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Improved numerical methods in reliability analysis of
suspension roof joints
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Abstract. Modern structures require more complex designs. There is an increased need for
accurate approaches to assessing uncertainties in loads, geometry, material properties, and operational
environments. However, information is scarce on the reliability of suspension roofs together with their
joints. There is an urgent need for estimating stress-strain state and reliability of welded joints, so
recommendations can be given based on the obtained data. In this paper, reliability of large-span
suspension roofs was investigated and a fundamental approach is proposed for reliability determination
of these joints at the design phase of suspension rod roofs. In this work, several joints were investigated:
supporting joints between rigid threads and external/internal contours, intermediate joints of top /lower
chords of supporting threads, as well as joints between vertical/horizontal links and supporting thread of a
roof. To measure reliability of joints, logic and probabilistic methods were used conjointly with other
methods based on mathematical statistics. The proposed approach can be applied to design of
suspension roof systems and help to develop better designs for better safety, quality control and
efficiency of these structures, providing economic and social benefits.
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AHHOTauUuA. npoeKTVIDOBaHI/Ie COBpPEMEHHDbIX KOHCprKLI,I/IVI Tpe6yeT KOMMNJNEeKCHoOro noaxoaa,
O6yCJ'IOBJ'IeHHOFO y4yeToMm OonbLLOro KonnyecTea (baKTOpOB npu pacyeTte, a TakkKe OUEHKN HETOYHOCTEN
Harpys3ok, reomeTpumn ceyveHun, cbwswqecmx CBOWCTB maTtepunanoB ”1 yCJ'IOBVIVI KCnnyartauun. OTcyTCTBI/Ie
HeobXxoaMMbIX ONSl OLEHKM HaaeXHOCTU FIOKprTI/IIZ B LIENIOM MCCrneaoBaHUn HageXHOCTU WX y3noB
oGycnoanwaaeT aKTyalnbHOCTb 3adayn OLEHKU HaI'IpFl)KeHHO-D,eq)OpMI/IDOBaHHOFO COCTOAHMA U
HaAeXHOCTU CBapHbIX Yy3InoB I'IOKprTI/IIZ n Bblpa6OTKe peKomeH/J,au,wZ OTHOCUTEJIbHO TaKuUxX KOHCprKLLI/IIZ
Ha OCHOBE MOJTy4YEHHbIX OaHHbIX. B cBsa3n ¢ 3TMM B cTaTbe npoaHann3npoBaHbl I'Ip061'IeMbI HageXHOCTU
60]'IbLIJeI'IpOJ'IeTHbIX BUCAYNX I'IOKprTI/IIZ M onuncaHbl npuHUuunuanbHble NoAxoAdbl K y4eTy HaOeXHOCTU
y3noB B pacyeTax HaOeXHOCTU BUCAYMX CTEepPXKHEeBbIX I'IOKprTI/IIZ. B kauectBe pacCHETHbIX NPUHATHI
OMnopHble  y35bl KpenreHua N3rMOHO-KECTKOM HUTU K BHEWHEMY WU BHYTPEHHEMY KOHTYpY,
NPOMEXYTOYHbIE Yy3Iibl BEPXHEIN0 U HMXHEro rnosacos Hecyu.l,e|71 HUTKU, Yy3@nbl KpenneHna BepTukalrbHbIX U
rOpuU3oHTanbHbIX cBA3en K HEeCyWwnM HUTAM NOKPbITUA. B aHanuse NPUHATBI JTOr’MKO-BEPOATHOCTHbIE
MeToAdbl OUEeHKM HaOeXHOCTU Yy3NnoB U MeTodbl, OCHOBaHHble Ha MaTemMaTuU4Yeckon CTaTUCTUKE.
OnucaHHble nogxoabl MOryT NPUMEHATBCA NPU NPOEKTUpPOoBaHNN HOBbIX BUCAYNX I'IOKprTI/IIZ, CI'IOCO6CTBy$|
nony4vyeHunto bornee CnoXxHbIX KOHCTPYKTUBHbIX (i)OpM C NOBbILLEHHOW HAOEXHOCTbIO HeCcyLunx aneMmeHToB,
a Takke Ha CTaauun aKkcnnyartauuu, obecneyuBas HaOeXHOCTb CyLLEeCTBYHOLNX KOHCprKLI,I/IIZ.

Introduction

Structural reliability is a fundamental part of building structures, which combines design problems,
work planning, production, erection and operation of buildings and structures. Reliability of steel
structures in buildings and statical determined and non-determined systems have been investigated by
several researchers, such as G. Augusti, A. Baratt, V. Bolotin etc. The major problems and some
examples are described by S.F. Pichugin [1] and G. Shpete [2].

In civil engineering, reliability measurement of complex systems is usually concerned with
examination and analysis of two principal kinds of joints:

a) series connection, failure-free work probability of which at independent components is
determined as:

Pm=f[8, (1)

i=1

where P; is probability of failure-free work of i-component;

b) parallel connection
P =1-]]1-P) )
i=1

Series connection in probabilistic sense can be used to describe statically determined systems,
e.g. trusses, though practical assessment of reliability of real structures cannot be reduced to application
of a simple equation (1) due to the correlation between resistance indices of components.

Activities of statically non-determined systems are definitely associated with parallel connections,
but reliability assessment cannot be defined by (1), because of the redistribution of forces in a system
after the failure of its individual components, which are dependent. Thus, reliability assessment of
statically non-determined structures requires a thorough and careful analysis of the stress-stained state
and failure under load, and also consideration of distinct features of component failures and the system
as a whole.

Reliability analysis of a statically non-determined system is usually made by the following methods
and techniques: a method of states, probabilistic method of limiting equilibrium, Monte-Carlo method,
Markovian model of reliability analysis [1]. Analytical and computational methods used in the technical
reliability theory for computation of complex systems, which can be applied for reliability analysis of
statically indeterminate systems, are shown in Figure 1.

