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Abstract. The article describes the design technique, which is based on determination of numerical parameters pertain-
ing to reliability of long-span latticed roofs with a large opening formed using the system made of rigid threads. The 
suggested algorithm is based on experimental and fundamental research focused on the stress/strain state of a spatial 
roof model and the operation of design combination of loads. It suggests a solution to a series of problems: determining 
rational geometric parameters for a structure; obtaining corresponding rigid characteristics of the principal load-bearing 
members; determining the trajectory of member failure for a typical shell structure with a resulting estimation of stress/
strain state of a structure; determining numerical parameters of reliability of a designed structure (determining the lower 
and upper limits of reliability). The proposed algorithm is limited by static loads and state requirements on strength lim-
its. The example of a design for a spatial latticed shell formed using the system of flexurally stiff threads has been given 
according to the above-described algorithm. 
Keywords: spatial suspended latticed roof, flexurally stiff threads, reliability parameters, stress/strain state (SSS), snow 
load.

Introduction

Nowadays, a great number of long-span roofs have been 
built. Each of them has a unique structural solution and a 
specific approach to the design of roof structures.  

Load-bearing members of suspended roofs are fre-
quently made of flexible or rigid thread, i.e. cables. Ca-
bles can be made out of ordinary rolled steel, reinforcing 
truss rods and high-strength wire and threads. Such roofs 
stand out among others by the absence of prestressing 
process and by the ability to obtain a relevant rigidity at a 
small dead load and big variable load. The material used 
in suspension shells operates in two directions; besides, 
suspension shells can react to shearing forces. 

Long-span roofs have an increased level of liability, 
since their failures can lead to severe economic results and 
social consequences. Consequently, the design of these 
unique structures has to be based on a complex approach 
to the choice of a rational structural conception connect-
ed with functional appointment, architectural conception, 
manufacturing methods and erection, and specifications. 
Reliability requirements, adaptability to manufacture, 
economic efficiency, ecological and social factors should 
fully correspond to such national regulations as DBN 
В.2.6-163-2010 (2010) and DBN В.1.2-14-2009 (2009) 
in Ukraine or Eurocode 3 (EN 1993-1-1 2005) in the EU.

The basis for the design of shells was already estab-
lished in the 19th century. A considerable progress in the 
shell theory was achieved in the first half of the 20th cen-
tury. A great contribution to the theory of design of long-
span spatial shells was made by a number of researchers. 
Mushchanov and Pryadko (2012) and Mushchanov and 
Rudneva (2012) are closely investigating this issue today.

One of the most important problems in the research 
of roofs in construction projects of increased liability is 
the probability estimation of their reliability. The princi-
pal property that determines the reliability of such struc-
tures is their failure-free operation: the ability to keep 
determined operational qualities during the determined 
service period. The quantitative characteristic of the giv-
en property is the probability of dependable operation, 
described by Pichugin (2009).

Current design standards do not contain require-
ments for quantitative estimation of reliability of long-
span roofs. Design requirements are supposed to provide 
a sufficient level of reliability; however, this level can 
vary within wide range of limits depending on the vari-
ability characteristics of loads and material properties, 
structural schematic drawing, number of members in the 
structure, and dependence of forces particular to such 
members on various loads. 
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Reliability of metal constructions used for buildings 
and structures, which represent statically determinate or 
indeterminate systems of members, was studied by nu-
merous researchers who focused on separate problems and 
examples. Recently, new results in this area have been 
described by Kala (2007), Z. Kala and J. Kala (2009). 
In the determination of reliability parameters of unique 
structures, valuable results have been achieved by Guo 
et al. (2011), Kihyon and Frangopol (2010), and Wu et al. 
(2010).

Useful scientific experience in the field of structur-
al reliability assessment has been gained by Luo et al. 
(2009), Chowdhury et al. (2009), and Xiao et al. (2011); 
and in the field of probabilistic interval reliability of struc-
tural systems – by Qiu et al. (2008).

