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Reliability Index for Steel Structure’s Technical State and Residual Life Assessment
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Abstract: The article is dedicated to problem of technical state assessment of real steel truss under operation for residual life prediction after technical investigation. The reliability
index is calculated based on design, real and prospective loads. Method of statistical data analysis adopted for stress-strain determination also for all kinds of applied loads. The
residual life with the reliability index determined as a transition from satisfactory to emergency technical state. The method provides the possibility for estimation of future safety
steel structures operation with technical investigation results only that exclude any subjective opinion.
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1 INTRODUCTION

During designing of structures, the steel structures
include, must be provided the safety operating control during
all service life. The safety is guaranteed by the conditions that
the limit states will not be reached — the loads on structure
and appropriate stresses in elements must have sufficient
level of reliability. This main demand contains all designing
standards [1, 2].

The safety operation indicators which determined on the
results of technical investigations are both: the technical state
and residual life - the guaranteed post-investigated
operational life. So, the main task of technical investigation
is the appointment of these indicators. During the structure’s
life, the existing degradation processes (corrosion, fatigue
and materials conditions) together with loads changing (often
increased during operation) may lead to decreasing of
reliability. The values of these indicators, determined by the
comparison of designing and real technical parameters for
structure, could be defined only based on the results of
technical investigation.

As a basis for reliability determination, all statistical
information that describing structure’s life during service,
must be considered. But the lack of this information is a
reason of restriction for wide application of reliability
methods. The way to get statistical information is to carry out
the regular technical investigation of existing structures. In
this case may be solved a few tasks:

e to establish really structural and cross-sectional
dimensions;

e to analyze all possible deterioration processes for
elements (corrosion, fatigue);

e to fix changing of loads and for materials;

to estimate a technical state for each separate structure

and building in general,

e to assess a residual life for structures.

If the first three tasks may be solved sufficiently easy,
the definition of technical state and residual life mostly assess
subjectively and depends on expert experience. Usually
during estimation any statistical data do not consider.

In this paper we tried to show the way for the
investigators how to prepare the objective assessment of
technical state for structure and how to calculate the residual

life for it with the strong procedure of reliability calculation
if some results of technical investigation exist.

2 LITERATURE REVIEW, RELATED WORKS AND
INVESTIGATION CONCEPTS

In modern standards [1, 3, 4] the safety of building
structures is proposed to calculate with the common
reliability parameter called as “reliability index” f which
reflects the possibility of structure’s failure depends on
actions, cross-section and resistance of materials
probabilistic nature [5, 6]. This parameter was proposed by
Cornell C. A. [7, 8].

The designing of new structures, also as estimation of
safety for operating structures, should be executed depends
on consequence class — CC. There are three CC exists [1]:
CC1 (low consequence), CC2 (medium consequence) and
CC3 (high consequence).

The different values of S proposed for every CC [4, 8, 9,
10], but all these values based on the same approaches and
principles: it depends either possibility of human life losses,
economic losses, social and environmental consequences and
all of these related to the number of structure operated years
which corresponds to possibility of structure failure.

In general, the § defined as:

= S _ R-F W
o(S) [ ®R)+o2(R)
S=R-F )

o(S)=+o?(R)+ > (R). (3)

In the Egs. (1)-(3): R — mean value of resistance or
bearing capacity of the element (structure) — generalized
durability of element (structure); F' - mean value of action
effect on element (structure); S — reserve of strength for all
laws of distribution of R and F; ¢*(R) and ¢*(F) — resistance
capacity and action effect respectively.

Reliability index also can be determined as:
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where V(S) — variation coefficient of random strength reserve
variable.

Also, in some scientific research [10, 12, 13, 14], the
values of reliability index S proposed for different technical
conditions of building structures. There are three levels of it:
new, repair and unfit to use. Also proposed so-called
"reliability classes — RC" or consequences of failure:
insignificant, normal and large. In fact, these conditions,
classes or consequences of failure may be accepted as
technical states when exists necessity of technical conditions
definition for operated structures during investigation
procedure.