Priadko I.N., Mushchanov V.P., Bartolo E., Vatin N.I., Rudnieva I.N. Improved numerical methods in reliability
analysis of suspension roof joints. Magazine of Civil Engineering. 2016. No.S5. Pp.27-41.
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Reliability of statically indeterminate systems

The states method The probabilistic method of limit
equilibrium = =
‘ = =
= o
| | y—k—‘ 2| |
Graphs- Connection Method of Minimum wavs, e 0
. . 4
rees of matrixes logic . = =
functions sechion = =
Topolo- Decom- Matrices Sparse Forms of Approximate
: o matrices direct estimates
gical Rasinon transfor- substitution

Figure 1. Methods for assessing reliability of statically indeterminate systems

Reliability of steel structures of buildings and constructions representing the statically determined
or undefinable systems of elements was reviewed by several research studies by F. Otto, G. Behnisch
etc. Certain problems and examples were considered by several researchers, as described by
Z. Kala[3]. T. Guo et al. [4], K. Kwon and D.M. Frangopol [5] and Z. Wu et al. [6] achieved good results in
determination of the reliability parameters of unique structures.

Relevant scientific experience in the field of structural reliability assessment has been provided by
Y. Luo et al. [7] and N. Xiao et al. [8], while Z. Qiu et al. [9] in the field of probabilistic interval reliability of
structural systems.

The problem of reliability is especially concerned with unique large-span structures. Suspension
shells are among the ones having an increased level of responsibility and their failure can lead to serious
economic and social consequences. In the design phase, some problems can occur that are not
described in existing regulatory documents. The novelty of technical conceptions demands that a
structural engineer should haveprofound specific knowledge and experience in designing such kind of
structures. Requirements of reliability, technological and economic efficiency must be met, as well as the
environmental and social factors should be considered.

Nowadays, one of the most dynamic type of large-span structures in architectural and structural
view are suspension roofs (Fig.2 and Fig. 3).

S L s
KR
A 7504
o L A0
TN AZAZE 2K

Figure 2. Structural schematic drawing of spatial and rod roof:
1, 2 — external and internal contours, 3, 4, 5 — radial, annular and diagonal components

Mpsaoxo FO.H., Mymanos B.®., baprono X., Barun H.U., PynneBa M.H. VYcoBepiueHcTBOBaHHE UYMCICHHBIX
METOJIOB pacdeTa HaJeXHOCTH y3JO0B BUCSYMX MOKPHITHH // VH)XeHepHO-CTpOUTENbHBIN XypHaI. 2016. Ne 5(65).
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Figure 3. Structural schematic drawing of spatial and rod roof. Open-cut mine 1-1

Large-span roofs have a higher level of responsibility as their failure can lead to serious economic
and social consequences. In this context, the design of these unique structures should be based on an
integrated approach of rational selection of design solutions. These solutions are related to functionality,
architectural design, manufacturing and installation techniques, and operating conditions. The
requirements for reliability, manufacturability and cost-effectiveness, given environmental and social
factors, should be fully implemented.

The history of shell design goes back to the 1890. Shell design has progressed since the 1930s,
and important contributions to the design theory of large-span spatial shells were made by several
authors, such as A. Kotli, L.Donell etc. Today, this issue has been pursued by E. Gorokhov,
V. Mushchanov, I. Priadko [10] and |.N. Rudneva [11].

Over the last 15 years in particular, the advent of powerful computers and the development of
sophisticated nonlinear CAE software (ADINA [12], ABAQUS [13] among others) have enabled engineers
to utilize suspension roofs in complicated large scale structures, some of them classified as unique
examples of civil engineering excellence [14].

Probabilistic assessment of reliability is one of the most important tasks to be taken into account in
structures with high responsibility. The main property that determines the reliability of these structures is
their ability to save the pre-defined operational quality during its lifetime. The quantitative characteristic of
this property is the probability of failure-free operation.

Several authors from the CIS countries have been working on the reliability assessment of large-
span suspension devices and cable-stayed structures, such as V. Muschanov [10], A.A. Sventikov [15],
D.Yu. Drobot [16]. Big contribution in stress-strain analysis was made by D. Dol et al. [17], V.V. Eremin
[18], D.B. Kiselev et al. [19]. The issues of failure-free operations of the large-span roofs were described
by M.I. Farfel [20] and |.V. Smelyanskiy et al. [21].

Among the foreign researchers who made relevant investigations in the area of large span
structures V. Goremikins et al. [22], O. Blazevica-Juhnevica et al. [23] should be pointed out.

Joints play a significant role in the composition of structures. Their application in numerical
simulation permits to investigate the impact of structural forces on the joints operation and gather the
necessary base of statistic stressed-strained state of such kind of joints. At the same time, modern
approaches in computer engineering give a chance to assess reliability of joints in a suspension system,
bearing in mind the parameters of stressed-strained state and the correlation between the function of
structural supporting capacity and elements of joints.

N. Chowdhury [24] and M. Skorupa [25] investigated the stressed-strained status of steel structural
joints. However, some questions remain about the stress-strain state (SSS) of suspension roof joints.

Nowadays, there are few investigations on the reliability of roofs and their joints as a whole, though
there is an urgent need to assess the stressed-strained state and reliability of roof welded joints, in our
view, as well as to create guidelines for these structures.