Among articles dedicated to problems of reliability 
estimation of long-span suspension and cable structures, 
one can single out publications by Yeremeyev (2006) and 
Sventikov (2009).

In technical reliability theory, the reliability estima-
tion of complex systems is usually reduced to considera-
tion of two principal types of member connections (Pi-
chugin 2009): 

а) a series connection, probability of dependable op-
eration at independent members is determined as:
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m

m i
i
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where Pi is the probability of dependable operation of the 
element i; 

b) a parallel connection:
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In probabilistic sense, series connection can be ap-
plied for describing the operation of statically determinate 
systems, e.g. trusses.

However, practical estimation of reliability of real 
structures cannot be reduced to application of a simple 
Eqn (1) due to the presence of correlation between failure 
conditions of members.

Reliability design of statically indeterminate systems 
is usually carried out with the help of the following meth-
ods: the condition method, the probabilistic method of 
limit equilibrium, the Monte-Carlo calculation and Mark-
ov model of the reliability design (Shpete 1994; Balu, Rao 
2013). 

In suspension structures, operational load rests on the 
span formed by the system of flexurally stiff threads trans-
mitted to the external and internal contours of the roof 
(Fig. 1). Therefore, a failure of the roof should be consid-
ered as a sequence of following events: the loss of stabil-
ity or failure of suspension members, external and internal 
contours. Thus, suspension system represents a parallel 
connection of the above-mentioned members. Hence, the 
probability of roof non-failure in accordance with Eqn (2), 
can be written as (Mushchanov, Pryadko 2012):

 

Fig. 1. Long-span latticed roof with a large elliptical opening: 
1, 2 – external and internal supporting contours; 3, 4, 5 – 
radial, annular and diagonal members

 1 – Psyst = (1 – Pspan)×(1 – Pext.con.)×(1 – Pint.con.),  (3)

where Psyst, Pspan, Pext.con., Pint.con. are failure probabilities 
pertaining to the roof system, load-bearing  span mem-
bers, internal and external contours, respectively.  

Various approaches to provision of reliability of 
building design conceptions, particularly metal structures, 
have obtained nowadays significant development and jus-
tification. However, there are no convenient and suffi-
ciently simple methods that could be used to determine 
evident reliability parameters for the considered structures 
at the design stage. Having been designed on the basis of 
the method of limit states, various structural conceptions 
cannot be compared with the reliability level of the design 
conception (Gorokhov et al. 2008).

These problems can be addressed with the help of 
a simplified method based on the application of an engi-
neering design procedure for stress/strain state of the roof 
and preliminary refinement of the set of members deter-
mining the capacity for work and reliability of the system. 

With regard to the above-mentioned information, the 
goal of this research is the design procedure for a slop-
ing long-span suspension shell with an elliptical opening 
formed using the system of flexurally stiff threads of the 
through section, based on determination of numerical pa-
rameters pertaining to reliability of designed structure. 

The design procedure of a spatial latticed shell with 
an elliptical opening can stipulate such problems as des-
tination of initial geometric parameters of the roof, pre-
liminary, fitting of the section with consequent more pre-
cise definition using a finite element model, which varies 
depending on different versions of loading. In addition, 
it addresses the key problem, which has not been earlier 
omitted from design work based on the method of limit 
states, namely, the numerical determination of reliability 
parameters pertaining to a multiple statically indetermi-
nate system in the form of a suspension latticed shell with 
a large elliptical opening.
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 There are three design stages described in the fol-
lowing section of the article. 

1. The design procedure

1.1. The first stage of the design procedure
During the first stage of the design procedure, for assign-
ment of initial rigidity characteristics, the engineering de-
sign of the roof is realized. Geometric and rigidity char-
acteristics of the principal load-bearing structures of the 
roof are determined.

First of all, rigidity characteristics of a flexurally 
stiff thread are determined. Calculations are based on the 
procedures by Belenya et al. (1991) and Vedenikov and 
Teloyan (1997) with regard to more precise definition for 
through section trusses, which is outlined in works by 
Mushchanov and Gibalenko (1999) (Fig. 2).

