.017 0.030 0.015 0.041 0.017 0.015
6 0.158 0.152 0.115 0.138 0.113 0.148 0.114 0.112
bottom chord
7 0.194 0.190 0.173 0.191 0.171 0.205 0.171 0.170
8 0.241 0.233 0.196 0.238 0.194 0.257 0.194 0.192
9 0.387 0.388 0.387 0.388 0.384 0.387 0.384 0.383
10 0.218 0.218 0.216 0.219 0.215 0.217 0.216 0.214
truss braces
11 0.089 0.089 0.087 0.089 0.086 0.088 0.086 0.085
12 0.045 0.045 0.043 0.046 0.050 0.055 0.042 0.048
13 0.299 0.300 0.299 0.300 0.302 0.305 0.297 0.302
14 0.188 0.189 0.187 0.189 0.200 0.202 0.186 0.199
truss posts
15 0.085 0.085 0.083 0.085 0.094 0.096 0.082 0.093
16 0.036 0.036 0.034 0.036 0.025 0.027 0.033 0.024

2 But with local bow imperfection.

In linear models, calculation of R; of rods in com-
pression were made according to the formula:

NEdg,i

R=——7—"— (7
Hmin Afy | 1

In nonlinear models with bow imperfections the uti-
lization ratio was estimated on the basis of the ratio of
the maximum stress in the rod (regarding axial forces
and 2" order bending) to the design yield strength:

O-max,i

fy o
In Formulas (7) and (8):

®)

Npy;  — axial force in i-th rod,
Xemin — buckling coefficient,
A — cross-sectional area,

fy — yield strength,

— maximum stress in i-th rod,

partial material factors in accordance with
the standard EN 1993-1-1 (value of 1.0 is
adopted).

Y™mo, PM1 —

architectura.actapol.net

The buckling coefficient (y,,,) was calculated as-
suming the buckling length equal to the theoretical
length of the rod between restraints in particular direc-
tion. In case of weak lateral support of the truss chord,
instead of typical buckling check, more advanced
analysis of the imperfect truss global stability could be
introduced (Krajewski & Iwicki, 2015)

For all rods in tension, regardless of the calculation
model, Formula (8) was used.

Lateral bending in the bottom chord of the truss
In spatial structure of the roof with imperfections,
horizontal bending of the bottom chords of trusses
occur. This phenomenon is not taken into account in
the analysis of the structure performed in accordance
with design standards, e.g. the standard EN-1993-1-1.
Table 5 presents values of stress in the bottom chord,
obtained in calculations. The value to the left of the
slash is the value of the tensile stress related to the
axial forces and the second value, right to the slash,
is the value of lateral bending stress. As can be seen,
lateral bending (i.e. in horizontal plane) of the chord
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Table 5. Stress in rods of bottom chord [MPa]: from axial force Ng4; / from bending moment M,

Rod number Reference With equivalent loads Globally perfect
(ace. to Fig. 6) NI Nls N2s N3s LI L2 N L

5 0/18.5 0/16.0 0/1.3 0/9.5 0/0.7 0/15.6 0/1.4 0/0.6
6 38.4/16.7  38.5/14.3 38.2/0.9 38.5/8.6 38,1/0.4 38,4/14.6 38,1/0.9 38.0/0.4
7 59.0/8.4 59.0/7.1 58.6/0.8 59.1/7.8 58,6/0.6 59,2/15.0 58.4/0.5 58.4/0.5
8 67.1/180  67.1/15.1 66.6/1.1 67.2/16.6 66.5/0.7 67,2/27.3 66.3/0.6 66.2/0.4

 But with local bow imperfection.

causes a significant increase in stress compared to the
pure axial tension. If the equivalent load is applied
only in the plane of the roof (upper chords), the bend-
ing effect of the bottom chord will be underestimated,
similarly to the model N and the model L.

DISCUSSION

The calculation results shows that the values of the
maximum axial forces in chords of the trusses obtained
from the model N1 differ from the forces obtained from

the other models no more than 1.39% (Tables 3 and 6).
However, practical agreement of ultimate limit state
conditions in the bottom chord with reference models
NI and Nl1s was obtained only in models N3s and L2,
with equivalent load applied both to the upper and the
lower chord (Table 4). In models N2s and L1 without
global imperfections and with equivalent loads applied
only to the upper chord, the utilization ratio of the design
resistance is significantly underestimated and very simi-
lar to the models N and L. That indicates the problem
with correct check of the bottom trusses chords when

Table 6. Differences of axial forces Ny4; [%] in comparison to model N1

Rod number Reference With equivalent loads Globally perfect

(ace. to Fig. 6) N1 Nls N2s N3s L1 L2 Ne L

1 0.00 -0.27 0.09 0.13 0.03 -0.08 —-0.60 —0.66

2 0.00 0.14 -0.01 0.70 0.05 0.65 -0.29 -0.29
top chord

3 0.00 -0.34 0.29 0.78 0.00 0.33 -0.54 -0.89

4 0.00 -0.21 0.46 1.39 -0.32 0.46 -0.29 -1.12

5 _ _ — _ _ — _

6 0.00 0.05 -0.49 0.19 -0.83 -0.09 -0.77 -1.11
bottom chord

7 0.00 0.06 -0.59 0.20 —0.65 0.21 -0.92 -0.99

8 0.00 0.07 -0.71 0.23 -0.99 0.02 -1.12 -1.38

9 0.00 -0.05 0.49 -0.19 0.05 —-0.68 0.78 0.34

10 0.00 -0.08 0.77 -0.27 0.08 -1.05 1.19 0.43
truss braces

11 0.00 -0.14 1.68 —0.48 -0.09 -2.29 2.65 0.79

12 0.00 0.24 —4.41 0.61 -31.79 -25.52 -7.33 —34.57

13 0.00 0.05 -0.50 0.18 -0.98 -0.28 -0.78 -1.24

14 0.00 0.07 -0.76 0.26 —-1.81 -0.81 -1.17 -2.24
truss posts

15 0.00 0.09 —-1.68 0.38 -4.84 -2.58 -2.62 -5.48

16 0.00 -0.32 5.13 -0.78 -25.36 -32.64 8.56 -22.33

 But with local bow imperfection.
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using the model given in the standard EN 1993-1-1 as
well as in withdrawn Polish standard PN-B-03200:1990
(Polski Komitet Normalizacyjny [PKN], 1990).