Priadko I.N., Mushchanov V.P., Bartolo E., Vatin N.I., Rudnieva I.N. Improved numerical methods in reliability
analysis of suspension roof joints. Magazine of Civil Engineering. 2016. No.S5. Pp.27-41.
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Provision of required levels of reliability at design work for large-span roofs is a topical issue, in
particular regarding suspension and rod shells, which strongly determine the efficiency of large-span roof
structure. This issue has been investigated by E. Gorokhov, V. Mushchanov and I. Pryadko [26], together
with the design method of rigid threads with through section, based on the determination of numerical
indices of reliability. The framework of this method is shown in Figure 4. The reference values of this
method are presented in Table 1.

The proposed method provides a sequence of solutions for some problems, as follows: how to
determine rational geometric parameters of a structure; how to obtain appropriate rigidity characteristics
of major supporting elements; how to determine a track of elements' destruction for a typical roof
diagram, followed by evaluation of stressed and strained state of a structure; and how to determine the
numerical safety indices of a structure (lower and upper safety limits).

Table 1. The reference values of the method described in Figure 4.

h — height of the threads section;
aub, Aib — distance from the center of gravity of the composite section to the center of the
cross section of the upper and lower thread chords respectively;
a, k, k', kK" — correction coefficients;
51 R 54 R W, U — dimensionless spatial and stiffness parameters;
~ &S o=~ — random values of supporting contour section, snow load, forces and stresses in
4.8 M,N, o, the elements respectively;
VN, VM, VA — random values of the area section of supporting contour, of the snow load, of the
forces and stresses in the elements respectively;
Psyst, Pspan, Pext.con s Pint.con — probabilities of failure of roof system, load-supporting threads, external and
internal contours respectively.

Mpsaoxo FO.H., Mymanos B.®., baprono X., Barun H.U., PynneBa M.H. VYcoBepiueHcTBOBaHHE UYMCICHHBIX
METOJIOB pacdeTa HaJeXHOCTH y3JO0B BUCSYMX MOKPHITHH // VH)XeHepHO-CTpOUTENbHBIN XypHaI. 2016. Ne 5(65).
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1. Engineering analysis of the roof

1.1. Analysis of the bent and rigid thread

. (x} = q(x)+p(x)
aeerfinrT
¥

Y
~1]

Y \
Equation of thread equilibrium

dw . d*(f+w)

El— -H— " +4(x)=0
dx4 dx2 q( )
Forces in thread components

Aus

Nyg =N -

M
+—-a-k
h

a M
N ~N--1L8B ., "
LB ]’l ]’l

Improved values of forces

, ' n y o _ 1.1
N[)]B = kakO'NUB NUB - kO'kO'NUB

a

1.2. Structural analysis of the roof

1. Assignment of geometry parameters of the shell;
2. Snow load S requirement of ]31,134,1/7,(7;
3. 51,54,V7,l7determination;
4. Determination of N and M forces from dependences
of D, = f(M,W), D, = f(N,W)
D, =fM,U), D, = f(N,U)

2. Numerical analysis of the shell in SCAD software
(determination of trace to failure)

3. Probabilistic d

esign of the roof

3.1. Lower limit of reliability
— Series connection (a brittle model);

~
~

— Random quantities: A, Gy :

— Computation of the reliability indices based on the
unigue Monte Carlo method;
— ldentification of the law of distribution of the
random quantity density and determination of its
boundaries.

3.2. Higher limit of reliability
— Parallel connection (a plastic model);

1§1M9ﬁs5ys

~

— Random quantities: A

&(M,N,4)=cx (I+vy —VA)-l-g'M ((I+v,, -

— Safety characteristics of Rzhanitsyn

y=(c,~0)/Jc,+5;

— Computation of the reliability indices of the roofing

1 'Psystz(1 'Pspan)x(‘| 'Pext.con.)x(‘| 'Pint.con. )

Figure 4. Method for determination of numerical indices of reliability for a suspension roof

The above-described method also has shortcomings. It does not take into account shell joints for
determination of roof reliability, which opens new areas for research. To overcome this limitation, the first
step was already made with the introduction of this new approach. Some issues have already been
considered [27], where the fundamental concerns were to determine the reliability of suspension roofs

joint by numerical methods, though only with the

aid of common approaches for typical joints of

suspension roofs. In this work, the abovementioned method was used for joints of suspensions, and

subsequently modelled in modern CAD software.
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The main objective at this stage is to get better understanding of the fundamental approaches to
determine the reliability of suspension roof joints by numerical methods, using modern CAD system
simulation.

Methods

To apply the method (Fig. 4), a new roof was designed using standard football stadium roof
dimensions. To perform the structural analysis the following dimensions were used: a = 186 m;
b=136m; a1 =123 m; b1 =85m (Fig.2). The main load-supporting elements of the roof are external
contour, supported by stadium columns or walls; internal unsupported contour supported by thrust; rigid
threads with a truss form (Fig. 5). The roof contours are designed by welded box-section from steel
sheet. All the other elements of the supporting structure are made by box-shaped profile. Two types of
design load are considered: a constant load (structure weight) and a temporary load (snow), which is
160 kg/m?” for Donetsk (Ukraine) [28], as the test was done at Donetsk. After completing all the necessary
computations, the design scheme was created in AutoCad 2014 for the macro-analysis. As shown in
Figure 2, the external contour is fixed along its length, though the internal contour is not fixed and is only
supported by the thrust. The obtained scheme was successfully transported to Abaqus/CAE 6.13-1 to
perform the macroanalysis and determine the forces and deformations in the rods. At the same time, the
3d models of the joints of the roof (microanalysis) was created using SolidWorks 2014, and also
transported to Abaqus/CAE (Fig. 5).