The differential equation of the flexibly stiff thread 
balance: 

 EI dw
dx

H d f
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q x
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On the basis of application of relations between the 
relative parameter of load p*  and the parameter of rela-
tive sagging j, the values of longitudinal force Nub and   
Nlb  of upper and lower boom:
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ub≈ ⋅ + ⋅ ⋅ ≈ ⋅ + ⋅α α,;   (5)

where: α takes into account redistribution of stresses be-
tween truss booms; аub, аlb are the distances from the cen-

Fig. 2. Flexurally stiff thread design on refractory supports

Table 1. Correction factors ′kσ , ′′kσ  

Component ′kσ  ′′kσ

Supports in one leve Difference in height Thread along the long axis Thread along the short axis
σ– σ+ Σ– σ+ σ– σ+ σ– σ+

Lower boom – 1.16 – 1.05 2.34 0.43 – 3.23
Upper boom 1.12 1.00 0.93 1.11 – 3.33 9.11 1.00
Diagonal rod 1.23 1.00 1.22 0.94 1.54 1.62 3.31 3.32

tre of gravity of sections of upper and lower boom to the 
centre of gravity of the combined section; k considers the 
effect of bending moments stipulated by misalignment in 
sites.

Table 1 gives the correction factors ′kσ , ′′kσ  for bar 
members of the designed structure. The factors consider 
operation of truss members in the design of the spatial 
latticed shell.

Proximate stresses:

  N k k N N k k N N k k Nub
y

ub lb
y

lb r
y

r= ′ ′′ = ′ ′′ = ′ ′′σ σ σ σ σ σ, , .  (6) 

Having calculated the values of longitudinal stresses, 
the geometric characteristics of sections of truss members 
are determined. 

In engineering design, based on application of the 
system of dimensionless spatially rigid parameters, the ra-
tional geometric parameters of the roof are determined and 
corresponding rigidity characteristics of principal load-
bearing members are calculated. In engineering design, the 
following dimensionless parameters are accepted (Fig. 6): 
rigid parameters D EI ab EI a b Etb bz

ext
z1 1

4
1
4 4

1
4= +( ) /int  

and D EI b EtRy4
2= / ( ) , dimensionless parameters of 

the inner support contour displacement W W f= /  and 
U U a= /  horizontal displacement of the outer support 
contour N Naba EA= 2 3/ , dimensionless parameter of 
longitudinal force   and the dimensionless parameter of 
the dimensionless bending moment M Mab EI ay= /  
(Fig. 3), which exclude the scale factor during the design. 

Algorithm of the engineering design of the roof: 
1. Geometrical parameters of the shell are set: Ar is the 

stage of radial ribs, Аc is the stage of circular ribs, R 
is the curvature radius of the inner contour;

2. Snow load S in kg/m2 of the roof depending on re-
gional snow data; 

3. The dimension parameter D4 0 012 0 029≈ ÷. .  is set;
4.  D W U1, ,  are defined due to the correspondence 
W f D D= ( , )1 4 , U f D D= ( , )1 4 ;

5. N M,  of the inner and outer contours are defined due 
to the correspondence D f M W1 = ( , ), D f N W1 = ( , ) , 
D f M U1 = ( , ) , D f N U1 = ( , ) , (Fig. 3);

6. The rigidity characteristics of radial, internal and ex-
ternal contours are calculated;

7. The test of the load-bearing ability pertaining to prin-
cipal load-bearing members of the roof is performed.
For further estimation of the reliability level pertain-
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ing to construction element compounds of the outer and 
inner supporting contour, general regularities of inner ten-
sion changes in dependences of these members on geo-
metrical and rigid parameters of the designed shell have 
been determined (Fig. 3).

1.2. The second stage of the design procedure
The purpose of the second stage of design is dedicated 
to numerical design and determining the trajectory of the 
roof system failure. In this case, the set of failed members, 
the aggregate behaviour of which determines the level of 
the upper limit of the reliability system.