After the technical state determination, the task of
residual life calculation for the structure also is very
significant. We suggest that the residual life is an estimation
of the remaining useful service of an element or structure
(building) considering of its present condition and future
functioning (the element or structure will next require
reconstruction, rehabilitation, restoration, renewal or
replacement) [15, 16]. With accordance of this suggestion, it
is possible to connect the technical states and residual life,
when the residual life is a time that defines as a transition
from one technical state to another, for example from state
that need of repair to the emergency state.

After calculation of £ for more stressed structure’s
elements, the general £ for all structure should be determined
where the types of elements connection (series, parallel or
mutual) examined. Now do not exist of correct rules for it,
some examination formulae proposed in [6, 17]. For normal
statically determined structures recommended [5, 18] to
calculate it as for serial elements connection.

3 DETERMINATION OF STRUCTURE’S TECHNICAL STATE
BASED ON TECHNICAL INVESTIGATION

Two main tasks must be solved for the building
structures under operation when the reliability index f is
applied:

o the f must be accepted with such its values, that building
structure could not be possible for future operation if
these values are lower than determine for every
consequence class CC;

e the £ levels must be determined for possible fulfillment
of repairing works — reconstruction or repairing works.

The Tab. 1 contains the maximum values of reliability
index £ for different technical states - new structures,
structures which need to be repaired and for structures in
emergency state. The values, given in the Tab. 1 taken as
more appropriate for industrial steel structure from the [9]
based on recommendations [3, 19].

Table 1 Maximum values of 8 depends of CC and types of structure’s technical states

Consequence P (needs to repair p
class - CC | (new structures) state) (emergency state)
CCl1 33 2,8 1,8
CcC2 3,8 33 2,3
CC3 43 3.8 2.8

There was a task to determine the technical state for steel
roof trusses which are situated in industrial machine making
building. The state must be determined based on technical
complex investigation with theoretical value of §.

The framework of the industrial building consists with
steel columns and trusses with the span of 18 meters and 6
meters of columns bay spacing. Consequence class of the
building — CC2.

General view of industrial building and trusses with
defects and damages are shown on the Fig. 1.

There was analysis of actions with normative values of
loads on 1966 year of construction have done. The structures
were investigated in 1988, 2011 and 2021 years. On the
moment of last investigation, the building was under
operation 55 years with the designing life of 7o = 60 years.
1) Based on the results of technical investigation fulfilled in

2021 year, there were the measuring drawings have

prepared with all necessary cross-sectional values with

real parameters (influence of corrosion, differences with
standard values). The design drawings were absent.

2) Non-destructive method was used for determination of
real steel resistance R, (MPa) with future calculation of
variation coefficient V'R,.

3) The calculation of structure on following actions
(loadings) have done - see Tab. 2 (column - number of
loadings):

e Project (qi), ideal parameters: dead loads + roof load +
snow — parameters taken on building standards on the
year of designing.

e Investigation 1 (qz): dead loads + roof load + snow —
parameters taken on building standards on the year of
investigation in 22 years. Corrosion deterioration is
absent.

e Investigation 2 (qs3): dead loads + roof load + snow —
parameters taken on building standards on the year of
investigation in 45 years. Corrosion deterioration of
upper chord elements close to 15%.

e Investigation 3 (q4) — the real actions 4 after 55 years of
operation, with defects and damages — corrosion
damages: dead load + roof load + snow load (values in
the current building standards). Corrosion damages for
upper chord elements — 30%, bearing elements — 15%,
other elements — up to 5%.

e Predictive (qgs), the corrosion process continuation in
time up to 45%: dead loads + roof load + snow load
(values in the current building standards), operating
period — 60 years.