LT

Figure 5. Suspension roof of the stadium with a cut on the elliptic plan
(transition from the rod scheme to 3D model)

Additionally, critical external loads and the internal forces were applied in the clipping element
zones of model joints, to obtain the critical stresses in the elements and the irreversible deformation, as it
is necessary to obtain the deformability of the model and identify the most vulnerable areas. Furthermore,
the displacements with all fastenings were applied to the 3d models in order to determine the stress and
strain state (Fig. 2, 6). All joint element connections were welded. The exception is the joint connection
between the pin and the truss, respectively "A" and "B". In this case, the contact interaction was slipping
without friction. Models were divided by grids with a mesh size of 30 mm to perform microanalysis. The
simulation results are shown in Figures 7, 9, 10, and 11.
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d)

Figure 6. 3D models of the roof joints:
a) Joints A and C; b) Joints B and C; c) Joints D and F; d) Joints E and F

Let us consider the fundamental approaches to reliability of the major joints of the roof to determine
its structural form. There are supporting joints of rigid thread to external contour A (Fig. 7) and internal
contour B (Fig. 9), connecting joints of the supporting brace with the lower chord of the truss C (Fig. 7),
intermediate joints of upper and lower chords of supporting threads D, E and F (Fig. 10 and 11). Not
every joint collapse will lead to the collapse of the entire roof, and Table 1 shows the types of connections
of the joints in the roof (sequential or parallel connections).

According to theaccepted logic and probabilistic simulation rules [1], the requirements for trouble-
free element operation are indicated by X, and failure cases by X'. The joint operation described by the
function of the included logical variables — the function of Boolean algebra (FBA) y (X4, Xz, ..., Xn) is
named as the case of the system capacity (a joint).

The shortest way for successful functioning (SWSF), describing the probability of trouble-free
operation of a minimum set of elements, is necessary for trouble-free operation of the system, expressed
in the form of conjunction (logical multiplication) of elements (3):

B = Aieapn Xiv 3)

where K, —is a set of elements included in the given equation.

The condition of the system capacity (a joint) is described in the form of disjunction (logical adding)
of all d shortest ways of successful functioning (SWSF) in the system (4), as follows:

y(Xy, Xz, -, Xy) = V?=1 P = V?=1 [/\ie(Kpl) Xi] (4)

Results and discussion

Lets start with the supporting joint of the suspension roof to the outer supporting contour “A”
(Fig. 7).
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d)

Figure 7. Deformed 3d model in the supporting zone of the external contour:
a) General view; b) Joint A (View 1); c) Joint A (View 2); d) Joint C

Regarding the actual operation of this joint, its failure can occur in consequence of several factors,
as follows:

1 — a pin crushing;

2 — break of the fasteners between the thread and the contour;

3 — break of the mounting plate between the contour and the truss;

4 — break of the fasteners between the upper chord element and the pin;
5 — collapse of the supporting brace;

6 — loss of stability of the support contours elements.

These failures are represented in the form of elements in a common structural scheme (Fig.8). In
this case, there is no sound base to represent twin welds in the form of parallel connections, as each
element enables to carry out a function of strength capacity. In the investigated joint, one of the two welds
cannot take a double load, and a twin weld is actually a single weld superimposed by two plots affecting
the connection.

[jx
=

-
-
ot
fa
]

F
=
o
>
r\-
>
oy
_]_

:

X5

d

Figure 8. Reliability of joint A. Structural schematic drawing
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In the conection 2, if the pin has a stop at the edges, the redistribution of the stresses will be
possible after one of the fastening elements fails. However, this will dramatically increase the impact on
the remaining elements, which can be affected by a parallel connection of the dependent elements. A
similar situation can be observed in connection 6: whenever one of the contour elements loses the
stability, the load will be distributed to other elements.

The system operation capacity affecting the operation of the joint (Fig.7) is described in equation 5,
as follows:

Y(vaz' ---'X11) =X (X21 VXzz) X3 Xy Xs ' (Xﬁl \ st \ X63 VX64) (5)

For the conversion from a logical to probability function, the analysis of the correlated bonds
between the elements can be carried out. Given that approximately all the forces in the joint are
proportional to the roof load (main roof and snow load), the case of non-destruction of all the elements:
can be described by equation 6, as follows:

Yi=Xi=Rj—S;=05—0g =0, (6)

where parameters o; are functionally connected, and .the second parameter or; is the same for details
1, 6 and welds 2 to 5. Thus, the corresponding requirements of the trouble-free operation X; to Xs have
tight correlation connections with r = 1. As a result, converting FBA (5) to a probabilistic form, the outlined
groups of elements can be presented by the weakest units with Pjmin.

Probability steel properties of details 1 to 6 and welds 2 to 5 should be taken independently, due to
the reliability factor of the joint. Consequently, the correlations between the elements Xi and Xj
accordingly to [1] can be determined by equation 7:

64
/6%+6qz "

A common expression for the standard ratio 67 n 67, with regard to the variability and standardized
deviations of designed values y; and y,, respectively is used for snow and fixed load [28]. Taking into

account the abovementioned concepts about correlation connections, we get correlation coefficients
ry< 0.5 between the conditions of joint elements’ failure with independent strength of steel. Bearing in
mind such a comparatively weak correlation, the failure of elements can be considered independent.

Conversing from FBA (5) to the probability equation of trouble-free operation (1) of the supporting
joint A (Fig. 7), we obtain equation 8, as follows:

PA=P1'(1_Q21'QZZ)'min(P3:P4JP5)'(1_Q61'Q62'Q63'Q64) (8)
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A similar analysis of the other abovementioned joints of the roof is illustrated in
Figures 9, 10 and 11.

d)

Figure 9. Part of deformed 3D model of unsupported internal contour:
a) General view; b) Joint B (View 1); c¢) Joint B (View 2); d) Joint C

Figure 10 shows the simulation results of 3d models of joints D and F.

d)

Fig.10. Deformed 3D model in the zone of fastening vertical links to the trusses:
a) General view; b) Joint D (View 1); c) Joint D (View 2); d) Joint F.