The failure of tension members is fixed under the 
condition of excess yield stress and in case of compres-
sion members – buckling. It should be noted that at this 
point, a steel member does not fail but rather passes into 
the elastoplastic stage of deformation.

To determine the failure trajectory, SCAD software 
is used to perform the numerical stepwise calculation of 
the roof considering the geometric nonlinearity. In this 
case, it should be noted that based on the existing experi-
ence on such roofs, maximum stresses in members arise at 
uniformly distributed standard temporary snow load Sde-
sign for the considered part of a building. Value of snow 
load have been taken from DBN B.1.2-2:2006 (2006). In 
case none of the roof members fail, then the snow load 
is gradually increased and recalculation of the scheme is 
carried out. 

Calculations result in determination of the failed roof 
member (Fig. 4). By keeping the same loading scheme 
and gradually removing failed elements, it is possible to 
determine the group of failed elements and the forecasted 
roof failure section.

The roof failure is considered to be the failure in the 
form of section I; since in subsequent loading, the ava-
lanche failure of section II members takes place. The roof 
scheme with failed members of the span section indicates 
the most stressed members of the internal and external 
contours. The values of their maximum stresses M and N 
are also determined. 

Fig. 3. Dependences of dimensionless parameters on the displacement: а) dependence of N (W ) for the inner contour;  
b) dependence of M (W ) for the inner contour

a) b)

Fig. 4. Destructed shell area. Failure of members 1–11; I – 
destructed section; II – predicted section of further destruction

1.3. The third stage of the design procedure
The third stage is dedicated to the probability estimation 
of the roof, which determines the upper and lower limits 
of reliability (Mushchanov, Pryadko 2012). 

Firstly, the lower limit of reliability for the roof con-
struction is determined. A shell model with the sequential 
connection of members is used for calculations; conse-
quently, it is supposed that should one of the members 
fail, it would initiate the failure mechanism in the whole 
construction (of the flexurally stiff thread in the through 
cross-section). In order to calculate the probable failure, 
the member that was the first to lose its bearing ability is 
taken as it is responsible for the destruction of the whole 
shell.

Numerical Monte-Carlo Method (МCM) is used as 
the basis for calculation as it solves probability problems 
with the help of statistic means. Random numbers serve 
as principle auxiliary means. As random quantities the 
cross-section area of the most strained member of the 
truss chord upper compression A  = Z1 and steel yield 
σm  = Z2 are used. The failure of the member occurs if 

Ndestr > σm *A, where Ndestr is force, as a result of which 
yield limit is achieved. N serves reliability calculations of 
the most strained thread member. 
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Thus, the equation of the critical stress is:

 g Z Z Z Z Ndestr( , )1 2 1 2 0= ⋅ − = .  (7)

In order to determine the probable failure frequen-
cy, random values of the cross-section area and allowed 
variable Z1 and Z2 are expressed by a random force value 
N Z Z= ⋅1 2 . 

Tables 2 and 3 provide the probable failure values Pf 
of the fixed member and the probability frequency distri-
bution N = Z1·Z2, obtained using the Monte-Carlo Calcu-
lations Method for different possible parameters of ran-
dom values, stipulated based on statistical data collected 
at Ukrainian enterprises that produce rolled metal; and for 
different reserves of bearing ability expressed as N/N0, 
where N – the actual force determined in the destructed 
member and N0 – calculated force, regulated by norma-
tive documents. The number of realised random numbers 
is n = 10 000. Table 3 demonstrates that for the consid-
ered class of structure responsibility СС3 the sequence of 
considered factors which indicated with a dark colour do 
not provide the required level of the element reliability.

Table 2 demonstrates that for the considered СС3 
class of liability for constructions, the combination of fac-
tors under consideration marked in bold, do not provide 
the required level of member reliability.

Main random variables affecting the result are situat-
ed in the interval [a; b], the relative appearance frequency 
of which exceeds 0.05 (5%); this leads to the conclusion 
that the interval will contain forces with a probability of 
95%.