4) For probabilistic calculation additionally have defined
(Tab. 3):

e the geometrical dimensions of areas, including corrosion
damages for mean, minimum and maximum values: 4 ,
Amin, Amax;

e designing loads of all standards demands on the day of
design - Ng;

e designing loads of modern standards on the day of
technical investigation - N ;

e loads of modern standards on the day of technical
investigation but only with characteristic (normative)
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values, where all reliability coefficients with designing
values are equal of 1 — N,,

there were nine values of stresses have been calculated
for each loading with combination of N and 4: s; = ANg;

Amin); 52 = fiNg; A); 53 = NG Amax); 53 = AN 5 Amin); 55
=fIN; A); 56=fN; Amax); 57 = fNa; Amin); 55 = fAlo;
A); s9 = fiNy; Amax). During calculation the real
geometrical characteristics for area 4 were taken, were

5)

6)

calculated the mean values of actions s, = F and
variation coefficients ¥ - F .

The mean value for steel resistance have accepted as: R,
= R (MPa) and variation coefficient ¥/ ‘R, =V ‘R.

For each truss elements were calculated the values of
&=R/F and f3 For each fvalue was defined values of
Prand P.

Roof flowing with intensive corrosion damages of trusses elements

25-30% corrosion of trusses elements cross-section

Figure 1 General view of industrial building and trusses with defects and damages

Table 2 Calculation of stresses in the truss elements

Element Number of loadings Interna(lktl’i)];ces, N, Le(rllf;}ll)’ L Cross-section profile Area, A (cM?) Stzlevsli)e;s), o Yljcyl,d(ls\;[[r;:)gth
2 q, (project) —288.7 21.90x8 27,92 123,1 205
S % q2(22 years) -322 21.90%8 27,92 137,3
; g qs (45 years) -340 1510 21.90x8 (—15%) 23,7 165,0
IS q4 (55 years) —345.4 21.90%8 (—30%) 19,54 200,8 215
P qs (60 years) —349.9 2L90%8 (—45%) 134 2748

! qi 294.5 17,56 167,7 205

% ‘g Q2 328.4 2L75x6 17,56 187,0

5 & Qs 346.8 3000 17,56 197,5
g © Qs 352.3 2L75%6 (—5%) 16,68 211,2 223
= gs 356.9 2L75%6 (—10%) 15,8 225.8
qu —212.6 27,92 1249 205
%‘3 ‘g Q2 -237.5 21.90%8 27,92 139,4
g g G —250.7 2690 27,92 147,2
m © Qs —254.7 21.90%8 (—15%) 23,7 161,6 215
qs —258 21.90%x8 (—25%) 20,94 178,56
qi 148.8 2L60%6 13,82 107,7 205

3 ‘g’ Q2 165.4 13,82 119,7

SET % 1752 2690 13,82 126,8

£ Qs 177.9 2L.60%6 (—5%) 13,1 135,8 209

qs 180.2 2L.60%6 (—10%) 12,44 1449
Qi —105.7 17,56 146,8 205

b % Q2 -117.9 2L75%6 17,56 163,8

SET % ~124.5 2950 17,56 172,9

g5 Q —126.5 2L75%6 (=5%) 16,68 177.2 223

qs -128.1 21L.75%6 (=10%) 15,8 176,3
Qi -31.7 13,82 69,5 205
§ % [¢}) -36.4 2L60%6 13,82 79,8
£EL % 374 2700 13,82 82
23 G 38 2L60%6 (=5%) 13,13 83,9 209
qs -38.6 2L.60%6 (—10%) 12,44 79,36
94 TECHNICAL JOURNAL 18, si1(2024), 92-97
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Table 3 Results for reliability index calculations for truss elements