Figure 11 shows the simulation results of 3D model of joint E
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: b)
Fig.11. Deformed 3d model in the zone of fastening beam to the upper chord:
a) General view; b) Joint E

Starting from the operation of the abovementioned joints, Table 1 describes possible failures of the
elements in the joints, as well the types of their connections at reliability design stage.

Table 2. Failures of joint elements

Type of cor;rnyepciigl:l of
Notation of joint Type of failures of joint elements connection of L
it jointin the
joint elements
roof
A (Fig. 7) See above (Fig. 8) Sequential
B (Fig. 9) 1 —a pin crushing; Sequential Sequential
2 — break of the fasteners between the thread and the Parallel
contour;
3 — break of the mounting plate between the contour and Sequential
truss;
4 — break of the fasteners between the upper chord element Sequential
and the pin;
5 — collapse of the supporting brace; Sequential
6 — loss of stability of the support contours elements. Parallel
C (Fig. 7) 1 — collapse of the welds between the supporting brace and Sequential Parallel
the lower truss chords
D (Fig.10) 1 — collapse of the welds between the elements of vertical Parallel Parallel
linkages and truss chords;
2 — collapse of the intermediate plate between the beam and Sequential
truss chord due to local buckling or failure of welds;
3 — beams collapse due to failure of welds. Sequential
4 — local buckling of the upper chord at the place of Sequential
fastening to beams.
5 — collapse of the intermediate trusses braces due to the Parallel
failure of welds or local buckling. aralle
E (Fig. 11) 1 — collapse of the intermediate plate between the beam and Sequential Parallel
truss chord due to local buckling or failure of welds;
2 — beams collapse due to failure of welds. Sequential
3 —local buckling of the upper chord at the place of Sequential
fastening to beams.
4 — collapse of the intermediate trusses braces due to the Parallel
failure of welds or local buckling.
F (Fig. 10) 1 — collapse of the intermediate plate between the beam and Parallel Parallel
truss chord due to local buckling or failure of welds;

On the basis of above-mentioned information, the formulae of probability of trouble-free operation
of joints have been obtained:

Py =P1'(1 _Q21'Q22)'min(P3'P4-'P5)'(1_061'062'063 'Q64)' 9)

Priadko I.N., Mushchanov V.P., Bartolo E., Vatin N.I., Rudnieva I.N. Improved numerical methods in reliability
analysis of suspension roof joints. Magazine of Civil Engineering. 2016. No.S5. Pp.27-41.
doi: 10.5862/MCE.65.3

38



HNnxenepHo-cTponTebHbIN KypHaJa, Ne 5, 2016

P. =P, (10)

Pp = min((1 = Qq1 * Qu2), (1 = Qs * Qs2)) " min(P,, P3) - Py, (1)
Ps = (1 — Q4y - Quz) - min(P, P) - Py, (12)
Pe=1-Qu1 Qi (13)

where Pg, P¢, Py, Pg, Pz — correspond to probability of trouble-free operation of joints B, C, D, E, F.

With regard to the accepted types of joint connections (Table 1), the probability of the trouble-free
operation of the joint system may be described in the following way:

Psisy =Py Py (1 - Qc1 Tt QCn) ' (1 —Qpq QDm) ' (1 —Qpy - QEk) ’ (1 = Qpy o QFh) (14)

where n, m, k, h — are the number of designed joints C, D, E, F respectively.
Values of n, m, k, h are determined when the roof span part is destructed.

At this stage, the fundamental approaches to define the reliability of the joints in suspension roof
were determined by numerical methods.

Further investigation is needed, based on the method of Mushchanov-Pryadko [10], to develop a
new method to design suspension roofs, founded on realiability numerical indices of designed structures
taking into account joints’ operation. This method can be applied in 2 stages:

a) Analysis of the systems’ reliability at the macro level, considering the geometric characteristics
of the sections of the main structural elements;

b) Analysis of the reliability of the system at the micro level, when a reliability analysis of the most
strained structural elements is performed, based on the analysis of the behavior of joints.

Conclusions

The reliability of large-span suspension roofs was investigated and a fundamental approach is
proposed to determine reliability of their joints at the design phase. Some major principles are laid down
in these conclusions:

1. Structural design of the reliability of joints in suspension roofs shows that these joints are mainly
described by sequential schemes including parallel connections of dependent elements, corresponding to
multi-elementary connections selected at the design scheme.

2. There is a correlation between joint elements in the structure, due to the same steel strength
properties which allow reducing the number of elements and increase the final reliability of the joints.

3. The reliability of the joints of suspension roofs depends on the number of its supporting
elements, as an increase in the the number of elements leads to reduction in its reliability, while low-
element joints have greater reliability. Other important factor is the homogeneity of strengths of elements:
reliability of joints is lower whenever the reliability of elements is independent. This situation is true if the
elements are produced with different types of steel, by various producers, if different types of welding are
used, etc.

4. Due to theirmulti-elementary nature, joints can be less reliable than elements themselves (rods
of columns, span parts of suspension threads, etc), so they should be considered when reliability of
structures is assessed.

5. The proposed approach may be used for suspension and convex rod shells with similar design
joint solutions.

6. After performing the reliability analysis of joints, there is a need to increase the supporting
capacity of the structure in zones with fixed critical stresses by increasing the weld sizes, installing
additional bolts, additional elements or using high strength steels, etc.

7. The proposed approach can be applied to the design of suspension roof systems providing
economic and social benefits. Design companies and customers will benefit from this approach by using
a reliability-based model that allows efficient management of complex systems and maintenance of
sufficient reliability and functionality levels of such systems.

Mpsaoxo FO.H., Mymanos B.®., baprono X., Barun H.U., PynneBa M.H. VYcoBepiueHcTBOBaHHE UYMCICHHBIX
METOJIOB pacdeTa HaJeXHOCTH y3JO0B BUCSYMX MOKPHITHH // VH)XeHepHO-CTpOUTENbHBIN XypHaI. 2016. Ne 5(65).
C.2741.