The upper limit of reliability is determined based on 
results determining the failure trajectory of the roof and 
determined failed members. 

Suspension system of the roof represents the parallel 
connection of principal load-bearing structures. Starting 
from it, probability of non-failure of the roof is written 
down as:

 1 – Psyst = (1– Pspan)×(1 – Pext.con.)×(1 – Pint.con.),  (8)

where Psyst, Pspan, Pext.con., Pint.con. are probability of fail-
ure of the roof system, spacing part, external and internal 
contours, respectively.

Table 2. Lower limit of reliability (failure probability of Pf  member)

N/N0 0.95 0.97 1

         σm
A  

5% 7% 5% 7% 5% 7%

3% 5.2×10–5 5.5×10–5 5.7×10–5 6.1×10–5 7.3×10–5 1.2×10–4

4% 5.7×10–5 5.9×10–5 6.3×10–5 7.6×10–5 1.0×10–4 2.2×10–4

5% 6.1×10–5 6.6×10–5 7.9×10–5 9.4×10–5 1.8×10–4 2.9×10–4

Table 3. Probability frequency distribution N = Z1·Z2

N/N0 = 0.95

        σm
A  

5% 7%

3% y = 2E-06x4 – 9E-05x3 + 0.0043x2 – 0.0287x + 0.007 y = 8E-07x4 – 7E-05x3 + 0.0032x2 – 0.0143x + 0.0012
4% y = 7E-07x4 – 6E-05x3 + 0.00022x2 – 0.0076x + 0.006 y = 5E-07x4 – 6E-05x3 + 0.00012x2 – 0.0054x + 0.0032
5% y = 9E-08x4 – 1E-05x3 + 0.0009x2 – 0.0022x + 0.01 y = 8E-08x4 – 9E-06x3 + 0.0005x2 + 0.0008x + 0.0032

N/N0 = 0.97

        σm
A  

5% 7%

3% y = 8E-07x4 – 7E-05x3 + 0.0025x2 – 0.0237x + 0.0036 y = 5E-07x4 – 5E-05x3 + 0.0012x2 – 0.0121x + 0.0131
4% y = 5E-07x4 – 4E-05x3 + 0.0009x2 – 0.0056x + 0.022 y = 4E-07x4 – 4E-05x3 + 0.0005x2 – 0.0023x + 0.0042
5% y = 7E-08x4 – 9E-06x3 + 0.0003x2 – 0.002x + 0.0027 y = 6E-08x4 – 7E-06x3 + 0.0001x2 + 0.0007x + 0.001

N/N0 = 1

        σm
A  

5% 7%

3% y = 5E-07x4 – 5E-05x3 + 0.0016x2 – 0.0132x + 0.025 y = 2E-07x4 – 2E-05x3 + 0.0007x2 – 0.0049x + 0.0111
4% y = 2E-07x4 – 2E-05x3 + 0.0005x2 – 0.0025x + 0.0052 y = 1E-07x4 – 1E-05x3 + 0.0003x2 – 0.001x + 0.0062
5% y = 4E-08x4 – 5E-06x3 + 0.0001x2 – 7E-05x + 0.0089 y = 3E-08x4 – 3E-06x3 + 5E-05x2 + 0.0008x + 0.0071
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To determine the reliability parameters of fixed mem-
bers of trusses, external and internal contours the prob-
ability calculation is made with the help of an engineering 
technique. The flowchart for determining the upper limit 
of reliability is shown in Figure 5.

The research results were used during the techni-
cal state monitoring of the stadium “Donbas-Arena” in 
Donetsk, Ukraine at the operational stage (Report on the 
results of monitoring metal bearing structures of the shell. 
“Donbas-Arena” Stadium 2010). 

Let us consider the example of the developed algo-
rithm (Fig. 6).

Conclusions
1. Based on the results of the carried out research, the 

procedure has been worked out for determining reliability 
parameters of roof structure in the form of a long-span 
sloping suspension shell with an elliptical opening, per-

mitting to calculate the upper and lower limit of reliability 
levels of the designed roof. 