The differences in utilization ratios of the upper
chord rods between the linear and non-linear models
shown in Table 4 are mainly due to the fact that the
bow imperfection given in the standard EN 1993-1-1
is probably adapted to the member with symmetrical
cross-section in the plane of buckling, at the same time
the chord of 1/2 HEB220 is characterized by a small
bending index in their minor axis.

In the first three panels of the truss, the axial forces
in truss posts and braces the axial forces are in practi-
cal agreement in all analyzed models. Utilization ratio
of all truss braces and posts in nonlinear models is also
very similar, and slightly bigger in linear models with
equivalent loads. The biggest differences occurs in the
rods in which the internal forces are relatively small.
These elements are adopted on the basis of construc-
tional conditions and the use of their design resistance
is not significant.

Differences in the forces and strains obtained from
the models N1 and N1s were small. It seems, that ad-
ditional effort associated with the modeling of the bot-
tom chord deviation may be omitted, assuming that the
deviation does not exceed AG = +1/500 rad (Fig. 1b).

CONCLUSIONS

In engineering practice, various types of calculation
models may be used to analyze roof structures. The
simplest of them, in-plane 2D model provided in the
standard EN 1993-1-1, allows only to roughly estimate
the forces in members of the transverse roof bracings,
while the forces in vertical braces between trusses and
the influence of global imperfections on the change
of the internal forces in the bottom chords will not be
known. Therefore, this scheme was not discussed.
The most accurate calculation model is the spatial
model with geometrical imperfections — the global of the
whole chords and the local of the individual rods, or with
precise equivalent load mentioned in this work (Fig. 4).
The limit values of global initial imperfections that are
permissible in properly erected structure are defined in
the standard EN 1090-2. In turn, the standard EN 1993-
-1-1 standard provides equivalent values of geometri-
cal imperfections — local and global, which should be

architectura.actapol.net

taken into account when using a non-linear or 2" order
theory. Although these standards are linked, there is no
full compatibility between them. Therefore, it would
be advisable to specify which global imperfections and
their values should be included in the spatial calculations
of the roof structures when using the 2" order theory.

The method of assuming the equivalent load on the
correctness of the assessment of the ultimate limit state
condition in the upper chord as well as in braces and
posts of trusses is not strongly decisive. On the other
hand, a significant issue is omitted in the calculation of
the bottom chord. Even if the bottom chord is perfect-
ly straight, as a result of the spatial work of the whole
structure, horizontal actions resulting from the truss ini-
tial twisting (due to upper chord initial global imperfec-
tion) will appear. In view of tendency of significant uti-
lization of the load bearing capacity of steel structures
in design process, the correct calculation of imperfec-
tions influence seems to be an urgent need. It seems that
accepting AH,,, and AHy,, loads as in the model N3s
is a convenient and correct way to assess the internal
forces and stresses in the bottom chords. It may be more
convenient than using ¢4, which requires the knowledge
of forces in rods from the first calculation step.

In order to obtain experimental confirmation of
the calculation results, it is anticipated full scale tests
on a single-storey industrial building by means of the
modern methods of deformation and stress analyses
(residual magnetic field — RMF and fiber Bragg glass
— FBG) described e.g. by Juraszek (2018a, 2018b,
2019a, 2019b, 2019c, 2020), thereby allowing future
formulation of a simple algorithm allowing for the
mapping of the actual state of the spatial structure.
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PROBLEM WLASCIWEGO PRZYJMOWANIA OBCIAZENIA ZASTEPCZEGO W DACHU

Z IMPERFEKCJAMI

STRESZCZENIE

Przeanalizowano sily wewngtrzne i napr¢zenia oraz oceniono wykorzystanie nosnosci obliczeniowej w wy-
branych elementach konstrukcji dachu z lokalnymi i globalnymi imperfekcjami geometrycznymi. Wartosci
tych imperfekcji przyjeto na podstawie informacji podanych w normach EN 1090-2 i EN 1993-1-1. Oprocz
podstawowego modelu odniesienia z imperfekcjami przeanalizowano modele bez imperfekcji z réznorod-
nymi uktadami obciazen zastgpczych wedtug koncepcji wlasnej autoréw oraz poréwnawczo wedtug normy
EN 1993-1-1. Obliczenia wykonano, wykorzystujac analize I i I rzgdu. Przedstawiono wnioski dotyczace
doktadno$ci oszacowania sit wewngtrznych oraz sprawdzenia standéw granicznych nosnosci i uzytkowania
przy uktadzie obcigzen zastgpczych zaproponowanym w normie EN 1993-1-1. Wykazano niedoskonatosc¢
przepiséw tej normy w zakresie przyjmowania obcigzen zastgpczych w konstrukcjach dachowych z imper-
fekcjami, ktora prowadzi do niedoszacowania napr¢zen w pasie dolnym wigzara.

Stowa kluczowe: imperfekcje kratownic, obciagzenie zastepcze, analiza II rzgdu, stan graniczny
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