Element nggzibiifg:f Mezz]r\l/l.;g): F Dispersion | Deviation VF R VR &= E/ F g Py Ps

q: (project) 118,20 43,60 6,60 0,06 205 0,024 1,73 10,54 ~0 ~1

Upper | q2(22 years) 127,12 52,50 7,25 0,057 215 0,024 1,69 9,88 ~0 ~1

chord | q; (45 years) 137,54 236,39 15,37 0,11 215 0,024 1,56 4,78 ~0 ~1
) q4 (55 years) 151,59 964,31 31,05 0,20 215 0,024 1,42 2,01 0,0222 0,9778
qs (60 years) 172,19 3169,37 56,30 0,327 215 0,024 1,25 0,76 0,2265 0,7735

qi 162,91 67,26 8,20 0,050 205 0,025 1,26 435 ~ ~
Lower Q@ 175,22 92,24 9,60 0,0548 223 0,025 1,27 4,30 ~ ~

chord @ 182,15 176,63 13,29 0,073 223 0,025 1,22 2,83 0,0023 0,9977
(C) Qs 186,52 241,04 15,53 0,083 223 0,025 1,20 2,21 0,0135 0,9865
s 193,02 381,57 19,53 0,101 223 0,025 1,16 1,48 0,0706 0,9294

qi 119,96 63,98 8,00 0,066 205 0,024 1,71 9,06 ~0 ~1

Bearing Q@ 129,12 69,49 8,34 0,064 215 0,024 1,67 8,76 ~0 ~1

element s 133,98 111,26 10,55 0,078 215 0,024 1,60 6,90 ~0 ~1

() Qa 132,83 241,32 15,53 0,116 215 0,024 1,62 5,02 ~0 ~1

s 137,41 563,86 23,75 0,172 215 0,024 1,56 3,19 ~0 ~1

qi 105,23 19,43 4.41 0,042 205 0,025 1,95 14,76 ~0 ~1

Inclined Q@ 112,96 32,52 5,70 0,050 209 0,021 1,85 13,35 ~0 ~1

element Qs 117,52 71,94 8,48 0,072 209 0,021 1,78 9,58 ~0 ~1

) Qa 120,57 100,82 10,04 0,083 209 0,021 1,73 8,07 ~0 ~1

qs 124,63 160,57 12,67 0,102 209 0,021 1,68 6,29 ~0 ~1

qi 143,02 43,58 6,60 0,046 205 0,025 1,43 7.42 ~0 ~1

Inclined Q@ 153,86 66,90 8,18 0,053 223 0,025 1,45 6,98 ~0 ~1

element qs 159,73 135,02 11,62 0,072 223 0,025 1,40 491 ~0 ~1

©) Qu 156,93 170,80 13,07 0,083 223 0,025 1,42 4,65 ~0 ~1

ds 151,07 235,67 15,35 0,102 223 0,025 1,48 4,40 ~0 ~1

q 68,13 6,61 2,57 0,037 205 0,025 3,01 23,87 ~0 ~1

vertical Q@ 74,79 21,31 4,62 0,062 209 0,021 2,79 21,07 ~0 ~1

element s 76,21 30,89 5,56 0,073 209 0,021 2,74 18,75 ~0 ~1

) Qu 74,75 39,71 6,30 0,084 209 0,021 2,80 17,48 ~0 ~1

s 68,38 51,16 7,15 0,104 209 0,021 3,06 16,76 ~0 ~1

7) Because of truss designed as statically determined
structure, the serial type of its members connections have

accepted. The calculation of general S for every loading
defined with formulae [5, 18] for Py(g) as:

r@-T1[1-70] )
i=1

where Pj(g) — failure probability for i element (Tab. 4).

The p for probabilistic calculation provides the results
that are not the same as for discrete ones, determined for
structure as static determine system - see Table 2 and Table
3. As an example, based on discrete structure calculation, the
result of fourth loading with maximum stress values o =
211,2 MPa, do not exceed the real steel yield strength f, =
223 MPa, but reliability index here is f = 1,805, what is
lower, than proposed level for emergency technical state 3,
which is 2.8 (Tab. 1 and Tab. 4). Also, already for loading 3,
the reliability index = 2,83, that responds of "needs to repair
state" fe[2,3 - 3,8] and coincide with the results of
investigation - the corrosion damages are bigger than 15%,
but comparing with static discrete results calculation, this
technical state may be defined almost as for a new structure,
which needs not the repairing works.