39



CALCULATIONS

18.

. Mushchanov,

Magazine of Civil Engineering, No. 5, 2016

References

Pichugin  S.F.  Nadezhnost stalnyih  konstruktsiy
proizvodstvennyih zdaniy [Reliability of the steel structures
of industrial buildings]. Moscow: ASV, 2011. 452 p. (rus)

Shpete G. Nadezhnost nesuschih stroitelnyih konstruktsiy
[Reliability of the bearing structures]. Moscow: Stroyizdat,
1994. 288 p. (rus)

Kala Z., Kala J. Sensitivity analysis of stability problems of
steel structures using shell finite elements and nonlinear
computation methods. WSEAS Transactions on Applied
and Theoretical Mechanics. 2009. No. 4(3). Pp. 105-114.

Guo T., Sause R., Frangopol D. M. Time-dependent
reliability of box-girder bridge considering creep, shrinkage,
and corrosion. Journal of Bridge Engineering. 2011.
No. 16(1). Pp. 29-43.

Kwon K., Frangopol D. M. Bridge fatigue reliability
assessment using probability density functions of
equivalent stress range based on field monitoring data.
International Journal of Fatigue. 2010. No. 32(8). Pp. 1221—
1232.

Wu Z., Wang S., Ge X. Application of latin hypercube
sampling technique to slope reliability analysis. Rock and
Soil Mechanics. 2010. No. 31(4). Pp. 1047-1054.

Luo Y., Kang Z., Li A. Structural reliability assessments
based on probability and convex set mixed model.
Computers & Structures. 2009. No. 87(21-22). Pp. 1408-
1415.

Xiao N., Huang H., Wang Z. Reliability sensitivity analysis
for structural systems in interval probability form. Structural
and Multidisciplinary  Optimization. 2011. No. 44(5).
Pp. 691-705.

Qiu Z., Yang D., Elishakoff I. Probabilistic interval reliability
of structural systems. International Journal of Solids and
Structures. 2008. No. 45(10). Pp. 2850-2860.

. Gorokhov E., Mushchanov V., Priadko |. Ensuring the

required level of reliability during the design stage of —
latticed shells with a large opening. Journal of Civil
Engineering and Management. 2015. No. 21(3). Pp. 282—
289.

V.F., Rudneva IN., Priadko Yu.N.
Napryazhenno-deformirovannoe  sostoyanie visyachey
sistemyi, obrazovannoy sistemoy izgibno-zhestkih nitey, pri
uchete podatlivosti opor [Stress and strain state of the
suspension roof structure performed by the rigid threads in
accordance with the pliabilty of the supports].
Metallicheskie konstruktsii. 2012. No. 18(1). Pp. 5-16. (rus)

. ADINA — Theory and Modelling Guide. Volume 1: Adina

Solids & Structures. ADINA R & D, Inc., Watertown, 71
Elton Avenue, MA 02472 USA, 2015.

. Programmer's manual for ANSYS, release 11.0. ANSYS

Inc., 2007.

. Littlefield D., Jones W. Great Modern Structures. 100 Years

of Engineering Genius. London: Carlton Books Ltd, 2012.

. Sventikov A.A. Otsenka progressiruyuschego razrusheniya

prostranstvennyih  visyachih  sterzhnevyih  pokryitiy.
[Estimation of the active collapse of the spatial suspension
bar-roofs]. Stroitelnaya mehanika i raschet sooruzheniy.
2010. No. 5. Pp. 34-38. (rus)

. Drobot D.Yu. Otsenka zhivuchesti kryitogo konkobezhnogo

tsentra v Kryilatskom. [Durability estimation of the covered
skating complex in Krylatsky district]. Vestnik MGSU. 2009.
No. 2. Pp. 116-119. (rus)

. Dol D.V., Kim Yu.V., Shumeyko G.S. Metodika rascheta

visyachey membranyi pokryitiya sooruzheniya s uchetom
uprugo-plasticheskih deformatsiy s primeneniem lineynyih
splaynov [Computation method of the suspension roof shell
considering the elastic-plastic deformations applying the
linear splines]. Sovremennyie nauchnyie issledovaniya i
innovatsii. 2014. No. 2(34). 12 p. (rus)

Eremin V.V. Analiz napryazhenno-deformirovannogo
sostoyaniya visyachey kombinirovannoy sistemyi na

10.

1.

12.

13.

14.

15.

16.

17.

18.

19.

20.

INutepaTtypa

MuayrmH C. ®. HapexHoCTb CTanbHbIX KOHCTPYKLWIA
NPOU3BOACTBEHHbIX 3aaHui. M.: ACB, 2011. 452 c.

linete . HageXHOCTb  HECYWMX  CTPOUTENbHbIX
KOHCTpykumin. M.: CTponinagart, 1994. 288 c.

Kala Z., Kala J. Sensitivity analysis of stability problems of
steel structures using shell finite elements and nonlinear
computation methods // WSEAS Transactions on Applied
and Theoretical Mechanics. 2009. Ne 4(3). Pp. 105—-114.

Guo T., Sause R., Frangopol D. M. Time-dependent
reliability of box-girder bridge considering creep, shrinkage,
and corrosion // Journal of Bridge Engineering. 2011.
Ne 16(1). Pp. 29-43.

Kwon K., Frangopol D. M. Bridge fatigue reliability
assessment using probability density functions of
equivalent stress range based on field monitoring data //
International Journal of Fatigue. 2010. Ne 32(8). Pp. 1221—
1232.