2. The worked out procedure can be used to deter-
mine reliability parameters of structural scheme types par-
ticular to long-span roofs different from the considered 
ones; however in this case, there is no possibility to use 
determined relationships to find the upper and lower lim-
its, which requires an additional numerical calculation. 

3. In the worked out procedure, the calculation of 
failure probability is based on the limits of load-bearing 
capacity of structural elements; that is the most impor-
tant condition for assurance of their reliability. However, 
for the systems designed on the basis of demands of the 
second limit state, this can lead to significant reserves in 
calculated values of the upper and lower reliability limits. 
This is one possibility for subsequent improvements of the 
proposed procedure.

External and internal contours Span sectio
1. Parameters of distribution of the random variable of snow 
loading S  is appointed for the selected building section.  
In this case, the density function of the random process is 
accepted according to the polynomial exponential law:

 f C C C CnS ( ) expγ γ γ γ= + ⋅ + ⋅ + ⋅



0 1 2

2
3

3 .

1. Distribution parameters of random variables of longitudinal 
force N  pertaining to failed roof elements are determined. 
The density function of random process is accepted in 
accordance to  the  polynomial exponential law:

 f C C C CnS ( ) expγ γ γ γ= + ⋅ + ⋅ + ⋅



0 1 2

2
3

3 .  

2. Distribution parameters of the random variable pertaining 
to the cross-section area A  of the contours described by the 
normal law are appointed.

2. Distribution parameters (mean and standard deviation) of 
the random variable pertaining to the cross-section area A  of 
elements is described by normal law.

3. According to the prescribed A , the value of the random 
variable of dimensionless parameter is calculated:

D EI ab EI a b Etb bz
ext

z1 1
4

1
4 4

1
4= +( ) /int

3. Correlation coefficient of dependence ρi j
xe, = −  between 

stresses in considered elements  i, j, where i ≠ j, x=│i –j│.

4.  Random values of displacements W   and U  are 
determined according to the prescribed value g/s (g is the 
constant load, S is the variable load) and D1 .

4. Having determined parameters N , the random variables of 
normal stresses are calculated:

     σ φ= +N A M W/ ( ) / .

5. Relations of dimensionless parameters (Fig. 3) are used 
to calculate values of random variables of dimensionless 
parameters of stresses N  and M .

5. The reliability parameters are calculated 
– Rzhanitsin’s reliability index: 

 γ σ σ σ σ= − +( ) /y y
  ;

–  Pi, Pj;

–  P P Pspan
j

m

i j
i

n

ij= ⋅ ⋅
==
∑∑

11
ρ .

 

6. The random variable of normal stresses is calculated:


   σ φ= +N A M W/ ( ) / .

7. Appointing distribution parameters of the random variable 
pertaining to the yield point of steel σy  depending on the 
chosen contour described by the normal law.
8. Reliability parameters: 
– Rzhanitsin’s reliability index: 

 γ σ σ σ σ= − +( ) /y y
  ;

– Pext.con, Pint.con.

The upper limit of reliability: 1 – Psyst = (1 – Pspan)×(1 – Pext.con.)×(1 – Pint.con.)

Fig. 5. Determination of the upper limit of reliability of a roof system
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Fig. 6. Example of the design of lattice shell with an elliptical opening formed using the system of rigid threads of the through 
section

1-1

2-2

Distribution of random variable of snow load, kg/m2

Rigidity characteristics of load-bearing members of designed roof

2-2 (deformed shape) Zones of maximum stresses and deformations 

Failed section of the roof

Lower limit of reliability 

y = 3E-08x4 – 3E-06x3 + 5E-05x2 + 0.0008x + 0.0071
Probability failure Pf =2.7*10–4 >Pf (req)=1*10–4

Upper limit of reliability

Pf

Elementary
System

Span External 
contour

Internal 
contour

Pf 1.3*10–8 4.6*10–9 1.1*10–9 1.78*10–8

Pf (req) 1*10–4 1*10–5
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