These results came to illusion for the building’s
proprietor who ordered the technical investigation that

renovation works for the building are not necessary for this
time and residual life should not be determined for this case.

Table 4 Results of calculation for truss as a system

Year, loadings Operation time P B
1966 — q; 0 ~1 43
1988 —q, 22 ~1 4,3
2011 —qs 45 0,9977 2,83
2021 —qq4 55 0,9646 1,805
2026 — s 60 0,72 0,585

4 DETERMINATION OF RESIDUAL LIFE

Based on reliability index determination, the definition
ofresidual life for analyzed structure (CC2) may be proposed
with the following recommendations.

1) The analysis of function f calculated on the results of
technical investigations (Fig. 2) shows that residual life
could not exceed 4 years maximum and must be
appointed even after third investigation (45 years of
operation) for prevention of transition to the emergency
state (3 state). It had not done because of results of static
calculations answered for demands of safe operation. So,
any repairing works were not fulfilled.

2) After 55 years of operation some repairing works were
completed and a new value of § = 3.8 have done. Here,
we consider that steel structures may be partially
renewed [20] and a new value of f may be defined. This
value is equal as for a new structure for CC2. To set a
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value f = 4.3 is not correct, because of only the most
damaged elements of the truss were reinforced and some
old elements have insignificant degradation corrosion

process.
B
5,00 :
_____ Funetion 1
450 o s o = -0,0017% + 0,0436x + 4,2616
4,00 B =10,9882
3,50
3,00 e,
2,50 o
2,00 £=23
0
1,50 - \\
1,00 Residual Life - 4 years .
0,50 LR
0,00 :
' Years
0 10 20 30 40 50 0 g

Figure 2 The values of f calculated on the results of technical investigations

g

5,0000
Function 2 ¥ = -1E-06x* - 0,0002x7 + 0,0041% + 4,3

e RZ=1

AEO00 et

4,0000

31,5000 B=33
3,0000 - »
- Residual life - 13 vears
2,5000 f-23 ..
2000 Funetion 1 / “.4 Incleasing of RI fup to 3.8
1,5000 4
y = -0,0007%" + 0,0435x + 4,262
1.0000 R¥= 0,984
0,5000 L
0,0000 o
0 10 ;0 30 an 50 60 70 a0 50

Figure 3 The calculation results for RI B and residual life for roof trusses of the
industrial building

3) A new function for f§ has defined — the function 2, see
Fig. 3. As the points of definition for the function were:
point 1 — as for a new structure (0 years of operation) and
point 2 — the results of g calculation after first
investigation (22 years of operation). There were the
values that are bigger than current f value after repairing
works. The last point for function is the point with the
current values of = 3.8 (55 years of operation).

4) Then, the residual life may be defined in 13 years — the
time for future compulsory technical investigation, when
the technical state will come from the state as for a new
structure to the state which needs the repair with = 3.3.
After that the technical investigation should be
completed, the corresponding value of § will determine
as new point for the function 2. This function will be
corrected for the future calculation of residual life.

5 CONCLUSIONS

Based on demands of modern standards and scientific
research, with the example of calculation of real steel
structure, proposed the following:

1) Algorithm of reliability index £ assessment taking in
consideration of technical investigation results during a
long term of structure’s operation.

2) The assessment provided the possibility for technical
state of structure determination in probabilistic kind.

3) The determination of residual life as transition from one
to another technical state with fixed values of reliability
index £ could be possible for analyzed structure.

Also, this method may be applicated for other types of
steel structures, especially for those, which are under
potential corrosion influences and dynamic loadings —
bridges, crane beams, bunkers, reservoirs, pipelines. All
these structures potentially dangerous on corrosion and
fatigue, needs to be regular technical investigated with
prediction of real residual life and terms of repairing works.
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