Wu Z., Wang S., Ge X. Application of latin hypercube
sampling technique to slope reliability analysis / Rock and
Soil Mechanics. 2010. Ne 31(4). Pp. 1047-1054.

Luo Y., Kang Z., Li A. Structural reliability assessments
based on probabilty and convex set mixed model.
Computers & Structures. 2009. Ne 87(21-22). Pp. 1408-
1415.

Xiao N., Huang H., Wang Z. Reliability sensitivity analysis
for structural systems in interval probability form //
Structural and Multidisciplinary ~ Optimization. 2011.
Ne 44(5). Pp. 691-705.

Qiu Z., Yang D., Elishakoff I. Probabilistic interval reliability
of structural systems // International Journal of Solids and
Structures. 2008. Ne 45(10). Pp. 2850—-2860.

Gorokhov E.V., Mushchanov V.F., Priadko I.N. Ensuring
the required level of reliability during the design stage of —
latticed shells with a large opening // Journal of Civil
Engineering and Management. 2015. Ne 21(3). Pp. 282—
289.

MywaxoB B.®., PyaHesa WU.H., Mpsagko KO.H. HanpsixeHHo-
0edopMMpPOBaHHOE  COCTOSIHME  BUCSMEN  CUCTEMBI,
06pa3oBaHHON CUCTEMOW W3rMOHO-KECTKUX HUTEN, npu
yyeTe nogatnueocTu onop // MeTannumyeckne KOHCTPYKLMU.
2012. Ne 18(1). C. 5-16.

ADINA — Theory and Modelling Guide. Volume 1: Adina
Solids & Structures. ADINA R & D, Inc., Watertown, 71
Elton Avenue, MA 02472 USA, 2015.

Programmer's manual for ANSYS, release 11.0. ANSYS
Inc., 2007.

Littlefield D., Jones W. Great Modern Structures. 100 Years
of Engineering Genius. London: Carlton Books Ltd, 2012.

CeHTtukoB A.A. OueHKa nporpeccupyoLLlero paspyLleHms
NPOCTPaHCTBEHHbIX BUCAYMX CTEPXHEBLIX MNOKPbITUA [/
CTpouTenbHas mexaHuka u pacuyeT coopyxeHun. 2010.
Ne 5. C. 34-38.

Opo6ot [.H0. OueHka XMBYHECTU KPbITOrO KOHbKOGEXHOIrO
ueHtpa B Kpbinatckom // BectHuk MICY. 2009. Ne 2.
C. 116-119.

Oonb O.B., Kum 10.B., Wymenko I'.C. Metoguka pacyeTa
BUCSYE MeMOpaHbl MOKPbITUS COOPYXEHWS C y4yeToMm
ynpyro-nnactunyeckmx  gedopmMaumi C¢  NpUMEHeHnem
NWHEeNHbIX  cnnanHoB  // CoBpemeHHble  Hay4Hble
nccnenoBaHus u nHHosaumun. 2014. Ne 2(34). 12 c.

EpemuH B.B. AHanus HanpsixeHHOo-0edopMnpoBaHHOIo
COCTOSIHUSI  BUCSIMEW  KOMOWHWPOBAHHOM CUCTEMbI  Ha
ocHoBe [BK JIMPA // CTpouTenbCTBO M apxutekTypa.
2013. Ne 2(17). C. 86-93.

Kucenes [.B., Kpbinos A.C., TpywwnH C.U. OcobeHHOCTH
paboTbl  6onblIenponeTHoro MNokpbiTUa  pyTbonNbLHOrO
ctagnoHa B KasaHu // TpomblineHHoe u rpaxagaHckoe
ctponTtenbcTtBo. 2013. Ne 10. C. 29-32.

dPapdensb M.U. O6ecneyeHne 6e3aBapuinHon

Priadko I.N., Mushchanov V.P., Bartolo E., Vatin N.I., Rudnieva I.N. Improved numerical methods in reliability

analysis

of suspension roof joints. Magazine

doi: 10.5862/MCE.65.3

40

of Civil

Engineering. 2016. No.S5. Pp.27-41.



HNnxenepHo-cTponTebHbIN KypHaJa, Ne 5, 2016

PACYETbI

osnove PVK LIRA [Stress and strain state estimation of the
combined suspension roof applying LIRA software].

KCnnyaTtaumm yHUKanbHOro 60nbLIenponeTHOro NoKpbITUsS
OONbLLUION CMOPTMBHOM apeHbl ONMUMIMICKOTO CTaguoHa

Stroitel’stvo i arhitektura. 2013. No. 2(17). Pp. 86-93. (rus) «JlykHukmy  //  CTpouTenbHass MexaHWka W pacyet

19. Kiselev D.B., Kryilov A.S., Trushin S.I. Osobennosti rabotyi coopyxeHuni. 2012. Ne 6. C. 56-61.
bolsheproletnogo pokryitiya futbolnogo stadiona v Kazani  21. CmensaHckun n.B., KonbinbyeHko P.A. Yyer
[Features of the structures behavior of the large-span HeaedopMMpyemMocTm KOHTYpa npu pacyete
stadium roof in Kazan]. Promyishlennoe i grazhdanskoe KOMOMHMPOBaHHbIX BUCAYUX cucTem // BecTHuk TBepckoro
stroitelstvo [Industrial and civil engineering]. 2013. No. 10. [ocynapctBeHHoro TexHudeckoro YHuBepcuteta. 2007.
Pp. 29-32. (rus) Ne 11. C. 79-83.

20. Farfel M.l. Obespechenie bezavariynoy ekspluatatsii 22. Goremikins V., Rocens K., Serdjuks D., Pakrastins L., Vatin
unikalnogo bolsheproletnogo pokryitiya bolshoy sportivnoy N. Cable truss topology optimization for prestressed long-
arenyi olimpiyskogo stadiona “Luzhniki” [Ensuring of the span structure // Advanced in Civil Engineering and
failure-free operation of the large-span Olympic stadium Building Materials. 2015. Ne. 4. Pp. 363-367.
roof “Luzhniki’].  Stroitelnaya mehanika i raschet 23 Blazevica-Juhnevica O., Serdjuks D., Ozolins R,
sooruzheni. 2012. No. 6. Pp. 56-61. (rus) Goremikins V., Pakrastins L. Choice of rational parameters

21. Smelyanskiy LV, Kopyilchenko R.A. Uchet of combined structure. Procedia Engineering. 2015. Ne 117.
nedeformiruemosti kontura pri raschete kombinirovannyih Pp. 85-93.
visyachih system [Computation of the combined roof 24, Chowdhury N., Chiu W.K., Wang J. Static and fatigue
structures in accordance with non deformation of the testing thin riveted, bonded and hybrid carbon fiber double
counter].  Vestnik  Tverskogo  Gosudarstvennogo lap joints used in aircraft structures // Composite
Tehnicheskogo Universiteta. 2007. No. 11. Pp. 79-83. (rus) Structures. 2015. Ne 121. Pp. 315-323.

22. Goremikins V., Rocens K., Serdjuks D., Pakrastins L., Vatin 25 Skorupa M., Korbel A. Skorupa A., Machniewicz T.
N. Cable truss topology optimization for prestressed long- Observations and analyses of secondary bending for
span structure. Advanced in Civil Engineering and Building riveted lap joints // International Journal of Fatigue. 2015.
Materials. 2015. No. 4. Pp. 363-367. Ne 72. Pp. 1-10.

23. Blazevica-Juhnevica O., Serdjuks D., Ozolins R., 26, Gorokhov E., Mushchanov V., Pryadko I. Reliability
Goremikins V., Pakrastins L. Choice of rational parameters provision of rod shells of steady roofs over stadium stands
of combined structure. Procedia Engineering. 2015. at stage of design work. Procedia Engineering. 2013.
No. 117. Pp. 85-93. Ne 57. Pp. 353-363.

24. Chowdhury N., Chiu W.K., Wang J. Static and fatigue 27, Mywanos, B.®., Mpsako FO.H. Fundamental approaches
testing thin riveted, bonded and hybrid carbon fiber double towards joints operation at reliability designs of suspension
lap joints used in aircraft structures. Composite Structures. roofs // Metannuyeckue KoHcTpykumu. 2014. Ne 20(1).
2015. No. 121. Pp. 315-323. C. 35-47.

25. Skorupa M., Korbel A., Skorupa A., Machniewicz T. 28 OBEH B.1.2-2:2006. CucTema obecnedeHns HaaexHOCTU 1
Observations and analyses of secondary bending for 6e30nacHOCTM  CTpOUTENbHbIX 06bekToB. Harpyskn u
riveted lap joints. International Journal of Fatigue. 2015. BO34eNCTBMs. HopMbl  npoekTupoBaHusi. K.  MiHGyq
No. 72. Pp. 1-10. Ykpainu, 2006. 61 c.

26. Gorokhov E., Mushchanov V., Pryadko |. Reliability
provision of rod shells of steady roofs over stadium stands
at stage of design work. Procedia Engineering. 2013.

No. 57. Pp. 353-363.
27. Muschanov, V.F., Pryadko Yu.N. Fundamental approaches

28.

towards joints operation at reliability designs of suspension
roofs. Metallicheskie konstruktsii. 2014. No. 20(1). Pp. 35—
47. (rus)

DBN V.1.2-2:2006. Sistema obespecheniya nadezhnosti i
bezopasnosti stroitelnyih ob'ektov. Nagruzki i vozdeystviya
[System of the reliability and safety ensuring of the building
structures. Loads and impacts]. Normyi proektirovaniya
[Building codes]. K.: Minbud Ukrayini, 2006. 61 p. (rus)

lurii Priadko,
+38(095)4208982; yura_pryadko@mail.ru

Volodymyr Mushchanov,
+38(050)3680804, mvf@donnasa.edu.ua

Helena Bartolo,
+351933623765; helena.bartolo@ipleiria.pt

Nikolai Vatin,
+79219643762; vatin@mail.ru

Iryna Rudnieva,
+3(8050)6203231; irene_p@mail.ru

HOputi Hukonaesuy [psidko,
+38(095)4208982;
an. noyma: yura_pryadko@mail.ru

Bnadumup ®ununnosuy MywaHos,
+38(050)3680804;
an. noyma: mvf@donnasa.edu.ua

XeneHa bapmorio,
+351933623765;
an. nodyma: helena.bartolo@ipleiria.pt

Hukonal MeaHosuy BamuH,
+79219643762; an. noyma: vatin@mail.ru

UpuHa HukonaesHa PydHesa,

+3(8050)6203231; an. noyma: irene_p@mail.ru
© Priadko I.N., Mushchanov V.P., Bartolo E., Vatin N.l., Rudnieva I.N., 2016

Mpsaoxo FO.H., Mymanos B.®., baprono X., Barun H.U., PynneBa M.H. VYcoBepiueHcTBOBaHHE UYMCICHHBIX
METOJIOB pacdeTa HaJeXHOCTH y3JO0B BUCSYMX MOKPHITHH // VH)XeHepHO-CTpOUTENbHBIN XypHaI. 2016. Ne 5(65).
C.2741.

41


mailto:mvf@donnasa.edu.ua
mailto:helena.bartolo@ipleiria.pt
mailto:vatin@mail.ru
mailto:yura_pryadko@mail.ru
mailto:mvf@donnasa.edu.ua
mailto:helena.bartolo@ipleiria.pt
mailto:vatin@mail.ru
https://www.researchgate.net/publication/311359949



